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Nanoscale polymersomes showing a prominent aggregation-induced emission (AIE) effect have enor-
mous potential in biomedical applications. In this study, three types of amphiphilic polymers were syn-
thesized using reversible addition—fragmentation chain transfer self-condensing vinyl polymerization.
These polymers had linear, branched, and star-like structures, and were composed of hydrophobic and
hydrophilic  units,
acrylamide (DMA), respectively. We found that when the ratio of TPEE and DMA was 3:1 (n/n), the star-

namely (2-(4-vinylphenyl)ethene-1,1,2-triyl)tribenzene (TPEE) and N,N-dimethyl-

like polymers showed significantly stronger emission than linear and branched polymers, due to tighter
aggregation of TPEE in the polymersomes derived from intermolecular self-assembly of the star-like poly-
mers. However, when the hydrophilic chain length was shortened, the AIE behavior of the star-like poly-
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mers was weaker than that of the linear polymers, possibly due to greater steric hindrance of TPEE during
the transformation of micelles to vesicles within the linear polymers. We also employed the star-like
polymer-derived nanoparticles for living cell imaging with two types of cells (A549 and HepG2). This
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Introduction

Emergent fluorescent macromolecules have gained a great
deal of attention in a wide range of application fields includ-
ing cell imaging,’™ chemical sensing,“ drug delivery and
tracing,*” and photothermal therapy.® Unexpected chromo-
phore-free luminescent polymers are one of the booming
topics due to the multi-color emissions under different exci-
tation levels. Several polymers have been reported to have
exceptional emissive properties, such as poly(amido amine),’
polyester1,'® polysiloxane,” poly(amino ester),"" poly(ether
amide), etc.’® The presence of a hyperbranched backbone in
the polymer assemblies leads to an intriguing luminescence
phenomenon attributed to the clustering of atoms through
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1 Electronic supplementary information (ESI) available: '"H NMR (400 MHz,
CDCl;) and *C NMR (100 MHz, CDCl;) of RAFT-MA. 'H NMR (400 MHz, CDCl3),
GPC traces and molecular weights of L, Hr, Hb, L-b-PDMA-1/2, Hr-b-PDMA-1 and
Hb-b-PDMA-1/2. Cytotoxicity of Hb-b-PDMA-1 to A549 and HepG2. See DOLI:
https://doi.org/10.1039/d3py00559¢
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study offers considerable insights into designing an AIE polymer structure for better emission behaviors.

inter- and/or intrachain interactions within the polymer
assemblies. This unique emission behavior, also referred to as
cluster-triggered emission (CTE), is a result of the distinctive
structural characteristics provided by the hyperbranched
backbone.’* " Benefiting from unveiling the origination of
unconventional fluorescence, many strategies were explored to
synthesize novel polymer backbones with versatile
adaptabilities®” or to investigate the effects of polymer struc-
tures on fluorescence behaviors.'®'” While developing poly-
mers with unexpected luminescence, AIE-active macro-
molecules have become dominant owing to their advantageous
emission characteristics in the aggregated state, especially
combined with self-assembly serving as the core-forming
block. Aggregated hydrophobic blocks of self-assemblies effec-
tively restrict the intramolecular motion of AIE luminous
agents (AIEgen),"®° which facilitates the integration of the
inherent advantages of both to achieve broader applications.
For instance, AIEgen-containing amphiphilic block polymers
have been utilized as a facile platform to monitor the polymer-
ization process,?’ study self-assembly mechanism,**** clarify
topology effects on chemical sensing,” visualize the molecular
weight change of supramolecular polymers,** deliver the gene
and trigger release with light irradiation.>® To date, vast efforts
have been made to exploit novel application scenarios, yet few

Polym. Chem., 2023, 14, 3749-3760 | 3749


http://rsc.li/polymers
http://orcid.org/0000-0003-2181-0718
https://doi.org/10.1039/d3py00559c
https://doi.org/10.1039/d3py00559c
http://crossmark.crossref.org/dialog/?doi=10.1039/d3py00559c&domain=pdf&date_stamp=2023-08-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3py00559c
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY014032

Open Access Article. Published on 21 July 2023. Downloaded on 2/15/2026 11:46:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

works focus on how amphiphilic polymer scaffolds and
AlEgen arrays inside the core affect AIE behaviors, in which
relationships between secondary structures and fluorescence
features of polypeptides terminated with AIEgens were most
studied.>**® For example, Cai et al. proved that the rigid
helical conformation of sulfono-y-AA peptide effectively
restricted the rotation of tetraphenyl ethylene (TPE) conjugated
onto the peptide backbone, resulting in fluorescence even
when not in the aggregated state. However, destabilization of
the a helical structure, while replacing alanine residues with
lysine residues, led to aggregation-dependent emission.?® In
addition, Li et al. investigated that the position of TPE in
micellar hydrophilic blocks had great influence on photo-
luminescence. Micelles, whose TPE units distributed randomly
in hydrophilic blocks, displayed stronger emission compared
to micelles where TPE units were incorporated into the outer
terminal of hydrophilic blocks.>® Also, Zhang’s research indi-
cated that the greater hydrophilicity of poly(methacrylic acid)
at a pH of 10.0-13.3 increased the space between the TPE
inside star copolymers, leading to a sharp fluorescence
decrease.>

Inspired from the hyperbranched architecture of unconven-
tional fluorescent polymers,”'®'” we conceive that the incor-
poration of AlEgen into a hyperbranched scaffold would sig-
nificantly constrain its movement by an intertwist between
multi-arms, resulting in exceptional AIE effects even at a unim-
olecular level. Herein, we incorporated TPEE as a hydrophobic
moiety, as well as AIEgen, and DMA as a hydrophilic moiety to
construct linear, branched and star-like amphiphilic polymers.
The aim was to investigate the differences in AIE properties
caused by self-assembly architectures and the arrangements of
AlEgen inside the polymers. To further observe the transform-
ations of the AIE intensity and self-assembly, the ratio of DMA
and TPEE was reduced in both linear and star-like polymers.
The results indicate that the AIE effect is the strongest in star-
like polymers as well as polymersomes derived from them, par-
ticularly when the ratio of DMA to TPEE is 3:1 (n/n). In com-
parison, micelles from linear polymers and polymersomes
from branched polymers exhibit weaker AIE effects. With the
decreasing ratio of DMA and TPEE to 2:1 (n/n), vesicles from
linear polymers show a stronger AIE effect compared to
micelles from star-like polymers. Therefore, the AIE effect
could be further intensified by precisely adjusting the polymer
structures and proportion of hydrophilic to hydrophobic
moieties.

Experimental section
Synthesis of polymers

Synthesis of poly(TPEE) (L). The chain transfer agent 2-
(((butylthio)carbonothioyl)thio)propanoic acid (RAFT, 11.9 mg,
0.05 mmol), initiator AIBN (1.64 mg, 0.01 mmol), and TPEE
(179 mg, 0.5 mmol) were dissolved in 500 pl of THF and then
the mixture was introduced into a 10 ml Schlenk tube. After
freeze-pump-thaw cycles three times to deoxidize thoroughly,
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the mixture was heated to 80 °C for 20 h under the protection
of nitrogen. After the reaction, the polymerized solution was
added dropwise into methanol and centrifuged to collect the
precipitate. The above purification procedure was repeated
three times and then dried at reduced pressure. A yellow pow-
dered solid was obtained as a final product.

Synthesis of poly(TPEE)-b-poly(DMA) (L-b-PDMA-1/L-b-
PDMA-2). Macro-RAFT L (32 mg), DMA (22/11 pl, 0.2/
0.1 mmol), and initiator AIBN (0.328 mg, 0.002 mmol) were
dissolved in 300 pl of THF and then the mixture was intro-
duced into a 10 ml Schlenk tube. The polymerization process
was the same as that of L. Purification was done in ether and
the remaining procedures referred to that for L. A pale yellow
powder was obtained as the final product.

Synthesis of poly(RAFT-MA)-co-poly(TPEE) (Hr). A chain
transfer agent as well as a branching agent 2-((2-(((butylthio)
carbonothioyl)thio)propanoyl)oxy)ethyl methacrylate
(RAFT-MA, 17.5 mg, 0.05 mmol), initiator AIBN (1.64 mg,
0.01 mmol), and TPEE (179 mg, 0.5 mmol) were dissolved in
500 pl of THF and then the mixture was injected into a 10 ml
Schlenk tube. The polymerization and purification processes
were the same as that for L.

Synthesis of poly(RAFT-MA)-co-poly(TPEE)-b-poly(DMA) (Hr-
b-PDMA-1). Macro-RAFT Hr (32 mg), DMA (22 pl, 0.2 mmol),
and initiator AIBN (0.328 mg, 0.002 mmol) were dissolved in
300 pl of THF and then the mixture was injected into a 10 ml
Schlenk tube. The polymerization and purification processes
were the same as those for L-b-PDMA.

Synthesis of poly(RAFT-MA)-b-poly(TPEE) (Hb). A chain
transfer agent as well as a branching agent RAFT-MA (17.5 mg,
0.05 mmol) and initiator AIBN (1.64 mg, 0.01 mmol) were dis-
solved in 200 pl of THF and then the mixture was injected into
a 10 ml Schlenk tube and deoxidized with freeze-pump-thaw
cycles three times. Polymerization proceeded at 80 °C for 6 h
under a nitrogen atmosphere. Then TPEE (179 mg, 0.5 mmol)
was dissolved in 300 pl of THF and added to the above poly
(RAFT-MA) solution for subsequent blocking. Purification was
the same as that for L.

Synthesis of poly(RAFT-MA)-b-poly(TPEE)-b-poly(DMA) (Hb-
b-PDMA-1/Hb-b-PDMA-2). Macro-RAFT Hb (32 mg), DMA (22/
11 pl, 0.2/0.1 mmol), and initiator AIBN (0.328 mg,
0.002 mmol) were dissolved in 300 pl of THF and then the
mixture was injected into a 10 ml Schlenk tube. The polymeriz-
ation and purification processes were the same as that for L-b-
PDMA.

Characterization

To prepare nanoparticle suspension, polymers dissolved in
100 pl of THF were added into 900 pl of water with high-speed
stirring for 15-30 min and then the mixture was bubbled with
Ar for removing THF. The samples for transmission electron
microscopy (TEM) were prepared by dropping 10 pl of nano-
particle suspension on copper mesh coated with a carbon film
and stewed for 30-45 min for the precipitation of nano-
particles. The redundant suspension was removed with dust-
free paper and then the samples were dried for 48 h naturally

This journal is © The Royal Society of Chemistry 2023
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without staining. Bright field images were acquired with an
FEI Tecnai G2 spirit microscope operating at 120 kv and
1.48 pA. Dynamic light scattering (DLS) was conducted using a
Malvern Zetasizer Nano ZS instrument in pure water. Samples
were tested in 10 cm plastic cuvettes with a 173° scattering
angle. Fluorescence spectra were recorded on an FL-970
spectrometer with the excitation wavelength at 360 nm and
emission wavelength at 370-700 nm. The relative fluorescence
quantum yields (&r) of nanoparticles were calculated referring
to quinine sulfate as the standard with @z = 0.54 in 0.1 M
H,SO, solution at a 360 nm excitation. UV-vis spectra were
recorded using a UV-8000 spectrometer.

Density functional theory (DFT) calculations

Geometry optimizations were performed with Gaussian 16
software by using the B3LYP functional that mixes the exact
Hartree-Fock (HF) exchange with the expression for the three-
exchange functional: Lee, Yang, and Parr with the use of the
31D basis set. GaussView 6.0 and GaussSum 3.0 programs
were used for the visualization of our data.

Results and discussion

Synthesis and characterization of polymers

We first synthesized three hydrophobic macro-RAFT L, Hr and
Hb. Fig. 1 displays a diagram of the synthesized polymers,
while Fig. S21 depicts the concrete routes. "H NMR spectra
and GPC trace are illustrated in Fig. S4-S9 and Tables S1-S3.1
It is worth noting that the polymerization of Hb was not con-
trollable, resulting in two types of polymers with enormous
molecular weight differences in this study (Fig. S7 and
Table S11). The heavier type was close to L and Hr, yet the
smaller one was far less than that of L and Hr. The broad dis-
tribution of Hb and Hb-b-PDMA can be attributed to the
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uneven distribution of trithiocarbonate in the branched poly
(RAFT-MA) cores, which eventuated diverse amounts of TPEE
blocks subsequently, and accordingly caused broad distri-
bution of Hb, as well as Hb-b-PDMA. Moreover, in our initial
GPC analysis using THF as the solvent, the hydrophilic PDMA
and amphiphilic copolymers showed broad and asymmetrical
peaks. This suggests poor resolution, likely due to the
inadequate solvation of the polymers and potential inter-
actions with the column matrix. However, after reevaluating
our GPC measurements using DMF as the solvent, we observed
more symmetric peaks, particularly for the Hb and Hb-b-
PDMA (Fig. S10%). This improved peak resolution indicates a
better separation of the polymers and a reduced interaction
with the stationary phase of the column. These results under-
score the superior suitability of DMF as an eluent for the GPC
analysis of PDMA polymers.

AIE contrast of L, Hr and Hb

Initially, the diversity of AIE was explored among L, Hr and
Hb. To eliminate the influence of TPEE content in the three
polymers, the distinctions in TPEE were ascertained at equi-
valent mass concentrations using UV-vis spectroscopy. As
shown in Fig. 2a, the concentration of TPEE in Hb was slightly
higher, about 1.07 times that in L and Hr. Therefore, the con-
centration was 0.1 mg ml™" for both L and Hr and 0.093 mg
ml™" for Hb for the subsequent AIE tests. Fluorescence spectra
and images of L, Hr and Hb under a UV lamp are shown in
Fig. 2b-f. It is evident that the fluorescence intensity of Hb
was much stronger than that of L and Hr in mixed solvents as
the water fraction increased. At a low water content (10-30%,
v/v), L and Hr displayed negligible fluorescence, yet Hb still
exhibited weak illumination. Dispersed single molecular poly-
mers existed mostly in a vast majority of good solvents (THF),
in which the vibration and rotation of benzene rings depended
on the intramolecular arrangements of TPEE. The spatial

s
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Tl % %/\J
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one-step L-b-PDMA
o
)Hro\/\o)j\(s T S
o s
_>
one-step
o Hr-b-PDMA
)J\”/O\/\O)J\(S S
o s
S ——— _>
two-step
Hb-b-PDMA

Fig. 1 Synthesis of linear (L), branched (Hr) and star-like (Hb) polymers.
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Fig. 2 AIE characteristics of L, Hr and Hb. (a) UV-vis spectra of L, Hr and Hb at the same mass concentration of 0.02 mg ml™2. Fluorescence spectra
of L (b), Hr (c) and Hb (d) in a 10%—-90% (v/v) H,O/THF mixture with 360 nm excitation and their conclusion (e). (f) fluorescence images of L, Hr and

Hb in a 10%-90% (v/v) HO/THF mixture under a UV lamp (365 nm).

proximity of TPEE chains stretched from hyperbranched poly
(RAFT-MA) cores made them impede each other so that Hb
retained the relatively brighter fluorescence. As the proportion
of water increased, the primary factor contributing to the AIE
effect was intermolecular aggregation. For Hb, the multidirec-
tional dense distributions of TPEE arms and interchain block
in single molecules were synergistically beneficial for imped-
ing TPEE motion, when compared with incomplete packing
through an unordered twist between linear chains of L. It
could be noticed that the Hr, containing a branched scaffold,
exhibited an even weaker AIE effect. We inferred that the copo-
lymerization of TPEE and RAFT-MA resulted in an inferior

3752 | Polym. Chem., 2023, 14, 3749-3760

degree of branching and less dense distribution of TPEE in the
branched frame, which was adverse to the intramolecular
TPEE aggregation and twist between TPEE arms like Hb.

AIE contrast of L-b-PDMA-1, Hr-b-PDMA-1 and Hb-b-PDMA-1

To further compare the AIE difference resulting from the self-
assembly, L, Hr and Hb were used as macro-RAFTs to prepare
block copolymers with hydrophilic DMA chains. The ratio of
TPEE and DMA was determined as 1:3 (n/n) from 'H NMR
spectra (Fig. S5t). Similarly, the concentrations of TPEE in the
polymers, L-b-PDMA-1, Hr-b-PDMA-1 and Hb-b-PDMA-1, were
similar at the same mass concentration (0.05 mg ml™) as

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3py00559c

Open Access Article. Published on 21 July 2023. Downloaded on 2/15/2026 11:46:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

determined from UV-vis outcomes (Fig. 3a). The fluorescence
of the block copolymers in 10%-90% (v/v) H,O/THF was
measured and is shown in Fig. 3b-e and g. It is noticeable that
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the three amphiphilic polymers were much brighter (1.84-2.25
folds) than hydrophobic L, Hr and Hb under high water ratio
(70-90%, v/v) conditions, even after a decrease in TPEE levels
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Fig. 3 AIE characteristics of L-b-PDMA-1, Hr-b-PDMA-1 and Hb-b-PDMA-1. (a) UV-vis spectra of L-b-PDMA-1, Hr-b-PDMA-1 and Hb-b-PDMA-1 at
the same mass concentration of 0.05 mg ml™. Fluorescence spectra of L-b-PDMA-1 (b), Hr-b-PDMA-1 (c) and Hb-b-PDMA-1 (d) in a 10%—-90% (v/v)
H,O/THF mixture with 360 nm excitation and their conclusion (e). (f) Fluorescence intensity difference statistics in a 90% H,O and 10% THF mixture.
(g) Fluorescence images of L-b-PDMA-1, Hr-b-PDMA-1 and Hb-b-PDMA-1 under a UV lamp (365 nm).

This journal is © The Royal Society of Chemistry 2023
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at the same mass concentration. This increase in fluorescence
could be attributed to self-assembly induced boost. Horizontal
statistical analysis indicated that the AIE effect of Hb-b-
PDMA-1 gave an edge significantly (Fig. 3f, P < 0.001). This
result can be attributed to the self-assembly modes. On the
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one hand, a unimer assembly of Hb-b-PDMA-1 formed mono-
micelles where internal TPEE units were effectively restricted
for maintaining fluorescence at low water content, distinguish-
ing from the water-dependent interchain assembly of L-b-
PDMA-1. Also, the increased water content could trigger the
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Fig. 4 Fluorescence comparisons and characterization of Nps. (a) Statistics of fluorescence intensity differences between L-b-PDMA-1, Hr-b-
PDMA-1 and Hb-b-PDMA-1 Nps. Size distributions and TEM morphologies of Nps prepared from L-b-PDMA-1 (b and e), Hr-b-PDMA-1 (c and f) and
Hb-b-PDMA-1 (d and g), respectively. @¢: florescence quantum yields. Scale bar = 100 nm in the insets of f and g.
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intermolecular assembly of Hb-b-PDMA-1, also known as a sec-
ondary assembly, to form a multi-molecule assembly with
greater motional obstacle. The dual-assembly mode of Hb-b-
PDMA-1 jointly contributes to the AIE effect. However, the AIE
effect of Hr-)-PDMA-1 was similar to that of L-b-PDMA-1 even
when it was expected to exhibit a similar dual-assembly mode.
As mentioned above, the low branching degree of Hr-b-
PDMA-1 resulted in a sparse distribution of TPEE and fewer
TPEE arms, which were further apart spatially. As a result, the
motions of the TPEE arms in the mono-micelles were not
sufficiently blocked, and the flexibility of the TPEE chains was
similar to that of dispersed L-b-PDMA-1.

After the study of the influence of partial self-assembly on
the AIE effect under low water ratio conditions, we compared
the fluorescence differences of nanoparticles (Nps) prepared
from L-b-PDMA-1, Hr-b-PDMA-1 and Hb-b-PDMA-1 to explore
the impact of self-assembly on AIE properties. In Fig. 4a, Hb-b-
PDMA-1 Nps display significantly stronger emission (P < 0.001)
and higher &; than the others at the same concentration
(0.1 mg ml™") with the differences in TPEE amounts being
eliminated (Fig. 3a); thus self-assembly structures played a
critical role. Nps were further characterized through dynamic
light scattering (DLS) and transmission electron microscopy
(TEM). As presented in Fig. 4b-g, the Nps made from linear L-
b-PDMA-1 showed narrow size distribution with a diameter
around 150 nm (Fig. 4b), being consistent with TEM results
(Fig. 4e). The Hr-b-PDMA-1 and Hb-b-PDMA-1 Nps, which were
formed by a branched framework containing amphiphilic poly-
mers, displayed identical patterns, in which the size distri-
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bution of twin peaks was observed as a result of small and
larger Nps from intramolecular and intermolecular assembly,
respectively. The above phenomenon was also referred to as
secondary aggregation.”® The diameter of Hr-b-PDMA-1 NPs
(40/220 nm) was slightly larger than that of Hb-b-PDMA-1 NPs
(30/200 nm). It is speculated that if intramolecular or inter-
molecular packing from Hr-b-PDMA-1 is looser, it results in
gaps being more spacious in the hydrophobic core. This may
be used to explain why the emission of Hr-b>-PDMA-1 Nps was
inferior to that of L-b-PDMA-1 Nps (Fig. 4a).

Regarding the morphologies of Nps, the L-b-PDMA-1 Nps
appeared as shriveled and collapsed spheres (Fig. 4e), which
were probably caused by the absence of an aqueous environ-
ment during testing. Hr-b-PDMA-1 and Hb-b-PDMA-1 intermo-
lecularly assembled to polymersomes about 200 nm in size,
and fuzzy blobs were regarded as mono-micelles (Fig. 4f and
g). The potential formation procedure of polymersomes was
also captured (insets in Fig. 4f and g). Based on the direct
observations of Np morphologies, it was supposed that L-b-
PDMA-1 could self-assemble to micelles, Hr-b>-PDMA-1 and
Hb-h-PDMA-1 leaned towards vesicles.

This observation was in line with a previous study by Wang
et al.,*® who disclosed a self-assembly process of amphiphilic
hyperbranched copolymers (HCMs) to vesicles through dissi-
pative particle dynamics simulation. First, A-B or A-B-A shape
mono-micelles emerged from microphase separation where A
and B represented hydrophilic arms and a hydrophobic core,
respectively. Then, distinctively, HCMs with a small hydro-
philic fraction tended to undergo A-B type separation and two

7/
L-b-PDMA-1 \t?}j’h/\/ :
N
N\
N\

/7
Ve
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N\
\
\
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—
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\
\

Fig. 5 Self-assembly diagram of L-b-PDMA-1, Hr-b-PDMA-1 and Hb-b-PDMA-1.
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Fig. 6 AIE characteristics of L-b-PDMA-2 and Hb-b-PDMA-2. (a) UV-vis spectra of L-b-PDMA-2 and Hb-b-PDMA-2 at the same mass concentration
of 0.02 mg ml™ . Fluorescence spectra of L-b-PDMA-2 (b) and Hb-b-PDMA-2 (c) in a 10%-90% (v/v) H,O/THF mixture with 360 nm excitation and
their conclusion (d). (e) Fluorescence intensity difference statistics in a 90% H,O and 10% THF mixture. (f) Fluorescence images of L-b-PDMA-2 and

Hb-b-PDMA-2 under a UV lamp (365 nm).

A-B shape mono-micelles would pack together in a head-to-tail
manner to form a bilayer membrane. In contrast, A-B-A shape
mono-micelles derived from large hydrophilic fraction HCMs
stacked one by one to form a monolayer membrane. Finally, the
membrane wrapped and fused to form vesicles. The dynamic
process of polymersome formation could be interpreted based on
the above simulation and a diagram is shown in Fig. 5. The
highly branching core of Hb-b-PDMA-1 was able to densely pack
the TPEE arms, resulting in efficient n-n stacking efficiency
between mono-micelles in the hydrophilic interlayer of polymer-
somes. This led to a more compact arrangement of TPEE arms.
In contrast, the sparse TPEE distribution and fewer TPEE arms in

3756 | Polym. Chem., 2023, 14, 3749-3760

Hr-»-PDMA-1 hindered 7n-n stacking in polymersomes, resulting
in looser packing and expanded gaps between mono-micelles.
The core inside micelles prepared from L-b-PDMA-1 was spacious
enough to allow for the free movement of internal TPEE blocks,
leading to weaker accumulations of TPEE blocks compared to the
Hb-b-PDMA-1 polymersomes.

AIE contrast of L-b-PDMA-2 and Hb-b-PDMA-2

To explore the consistency of the aforementioned observations
with shorter hydrophilic chains, L-b-PDMA-2 and Hb-b-
PDMA-2 were synthesized with an increased ratio of TPEE to
DMA of 1:2 (n/n) (Fig. S6T). UV-Vis spectra demonstrated that

This journal is © The Royal Society of Chemistry 2023
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the TPEE content in L-»-PDMA-2 was approximately 0.9 times
that in Hb-b-PDMA-2 (Fig. 6a). Therefore, 0.1 mg ml™' L-b-
PDMA-2 and 0.09 mg ml~" Hb-b-PDMA-2 were used for further
AIE comparisons. The AIE characteristics of the two polymers
are shown in Fig. 6b-d. The emission changes of Hb-b-
PDMA-2 with increasing water fraction were considered to be
similar to those of Hb-b-PDMA-1 (Fig. 3c). Unexpectedly, L-b-
PDMA-2 revealed striking reversion, in which the emission
intensity increased sharply in an exponential manner with a
70% (v/v) water fraction and surpassed that of Hb-b-PDMA-2 by
1.7 times (Fig. 6d). Statistical ¢-test illustrated the significance
of the above outcomes (P < 0.001, Fig. 6e).
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Shortening the hydrophilic fractions of the polymers
resulted in a change in the self-assembly structures, leading to
the observed reversion in AIE behaviour. To visualize the trans-
formations, Nps produced from L-b-PDMA-2 and Hb-b-PDMA-2
were characterized. The fluorescence intensity of L-b-PDMA-2
Nps was significantly higher than that of Hb-b-PDMA-2 Nps (P
< 0.001, Fig. 7a), as well as @p. The L-b-PDMA-2 Nps have a
narrow distribution with diameters around 90 nm and pre-
sented polymersome structures (Fig. 7b and d), in agreement
with previous reports that self-assembly structures transformed
from spheres to worm-like rods and eventually to vesicles in
pace with decreasing hydrophilic fractions.**** Identical dual
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Fig. 7 Fluorescence comparisons and characterization of Nps. (a) Statistics of fluorescence intensity differences between L-b-PDMA-2 and Hb-b-
PDMA-2 Nps. Size distributions and TEM morphologies of Nps prepared from L-b-PDMA-2 (b and d) and Hb-b-PDMA-2 (c and e), respectively. @¢:

florescence quantum yields.
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Fig. 9 DFT calculations of L-b-PDMA-1 and Hb-b-PDMA-1. (a and b) Optimized geometries and torsion angles for Hb-b-PDMA-1 (in the left) and
L-b-PDMA-1 (in the right) with the Gaussian 16 package at the B3LYP/6-31G level. For Hb-b-PDMA-1, DMA tails were deleted and capped by an H
atom. (c) DOS spectra of Hb-b-PDMA-1 (blue color) and L-b-PDMA-1 (yellow color).
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peaks were observed in the distribution of Hb-b-PDMA-2 Nps
where a proportion of smaller granules increased in contrast
to Hb-b-PDMA-1 Nps (Fig. 7c). The presence of irregular
sphere-like particles around 150 nm and amorphously smaller
particles with widely scattered size from 50 to 100 nm was
observed, and no polymersomes were observed. Dynamic
simulations reported in the literature revealed that an increase
in core hydrophobicity leads to the formation of conical mono-
micelles, with an A-B shape, through microphase separation,
which then further assemble to larger micelles.**°

Based on the observed phenomena and reports, we present
a self-assembly diagram of L-b-PDMA-2 and Hb-b-PDMA-2, as
shown in Fig. 8. For L-b-PDMA-2, the reverse chains, which
resembled the arrangement mode within a phospholipid
bilayer, alternately aligned to wrap TPEE blocks inside and
expose DMA blocks outside, constructing an membrane-like
shape and ultimately fused to vesicles. Space impediments of
TPEE blocks in polymersomes were more significant than
those of micelles, resulting in sharp ascent of emission. In
contrast, Hb-b-PDMA-2 had a heterogeneous assembly of A-B
type mono-micelles, resulting in wide size distribution of sec-
ondarily assembled micelles and lower packing efficiency com-
pared to the prior single polymersome containing intensive
mono-micelles. This decentralized packing efficiency led to a
weaker emission of Hb-b-PDMA-2 Nps.

DFT calculations

Furthermore, density functional theory (DFT) calculations
were performed to unveil the excited state properties of both
polymers, the star-like (Hb-b-PDMA-1) polymer and the linear
one (L-b-PDMA-1). The optimized geometries of L-b-PDMA-1
and Hb-b-PDMA-1 at the ground state are illustrated in Fig. 9a
and b. The calculated band gap of L-»-PDMA-1 is 3.16 €V with
a HOMO of —5.26 eV and a LUMO of —2.10 eV, whereas Hb-b-
PDMA-1 has a calculated band gap of 2.94 eV with a HOMO of
—5.08 eV and a LUMO of —2.14 eV, as presented in Fig. 9c. The
difference between the HOMO and LUMO for Hb-b-PDMA-1 is
smaller than that of L-b-PDMA-1, which facilitates an intra-
molecular charge-transfer (ICT). The torsion angles of TPEE
phenyl rings in the Hb-b-PDMA-1 optimized structure are in
the range of 37° to 51°, promoting n—x stacking and enhancing
the fluorescence efficiency in the solid state, unlike L-b-
PDMA-1, which has higher dihedral angles up to 156° and a
semi-planar structure. Moreover, the Hb-b-PDMA-1 polymer
contains numerous TPEE phenyl groups, with many of them
being out of the plane as shown in Fig. 9b, resulting in a non-
planar structure that enhances the emission intensity. This
property allows Hb-b-PDMA-1 to exhibit strong fluorescence in
both the solid and solution states.

Conclusions

In this study, we integrated TPEE as a hydrophobic and
AIEgen moiety and DMA as a hydrophilic moiety to construct
linear, branched and star-like polymers to investigate AIE

This journal is © The Royal Society of Chemistry 2023
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difference induced by self-assembly architectures and internal
arrangements of TPEE blocks. By maintaining a fixed TPEE
and DMA ratio of 1:3 (n/n), we observed that the star-like
polymer exhibited superior emission due to the dense arrange-
ments in the polymersomes assembled through inter-
molecular packing. Linear and branched one glowed less
brightly due to the broader space for TPEE block freedom in
micelles and expanded gaps between mono-micelles caused by
sparser TPEE arms in branching frames, respectively.

Furthermore, we increased the TPEE and DMA ratio to 1:2
(n/n) in the star-like and linear polymers for exploring trans-
formations in emission strength and self-assembly architec-
tures. Unexpectedly, the linear polymer showed significantly
better AIE performance than the star-like polymer. The shorter
hydrophilic chains in the linear structure facilitated the for-
mation of polymersomes with highly compact conjugation
between TPEE blocks. The star-like polymer, however,
assembled heterogeneously to acquire particles with wide size
distribution, showing that the mono-micelle constituting
larger micelles differed in amount and consequently, decentra-
lized intermolecular packing efficiency. The DFT calculations
were conducted to prove that the TPEEs in star-like polymers
were more crowded and the motion of the benzene rings was
better limited. Finally, live cell imaging showed great potential
in tracing the carrier of the star-like polymer. This study pro-
vides valuable insights into designing more efficient AIEgen-
based polymers.

Abbreviations

TPEE (2-(4-Vinylphenyl)ethene-1,1,2-triyl)tribenzene

DMA N,N-Dimethyacrylamide

RAFT-MA  2-((2-(((Butylthio)carbonothioyl)thio)propanoyl)
oxy)ethyl methacrylate

AIE Aggregation induced emission

L Poly(TPEE)

Hr Poly(RAFT-MA)-co-poly(TPEE)

Hb Poly(RAFT-MA)-b-poly(TPEE)

L-b-PDMA  Poly(TPEE)-b-poly(DMA)

Hr-b- Poly(RAFT-MA)-co-poly(TPEE)-b-poly(DMA)

PDMA

Hb-b- Poly(RAFT-MA)-b-poly(TPEE)-b-poly(DMA)

PDMA

Nps Nanoparticles.
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