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Abstract   Researchers  have  put  significant  efforts  on  developing  versatile  fluorescent  polymeric  systems  due  to  their  promising

biological/biomedical labelling, tracking, monitoring, imaging, and diagnostic applications. However, complicated organic/polymeric synthesis

or post-modification of these functionalized platforms is still a big obstacle for their further application and thereby provides clear motivation for

exploring alternative strategies for the design and fabrication of easily available fluorescent systems. The marriage of supramolecular polymers

and fluorescent imaging can provide a facile and dynamic manner instead of tedious and time-consuming synthesis due to the dynamic and

reversible  nature  of  noncovalent  interactions.  Herein,  based  on  water-soluble  pillararene/paraquat  molecular  recognition,  we  successfully

prepare two amphiphilic polypseudorotaxanes which can self-assemble into supramolecular polymersomes in water. These polymersomes can

be reversibly destroyed and reformed by tuning the solution pH. Attributed to the aggregation-induced emission of tetraphenylethylene groups,

intense fluorescence can be introduced into the obtained supramolecular polymersomes. Furthermore, pH-triggered release of an encapsulated

water-insoluble drug (doxorubicin) from the self-assembled fluorescent supramolecular polymersomes is also investigated.
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INTRODUCTION

For  the  past  decades,  fluorescent  labelling  and  imaging  have
fuelled  the  significant  growth  of  life  science  and  medical  re-
search due to  the  increasing demands  on biomolecule  analys-
ing,[1−4] biological  process  tracking,[5−9] and  disease  and  thera-
peutic  efficacy  visualizing.[10−13] Due  to  the  unique  properties
and numerous potential  applications evolved from their  ability
to  self-assemble  into  a  plethora  of  morphologically  diverse
nanostructures  such  as  micelles,[14−16] polymersomes,[17−20] cy-
linders,[21−23] and  others,  amphiphilic  copolymers  with  fluore-
scent  labelling  are  at  the  focus  of  extensive  scientific  interest.
However,  complicated  organic/polymeric  synthesis  or  post-
modifications of these functionalized polymers is still  a big ob-
stacle for the further application and provides clear motivation
for  exploring  alternative  strategies  for  the  design  and  fabrica-

tion of easily available fluorescent systems.[24,25] The marriage of
supramolecular  polymers and fluorescent imaging can provide
a  facile  and  dynamic  manner  instead  of  tedious and  time-
consuming synthesis due to the dynamic and reversible nature
of noncovalent interactions, such as hydrogen bonding,[26−28] π-
π stacking,[29−32] metal-coordination,[33,34] and  host-guest  inter-
actions.[35−40] Furthermore,  with  the  combination  of  noncova-
lent  forces  and  amphiphilicity,  supramolecular  polymers  can
self-assemble  into  well-defined  aggregates  in  water  which  can
be  disrupted  by  the  destruction  of  non-covalent  interactions,
implying  the  potential  applications  in  controlled  drug/gene
delivery.[41,42] Among  all  the  non-covalent  interactions,  host-
guest  interactions  have  successfully  attracted  scientists’  at-
tention  owning  to  their  abundant  stimuli-responsiveness.[43−47]

Pillar[n]arenes,  a  new  class  of  macrocyclic  hosts,  have  become
one of the most popular topics recently.[48−59] Due to their rigid
pillar  structures,  electron-donating  cavities,  and  easy  function-
alization,  pillar[n]arenes  have  shown  intriguing  host-guest
binding properties with plenty of guest molecules,[60−63] thereby
providing a useful  tool  for  the construction of  various interest-
ing  supramolecular  systems,  especially  the  responsive  supra-
molecular  polymers  and supra-amphiphiles.[64] However,  pillar-
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[n]arene-based  fluorescent  supramolecular  polymersomes  are
still in their infancy.

Herein,  we present a novel  and facile supramolecular stra-
tegy  to  construct  fluorescent  polymeric  aggregates. Scheme
1 outlines  our  work  in  detail.  Polymer PSPT is  polystyrene
(PS)  with  pendent  paraquat  (N,N′-dimethyl-4,4′-bipyridinium)
units and tetraphenylethylene (TPE) groups.  Unlike tradition-
al  luminescent  molecules  which  suffer  from  aggregation-
caused quenching (ACQ)  in  the condensed phase,  TPE emits
efficiently  upon  aggregation,  exhibiting  aggregation-induc-
ed emission (AIE),[65−69] which makes it an ideal candidate for
fabrication  of  fluorescent  self-assembly  systems  in  aqueous
solution.  Based  on  water-soluble  pillararene/paraquat  mo-
lecular recognition, we successfully prepared two amphiphil-
ic  polypseudorotaxanes, PR5 and PR6,  which self-assembled
into supramolecular  polymersomes in water.  These polymer-

somes were reversibly destroyed and reformed by tuning the
solution pH. Attributed to the aggregation-induced emission
of  tetraphenylethylene  groups,  intense  fluorescence  was  in-
troduced into the obtained polymersomes. Furthermore, pH-
triggered  release  of  an  encapsulated  water-insoluble  drug
(doxorubicin)  from  the  obtained  supramolecular  polymer-
somes was investigated.

EXPERIMENTAL

See electronic supplementary information (ESI) for more details.
Polymer 4 was prepared from styrene (compound 1), com-

pound 2,  and  4-vinylbenzyl  chloride  (compound 3)  by  free
radical  polymerization  (Chart 1).  A  mixture  of  styrene  (7.80
mL,  68.1  mmol),  compound 2 (950  mg,  2.28  mmol),  and  4-
vinylbenzyl  chloride  (348  mg,  2.28  mmol)  in  30  mL  of  ben-
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Scheme 1    Chemical structures of polymer PSPT,  water-soluble pillar[5,6]arenes (WP5 and WP6), and model guest MC,  as well as the cartoon
representations of host-guest complexations between WP5 and MC and between WP6 and MC and pH-controlled formation of supramolecular
polymersomes from self-assembly of amphiphilic polypseudorotaxanes PR5 and PR6 in water.
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zene was stirred at room temperature. A stream of argon (Ar)
was  bubbled  through  for  30  min.  In  one  portion  was  added
4.90  mg  (0.0300  mmol)  of  azobisisobutyronitrile  (AIBN)  and
the  mixture  was  stirred  for  10  min,  sealed  with  a  rubber
septum, and heated to 70 °C for 24 h. Rapid freezing in liquid
nitrogen  quenched  the  polymerization  and  the  solvent  was
removed under vacuum. The crude product was dissolved in
2 mL of CHCl3 and precipitated into 200 mL of methanol. The
precipitated  solid  was  collected  by  vacuum  filtration.  This
process was repeated three times and the collected polymer
was dried in vacuum (2.13 g, 30%). The precipitate was collec-
ted  by  filtration  and  dried  overnight  in  vacuum  to  give 4 as
white powder (Mn,GPC = 12.29 kDa, Mw,GPC = 21.14 kDa, PDI =
1.72). 1H-NMR (400 MHz, CDCl3,  298 K, δ,  ppm): 7.24−6.80 (m,
25H,  Ar),  6.78−6.28  (m,  12H,  Ar),  4.52  (m,  2H,  Ar―CH2―),
0.94−0.82 (m, 3H, CH3).

A  mixture  of  polymer 4 (1.00  g,  0.0814  mmol)  and  com-
pound 5 (1.79  g,  6.75  mmol)  in  DMF  (50  mL)  was  stirred  at
80 °C overnight. The solvent was evaporated and the residue
was  dissolved  in  2.00  mL  of  chloroform.  Then,  the  solution
was  dropped  into  cold  methanol  (100  mL)  and  the  precipit-
ate was collected by filtration; this process was repeated. The
solid was dried overnight in a vacuum to give brown powder
(0.96  g,  74%).  Fig.  S3  (in  ESI)  is  the 1H-NMR  spectrum  (400
MHz, chloroform-d, room temperature) of PSPT.

RESULTS AND DISCUSSION

Polystyrene-based copolymer PSPT with pendent paraquat (N,
N′-dimethyl-4,4′-bipyridinium)  units  and  tetraphenylethylene
(TPE) groups was prepared according to previous literature.[25,70]

There are about 14 paraquat moieties and 14 TPE moieties per
single  polymer  chain  for PSPT as  calculated  from  proton  NMR
spectra  and  gel  permeation  chromatography  (GPC)  data  (Figs.
S1  and  S2  in  ESI).  Water-soluble  pillar[5]arene WP5 and
pillar[6]arene WP6 were  synthesized  by  the  well-investigated
methods  reported  by  our  group.[49,57] Upon  mixing PSPT with
WP5 or WP6 in  water,  polypseudorotaxane PR5 or PR6 was
obtained,  in  which  the  complexed  water-soluble  pillararene

molecules  acted  as  the  hydrophilic  bulky  groups  and  polymer
PSPT served as the hydrophobic main chain (Scheme 1).

First,  we  investigated  the  host-guest  complexations  of
model  guest  molecule MC (Scheme 1)  with WP5 and WP6.
The  proton  NMR  spectra  of  the  complexes  between MC
and WP5 and between MC and WP6 were  recorded (Fig.  S5
in ESI). They provided convincing evidences for the formation
of WP5/WP6 and MC inclusion  complexes.  Due  to  the  fact
that  the  COO– group  can  be  converted  into  the  neutral
carboxylic acid group by adding acid, the host-guest interac-
tions between the pillararenes and viologen moiety could be
undermined.  The  NMR  spectra  (Figs.  S6  and  S7,  ESI)  also  re-
vealed the reversible WP5/WP6 and MC complexations by se-
quential addition of DCl and NaOD aqueous solutions.

Based on the established WP5/MC (WP6/MC) molecular re-
cognition,  we  constructed  two  amphiphilic  polypseudoro-
taxanes PR5 and PR6 (Scheme 1).  To  investigate  the  self-as-
sembly behavior of the obtained polypseudorotaxanes, aque-
ous solutions of 5.00 × 10–4 mol/L PR5 and 5.00 × 10–4 mol/L
PR6 were  prepared.  Morphology,  size,  and  fluorescence  of
the  self-assembled  aggregates  were  studied  by  transmission
electron  microscopy  (TEM),  dynamic  light  scattering  (DLS),
and  confocal  laser  scanning  microscopy  (CLSM).  At  first,  the
self-assembly  behavior  of  polymer PSPT in  aqueous  solu-
tions was investigated by DLS. As shown in Fig. S7 (in ESI), the
size distribution of the aggregates formed by PSPT itself was
broad,  indicating  irregular  self-assembly.  However,  the  DLS
data  dramatically  changed  upon  the  formation  of PR5/PR6.
The  average  diameter  of  the  aggregates  from PR5/PR6 was
about 80/100 nm with a narrow size distribution (Figs. 1g and
1h), indicating the formation of some regular assemblies. TEM
observations  were  further  performed  to  confirm  the  DLS  re-
sult  through  visualization  of  the  self-assembled  nanostruc-
tures.  As  shown  in Figs. 1(c) and 1(f), PSPT itself  self-as-
sembled  into  random  aggregates,  which  is  consistent  with
the  above  mentioned  DLS  results.  Upon  the  formation  of
polypseudorotaxanes,  hollow spheres can be observed (Figs.
1a and 1b),  strongly  supporting  the  formation  of  vesicles
rather  than micelles.  It  is  worth noting that  the average ves-
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Chart 1    Synthetic route to polymer PSPT.
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icle  size  values  determined  by  TEM  were  somewhat  smaller
than  the  hydrodynamic  diameters  obtained  from  DLS,  since
the  latter  technique  is  sensitive  to  both  hydration  and  poly-
dispersity.  The  larger  size  diameter  of PR6 is  mainly  attrib-
uted to the larger size of pillar[6]arene WP6 compared to that
of pillar[5]arene WP5.

Due to the fact that the COO– groups of WP5 and WP6 can
be  converted  into  neutral  carboxylic  acid  groups  by  adding
acid,  the  host-guest  interactions  between  pillararenes  and
the  viologen  moiety  could  be  undermined  and  thereby  the
obtained vesicles  could  be  destroyed.  To  investigate  the  im-
pact of pH on the self-assembly behavior, DLS and TEM exper-
iments were carried out. As shown in Fig. S8 (in ESI),  the DLS
data  show  that  the  aggregates  of PR5 had  an  average  dia-
meter of about 80 nm in pH 7.4 solution, while 500 nm in pH
5.5  solution,  and  those  of PR6 had  an  average  diameter  of
about 100 nm with a narrow size distribution in pH 7.4 solu-

tion, while 550 nm in pH 5.5 solution, indicating the destruc-
tion of  vesicles.  Additionally,  TEM directly  confirmed the dis-
assembly of vesicles formed by PR5/PR6 in water. The spher-
ical  vesicles  changed  into  irregular  assemblies  by  adjusting
the solution pH to 5.5  (Figs. 2a and 2c).  The reason for  these
irregular  assemblies  might  be  that WP5/WP6 was  proton-
ated and then detached from the main chain polymer. As ex-
pected,  the  vesicles  can  be  observed  again  by  tuning  the
solution  pH  back  to  7.4  due  to  the  reformation  of PR5/PR6
(Figs. 2b and 2d),  indicating  pH-controlled  reversible  self-as-
sembly in water.

Besides the pH-responsive self-assembly, we are also inter-
ested in exploring the fluorescent property of this system due
to the introduction of aggregation-induced emission pheno-
menon.  As  shown  in  Fig.  S9  (in  ESI),  the  critical  aggregation
concentration (CAC) of PR5 (PR6) was determined to be 1.07
× 10–7 mol/L (1.37 × 10–7 mol/L)  by using fluorescence spec-
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Fig.  1    TEM  images  of  (a) PR5 (5.00  ×  10–4 mol/L),  (b) PR6 (5.00  ×  10–4 mol/L),  and  (c) PSPT (5.00  ×  10–4 mol/L)  aggregates  separated  from
aqueous solutions; Confocal laser microscope images of (d) PR5 (5.00 × 10–4 mol/L), (e) PR6 (5.00 × 10-4 mol/L), and (f) PSPT (5.00 × 10–4 mol/L) in
aqueous solution; DLS results of (g) PR5 (5.00 × 10–4 mol/L) and (h) PR6 (5.00 × 10–4 mol/L) in aqueous solution.
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Fig. 2    TEM images of aggregates separated from dispersions: (a) PR5 (5.00 × 10–4 mol/L) in water after adding HCl to adjust the solution pH to
5.5;  (b) PR5 (5.00  ×  10–4 mol/L)  in  water  after  further  adding NaOH to  adjust  the  solution pH to  7.4;  (c) PR6 (5.00  ×  10–4 mol/L)  in  water  after
adding HCl to adjust the solution pH to 5.5; (d) PR6 (5.00 × 10–4 mol/L) in water after further adding NaOH to adjust the solution pH to 7.4.
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Fig. 3    (a) Fluorescence change of PR5 (excitation wavelength is 350 nm) before/after adding HCl to the DOX-loaded PR5 vesicle solution; (b)
Fluorescence change of DOX (excitation wavelength is 485 nm) before/after adding HCl to the DOX-loaded PR5 vesicle solution; (c) Drug release
curves of DOX-loaded PR5 under different pH values.
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troscopy. The fluorescence of the solution was weak when its
concentration  was  lower  than  the  corresponding  CAC  value.
However,  the  fluorescence  intensity  increased  rapidly  as  the
concentration was higher than its CAC value owing to the ag-
gregation-induced emission effect.  From CLSM image,  green
fluorescent  vesicles  self-assembled  from PR5 and PR6 were
clearly observed (Figs. 1d and 1e). These results illustrated the
successful fabrication of fluorescent supramolecular polymer-
somes,  which  can  provide  an  ideal  platform  for  self-imaged
drug  delivery  and  thus  exhibit  an  advantage  over  the  non-
fluorescent polymeric aggregates.

With  the  supramolecular  polymersomes  in  hand,  we  fur-
ther  applied  them  into  drug  controlled  release.  Anticancer
drug  doxorubicin  (DOX)  was  selected  as  a  model  drug.  Ac-
cording to a previous report, DOX can be encapsulated in the
hydrophobic layer of self-assembled supramolecular polymer-
somes, thereby establishing an artificial Förster resonance en-
ergy transfer  system with dual  fluorescence quenched.[70] As
shown  in  Fig.  3(a)  and  Fig.  S10(a)  (in  ESI), PR5 and PR6
showed  fluorescence  quench  when  DOX  molecules  were
stably  located  in  the  interior  of  the  vesicles.  As  shown  in
Fig. 3(b) and Fig. S10(b) (in ESI), there was no obvious fluores-
cence  intensity  corresponding  to  the  characteristic  emission
of  DOX.  These  figures  also  show  that  the  quenched  fluores-
cence from either TPE moieties or DOX molecules was “light-
ened  up”  after  adding  HCl.  The  release  behavior  of  DOX-
loaded PR5/PR6 vesicles was also monitored in the aqueous
solution at different pH values.  As shown in Fig. 3(c) and Fig.
S10(c) in (ESI), by decreasing the solution pH value, DOX was
effectively  released  from PR5/PR6 vesicles, i.e.,  63%  release
effciency for PR5 at pH 5.5 and 69% release effciency for PR6
at pH 5.5 within 36 h.

CONCLUSIONS

In  summary,  we  have  exploited  the  water-soluble  pillararene/
paraquat  recognition  in  water  to  prepare  amphiphilic  polyps-
eudorotaxanes PR5/PR6,  which  self-assembled  into  supramo-
lecular  polymersomes  in  water,  and  further  employed  them
for controlled drug (DOX) release. Owing to the hydrophobicity
and  AIE  effect  of  TPE  moieties,  the  self-assembled  supramo-
lecular  polymersomes  were  originally  highly  fluorescent.  How-
ever,  when  DOX  was  encapsulated  in PR5/PR6,  the  fluores-
cence  from  both  TPE  moieties  and  DOX  molecules  was
quenched  in  the  aggregation  state  by  the  Förster  resonance
energy  transfer.  By  decreasing  solution  pH,  the  polymersomes
could  be  destroyed  and  the  loaded  DOX  molecules  were  re-
leased. As a result, the energy transfer relay between TPE moie-
ties  and  DOX  molecules  was  interrupted  and  the  quenched
fluorescence  from  either  TPE  moieties  or  DOX  molecules  “li-
ghtened up”. These polymersomes make contributions to the
development  of  a  novel  strategy  to  fabricate  smart  supra-
molecular  nanomedicines  with  tumor  specific  responsiveness
and  pave  a  new  way  to  combine  polymer  science  with
supramolecular chemistry to construct functional materials.
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