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Abstract   Programmed release of small molecular drugs from polymersomes is of great importance in drug delivery. A significant challenge is to

adjust the membrane permeability in a well-controlled manner. Herein, we propose a strategy for controlling membrane phase separation by

photo-cross-linking of the membrane-forming blocks with different molecular architectures. We synthesized three amphiphilic block copolymers

with  different  membrane-forming  blocks,  which  are  poly(ethylene  oxide)43-b-poly((ε-caprolactone)45-stat-((α-(cinnamoyloxymethyl)-1,2,3-

triazol)caprolactone)25)  (PEO43-b-P(CL45-stat-CTCL25)),  PEO43-b-P(CL108-stat-CTCL16),  and  PEO43-b-PCTCL4-b-PCL79.  These  polymers  were  self-

assembled into polymersomes using either a solvent-switch or powder rehydration method, and the obtained polymersomes were characterized

by  dynamic  light  scattering  and  transmission  electron  microscopy.  Then  the  phase  separation  patterns  within  the  polymersome  membranes

were investigated by mesoscopic dynamics (MesoDyn) simulations. To further confirm the change of the membrane permeability that resulted

from the phase separation within the membrane, doxorubicin, as a small molecular drug, was loaded and released from the polymersomes. Due

to the incompatibility  between membrane-forming moieties  (PCTCL and PCL),  phase separation occurs  and the release rate  can be tuned by

controlling the membrane phase pattern or by photo-cross-linking. Moreover, besides the compacting effect by formation of chemical bonds in

the membrane, the cross-linking process can act as a driving force to facilitate the rearrangement and re-orientation of the phase pattern, which

also influences the drug release behavior by modulating the cross-membrane distribution of the amorphous PCTCL moieties.  In this way,  the

strategy of focusing on the membrane phase separation for the preparation of the polymersomes with finely tunable drug release rate can be

envisioned and designed accordingly, which is of great significance in the field of delivery vehicles for programmed drug release.

Keywords   Polymersome; Drug delivery; Phase separation; Programmed drug release

Citation:  Chen, S.; Cornel, E. J.; Du, J. Z. Controlling membrane phase separation of polymersomes for programmed drug release. Chinese J. Polym. Sci.
2022, 40, 1006–1015.

 

INTRODUCTION

Drug  delivery  is  important  and  necessary  in  various  cancer
therapies and other hard-to-cure diseases.[1,2] However, it is still
an  important  challenge  to  achieve  both  effective  and  efficient
delivery  in  practice,  owing  to  the  insufficient  control  over  the
drug  release  process.[3−5] Polymersomes  have  membrane
barriers  and enclosed lumens,  which  serve  as  a  promising and
versatile  platform  in  drug  delivery.[6−8] However,  due  to  the
homogeneity  of  conventional  polymersome  membranes,  the
release of  drug is  hard to control,  leading to inefficient disease
treatment.[9]

Despite  the  diversified  effecting  mechanisms  of  drugs,
most  drugs  are  required  to  be  released  from  their  delivery
vehicles and reach a certain concentration locally or systemi-

cally during the process of treatment.[10−13] Through a careful
control  over the drug release procedures,  the polymersomes
can deliver drug in a more customized way to meet with the
demands of biomedical practices, which is also known as pro-
grammed drug delivery.[14−16]

An  important  method  to  allow  programmed  release  of
small  molecular  drugs  is  to  carefully  adjust  the  properties  of
the polymersome membrane.[17−19] Generally, the membrane
permeability  of  polymersomes  can  be  altered  by  designing
various  specific  polymersome  membranes,  introducing  spe-
cific  targeting  functional  groups,  or  by  preparing  biohybrid
polymersomes.[20−23] For  example,  the  change  in  membrane
thickness,[24,25] cross-linking  density,[26−28] or  insertion  of
transmembrane proteins[29,30] have shown to significantly af-
fect the drug release rate. Recently, the development of poly-
mersomes with inhomogeneous membranes has drawn con-
siderable  attention.[31] They  can  be  modularly-designed  and
meet  biomedical  requirements,[32] such  as  control  of  blood
sugar,[33] facile  loading  and  release  of  macromolecules,[34,35]

visualization  of  antimicrobial  process,[36] and  so  forth.  These
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polymersomes  consist  of  an  inhomogeneous  membrane
with  multiple  phases.[9] Orchestrating  the  distribution  of
phases  with  different  permeabilities  would  make  such  poly-
mersomes relevant  for  the  development  of  the  next  genera-
tion  of  programmed  drug  delivery  vehicles.  Unfortunately,  a
universal  method  to  conveniently  adjust  membrane  per-
meability that utilizes phase separation has not yet been de-
veloped.

We  have  previously  reported  two  principles  to  acquire
polymersomes with ultrahigh biomacromolecular loading ef-
ficiencies,  namely:  ‘acid-induced  adsorption’  and  ‘affinity-en-
hanced attraction’.[27] This report was based on poly(ethylene
oxide)-b-poly((α-(cinnamoyloxymethyl)-1,2,3-triazol)caprolac-
tone)  (PEO-b-PCTCL).  The  polymersome  membrane  com-
posed  of  such  a  PCTCL  block  remains  biodegradable  even
when  photo-cross-linked.  This  aspect  shows  promising  po-
tential  for in vivo drug  delivery  by  achieving  a  balance
between  stability  and  degradability.  However,  the  amorph-
ous character of PCTCL makes the membrane extremely per-
meable  to  small  molecules,  which  in  turn  renders  the  poly-
mersome  inefficient  to  deliver  small  molecules  for  broader
applications.

Herein,  to  meet  this  challenge,  poly(ε-caprolactone)  (PCL)
was  introduced  to  prepare  semi-crystalline  polymersome
membranes  that  are  less  permeable  than  the  previously  re-
ported  PCTCL  membranes,  making  them  more  suitable  for
broader applications such as programmed drug release. More
specifically,  better  control  over  the  small  molecule  release
rate  was  achieved  by  judicious  control  of  the  membrane
phase separation (Scheme 1). This was achieved by preparing
phase-separated  membranes  from  copolymers  with  statisti-
cal compositions or a block composition, additionally photo-

cross-linking  was  used  to  further  modify  the  phase  separa-
tion within the membrane.  Three polymers with different ar-
chitectures  of  membrane-forming blocks  were prepared and
self-assembled  into  polymersomes:  PEO43-b-P(CL45-stat-
CTCL25),  PEO43-b-P(CL108-stat-CTCL16),  and  PEO43-b-PCTCL4-b-
PCL79.  Owing  to  the  incompatible  nature  between  the  semi-
crystalline PCL and amorphous PCTCL moieties, phase separa-
tion  occurs  within  the  compacted  polymersome  membrane.
The phase separation patterns were simulated by mesoscop-
ic dynamics (MesoDyn) method and the drug release behavi-
or  was  predicted  accordingly,  and  these  predictions  were
confirmed  by  a  series  of  drug  release  tests.  The  above  pro-
posed  strategy  was  confirmed  to  effectively  manipulate  the
release  of  small  molecular  drug  from  the  polymersomes,
which  is  also  of  great  potency  in  the  future  development  of
programmed drug delivery vehicles.

EXPERIMENTAL

Synthesis of PEO43-b-P(CL45-stat-CTCL25)

Synthesis of PEO43-b-P[CL45-stat-(αClCL)25]
First,  PEO43 (0.800  g,  0.421  mmol)  and ε-caprolactone  (2.43  g,
21.1  mmol)  were  dissolved  in  toluene  (150  mL)  under  stirring.
Then,  the  solution  was  azeotropically  distilled  at  130  °C  to
remove  approximately  50  mL  of  solvent,  afterwards α-chloro-
caprolactone (1.88 g, 12.7 mmol) was quickly added at the same
temperature. Distillation was continued and after removal of the
following  solvent  fraction  (approximately  80  mL),  the  reaction
was cooled to room temperature and degassed with argon for
25  min.  Subsequently,  stannous  octoate  (6.0  mg,  0.015  mmol)
was  added  and  the  mixture  was  degassed  with  argon  for
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Scheme  1    Controlling  phase  separation  of  polymersome  membrane  for  tuning  membrane  permeability  and  drug  release  rate.  Amphiphilic
copolymers with different membrane-forming blocks consisting incompatible moieties were synthesized, which lead to different phase patterns
after  self-assembly.  Small  molecular  drugs  can  be  loaded  during  self-assembly.  Owing  to  the  inherent  permeability  difference  between  semi-
crystalline PCL and amorphous PCTCL, the membrane permeability can be tuned according to the phase patterns, thus tuning the drug release
rate. The polymersomes with connected PCTCL phases release drugs faster than those with a continuous PCL shell within the membrane.
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another  15  min  to  remove  oxygen.  The  reaction  was  then
heated  to  110  °C  and  stirred  for  48  h  under  an  argon
atmosphere. Afterwards, the crude reaction mixture was cooled
to  room  temperature  and  concentrated in  vacuo.  The  crude
product  was  dissolved  into  dichloromethane  (10  mL)  and
precipitated  in  cold  petroleum  ether  (200  mL).  Precipitation
was repeated twice and the final product was dried in vacuo at
25 °C until a constant weight was achieved (yield: 82%).

Synthesis of PEO43-b-P[CL45-stat-(N3CL)25]
PEO43-b-P[CL45-stat-(αClCL)25]  (2.00  g,  containing  4.65  mmol  of
chlorine) was first dissolved in N,N-dimethylformamide (DMF, 20
mL)  under  magnetic  stirring.  Then,  an  excess  amount  of  NaN3

(1.51  g,  23.2  mmol)  was  added and the  reaction was  stirred  at
room  temperature  for  24  h.  Dichloromethane  (40  mL)  was
added to the crude mixture to induce precipitation of NaN3 and
NaCl.  After  filtration,  the  mixture  was  washed  for  three  times
with  deionized  water,  and  dried  overnight  with  adequate
amount  of  anhydrous  MgSO4.  The  mixture  was  subsequently
filtered  and  concentrated in  vacuo until  approximately  10  mL
remained. The product was precipitated twice in cold petroleum
ether (2×200 mL) and dried afterwards in vacuo at 25 °C until a
constant weight was achieved (yield: 75%).

Synthesis of PEO43-b-P(CL45-stat-CTCL25)
PEO43-b-P[CL45-stat-(N3CL)25]  (1.00  g,  containing  2.29  mmol  of
azide  group),  propargyl  cinnamate  (0.838  g,  4.50  mmol),  and
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine  (PMDETA,  62  μL,
0.30  mmol)  were  mixed  and  fully  dissolved  in  tetrahydrofuran
(THF,  20  mL).  Then  the  solution  was  degassed  with  argon  for
25  min  before  addition  of  CuBr  (43.2  mg,  0.300  mmol).  After
another  15  min  of  degassing,  the  reaction  was  stirred  at  50  °C
for  36  h.  The  crude  reaction  mixture  was  cooled  to  room
temperature and diluted with THF (30 mL) prior  to purification
using  a  column  packed  with  neutral  aluminium  oxide,  using
THF  as  eluent.  The  solution  was  then  concentrated  to
approximately 10 mL and precipitated twice in cold petroleum
ether  (2×200  mL),  using  dichloromethane  (10  mL)  as  good
solvent  for  the  second  precipitation  step.  The  final  purified
product that was dried in vacuo at 25 °C until a constant weight
was achieved (yield: 85%).

Synthesis of PEO43-b-P(CL108-stat-CTCL16)

Synthesis of PEO43-b-P[CL108-stat-(αClCL)16]
First,  PEO43 (1.30  g,  0.684  mmol)  and ε-caprolactone  (8.36  g,
72.6  mmol)  were  dissolved  in  toluene  (150  mL)  under  stirring.
Then,  the  solution  was  azeotropically  distilled  at  130  °C  to
remove  approximately  50  mL  of  solvent,  afterwards α-chloro-
caprolactone (1.63 g, 10.9 mmol) was quickly added at the same
temperature.  Distillation  was  continued and after  removal  of  a
following  solvent  fraction  (approximately  80  mL),  the  reaction
was cooled to room temperature and degassed with argon for
25  min.  Subsequently,  stannous  octoate  (8.0  mg,  0.020  mmol)
was  added  and  the  mixture  was  degassed  with  argon  for
another  15  min  to  remove  oxygen.  The  reaction  was  then
heated  to  110  °C  and  stirred  for  48  h  under  an  argon
atmosphere. Afterwards, the crude reaction mixture was cooled
to  room  temperature,  and  concentrated in  vacuo.  The  crude
product  was  dissolved  into  dichloromethane  (10  mL)  and
precipitated in cold petroleum ether (200 mL). Precipitation was
repeated twice, and the final product was dried in vacuo at 25 °C

until a constant weight was achieved (yield: 78%).

Synthesis of PEO43-b-P[CL108-stat-(N3CL)16]
PEO43-b-P[CL108-stat-(αClCL)16]  (4.14 g, containing 3.99 mmol of
chlorine)  was  first  dissolved  in  DMF  (20  mL)  under  magnetic
stirring.  Then,  an  excess  amount  of  NaN3 (1.30  g,  20.0  mmol)
was added and the reaction was stirred at room temperature for
24 h. Dichloromethane (40 mL) was added to the crude mixture
to  induce  precipitation  of  NaN3 and  NaCl.  After  filtration,  the
mixture was washed for three times with deionized water,  and
dried  overnight  with  adequate  amount  of  anhydrous  MgSO4.
The  mixture  was  subsequently  filtered  and  concentrated in
vacuo until  approximately  10  mL  remained.  The  product  was
precipitated  twice  in  cold  petroleum  ether  (2×200  mL)  and
dried afterwards in  vacuo at  25  °C  until  a  constant  weight  was
achieved (yield: 70%).

Synthesis of PEO43-b-P(CL108-stat-CTCL16)
PEO43-b-P[CL108-stat-(N3CL)16]  (2.50  g,  containing  2.40  mmol  of
azide  group),  propargyl  cinnamate  (0.782  g,  4.20  mmol),  and
PMDETA (62  μL,  0.30  mmol)  were  mixed and fully  dissolved in
THF  (20  mL).  Then  the  solution  was  degassed  with  argon  for
25  min  before  addition  of  CuBr  (43.2  mg,  0.300  mmol).  After
another  15  min  of  degassing,  the  reaction  was  stirred  at  50  °C
for  36  h.  The  crude  reaction  mixture  was  cooled  to  room
temperature and diluted with THF (30 mL) prior  to purification
using  a  column  packed  with  neutral  aluminium  oxide,  using
THF  as  eluent.  The  solution  was  then  concentrated  to
approximately 10 mL and precipitated twice in cold petroleum
ether  (2×200  mL),  using  dichloromethane  (10  mL)  as  good
solvent  for  the  second  precipitation  step.  The  final  purified
product that was dried in vacuo at 25 °C until a constant weight
was achieved (yield: 77%).

Synthesis of PEO43-b-PCTCL4-b-PCL79

Synthesis of PEO43-b-P(αClCL)4
First,  PEO43 (2.25  g,  1.18  mmol)  was  dissolved  in  toluene
(120  mL)  under  stirring.  Then,  the  solution  was  azeotropically
distilled  at  130  °C  to  remove  approximately  40  mL  of  solvent,
afterwards, α-chloro-caprolactone  (1.90  g,  12.8  mmol)  was
quickly  added  at  the  same  temperature.  Distillation  was
continued  and  after  removal  of  a  following  solvent  fraction
(approximately  60  mL),  the  reaction  was  cooled  to  room
temperature  and  degassed  with  argon  for  25  min.  Subse-
quently,  stannous  octoate  (10.0  mg,  0.0247  mmol)  was  added
and the mixture was degassed with argon for another 15 min to
remove  oxygen.  The  reaction  was  then  heated  to 110  °C  and
stirred for 48 h under an argon atmosphere. Then, the reaction
was  cooled  to  room  temperature,  and  concentrated in  vacuo.
The crude product was dissolved into dichloromethane (10 mL)
and precipitated in cold petroleum ether (200 mL). Precipitation
was repeated twice and the final product was dried in vacuo at
25 °C until a constant weight was achieved (yield: 72%).

Synthesis of PEO43-b-P(αClCL)4-b-PCL79
First, PEO43-b-P(αClCL)4 (1.06 g, 0.425 mmol) and ε-caprolactone
(4.16  g,  36.1  mmol)  were  dissolved  in  toluene  (100  mL)  under
stirring. Then, the solution was azeotropically distilled at 130 °C
to  remove  approximately  80  mL  of  solvent,  afterwards,  the
reaction  was  cooled  to  room  temperature  and  degassed  with

1008 Chen, S. et al. / Chinese J. Polym. Sci. 2022, 40, 1006–1015  

 
https://doi.org/10.1007/s10118-022-2683-7

 

https://doi.org/10.1007/s10118-022-2683-7


argon for 25 min. Subsequently, stannous octoate (8.0 mg, 0.020
mmol) was added and the mixture was degassed with argon for
another  15  min  to  remove  oxygen.  The  reaction  was  then
heated  to  110  °C  and  stirred  for  48  h  under  an  argon
atmosphere. Afterwards, the crude reaction mixture was cooled
to  room  temperature,  and  concentrated in  vacuo.  The  crude
product was dissolved into dichloromethane (10 mL) and then
precipitated in cold petroleum ether (200 mL). Precipitation was
repeated twice, and the final product was dried in vacuo at 25 °C
until a constant weight was achieved (yield: 85%).

Synthesis of PEO43-b-P(N3CL)4-b-PCL79
PEO43-b-P(αClCL)4-b-PCL79 (2.60  g,  containing  0.904  mmol  of
chlorine  group)  was  first  dissolved  in  DMF  (20  mL)  under
magnetic  stirring.  Then,  NaN3 (0.294  g,  4.50  mmol)  was  added
and  the  reaction  was  stirred  at  room  temperature  for  24  h.
Dichloromethane  (40  mL)  was  added  to  the  crude  mixture  to
induce  precipitation  of  NaN3 and  NaCl.  After  filtration,  the
mixture  was  washed  three  times  with  deionized  water,  and
dried  overnight  with  adequate  amount  of  anhydrous  MgSO4.
The  mixture  was  subsequently  filtered  and  concentrated in
vacuo until  approximately  10  mL  remained.  The  product  was
precipitated  twice  in  cold  petroleum  ether  (2×200  mL)  and
dried afterwards in  vacuo at  25  °C  until  a  constant  weight  was
achieved (yield: 74%).

Synthesis of PEO43-b-PCTCL4-b-PCL79
PEO43-b-P(N3CL)4-b-PCL79 (1.70  g,  containing  0.590  mmol  of
azide  group),  propargyl  cinnamate  (0.218  g,  1.17  mmol),  and
PMDETA (21  μL,  0.10  mmol)  were  mixed and fully  dissolved in
THF (20 mL). Then the solution was degassed with argon for 25
min  before  addition  of  CuBr  (14.2  mg,  0.0986  mmol).  After
another  15  min  of  degassing,  the  reaction  was  stirred  at  50  °C
for  36  h.  The  crude  reaction  mixture  was  cooled  to  room
temperature and diluted with THF (30 mL) prior  to purification
using a column packed with neutral aluminium oxide, using THF
as eluent. The solution was then concentrated to approximately
10  mL  and  precipitated  in  cold  petroleum  ether  (200  mL).
Precipitation  was  further  repeated  twice  and  the  final  product
was dried in vacuo at 25 °C until a constant weight was achieved
(yield: 82%).

Self-assembly of Copolymers into Polymersomes

Solvent-switch method
For  each  synthesized  polymer,  3.0  mg  polymer  was  weighed
into  a  25  mL  vial  and  diluted  with  dimethyl  sulfoxide  (DMSO,
2.0  mL).  The  polymer  was  fully  dissolved  and  deionized  water
(4.0  mL)  was  added  dropwise  under  stirring,  afterwards  this
dispersion  was  stirred  for  30  min.  This  dispersion  was
subsequently  dialyzed  (using  a  dialysis  tube  with  a  molecular
weight  cut-off  of  14000)  using  deionized  water  (1.0  L)  for  two
days  (the  deionized  water  was  refreshed  every  8  h).  The  final
dispersion  was  stored  at  room  temperature  and  further
analyzed as described below. The same self-assembly procedure
was also performed using THF as initial solvent.

Powder rehydration method
For each synthesized polymer, 3.0 mg of polymer was weighed
into a 25 mL vial and deionized water (6.0 mL) was added. The
mixture  was  stirred  for  24  h  at  room  temperature.  After
complete  dissolution  of  the  polymer  powder,  the  resulting
polymersome dispersion was used for further tests.

Simulation of Phase Separation within the
Membranes of Polymersomes
All simulations were carried out on the software Materials Studio
2017.[37]

Calculation of Flory-Huggins parameters
First,  models  of  repeating  units  of  different  polymers  (PCL,
PCTCL,  and  PEO)  were  created.  By  the  module  of  Synthia,  the
molecular  volume  (Vm)  and  solubility  parameter  (δ)  at  298  K
were  calculated.[38] Using  these  input  parameters,  the  Flory–
Huggins  parameter  of  each  pair  of  polymers  was  calculated
using the following equation:

χ =
Vref(δi − δj)2

RT
(1)

where the average molar volume (Vref), the gas constant (R), and
the  temperature  (T,  298  K)  were  used  to  calculate  the  Flory-
Huggins parameter (χ).

Calculation of parameters for MesoDyn simulations
The  module  of  MesoDyn  adopts  parameters  for  repulsion  (Pr)
which  directly  relate  to  Flory-Huggins  parameters  by  the
following equation:

Prij = χijRT (2)

where χij represents  the Flory-Huggins parameter  between the
two components, i and j.

The  characteristic  ratio  (C)  of  each  polymer  can  be  calcu-
lated  by  the  module  of  Synthia.  The  following  equation  was
used  to  convert  the  actual  degree  of  polymerization  (Dp)  to
the  number  of  repeating  units  for  MesoDyn  simulations
(Nmeso).

Nmeso =
Dp
C

(3)

MesoDyn simulations of phase separation within the
membrane of polymersome
The  MesoDyn  simulations  were  carried  out via the  module  of
MesoDyn  Tools,  using  the  above  mentioned  input  parame-
ters.[39] Here,  to  simulate  the  real  situation,  where  multiple
membrane-forming  polymer  chains  with  various  hydrophobic
interactions over a long period of time are considered, we used
a ten-fold calculated parameter for repulsion in the simulations
to  fasten  the  time  for  equilibration  and  to  simplify  the
simulation  procedures.  Other  parameters  for  simulations  were
used as the following: Number of steps: 10000; Time step: 50.0
ns; Bead diffusion coefficient: 1.0×10−7 cm2·s−1; Grid dimensions:
16.0 nm × 32.0 nm × 32.0 nm.

To  simulate  the  phase  patterns  resulted  from  chain  mo-
tions  induced  by  photo-cross-linking,  the  simulations  were
carried out with an additional shear of 1.0×10−4 ns−1.

Drug Loading and Release of Polymersomes

Preparation of neutral aqueous solution of doxorubicin
Doxorubicin hydrochloride (5.0 mg) was weighed into a 25 mL
vial, then, deionized water (5.0 mL) was added and the powder
was  fully  dissolved  upon  stirring.  Afterwards,  the  pH  of  the
above  aqueous  solution  was  adjusted  to  7.4  by  addition  of
0.5 mol/L NaOH solution. This solution was used in the next step
once  a  constant  pH  was  achieved  for  0.5  h.  The  final  exact
concentration  was  obtained  by  correcting  for  the  added
amount of NaOH solution.
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Loading of doxorubicin into polymersomes
For  each  synthesized  polymer,  the  polymer  powder  (4.0  mg)
was  weighed  into  a  vial  and  THF  (2.0  mL)  was  added  to  fully
dissolve  the  powder  under  magnetic  stirring.  The  doxorubicin
solution  (pH  7.4)  was  added,  so  that  the  total  amount  of
doxorubicin  was  2.0  mg  in  each  case,  afterwards  deionized
water  (4.0  mL)  was  added  dropwise.  The  drug-loaded
polymersome  dispersion  was  stirred  for  an  additional  3  h  to
achieve  a  final  equilibrium.  This  dispersion  was  subsequently
dialyzed (using a dialysis tube with a molecular weight cut-off of
14000)  using  deionized  water  (1.0  L)  for  2.5  h  (the  deionized
water was refreshed every 0.5 h). The final dispersion was stored
at room temperature and further used in release tests.

Release of doxorubicin from polymersomes
Three portions of 80 mL of Tris buffer (0.01 mol/L, pH 7.4) were
added to three 100 mL beakers covered with aluminium foil and
heated to 37 °C. Then, 2.0 g of each drug-loaded polymersome
dispersions  were  dialyzed  in  this  solution  under  stirring.  The
solution  in  each  beaker  was  tested  at  fixed  time  intervals  to
quantify  the  total  amount  of  drug  release via fluorescence
spectroscopy.  The  amount  of  released  drug  was  converted  to
cumulative drug release percentage and recorded against time.

Calculation of drug loading efficiency (DLE)
The  fluorescence  intensity  of  samples  after  each  loading
experiment  was  analyzed  and  compared  with  a  calibration
curve  of  doxorubicin  in  water,  to  obtain  the  doxorubicin
concentration in the loaded polymersomes. The corresponding
drug  loading  efficiency  was  calculated  using  the  following
equation:

DLE = cV
mtotal

× 100% (4)

where c and V represent the concentration of doxorubicin and
the volume of drug-loaded polymersome dispersion, and mtotal

represents  the  total  amount  of  doxorubicin  added  initially  for
the loading experiments.

Characterization

Proton nuclear resonance spectroscopy (1H-NMR)
Experiment were carried out on a Bruker AV 400 MHz or a Bruker
Avance NEO 600 NMR spectrometer. The solvent was CDCl3 with
tetramethylsilane (TMS) as internal standard.

Size exclusive chromatography (SEC)
Experiment  were  performed  on  an  Agilent  Technologies  1200
Series  or  Agilent  PL-GPC50  size  exclusive  chromatograph
equipped  with  a  set  of  Waters  Styragel  chromatographic
columns  at  25  °C.  The  mobile  phase  was  DMF  and  the  flow
rate was 1.0 mL·min–1.

Dynamic light scattering (DLS)
Experiment  were  performed  on  a  Malvern  ZS-90  Zetasizer.
Polystyrene  cuvettes  were  used  and  the  scattering  angle  was
fixed at 90°, all tests were repeated 3×10 times.

Transmission electron microscopy (TEM)
Images were recorded using a JEOL JEM-2100F or HITACHI TEM
H-800  microscope,  with  an  acceleration  voltage  of  220  kV.
Samples were diluted to 0.2 mg·mL−1,  and 10 μL of this diluted
dispersion was dropped onto a carbon-coated copper grid. The
sample was frozen at −20 °C and dried under vacuum. Then, 1%
of  phosphotungstic  acid  solution  (pH  7.0)  was  used  as  stain.

After  60 s  of  staining,  the stain solution was carefully  removed
using filter paper.

Fluorescence spectroscopy
A  Thermo  Scientific  Lumina  Spectrometer  was  used  with  a
quartz  cuvette,  1.5  mL  of  sample  solution  was  measured  each
time.  Acetone was used to rinse the cuvette prior  to each test.
The excitation wave length was set to 461 nm and the emission
wave  length  was  set  to  591  nm  when  determining  the
doxorubicin  concentration.  The  photomultiplier  tube  voltage
was set to 800 V and the integral time was 20 ms.

RESULTS AND DISCUSSION

Synthesis and Characterization of Polymers

Synthesis of PEO43-b-P(CL45-stat-CTCL25)
The  synthetic  route  is  illustrated  in  Fig.  S1  (in  the  electronic
supplementary  information,  ESI).  First,  the  monomethylated
PEO43 was  used  to  initiate  the  ring-opening  polymerization  of
two  caprolactone  monomers  (ε-caprolactone  and α-chloro-
caprolactone) to afford PEO43-b-P[CL45-stat-(αClCL)25]. Then, this
polymer went through a click reaction by subsequently reacting
with  sodium  azide  and  propargyl  cinnamate  to  finally  afford
PEO43-b-P(CL45-stat-CTCL25).  The  chemical  structures  were
confirmed  by 1H-NMR  spectroscopy,  and  the  degree  of
polymerization  was  confirmed  to  be  45  and  25,  for  CL  and
αClCL,  respectively.  The  chemical  compositions  of  PEO43-b-
P[CL45-stat-(N3CL)25]  and  PEO43-b-P(CL45-stat-CTCL25)  were
confirmed by 1H-NMR spectroscopy (Figs. S2–S4 in ESI).

The number-averaged molecular  weight  (Mn)  and its  poly-
dispersity  (Ð)  were  obtained  from  SEC  analysis  (Table  S1  in
ESI).  The Mn of PEO43-b-P[CL45-stat-(αClCL)25] was 3000 and Ð
was  1.24.  The Mn of  PEO43-b-P(CL45-stat-CTCL25)  was  14700
and Ð was 1.33. According to 1H-NMR spectroscopy, the mo-
lecular  weight  of  the final  copolymer  is  15580,  which is  con-
sistent to the SEC results.

Synthesis of PEO43-b-P(CL108-stat-CTCL16)
A  similar  synthetic  route  to  that  of  PEO43-b-P(CL45-stat-CTCL25),
as  described  in  the  previous  section,  was  used.  The  three
polymers:  PEO43-b-P[CL108-stat-(αClCL)16],  PEO43-b-P[CL108-stat-
(N3CL)16]  and  PEO43-b-P(CL108-stat-CTCL16)  were  sequentially
synthesized and the chemical composition of each polymer was
confirmed by 1H-NMR spectroscopy (Figs. S5–S7 in ESI). The Mn

and Ð were obtained from SEC analysis (Table S1 in ESI). The Mn

of PEO43-b-P[CL108-stat-(αClCL)16] was 3400 and Ð was 1.35. The
Mn of  PEO43-b-P(CL108-stat-CTCL16)  was  18600  and Ð was  1.32.
According to 1H-NMR spectroscopy, the molecular weight of the
final copolymer is 19680, which is consistent to the SEC results.

Synthesis of PEO43-b-PCTCL4-b-PCL79
First, the ring-opening polymerization of αClCL was initiated by
monomethylated  PEO43 (Fig.  S8  in  ESI).  Then  the  resulting
polymer  was  used  as  the  initiator  in  the  ring-opening
polymerization  of  CL.  Finally,  by  using  click  chemistry,  the
cinnamate  group  was  introduced  to  the  polymer  and  the
triblock copolymer of PEO43-b-PCTCL4-b-PCL79 was synthesized.
According to 1H-NMR spectroscopy (Figs. S9 and S10 in ESI), by
referring to the peaks on PEO43, the degree of polymerization of
the two membrane-forming blocks (PCTCL and PCL) were 4 and
79,  respectively.  Furthermore, 1H-NMR  spectra  were  used  to
further confirm the composition of the final triblock copolymer
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(Figs. S11 and S12 in ESI). The Mn and Ð were obtained from SEC
analysis (Table S1 in ESI). The Mn of PEO43-b-P(αClCL)4 was 2100
and Ð was 1.10. The Mn of PEO43-b-P(αClCL)4-b-PCL79 was 11900
and Ð was  1.35.  The Mn of  PEO43-b-PCTCL4-b-PCL79 was  12800
and Ð was  1.34.  According  to 1H-NMR  spectroscopy,  the
molecular  weight  of  the  final  copolymer  is  12270,  which  is
consistent with the SEC results.

Self-assembly and Characterization of Polymersomes
After  synthesis,  the  polymers  were  self-assembled via the
solvent-switch method or powder rehydration method. The self-
assemblies were characterized by DLS and TEM. As Fig. 1 shows,
polymersomes formed when using either  DMSO or  THF as  the
initial  solvent  in  the  solvent-switch  self-assembly  method.
However,  during self-assembly,  DMSO induced a more swollen
membrane due to its larger miscibility with water. This likely led
to  a  larger  hydrodynamic  diameter  (Dh)  and  polydispersity
index (PD).

To  make  polymersomes  more  suitable  for  biomedical  ap-
plications,  polymersomes  should  be  able  to  form  directly  in
pure  water.[40] To  test  this  possibility,  first, 1H-NMR  spectra

were  recorded  from  the  polymersomes  obtained  from  the
powder  rehydration  method  in  deuterium  oxide  (D2O)  (Figs.
S13–S15  in  ESI).  These  spectra  were  compared  to  those  ac-
quired  using  CDCl3 as  solvent  (to  dissolve  the  polymer
chains).  As  expected,  the  peaks  corresponding  to  the  PCL
moieties  are  attenuated  due  to  their  low  solubility  in  D2O.
However,  there are  still  significant  amounts  of  dissolved PCL
chains in water, since these signals were still clearly observed.
We  hypothesized  that  the  dissolution  of  these  chains  facili-
tated the dispersion and self-assembly process in pure water.
Subsequently,  we performed this self-assembly method on a
larger  scale  in  deionized  water  (instead  of  D2O).  The  hydro-
dynamic  diameters  of  the  obtained  polymersomes  were  de-
termined  by  DLS  and  interestingly  this  value  increased  with
the weight  percentage of  PEO (Fig.  S16 in  ESI).  Furthermore,
TEM  images  also  confirmed  the  formation  of  polymersomes
using the powder rehydration method (Fig. S17 in ESI).

An important aspect of drug delivery vehicles is their stabi-
lity  under physiological  conditions.  This  was evaluated using
DLS studies.  All  the prepared polymersomes were incubated
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Fig.  1    DLS and TEM studies of  polymersomes prepared by solvent-switch method.  (A),  (D),  and (G) are DLS curves of  polymersomes
self-assembled from PEO43-b-P(CL45-stat-CTCL25),  PEO43-b-P(CL108-stat-CTCL16),  and PEO43-b-PCTCL4-b-PCL79,  respectively; (B), (E),  (H) are
TEM images of polymersomes that were prepared by using DMSO as initial solvent, and (C), (F), (I) were prepared with the same method
where THF was used as initial solvent.
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in Tris  buffer (0.01 mol/L,  pH 7.4)  at  37 °C.  As the DLS curves
indicate,  the Dh and  PD  of  all  proposed  polymersomes  re-
main stable under physiological conditions for more than 120
h  (Figs.  S18  and  S19  in  ESI).  This  demonstrates  potential  for
their  application as drug delivery vehicles for in  vivo applica-
tions.

MesoDyn Simulations of the Phase Separation within
Polymersome Membranes
For  the  polymersomes  with  incompatible  compositions  within
the  membrane,  it  is  a  common  phenomenon  to  gradually
induce  phase  separation.  Since  PCTCL  and  PCL  have  different
physicochemical  properties,  they  are  not  fully  compatible  with
each other; so, phase separation between the two components
will occur during self-assembly and cross-linking.

To  investigate  into  the  phase  separation  behavior  within
polymersome membrane, we used the module of MesoDyn in
the  software  of Materials  Studio.  Such  computer  simulations
were employed because the membrane phase separation oc-
curs within a range of 100 nm; this makes it difficult to visual-
ize such properties by experiments (such as TEM).[41,42] Meso-
Dyn  is  a  simulation  method  based  on  mean-field  density
functional  theory.  Polymer  properties  can  be  calculated  by
transforming  the  real  molecules  to  coarse-grained  Gaussian
chains.  First,  three  molecular  models  for  repeating  unit  of
PCTCL, PCL and PEO were created (Fig.  S20 in ESI).  Secondly,
the  corresponding  physicochemical  properties  of  the  poly-
mers  were  calculated  using  the  module  of  Synthia  (Table  S2
in  ESI).  Then,  the  Flory-Huggins  parameters  between  each
pair of chemical structures were determined.

By further using the module of MesoDyn, phase separation
within the polymersome membrane was simulated. As shown
in  Fig.  S21  (in  ESI),  two  phases  (PCL  and  PCTCL)  show  inter-
connection  behavior  in  the  most  cases,  however,  when  the
two  components  have  similar  bead  numbers,  phase  struc-
tures will  become layer-like,  and when the proportion of  the
two  components  differs  greatly,  the  phase  with  the  lesser
portion will tend to form spherical phases and disperse in the
major phase.

Owing  to  the  photo-cross-linkable  character  of  the  PCTCL
moieties  and  the  chain  flexibility  of  the  polymers,  the  cyclo-
addition procedures will also initiate shear between the poly-
mer chains. In this way, shear was added to the MesoDyn sys-
tem  to  investigate  the  phase  separation  when  photo-cross-
linking is initiated. As can be observed in Fig. S22 (in ESI), the
phase  patterns  become  more  regulated  and  oriented  when
applying a shear.

Afterwards, the phase separation of all three polymer com-
positions (PEO, PCL and PCTCL) was evaluated using the same
method. In contrast to the statistical  polymer membrane, for
the  triblock  copolymer,  it  is  important  to  include  the  hydro-
philic  coronas in the MesoDyn simulations to check the pos-
sible influences by molecular architecture, therefore, PEO was
introduced  to  the  MesoDyn  system.  Under  the  same  simula-
tion procedures, the phase separation behaviour between hy-
drophilic  PEO and hydrophobic  blocks  were  investigated.  As
shown in Fig. S23 (in ESI), beads of PCTCL and PEO both show
clear  boundaries  with PCL,  and thus a  well-defined layer-like
structure  can  be  obtained.  In  contrast,  PEO  and  PCTCL  only
show  single-phase  structures  at  interfaces  with  PCL  phase,

and  these  two  polymers  seem  mostly  compatible  with  each
other. Since in reality the structures are immersed in water, to
stabilize  the  morphology  of  polymersomes,  the  hydrophilic
PEO  moieties  will  preferably  disperse  in  water,  so  as  to  fur-
ther guide the phase separation between PEO and PCTCL. In
this  way,  the  triblock  copolymer,  PEO-b-PCTCL-b-PCL  self-as-
sembles into a polymersome with PEO as coronas and with a
membrane  of  a  continuous  PCL  capsule  covered  by  PCTCL
moieties.

Finally,  by  using  the  characteristic  ratio  of  each  polymeric
moiety,  the  three  polymers  can  be  converted  into  polymers
with  different  bead  numbers:  PEO8.6-b-P(CL7.8-stat-CTCL3.1),
PEO8.6-b-P(CL19-stat-CTCL2.0)  and  PEO8.6-b-PCTCL0.50-b-PCL14.
By referring to the phase graph, PEO8.6-b-P(CL7.8-stat-CTCL3.1)
has a membrane with a bicontinuous phase structure; PEO8.6-
b-P(CL19-stat-CTCL2.0)  has  a  membrane  with  an  island-like
phase  structure.  By  further  applying  photo-cross-linking,  the
bicontinuous  phase  structure  turns  into  oriented  layer-like
structures,  and  the  island-like  phase  structures  turn  into  cyl-
indrical  phase  structures.  Regarding  the  triblock  copolymer
vesicles,  due  to  the  hydrophilicity  of  PEO,  PCTCL  moieties
tend  to  distribute  between  PEO  and  hydrophobic  PCL  core,
thus forming a longitudinal phase-separated structure.

These  simulations  indicate  that  the  polymersome  mem-
brane  phase  structures  can  be  altered  by  employing  poly-
mers with membrane-forming blocks of either statistical com-
positions  or  a  block  composition,  in  addition  to  the  photo-
cross-linking  degree.  Such  insights  into  the  tunability  of  the
membrane  phase  structures  allow  more  finely  controlled
membrane structures that meet the specific drug loading and
release profiles  that  are required to achieve an optimal  drug
release behavior.

Controlled Drug Release of Polymersomes
Small molecules are widely-used in biomedical applications, and
polymersomes  are  used  as  their  carriers  to  boost  the  delivery
efficiency.[43] By  using  a  typical  anticancer  drug,  doxorubicin
(DOX),  we  evaluated  the  control  of  drug  release  by  either
adjusting  the  membrane  phase  structure  or  by  tuning  the
photo-cross-linking  degree  of  the  PCTCL  moieties  in  the
membrane.

As  we  have  confirmed  in  our  previous  work,  the  polymer-
some membrane solely composed of PCTCL is rather leaky to
DOX;  however,  the  release  rate  can  be  reduced  by  photo-
cross-linking.[27] In  this  way,  by first  introducing semi-crystal-
line PCL moieties into the polymersome membrane and then
performing  photo-cross-linking,  diversified  release  behaviors
of DOX can be obtained, which further expands the possible
biomedical suitability of PCTCL-based polymersomes.

First,  polymersomes  with  different  membrane-forming
blocks were used for comparing the drug release rate without
membrane-cross-linking.  As  shown  in Fig.  2,  due  to  the  in-
trinsic  amorphous  character  of  PCTCL  and  the  semi-crystal-
line  character  of  PCL,  PEO-b-PCTCL  and  PEO-b-PCL  polymer-
somes with homogeneous membranes show the highest and
lowest drug release rate, respectively.

Then,  for  PEO-b-P(CL-stat-CTCL)  polymersomes with an in-
homogeneous membrane that is made of statistical composi-
tions,  the  release  rate  was  significantly  reduced  with  the  in-
creased  percentage  of  PCL  moieties.  As  for  PEO-b-PCTCL-b-
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PCL  polymersomes  with  an  inhomogeneous  membrane  that
is  made of  block compositions,  the chain architecture where
PCL  moieties  can  locate  securely  within  the  core  of  mem-
brane,  the drug release rate can reach a  slow release rate si-
milar to that of PEO-b-PCL polymersomes.

Then,  the  drug  release  profiles  from  photo-cross-linked
polymersomes,  that were obtained from triblock copolymers
using  the  solvent-switch  method,  were  investigated.  As  ex-
pected, the drug release rate was significantly lowered when
increasing  the  UV  irradiation  time  (Fig.  3).  This  is  consistent
with  the  membrane  becoming  more  compact  upon  photo-
cross-linking.

However, the polymersomes with membranes of statistical
compositions  show  a  different  tendency  in  the  release  test.
After 80 min of UV irradiation, the drug release rate was signi-
ficantly promoted in comparison to that with only 15 min of
UV irradiation for both PEO43-b-P(CL45-stat-CTCL25) and PEO43-
b-P(CL108-stat-CTCL16) polymersomes (Fig. 4). The experimen-
tal  results  are  consistent  with  the  theoretical  simulation  re-
sults.  Since  photo-cross-linking  process  leads  to  more  ori-
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Fig. 2    Drug release curves of polymersomes with different membrane phase patterns. (A) Overall drug release profiles; (B)
The enlargement of (A) and the corresponding membrane phase patterns, revealing the drug release kinetics resulted from
different  membrane  compositions.  The  blue  phase  indicates  the  patterns  formed  by  PCTCL.  As  the  connection  of  PCTCL
phases gradually forms, the drug release rate increases accordingly.
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Fig.  3    Drug  release  profiles  and  membrane  phase  pattern  of
polymersomes  that  were  obtained  from  triblock  copolymers  using
the solvent-switch method,  with block membrane composition with
different UV-cross-linking time. The permeable PCTCL (blue) phase is
well  separated  by  the  PCL  phase  so  as  to  significantly  reduce  the
release rate and prevent re-orientation of PCTCL phases upon cross-
linking.
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Fig. 4    Drug release profiles and membrane phase patterns of polymersomes with statistical membrane compositions after
UV-cross-linking.  (A)  Drug  release  from  PEO43-b-P(CL45-stat-CTCL25)  polymersomes;  (B)  Drug  release  from  PEO43-b-P(CL108-
stat-CTCL16)  polymersomes. The blue phase indicates the pattern formed by PCTCL within the membrane. Along with the
increase of irradiation time, the phase separation patterns gradually switched.
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ented  phase  patterns,  the  release  rate  actually  increased  as
the  cross-linking  time  significantly  prolonged.  Subsequently,
re-organization  of  the  phase  pattern  within  polymersome
membrane  gradually  occurred  during  the  cross-linking  pro-
cess.  However,  for  the  polymersomes  with  block  composi-
tions  within  the  membrane,  the  re-organization  effect  was
not as strong as the compacting effect from photo-cross-link-
ing.

The  drug  loading  efficiencies  of  all  loading  experiments
were  calculated  and  summarized  in  Table  S3  (in  ESI).  The
overall  loading  efficiencies  are  around  30%,  which  implies
good  potentials  for  these  polymersomes  to  be  used  as  drug
loading  and  release  vehicles  in  various  biomedical  applica-
tions.

By combination of both controlling the molecular architec-
ture and photo-cross-linking degree, in reference of the simu-
lation  results,  the  drug  release  behavior  can  be  finely  tuned
due to the control of membrane phase patterns, which offers
a  potent  strategy  toward  refined  design  of  vehicles  for  pro-
grammed release of drugs.

CONCLUSIONS

We designed polymersomes with inhomogeneous membranes
and  elucidated  ways  to  control  membrane  phase  separation,
which  allowed  accurate  control  for  programmed  drug  release.
Three  polymersomes  were  synthesized  that  were  based  on
polymers  with  different  hydrophobic  chains,  PEO43-b-P(CL45-
stat-CTCL25),  PEO43-b-P(CL108-stat-CTCL16),  and  PEO43-b-PCTCL4-
b-PCL79,  which  introduced  crystalline  PCL  moiety  to  adjust  the
high  permeability  resulting  from  the  amorphous  PCTCL
moieties  in  the  membrane.  With  the  assistance  of  MesoDyn
simulations  and  doxorubicin  release  tests,  we  confirmed  that
the membrane permeability is  related to the membrane phase
separation.  Overall,  control  over  membrane  phase  separation
was achieved by employing different polymer architectures,  as
well as photo-cross-linking, which allowed these polymersomes
to accurately release small molecular drugs in a controlled way.
This study shed light on the development of drug delivery and
release vehicles with programmed release capabilities.
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