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In comparison with the post-polymerization cross-linking strategy, in situ cross-linking by divinyl co-
monomers in polymerization-induced self-assembly (PISA) is a more straightforward and convenient
approach to produce structurally stabilized nano-objects. However, cross-linking usually lowers the chain
mobility and hence prevents morphology transition, so formation of higher order morphologies (worm-
like micelles or vesicles) by the in situ cross-linking strategy in PISA has always been a great challenge. In
this work, not only cross-linked structures but also a promoting effect on morphology transition has been
observed during the in situ cross-linking PISA. Worm-like micelles, lamella and vesicles with stabilized
(cross-linked) structures are produced by RAFT dispersion copolymerization of 2-(diisopropylamino)ethyl
methacrylate (DIPEMA) and the divinyl comonomer cystaminebismethacrylamide (CBMA). The mor-
phology transition is not prevented due to the slower consumption of CBMA than that of the DIPEMA,
and the cross-linking process is mostly delayed to the late stage of polymerization. What is surprising,
compared with RAFT dispersion polymerization of DIPEMA in the absence of CBMA, is that polymeric
nano-objects with higher order morphologies are generated in most cases of the RAFT dispersion copo-
lymerization of DIPEMA and CBMA. The slower consumption of CBMA generates branched structures of
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the solvophobic blocks, which significantly promote the morphology transition. Cleavage of the cross-
linkers (disulfide linkage) by incubating with glutathione (GSH) leads to the morphology transition of the
nano-objects to the lower order ones, which further demonstrates the promoting effect on morphology
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Introduction

Polymeric nano-objects have aroused great attention in nano-
reactors, Pickering emulsifiers, drug delivery systems, etc.' ®
Polymerization-induced self-assembly (PISA), which efficiently
simplifies the procedure by combining polymerization and
self-assembly in one-pot (multiple steps including synthesis of
the block copolymer, tedious purification and sophisticated
post-polymerization assembly are usually needed in the tra-
ditional self-assembly method), has been established as a
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transition in in situ cross-linking PISA.

powerful strategy to produce various block copolymer nano-
objects.”*> Moreover, polymeric nano-objects can be produced
at much higher concentrations (up to 50% solid) by PISA,
while typically less than 1% solid is produced by the tra-
ditional self-assembly method.** The above superiorities make
PISA a promising technique for industrial-scale production of
polymeric nano-objects.” **

The structural stability of polymeric nano-objects is essen-
tial to maintain the morphology- and size-dependent
performance.'*?*” Chemical cross-linking has been demon-
strated to be a robust strategy to enhance the structural stabi-
lity of polymeric nano-objects. Both the post-polymerization
cross-linking strategy and in situ cross-linking strategy have
been exploited to enhance the structural stability of PISA-
based nano-objects.*®* ! There are two steps in post-polymeriz-
ation cross-linking: introducing reactive functionalities into
the polymeric nano-objects by (co)polymerization of functional
(co)monomers in PISA and then triggering the cross-linking
reactions of the functional handles with complementary com-
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pounds (or stimulus).***> Compared with the post-polymeriz-
ation cross-linking strategy, in situ cross-linking by copolymeri-
zation of divinyl comonomers (cross-linkers) in PISA elimin-
ates the additional step of post-polymerization reaction, which
seems to be a more convenient approach.*®™>* However, cross-
linking usually limits the chain mobility of the solvophobic
blocks, and the morphology transition of spherical micelles to
higher order morphologies (worm-like micelles or vesicles) will
be prevented accordingly. In this regard, preparation of stabil-
ized worm-like micelles or vesicles by copolymerization of
divinyl comonomers (crosslinkers) in a single-step is usually
problematic. Recently, An and co-workers reported the fabrica-
tion of stabilized vesicles by in situ cross-linking of PISA via
reversible addition-fragmentation chain transfer (RAFT) dis-
persion copolymerization of diacetone acrylamide (DAAM) and
an asymmetric cross-linker allyl acrylamide (ALAM).** ALAM
bears two vinyl groups with different reactivities, an acryla-
mido moiety with a similar reactivity to the monomer DAAM
and an allyl moiety with lower reactivity. Therefore, DAAM
copolymerizes with the acrylamido moieties in ALAM at the
early stage of PISA, and the reaction of the allyl moiety which
induces cross-linking is mainly delayed to the late stage of
PISA (after the formation of vesicles). The same group also
demonstrated that cross-linked worm-like micelles could be
produced by the in situ cross-linking strategy using asymmetric
cross-linkers.’® We fabricated dual stimulus responsive and
cross-linked vesicles by the in situ cross-linking strategy via
RAFT dispersion copolymerization of the monomer and cross-
linker with disparate reactivities, 2-(diisopropylamino)ethyl
methacrylate (DIPEMA) and cross-linker cystaminebismetha-
crylamide (CBMA).>" The RAFT polymerization activity of the
cross-linker CBMA is lower than that of the monomer
DIPEMA, so the cross-linking reaction is mainly delayed to the
late stage of PISA (after the formation of vesicles). In situ cross-
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linking by divinyl comonomers during PISA in a single step
has been demonstrated to be a feasible and convenient
approach in fabrication of cross-linked nano-objects with
higher order morphologies (worm-like micelles or vesicles),
and is worth devoting much more effort for further research.

In this work, we demonstrate that not only the enhanced
stability of the nano-objects but also the promoting effect on
morphology transition is observed by in situ cross-linking PISA
using PEGg,-CPADB-mediated RAFT dispersion copolymeriza-
tion of DIPEMA and CBMA (Fig. 1). For comparison, PEGg,-
CPADB-mediated RAFT dispersion polymerization of DIPEMA,
which generates linear PEGgo-b-PDIPEMA, nano-objects, was
also carried out. For in situ cross-linking PISA by RAFT dis-
persion copolymerization of DIPEMA and CBMA, the slower
consumption of CBMA results in branched structures of the
solvophobic P(DIPEMA-co-CBMA) blocks at the early stage of
PISA, which greatly promotes morphology transition, leading
to the formation of higher order morphologies accordingly.
Continuous consumption of the cross-linker results in the for-
mation of cross-linked nano-objects. The cross-linkers (di-
sulfide linkages) in the PEGgy-b-P(DIPEMA-co-CBMA), nano-
objects can be cleaved by incubating with glutathione (GSH),
leading to morphology transition of the nano-objects to the
lower order ones (Fig. 1), which further demonstrates the pro-
moting effect on the morphology transition in in situ cross-
linking PISA.

Experimental
Materials

Polyethylene glycol monomethyl ether 4000 (mPEG,,-OH) pur-
chased from TCI was used as received. 4-(4-Cyanopentanoic
acid) dithiobenzoate (CPADB) was synthesized according to

(A) In situ cross-linking PISA generates cross-linked nano-objects
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Fig. 1 (A) In situ cross-linking polymerization-induced self-assembly (PISA) generates cross-linked nano-objects. (B) Morphology degradation of

the nano-objects by incubating with glutathione (GSH).

This journal is © The Royal Society of Chemistry 2021

Polym. Chem., 2021,12,1768-1775 | 1769


http://dx.doi.org/10.1039/D1PY00046B

Published on 24 February 2021. Purchased by kkalugin@bochner.law on 27 September 2024.

Paper

the method reported in a previous article.*® N,N'-
Dicyclohexylcarbodiimide (DCC, >99%, MACKLIN), 4-dimethyl-
aminopyridine (DMAP, >99.0%, TCI), cystamine dihydrochlor-
ide (99%, Energy Chemical), methacryloyl chloride (95%,
Aladdin), 2,2-bipyridine (>99.0%, TCI) and glutathione
(reduced form) (GSH, >98%, Sigma-Aldrich) were used as
received. 2-(Diisopropylamino) ethyl methacrylate (DIPEMA,
Sigma-Aldrich, 97%) was purified by passing through an alka-
line alumina column. Other solvents are of analytical grade
and used directly without purification.

Synthesis of the macro-RAFT agent PEG,,-CPADB

mPEG,,-OH (8 g, 2.0 mmol), CPADB (2.23 g, 8 mmol) and
DMAP (98 mg, 0.8 mmol) were dissolved in 50 mL of dichloro-
methane (CH,Cl,), and then stirred at 0 °C using a low-temp-
erature equipment (DHJF-8002) for 30 min. DCC (1.65 g,
8 mmol) was dissolved in 10 mL of CH,Cl,, and then the solu-
tion of DCC was added dropwise to the above mixture for
30 min. The reaction mixture was stirred at 0 °C for three days.
The insoluble byproduct was removed by filtration, and then
most of the solvent was removed using a rotary evaporator. The
concentrated solution was added dropwise into a large
amount of glacial diethyl ether to form some pink precipitate.
The product was obtained by filtration, and then dissolved in
CH,CIl, again. The above mentioned precipitation procedure
was repeated three times. The product was dried under
vacuum for 2 days to obtain some pink powder.

Synthesis of the crosslinker N,N'-cystaminebismethacrylamide
(CBMA)

Cystamine dihydrochloride (9 g, 40 mmol) and 100 mL of de-
ionized water were added into a 250 mL round-bottomed flask.
10 mL of sodium hydroxide (6.4 g, 160 mmol) aqueous solu-
tion was added into the flask, and then the flask was put into
an ice water bath. After stirring at 0 °C for 30 min, a solution
of methacryloyl chloride (8.32 g, 80 mmol) in 20 mL of CH,Cl,
was added dropwise to the above reaction mixture, during
which some white precipitate was formed. The reaction was
carried out for another three hours at room temperature. The
precipitate was obtained by filtration and washed three times
with deionized water. The crude product was recrystallized
twice in ethyl acetate to obtain some white powder.

RAFT dispersion polymerization of DIPEMA using PEG,-
CPADB as the macro RAFT agent

A typical formula of DIPEMA/PEG-CPADB = 150 at 20 wt%
solid in the ethanol/water mixture (70/30, w/w) was introduced
here. PEG-CPADB (43 mg, 0.01 mmol), DIPEMA (320 mg,
1.5 mmol), AIBN (0.55 mg, 3.33 x 10~ mmol) and ethanol/
water (70/30, w/w, 1.45 g) were added into a glass tube. After
three freeze-pump-thaw cycles, the tube was sealed under
vacuum. Then the polymerization was carried out in an oil
bath at 70 °C for 24 h under stirring. Finally, the polymeriz-
ation was quenched by rapid cooling to room temperature and
exposing to air. Other RAFT dispersion polymerizations with
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various feed molar ratios of DIPEMA/PEGo,-CPADB were per-
formed using the same procedure.

RAFT dispersion copolymerization of DIPEMA and CBMA
using PEGg,-CPADB as the macro RAFT agent

A typical formula of DIPEMA/PEGy,-CPADB = 60 and CBMA/
DIPEMA = 5% at 20 wt% solid in the ethanol/water mixture
(70/30, w/w) was introduced here. PEG-CPADB (43 myg,
0.01 mmol), DIPEMA (128 mg, 0.6 mmol), CBMA (22 mg, 0.6 x
5% mmol), AIBN (0.55 mg, 3.33 x 10~> mmol) and ethanol/
water (70/30, w/w, 0.77 g) were added into a glass tube. After
three freeze-pump-thaw cycles, the tube was sealed under
vacuum. Then the polymerization was carried out in an oil
bath at 70 °C for 24 h under stirring. Finally, the polymeriz-
ation was quenched by rapid cooling to room temperature and
exposing to air. Other RAFT dispersion copolymerizations with
various feed molar ratios of DIPEMA/PEG,y,-CPADB but a con-
stant feed molar ratio of CBMA/DIPEMA = 5% or 10% were
performed using the same procedure.

Incubation of the resultant PEG,-b-P(DIPEMA-co-CBMA)
nano-objects with glutathione (GSH)

The disulfide bond in the cross-linkers can be cleaved by gluta-
thione (GSH), and the cross-linked structures of the PEGgq-b-P
(DIPEMA-co-CBMA) nano-objects will be destroyed accordingly.
A typical operation is as follows: 10 pL of the sample was taken
and diluted to 0.1 wt% with 2 mL of GSH solution (10 mM,
ethanol/water 70/30, w/w). After 24 hours of incubation, these
samples were characterized by TEM.

Characterization

The "H NMR spectra of the polymers were recorded in CDCly
or DMSO-d, using a Bruker DMX300 spectrometer. The mole-
cular weight and polydispersity of the polymers were assessed
by gel permeation chromatography (GPC) using a Waters
1515C equipment with a RI 2414 detector, two Waters styragel
columns (HR1 and HR4), and THF as the mobile phase (flow
rate: 1.0 mL min~"). Commercial polystyrene standards with
molecular weights of 500-600 000 ¢ mol™" were used to cali-
brate the apparatus. Transmission electron microscopy (TEM)
measurements were performed using a HT7700 electron
microscope at an accelerating voltage of 100 kv. The PISA-gen-
erated dispersions of the nano-objects were diluted with
ethanol/water (70/30, w/w) to 0.1-0.5 wt% and deposited on
copper grids. In order to obtain clear TEM images, phospho-
tungstic acid was used for staining all the samples.

Results and discussion

Esterification reaction of polyethylene glycol monomethyl
ether (PEGy-OH) and 4-(4-cyanopentanoic acid) dithiobenzo-
ate (CPADB) was carried out at 0 °C using a low-temperature
equipment (DHJF-8002) for 3 days to synthesize the macro
RAFT agent PEGo,-CPADB. Fig. S1AT shows the "H NMR spec-
trum of the resultant PEGo,-CPADB. The degree of CPADB
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functionalization of the PEGg,-CPADB (Fcpaps) Was calculated
to be 98% based on the integral values of the aromatic protons
in the CPADB unit (g, h, and f) and the methyl end group of
the PEG chain (a). Fig. S1Bf shows the GPC trace of the resul-
tant PEGo-CPADB (M,, = 5900 g mol" and M,,/M,, = 1.05). The
PEGo,-CPADB was used as the macro RAFT agent in the sub-
sequent RAFT dispersion polymerization.

CBMA was successfully synthesized as shown by the 'H
NMR spectrum (Fig. S2t), and used as the cross-linker in the
following experiments. Using PEGy,-CPADB as the macro
chain transfer agent, RAFT dispersion copolymerization of
DIPEMA and CBMA with target DPpprppma = 150 and feed
molar ratio of CBMA/DIPEMA = 5% was carried out. During
the RAFT dispersion copolymerization of DIPEMA and CBMA,
the consumption of the cross-linker CBMA is obviously slower
than that of the monomer DIPEMA (Fig. 2, Fig. S3, and
Table S1t), which can be attributed to the lower transfer coeffi-
cient of methacrylamide group-C(Me),C(=O)NH(alkyl) than
that of methacrylate group-C(Me),C(=0)O(alkyl) in RAFT
polymerization.>> For the samples of PEGg,-b-P(DIPEMA,~co-
CBMA,) generated at the early stage of RAFT dispersion copoly-
merization of DIPEMA and CBMA, multimodal GPC traces
gradually appeared due to the branched structures of the solvo-
phobic blocks (Fig. 2A). GPC characterization of PEGg,-b-P
(DIPEMA,-co-CBMA,) generated at the late stage of polymeriz-
ation was not performed due to the cross-linked (or partially
cross-linked) structures. For comparison, PEGg,-CPADB-
mediated RAFT dispersion polymerization of DIPEMA with
target DPpprpema = 150 in the absence of CBMA was also
carried out (Fig. S4-S6 and Table S27). The GPC traces of the
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Fig. 2 (A) Polymerization kinetics for PEGgo-CPADB-mediated RAFT
dispersion copolymerization of DIPEMA and CBMA with DIPEMA/PEGgo-

CPADB = 150 and CBMA/DIPEMA = 5%. (B) Plots of In([Mlo/[Ml,) versus
polymerization time according to the data in (A).
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PEGyo-b-PDIPEMA, block copolymers formed by RAFT dis-
persion polymerization of DIPEMA at different polymerization
times are unimodal (M,,/M, = 1.08-1.17), and they gradually
shifted to the higher molecular weight area with increasing
polymerization time (Fig. 3B and Table S2t). After 1 h of
polymerization, PEGgo-b-PDIPEMA,, spherical micelles
(Fig. 4A;) and PEGyy-b-(PDIPEMA,5-co-CBMA, 5;) spherical
micelles (Fig. 4A,) were formed in the RAFT dispersion
polymerization of DIPEMA and RAFT dispersion copolymeriza-
tion of DIPEMA and CBMA, respectively. After 2 h of polymer-
ization, spherical micelles of PEGy,-b-PDIPEMA;; were formed
in the RAFT dispersion polymerization of DIPEMA (Fig. 4B,),
and worm-like micelles of PEGgq-b-P(DIPEMA;-co-CBMA, 13)
were formed in the RAFT dispersion copolymerization of
DIPEMA and CBMA (Fig. 4B,). The higher order morphology
of PEGgg-b-P(DIPEMA;(-c0-CBMA, ;;) when compared to that
of PEGy,-b-PDIPEMA;; might be partially attributed to the
higher DPppipema Of the former polymer. However, only a
mixture of spherical micelles and short worm-like micelles
was formed even at DPpprppma = 93 after 4 h of RAFT dis-
persion polymerization of DIPEMA (Fig. 4C,;). The above
results indicate that the branched structures of the solvopho-
bic blocks also contribute to the promoting effect on mor-
phology transition in the RAFT dispersion copolymerization of
DIPEMA and CBMA. After 4 h of RAFT dispersion copolymeri-
zation of DIPEMA and CBMA, PEGg,-b-P(DIPEMA,y-co-
CBMA, og) vesicles were formed (Fig. 4C,). Continuous
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—1h
——2h
10 11 12 13 14 15 16 17

Elution time (min)

B —1h
—2h
—3h
——4h
——6h
——12h
——24h

10 11 12 13 14 15 16 17
Elution time (min)

Fig. 3 (A) GPC traces of the PEGgo-b-P(DIPEMA,-co-CBMA,) block
copolymers obtained at different polymerization times of the PEGgo-
CPADB-mediated RAFT dispersion copolymerization of DIPEMA and
CBMA (DIPEMA/PEGgo-CPADB = 150, CBMA/DIPEMA = 5%). (B) GPC
traces of the PEGgo-b-PDIPEMA, block copolymers obtained at different
polymerization times of the PEGgo-CPADB-mediated RAFT dispersion
polymerization of DIPEMA (DIPEMA/PEGgo-CPADB = 150).
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Fig. 4 TEM images of the PEGgo-PDIPEMA, nano-objects obtained at different polymerization times by RAFT dispersion polymerization of DIPEMA
with target DPppjpema = 150 (A1—F4), and the PEGgo-P(DIPEMA,-co-CBMA,) nano-objects obtained at different polymerization times by RAFT dis-
persion copolymerization of DIPEMA and CBMA with target DPppjpema = 150 and feed molar ratio of CBMA/DIPEMA = 5% (A,—F5). The red note on
the top of each image is the composition of the solvophobic blocks in the corresponding nano-objects. The subscript number of DIPEMA is the
actual DPpppema, and the subscript number of CBMA is the averaged CBMA units in the formed P(DIPEMA-co-CBMA) blocks, which were calculated

according to the *H NMR spectra as shown in Fig. S3 and S4.1

polymerization leads to gradual growth of the solvophobic
P(DIPEMA-co-CBMA) blocks and the averaged CBMA units in
the formed P(DIPEMA-co-CBMA) blocks (Fig. 2, Fig. S3 and
Table S17), leading to the formation of cross-linked vesicles
(Fig. S77). In comparison, pure vesicles are not formed in the
RAFT dispersion polymerization of DIPEMA even at DPppprva
=139 (Fig. 4). The above results demonstrate that in situ cross-
linking PISA by RAFT dispersion copolymerization of DIPEMA
and CBMA not only generates stabilized vesicles but also pro-
motes morphology transition, which has been usually ignored
by researchers in previous work.**~>*

RAFT dispersion copolymerization of DIPEMA and CBMA
with target DPpppema = 150 and feed molar ratio of CBMA/
DIPEMA = 10% was also carried out. '"H NMR, GPC and TEM
were used to trace the polymerization (Fig. S8-S10 and
Table S371). After 1 h of polymerization, spherical micelles were
formed in the composition of PEGy,-b-P(DIPEMA,,-co-
CBMA\ go) (Fig. S10AT). After 2 h of polymerization, a mixture
of worm-like micelles and lamella was formed in the compo-
sition of PEGg,-b-P(DIPEMAg(-co-CBMA, o3) (Fig. S10Bf). In
comparison with the PEGg,-b-P(DIPEMA,-co-CBMA, ;3) worm-
like micelles shown in Fig. 4B,, PEGg,-b-P(DIPEMAg-co-
CBMA; o3) nano-objects (Fig. S10Bf) have lower DPppipppa but
a slightly higher order morphology (a mixture of worm-like
micelles and lamella). The slightly higher content of CBMA
units in PEGyy-b-P(DIPEMAg(-c0-CBMA; o3) than that in PEGgy-
b-P(DIPEMA;,-co-CBMA; ;3) results in higher branching
degrees of the solvophobic P(DIPEMA-co-CBMA) blocks, which
exhibit a more pronounced promoting effect on morphology
transition. After 3 h of polymerization, a mixture of lamella
and vesicles was formed in the composition of PEGgy-b-P
(DIPEMA,-co-CBMA, g,), but further morphology transition to
pure vesicles was limited to some extent in the subsequent

1772 | Polym. Chem., 2021,12,1768-1775

polymerization (Fig. S101). Compared with the RAFT dis-
persion copolymerization of DIPEMA and CBMA with a feed
molar ratio of CBMA/DIPEMA = 5% (Fig. 4A,-4F,), the RAFT
dispersion copolymerization of DIPEMA and CBMA with
CBMA/DIPEMA = 10% exhibits a more pronounced effect on
promoting morphology transition at the early stage of polymer-
ization, but a slightly limited effect on morphology transition
at the late stage of polymerization (Fig. S107).

RAFT dispersion copolymerization of DIPEMA and CBMA
with a fixed feed ratio of CBMA/DIPEMA = 5% (molar ratio)
but different DIPEMA/PEG,,-CPADB molar ratios was carried
out to fabricate the PEGgy-b-P(DIPEMA,-c0-CBMAsq,) nano-
objects. For comparison, RAFT dispersion polymerization of
DIPEMA with varying target DPpprppma in the absence of
CBMA was also carried out to fabricate the PEGgy-b-PDIPEMA,
nano-objects. 'H NMR, GPC and TEM were used to assess the
monomer conversion in polymerization, the molecular weight
and polydispersity of the block copolymer, and the mor-
phologies of the resultant nano-objects (Fig. 5, Fig. S11 and
Table S41). In order to obtain high conversion of DIPEMA and
CBMA, all polymerizations were carried out for 24 h. Table S47
shows that the conversion of DIPEMA in each case was above
90%, and the conversion of CBMA reached 70-80%. At the
similar DP of the solvophobic blocks, the PEGgy-b-P(DIPEMA,-
c0-CBMAg5.,) nano-objects (5% of CBMA in feed) usually exhibit
a higher order morphology compared to the PEGgyb-
PDIPEMA, nano-objects (Fig. 5). For the RAFT dispersion
polymerization of DIPEMA, spherical micelles were obtained
at DIPEMA/PEG,,-CPADB = 60 and 80, a mixture of spherical
micelles and worm-like micelles was obtained at DIPEMA/
PEGy,-CPADB = 100 and 120, and a mixture of spherical
micelles and vesicles was produced at DIPEMA/PEGg,-CPADB =
150 (Fig. 5A;-E,). For the RAFT dispersion copolymerization of

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 TEM images of the PEGgo-b-PDIPEMA, nano-objects obtained by RAFT dispersion polymerization of DIPEMA with varying feed molar ratios
of DIPEMA/PEGyo-CPADB, (A;) 60, (B,) 80, (C;) 100, (D;) 120 and (E;) 150. TEM images of the PEGgo-b-P(DIPEMA,-co-CBMAsy) nano-objects
obtained by RAFT dispersion copolymerization of DIPEMA and CBMA with a constant feed molar ratio of CBMA/DIPEMA = 5% but different feed
molar ratios of DIPEMA/PEGgo-CPADB, and (A;) 60, (B,) 80, (C,) 100, (D,) 120 and (E,) 150. (As—E3) are the TEM images of the nano-objects (A,—E>)
after being dispersed in a good solvent (THF). All the nano-objects shown in (As—Ez) were processed using the following steps: (1) the nano-objects
were dispersed in THF, (2) the dispersions in THF were diluted with ethanol/water (7/3) to a specific concentration (0.1 wt%—-0.5 wt%) for TEM

characterization.

DIPEMA and CBMA, worm-like micelles were formed at
DIPEMA/PEGy,-CPADB = 60, a mixture of lamella and a small
amount of spherical micelles and worm-like micelles were pro-
duced at DIPEMA/PEG,,-CPADB = 80 and 100, and vesicles
were formed at DIPEMA/PEGy,-CPADB = 120 and 150
(Fig. 5A,-E,). Tetrahydrofuran (THF) is a good solvent for both
PEG and PDIPEMA blocks. In order to demonstrate the struc-
tural stability of the cross-linked nano-objects, the PEGgo-b-P
(DIPEMA,-co-CBMAs5,,) nano-objects were dispersed in THF.
TEM images show that all the nano-objects well maintained
their original morphologies after being treated with THF
(Fig. 5A3;-E;). The above results indicate that in situ cross-
linking PISA by RAFT dispersion copolymerization of DIPEMA
and CBMA results in not only superior structural stability but
also promoting effect on morphology transition.

In acidic solution (pH = 5), the tertiary amine in the
DIPEMA units was protonated, which induced hydrophobic-to-
hydrophilic transition of the P(DIPEMA-co-CBMA) blocks.>
Such hydrophobic-to-hydrophilic transition resulted in size
increasing rather than disaggregation of the nano-objects,
which further demonstrated the structural stability of the

This journal is © The Royal Society of Chemistry 2021

cross-linked nano-objects (Fig. S12 and Table S5t). However,
after incubation of the cross-linked nano-objects in acidic solu-
tion (pH = 5) with 10 mM GSH for 24 h, all the nano-objects
fully dissociated (the volume-averaged diameter was less than
10 nm as obtained by DLS) due to the simultaneous cleavage
of the cross-linker (disulfide linkage of the CBMA units) and
hydrophobic-to-hydrophilic transition of the P(DIPEMA-co-
CBMA) blocks (Table S5t). In order to further demonstrate
that branched structures of the solvophobic blocks promote
morphology transition, the PEGgy-b-P(DIPEMA,-co-CBMA;q,)
nano-objects were dispersed into neutral solution of GSH
(10 mM) to destroy the cross-linked/branched linkage of the
nano-objects (the solvophobicity of the P(DIPEMA-co-CBMA)
blocks was unchanged). After incubating with GSH for 24 h,
the worm-like micelles of PEGg,-b-P(DIPEMAg,-co-CBMA;,) (as
shown in Fig. 5A;) and lamella of PEGgy-b-P(DIPEMAg,-co-
CBMAs.,) (as shown in Fig. 5B,) were both degraded to spheri-
cal micelles (Fig. 6A and B), and the vesicles of PEGg,-b-P
(DIPEMA, »-co-CBMAs5,,) (as shown in Fig. 5D,) were degraded
to worm-like micelles and spherical micelles (Fig. 6C). The
vesicles of PEGgy-b-P(DIPEMA;5,-c0-CBMA;o,) (as shown in
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Fig. 6 TEM images of the PEGgo-b-P(DIPEMA,-co-CBMAsy) nano-
objects (as shown in Fig. 5) after incubation in an aqueous solution of
GSH (10 mM) for 24 h, (A) PEGgo-b-P(DIPEMAgo-co-CBMAsy), (B)
PEGgQ-b-P(D'PEMASO-CO‘CBMAs%), (C) PEGgo-b-P(D|PEMA120-CO-
CBMAsy) and (D) PEGgo-b-P(DIPEMA;50-co-CBMAsy).

Fig. 5E,) can maintain their morphologies after incubation
with GSH for 24 h (Fig. 6D), which may be due to the fact that
vesicles were also formed at DPppppma = 150 without CBMA
(Fig. 5E1). The above results further demonstrate that the
branched structures of the solvophobic blocks generated by
in situ cross-linking PISA can promote morphology transition.
The incorporation of the CBMA units (5%) into the solvopho-
bic blocks also results in a slight change in the chemical com-
position and the corresponding solvophobicity, which may
also have influence on morphology transition. However, upon
close inspection of Fig. 5A;-E; and 6, it can be seen that the
degraded nano-objects of PEGg,-b-P(DIPEMA-co-CBMA) usually
exhibit a similar morphology to the PEGg,-b-PDIPEMA nano-
objects at a similar DPppippma, Which demonstrates that such
slight changes of chemical composition (or solvophobicity)
have negligible influence on morphology transition and the
promoting effect on morphology transition is mainly attribu-
ted to the changes in the topological structures of the solvo-
phobic blocks.

For another comparison, RAFT dispersion copolymerization
of DIPEMA and CBMA with a fixed feed molar ratio of CBMA/
DIPEMA = 10% but varying DIPEMA/PEG,-CPADB ratios was
also carried out. Compared with the PEGg,-b-P(DIPEMA,-co-
CBMA;,,) nano-objects obtained at 5% of CBMA (Fig. 5A,-E,),
most of the PEGg,-b-P(DIPEMA,-c0-CBMA,q,) nano-objects
obtained at 10% of CBMA have lower order morphologies
(Fig. S131), which may be due to the fact that more CBMA feed
results in the faster formation of cross-linked structures to
limit morphology transition. However, compared with the
PEGy(-b-PDIPEMA, nano-objects (Fig. 5A;-E;), most of the
PEGg(-b-P(DIPEMA,-co-CBMA,(¢,) nano-objects also exhibit

1774 | Polym. Chem., 2021,12,1768-1775
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higher order morphologies (Fig. S13t), which further illus-
trates the promoting effect on morphology transition in in situ
cross-linking PISA by RAFT dispersion copolymerization of
DIPEMA and CBMA. Moreover, the PEGgy-b-P(DIPEMA,-co-
CBMA,9,) nano-objects also have robust cross-linked struc-
tures, which can maintain their original morphologies after
being treated with a good solvent (THF) (Fig. S147).

Conclusions

In summary, not only cross-linked structures of the nano-
objects but also the promoting effect on morphology transition
has been observed in in situ cross-linking PISA by RAFT dis-
persion copolymerization of DIPEMA and CBMA. Compared
with the RAFT dispersion polymerization of DIPEMA, RAFT
dispersion copolymerization of DIPEMA and CBMA usually
generates higher order morphologies. The slower consumption
of CBMA at the early stage of polymerization generates
branched structures of the solvophobic blocks, leading to the
promoting effect on morphology transition accordingly. The
reaction of CBMA mainly occurs in the late stage of polymeriz-
ation (after most of the monomer DIPEMA is reacted), which
generates the cross-linked structures. Cleavage of the disulfide
linkage at the branched/cross-linked points by GSH leads to
morphology transition of the nano-objects to the lower order
ones, which further demonstrates the promoting effect on
morphology transition in in situ cross-linking PISA.
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