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Abstract. An amphiphilic diblock copolymer, dextran-block-poly(ε-caprolactone) (DEX-b-PCL), with a series of welldefined chain lengths of each block was prepared by conjugating a dextran chain with a PCL block via aza-Michael addition reaction under mild conditions. For the dextran block, samples with relatively uniform molecular weight, 3.5 and
6.0 kDa, were used, and the PCL blocks were prepared via ring-opening polymerization at defined ratios of ε-caprolactone
to initiator in order to give copolymers with mass fraction of dextran (fDEX) ranging from 0.16 to 0.45. When these copolymers were allowed to self-assemble in aqueous solution, the morphology of assembled aggregates varied as a function of
fDEX when characterized by transmission electron microscope (TEM), fluorescence microscope (FM) and dynamic laser
scattering (DLS). As fDEX decreases gradually from 0.45 to 0.16, the morphology of the copolymer assembly changes from
spherical micelles to worm-like micelles and eventually to polymersomes, together with an increase in particle sizes.
Keywords: polymer synthesis, biodegradable polymers, diblock copolymer, self-assembly, mass fraction of the hydrophilic
block

1. Introduction
Amphiphilic block copolymers have been widely
reported to form particulate systems of various
morphologies such as spherical or worm-like
micelles, polymersomes, large compound micelles,
lamellae, and numerous other aggregates [1–8].
Among these morphologies, polymersomes are
particularly interesting for their potential applications as carriers of biological therapeutics and diagnostic agents [9, 10]. Polymersomes differ from
polymeric particles and micelles in having a
hydrophilic interior to pack biological molecules,
and are superior to liposomes for their better
mechanical stability and adjustable chemical properties. The thermodynamically stable morphology
of block copolymer assemblies is determined by
*Corresponding

several variables, such as composition and chain
length of each block, the ratio of hydrophilic to
hydrophobic block, concentrations, as well as solvents, temperatures, additives and so on [11–13].
Among these variables, the chemical nature of
diblock copolymers is considered to be the most
essential. Discher and Eisenberg have demonstrated that volume fraction of the hydrophilic
block (f) is an important factor leading to corresponding time-average shape of the copolymers
(e.g. cylinder when f = 0.35±0.10, wedge when
f < 0.25 and cone when f > 0.45), and these shapes
are critical in determining the morphology of
copolymer assemblies as polymersomes, wormlike micelles, or spherical micelles [11, 14]. Their
study offered a useful guideline to prepare desired
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nanostructures of poly(ethylene glycol)-blockpoly(lactic acid) (PEG-PLA) copolymers. Although
the f range of PEG-PLA may not be applicable to
other block copolymers because of their different
chemical natures, the demonstrated relationship
between fraction of hydrophilic block, molecular
shape of copolymer and particle morphology
should be universal. Therefore, for each individual
block copolymer, scaling relationships between the
hydrophilic fraction of copolymer and various
aggregate morphologies should be investigated systematically in order to prepare aimed structure of
the copolymer.
While PEG has been used as hydrophilic block for
most block copolymers to form polymersomes
[14–17], it may inhibit bio-macromolecules from
being encapsulated into polymersome interior
because of its hydrodynamic nature and protein
repelling habits (anti-opsonization effect) [18–20].
Because the polymersome interior is limited in
space, PEG at the surface of the inner layer is
highly crowded and tends to drive macromolecules
out of the vesicle interior. It has been reported that
the encapsulation efficiency of BSA (bovine serum
albumin) into PEG-based polymersomes was only
5% [21]. To address this problem, using a proteinfriendly hydrophilic block to substitute PEG in the
diblock copolymers should be a reasonable approach
to improve encapsulation efficiency and protein
stability. In the present study, we selected dextran
as the hydrophilic segment to prepare an amphiphilic
diblock polymer. Dextran is widely used as blood
substitution, drug carriers and aqueous phase material for protein purification because its definite biocompatibility, biodegradability, hydrophilicity and
high affinity to bio-macromolecules [22, 23]. In
addition, dextran possesses multiple hydroxyls
which are convenient for chemical modification to
endow polymersome surfaces with various desired
functions such as drug-targeting and diagnostic
recognition. In addition, poly(ε-caprolactone) (PCL)
was chosen as the hydrophobic block of the
amphiphilic copolymer for its well demonstrated
biocompatibility, biodegradability, and wide utilization as a drug delivery material [24, 25]. However, there are limited studies regarding block
copolymers with dextran as hydrophilic segment so
far. Houga et al. [26] have reported self-assembly
of dextran-block-polystyrene (DEX-b-PS) into
micelles and polymersomes. Liu and co-workers

have prepared a dextran-PCL block copolymer and
studied its micellar characteristics [27]. A study on
the polymersomes prepared by dextran-blockpoly(γ-benzyl-L-glutamate) was carried out by
Schatz et al. [28]. Hernandez et al. [29] have synthesized double hydrophilic block copolymers of
carboxymethyl dextran-block-poly(ethylene glycol) (CMD-PEG) and studied their self-assembly
behavior as a function of solution pH. Yang et al.
[30] also prepared double hydrophilic diblock
copolymer of hyaluronan-block-poly(2-ethyl-2oxazoline) via terminal reductive amination. Very
recently, Sun and his co-workers prepared disulfide-linked dextran-b-poly(ε-caprolactone) diblock
copolymer (DEX-SS-PCL) copolymer and selfassembled into micelles with a diameter of about
60 nm [31]. To the best of our knowledge, there has
not yet been a report describing polymersomes
formed by dextran-b-PCL block copolymers.
According to literature methods, the synthetic
strategies for saccharide-terminated polymers can
mainly be classified into two approaches. The first
approach is based on end to end coupling strategy
via reductive amination or aza-Michael addition
[27, 32–34]. The second approach is that the saccharides are first derivatized into macro-initiators
and then initiate the controlled or living polymerization of monomers [26, 35]. The latter synthetic
procedure requires several steps, including tedious
protecting-deprotecting steps. Furthermore, if the
hydroxyl groups on the backbone of the saccharides are not protected completely, comb-like
grafted copolymers other than diblock copolymers
would be obtained. For the end to end conjugation
of dextran and PCL blocks, a pioneering work has
been performed by Liu et al. [27] who coupled an
amino-functionalized dextran to acryloyl-functionalized PCL with the catalyst of p-methylbenzene
sulfonic acid at 120°C for 8 h. However, Moreau
has indicated that high temperatures such as above
100°C are not appropriate for dextran because it
could be degraded [36]. Therefore, the reaction
conditions should be selected carefully to avoid
degradation of reaction precursors. Because
maleimide possesses two carbonyl groups conjugated to the double bond, presenting a highly electronegative property and more susceptible to reaction with nucleophiles [37], it is proved to be an
appropriate reactive group in Michael addition
under mild conditions [34, 38]. We report herein a
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mild and simplified route to synthesize the copolymer DEX-b-PCL, in which the precursors
maleimide-terminated PCL and amino-terminated
dextran were synthesized previously, followed by
an end to end coupling via aza-Michael addition
reaction.
In this paper, using the rationally synthesized DEXb-PCL, we investigated the self-assembly behaviors of this amphiphilic diblock copolymer as a
function of the structural parameters of the block
copolymer. The relationship of the hydrophilic
mass fractions of DEX-b-PCL copolymers (fDEX)
with their self-assembled morphologies in aqueous
medium is addressed. Based on our own experiences, a predetermined fDEX range within 0.16 to
0.45 was selected to cover all the three morphological forms of block copolymer assemblies. When
the mass fraction of the hydrophilic chain decreases
from 0.45 to 0.16, the morphological form of the
copolymer assemblies vary from spherical micelles,
worm-like micelles, nano-sized polymersomes to
giant polymersomes accordingly.

2. Experimental
2.1. Materials
ε-Caprolactone (ε-CL) (99%) was supplied by
Sigma-Aldrich, Inc. Shanghai, China. Prior to use,
the ε-CL was dried over CaH2 for 48 h and distilled
under reduced pressure. Dextran T3.5 (Mw
3500 g·mol–1, polydispersity index, i.e. PDI~1.5)
and T6 (Mw 6000 g·mol–1, PDI~1.5) were purchased from Pharmacosmos A/S, Holbaek, Denmark. Stannous octoate (95%), Sn(Oct)2, was
supplied by Sigma-Aldrich, Inc. Shanghai, China.
Sodium cyanoborohydride (NaCNBH3, 97%) was
purchased from Alfa Aesar, TianJin, China. Nhydroxyethyl maleimide (HEMI) was synthesized
according to the literature procedures [39, 40]. The
toluene and dimethyl sulfoxide (DMSO) (analytical
grade, provided by Sinopharm Chemical Reagent
Co., Shanghai, China) were first dried over CaCl2
and CaH2, respectively, and then distilled prior to
use. All other reagents were analytical grade and
used as received.

2.2. Synthesis of HEMI-PCL
The poly(ε-caprolactone) end-capped with Nhydroxyethyl maleimide (HEMI-PCL) was pre-

pared by ring opening polymerization of ε-caprolactone using N-hydroxyethyl maleimide as the initiator and Sn(Oct)2 as a catalyst. Briefly, a predetermined amount of HEMI was introduced into a
150 ml three-necked flask connected to a vacuum/
nitrogen line. After three times of nitrogen purge,
5.0 g ε-caprolactone (43.8 mmol), 0.017 g Sn(Oct)2
(0.043 mmol) were dissolved in 30 ml toluene and
injected into the flask under nitrogen atmosphere
and allowed to react under magnetic stirring at
120°C for 15 hours. Molecular weight of HEMIPCL was determined by the molar ratio of ε-caprolactone to HEMI. The reaction was then terminated
by cooling the reactants down to room temperature,
followed by precipitating the product in methanol.
The obtained HEMI-PCL was further purified by
three additional cycles of solubilization (in chloroform) and precipitation (in methanol). Finally, the
obtained product was dried at room temperature
under vacuum for 48 h.
1H NMR (CDCl 300 MHz):
3
δ=6.74 (s, 2H, –CH=CH–),
4.24 (t, 2H, –N–CH2–CH2–O–),
4.07 (t, 2H, –CH2–O–C(O)–),
3.80 (t, 2H, –N–CH2–),
3.65 (t, 2H, –CH2–OH), 2.31 (t, 2H, –C(O)–CH2–),
1.71–1.61 (m, 4H, –CH2–CH2–CH2–CH2–CH2–O–),
1.44–1.34 (m, 2H, –CH2–CH2–CH2–CH2–CH2–O–).

2.3. Synthesis of EDA-DEX
The 1,2-ethylenediamine-terminated dextran (EDADEX) was prepared by terminal reductive amination reaction with sodium cyanoborohydride
(NaCNBH3) as reducing agent according to Figure 1. Briefly, 20 mg of NaCNBH3 was added into
a 50 ml DMSO solution containing 5.0 g dextran
and excess of 1,2-ethylenediamine (10-fold molar
excess over dextran). The reactant mixture was
stirred at 60°C for 7 days, and additional NaCNBH3
(20 mg) was added each day. Then the reaction was
terminated by cooling the reactants to room temperature, followed by pouring the mixture into
methanol to precipitate. The product was then purified by three cycles of dissolving (in water) and
precipitating (in methanol) treatment, and finally
lyophilized prior to storage.
1H NMR (DMSO-d 300 MHz):
6
δ=4.67 (s, 1H, anomeric H),
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Figure 1. Synthetic route for amphiphilic diblock copolymer DEX-b-PCL

3.0–3.8 (m, 5H, glycosidic H),
2.92 (m, 4H, –NH–CH2–CH2–NH2).

2.45 (t, 2H, –C(O)–CH2–),
1.50 (m, 4H, –CH2–CH2–CH2–CH2–CH2–O–),
1.27 (m, 2H, –CH2–CH2–CH2–CH2–CH2–O–).

2.4. Synthesis of DEX-b-PCL
The dextran-block-poly (ε-caprolactone) (DEX-bPCL) copolymers were prepared by end-to-end
conjugation of the EDA-DEX and HEMI-PCL via
aza-Michael addition described as Figure 1. HEMIPCL (1.0 g) and extra amount of EDA-DEX
(2 molar equivalents of HEMI-PCL) as well as catalytic amount of triethylamine (TEA) were dissolved in 20 ml DMSO and kept in a round-bottom
flask. The reaction was performed under magnetic
stirring at 70°C for 48 h. Then the reaction mixture
was cooled to room temperature and DMSO was
removed by evaporation under a reduced pressure.
The resulting product was purified by washing with
small amount of water to remove un-reacted EDADEX, then with tetrahydrofuran (THF) to remove
the un-reacted HEMI-PCL. The obtained product
was converted to white powder after lyophilization.
1H NMR (DMSO-d 300 MHz):
6
δ=4.92 (s, 1H, glycosidic–C4–OH),
4.86 (s, 1H, glycosidic–C3–OH),
4.65 (s, 1H, anomeric H),
4.51 (s, 1H, glycosidic–C2–OH),
3.96 (t, 2H, –CH2–O–),
3.0–3.8 (m, 5H, glycosidic H),

2.5. Self-assembly of DEX-b-PCL
The block copolymer, DEX-b-PCL, of given dextran fraction was added in aqueous media at a concentration of 0.5 mg·ml–1, followed by vortex for
dispersion. The resulted suspension was then incubated at 60°C for 12–48 h. The morphology of the
particulates formed from the block copolymer was
characterized by TEM and DLS.

2.6. Characterization
2.6.1. 1H NMR
Proton nuclear magnetic resonance (1H NMR)
spectra of the polymers were recorded on a NMR
Spectrometer (ARX-300, Bruker, Switzerland)
operating at 300 MHz at 25°C. Deuterated chloroform (CDCl3) and dimethyl sulfoxide-d6 (DMSOd6) were used as solvents.
2.6.2. GPC
Gel permeation chromatography (GPC) measurements were performed using a Waters HPLC system equipped with a Waters 410 refractive index
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(RI) detector, a Waters 515 HPLC pump (Waters,
Milford, MA, USA) and a Waters ultra-styragel
column (5 μm) at 40°C. The sample, 20 μl in volume, was injected to the system and eluted with
dimethylformamide mobile phase containing 0.1%
lithium bromide at a flow rate of 1.0 ml min–1. The
calibration of molecular weight was carried out
using polystyrene as standard.
2.6.3. TEM
The transmission electron microscopic (TEM)
images were taken using an electron microscope
system (JEM2010, JEOL, Japan) at an acceleration
voltage of 120 kV. TEM samples were prepared by
placing one drop of the aggregate suspension onto a
copper mesh covered with carbon film. After 1 h,
the excess solution was removed with a filter paper
followed by negative staining with 2% [w/v] phosphotungstic acid solution (pH 7.0) for 30 s. For
some samples, the staining treatment was omitted.
2.6.4. FM
The fluorescence microscopic (FM) images of the
self-assembled particulate samples were taken
using an inverted microscope (Olympus IX71,
Olympus Optical Co. Ltd, Tokyo, Japan) equipped
with 10X, 20X, 40X UPlanFL objectives, a 100w

mercury bulb and a DP 70 color CCD camera, as
well as Olympus DP capture software.
2.6.5. DLS
Dynamic laser scattering (DLS) measurements
were performed using a 90 Plus/BI-MAS particle
size analyzer (90 Plus/BI-MAS, Brookhaven Instruments Corporation, USA). The samples of selfassembled diblock copolymers were suspended in
0.01 M phosphate buffer solution (PBS, pH 7.4) at
the concentration of 0.5 mg·ml–1 prior to measurements. Hydrodynamic radius Rh of the particles was
calculated based on three repeated measurements.

3. Results and discussion
3.1. Preparation of amphiphilic diblock
copolymers
The amphiphilic diblock copolymers DEX-b-PCL
were successfully prepared by combination technologies of ROP, a reductive amination reaction
and an aza-Michael addition according to Figure 1.
The characteristics of the diblock copolymers and
their precursors were determined by 1H NMR, GPC
analysis and the results were summarized in Table 1
and Table 2. In order to obtain diblock copolymers
DEX-b-PCL with various fDEX, two precursors,
HEMI-PCL and EDA-DEX, of different chain

Table 1. Synthesis and characterization of HEMI-PCL by ROP
Polymer samplea
HEMI-PCL7.5k
HEMI-PCL9.2k
HEMI-PCL11.9k
HEMI-PCL18.9k

M/Ib
065
080
100
165

DPc
066
080
105
166

Mnd [g/mol]
07500
09200
11900
18900

Mne [g/mol]
12000
13200
18400
23400

PDIe
1.12
1.15
1.14
1.19

Yieldf [%]
92
89
94
90

aThe

polymerization was catalyzed by Sn(Oct)2 in toluene at 120°C for 15 h;
ratio of monomer to initiator; cDP was calculated from 1H NMR spectroscopy; dMn was determined by 1H NMR spectroscopy;
eM and PDI were determined by GPC analysis with linear polystyrene as standards; fYields were determined by gravimetry
n
bMolar

Table 2. Synthesis and characterization of amphiphilic diblock copolymers DEX-b-PCL
Polymer samplea
DEX6.0k-b-PCL7.5k
DEX6.0k-b-PCL9.2k
DEX3.5k-b-PCL7.5k
DEX3.5k-b-PCL9.2k
DEX3.5k-b-PCL11.9k
DEX3.5k-b-PCL18.9k
aAza-Michael

EDA-DEXa
T6
T6
T3.5
T3.5
T3.5
T3.5

HEMI-PCLa
HEMI-PCL7.5k
HEMI-PCL9.2k
HEMI-PCL7.5k
HEMI-PCL9.2k
HEMI-PCL11.9k
HEMI-PCL18.9k

Mnb [g/mol]
17500
20600
17800
18600
24200
31400

PDIb
1.74
2.08
2.04
1.89
2.12
2.01

fDEXc
0.45
0.40
0.32
0.28
0.23
0.16

Yieldd [%]
37
63
44
57
71
46

addition was carried out in DMSO at 70°C for 48 h;

bM and PDI were determined by GPC analysis with linear polystyrene as standards;
n
cThe dextran mass fraction (f
DEX) was calculated by the molecular weight of dextran block
dYields were determined by gravimetry
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lengths were prepared firstly. For HEMI-PCL,
desired chain length was attained by adjusting the
ratio of ε-caprolactone to the initiator of HEMI. For
EDA-DEX, dextran of two defined molecular
weights, 3.5 and 6.0 kDa were used in terminal
hydroxyl activation. The 1H NMR spectra in Figure 2 represents one of the copolymers DEX3.5k-b-

Figure 2. 1H NMR spectra of (a) HEMI-PCL9.2k (solvent
CDCl3), (b) EDA-DEX3.5k (solvent DMSO-d6)
and (c) DEX3.5k-b-PCL9.2k (solvent DMSO-d6)

PCL9.2k, in which the molecular weight of PCL
chain is 9.2 kDa (ε-caprolactone/HEMI = 80/1) and
the molecular weight of dextran chain is 3.5 kDa.
The chemical shifts at 6.74, 4.07 and 2.31 ppm in
the 1H NMR spectrum of HEMI-PCL (Figure 2a)
are attributed to the characteristic proton signals of
–CH=CH–, –CH2–O–C(O)– and –C(O)–CH2-,
respectively. The chemical shifts of the alkane protons, –C–CH2CH2CH2–C–, are below 2.0 ppm. All
the expected peaks from HEMI and PCL have been
identified in the 1H NMR spectrum shown in Figure 2a, indicating that the expected HEMI-PCL
was formed. The degree of polymerization (DP) of
the polymer is calculated from the ratio of the
1H NMR peak areas at δ = 2.31 ppm to that at δ =
6.74 ppm. The results are listed in Table 1. These
ratios are in agreement with the feed ratio of ε-CL
to HEMI in reactants, indicating a high conversion.
The polydispersity indices (PDI) of HEMI-PCL
measured by GPC are listed in Table 1, which shows
a narrow distribution in the range of 1.12–1.19.
Therefore, the HEMI-PCL blocks of various chain
lengths were successfully synthesized.
The formation of EDA-DEX, an amino-terminated
dextran, was confirmed by the 1H NMR spectrum
shown in Figure 2b. The characteristic anomeric
hydrogen of each dextran ring (–O–CH–O–) is
assigned to the chemical shift at δ = 4.67 ppm
(peak d), and the chemical shifts of the hydroxyl
protons of dextran are divided to two groups at
4.87–4.92 ppm (peak a, b) and 4.52 ppm (peak c),
respectively. The weak resonance peak (peak e+f)
at δ = 2.92 ppm is assigned to the methylene protons of ethylenediamine conjugated to the end of
dextran, indicating the terminal reductive amination was reacted successfully. However, since the
peak e+f is considerably less intensive as compared
with those of the dextran sugar ring, we presume
that amination of dextran was incomplete. The calculated conversion of dextran to EDA-DEX is
approximately 15–31%, which was used to set up
the next step of synthesis, conjugation of EDADEX with HEMI-PCL. There were extra amount of
EDA-DEX (with consideration of un-conjugated
dextran) in the reaction system to ensure sufficient
yield of DEX-b-PCL. Un-conjugated dextran itself
does not react with HEMI-PCL and could be
removed in the purification process. The reasons
for the limited conversion may be that only 0.024%
of the terminal hydroxyls in dextran take the reac604
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tive free aldehyde form in a neutral solution under
equilibrium due to the mutarotation phenomenon
[22], and that the imine formation is a reversible
and slow reaction which limited the overall reaction rate [41].
The last step of DEX-b-PCL synthesis, azaMichael addition between the amino group at the
end of EDA-DEX block and the maleimide group
at the end of HEMI-PCL block, was rather straightforward. The reaction proceeded with EDA-DEX
in extra at 70°C for 48 h under catalysis by TEA.
Figure 2c shows the 1H NMR spectrum of a block
copolymer with given chain lengths, DEX3.5k-bPCL9.2k. Both the peaks of PCL segment at 3.96,
2.45, 1.50, 1.27 ppm and those of dextran segment
at 4.92, 4.86, 4.65, 3.0–3.8 ppm are identified.
Moreover, the chemical shift of the maleimido protons at δ = 6.80 ppm completely disappeared, indicating that the maleimido C=C double bonds of
HEMI-PCL were all conjugated with the primary
amine of EDA-DEX. These results verify the successful conjugation of EDA-DEX to the HEMIPCL.
Based on these GPC curves of the DEX-b-PCL
diblock copolymers (Figure 3), weight-average
molecular weight (Mw) and number-average molecular weight (Mn) and polydispersity index (PDI) for
each of the copolymers were obtained and summarized in Table 2. When the fDEX of diblock copolymers decreased from 0.45 to 0.16, the curves
gradually shift to a higher molecular weight region,
and the peaks of DEX segment in NMR spectrum
steadily decreased compared to those of PCL seg-

Figure 3. GPC curves of DEX-b-PCL diblock copolymers. (a) DEX3.5k-b-PCL18.9k, (b) DEX3.5k-bPCL11.9k, (c) DEX6.0k-b-PCL9.2k,
(d) DEX3.5k-b-PCL9.2k, (e) DEX3.5k-b-PCL7.5k,
(f) DEX6.0k-b-PCL7.5k

ment. In addition, the yield of the DEX-b-PCL
product ranging from 37 to 71% is relatively low,
which is probably due to the three times of purification with water. During this process, the excess
dextran was removed but part of the DEX-b-PCL
product may also be removed, especially for the
copolymers with high fDEX and thus with relatively
large solubility in water. The lowest yield of the
DEX6.0k-b-PCL7.5k may be attributed to its highest
fDEX.

3.2. Self-assembly of the amphiphilic diblock
copolymers
We investigated the self-assembly of amphiphilic
diblock copolymers DEX-b-PCL with different
ratios of hydrophilic to hydrophobic block lengths
in neutral aqueous solutions. It was shown, in previous studies, that micelles were made from dextran-PCL copolymer with fDEX = 0.57 [27] and
dextran-SS-PCL copolymer with fDEX = 0.66 by
solvent exchange method [31]. Based on the general empirical law proposed by Discher and Ahmed
[11, 14], further decreasing the fDEX of diblock
copolymers might result in the formation of vesicles or inverted nanostructures. Therefore, in this
study, a series of diblock copolymers with fDEX in
the range of 0.16 to 0.45 were used to investigate
the effect of the relative hydrophilic block lengths
on their self-assembly behaviors. All self-assembled aggregates in the study were prepared in PBS
solution (pH 7.4, 0.01 M) by bulk hydration method,
and the solution samples at a concentration of
0.5 mg·ml–1 were analyzed by TEM. For given dextran chain length, smaller fDEX means larger
hydrophobic block as well as larger overall molecular weight of the copolymer.
Figure 4 shows that the morphological forms of the
block copolymers, DEX-b-PCL, change from
spherical micelles, worm-like micelles to polymersomes by varying fDEX from 0.45 to 0.16 correspondingly. At a high fDEX (0.45), the copolymer
(DEX6.0k-b-PCL7.5k) formed spherical micelles
with diameters of 25±5 nm (Figure 4a, samples
were not stained). As fDEX decreased to the range of
0.40 and 0.32 (DEX6.0k-b-PCL9.2k and DEX3.5k-bPCL7.5k), worm-shaped micelles were formed
together with spherical micelles (Figure 4b). The
size of spherical micelles formed from DEX3.5k-bPCL7.5k (fDEX = 0.32) was larger than those from
605
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Figure 4. TEM images of structures formed by (a) DEX6.0k-b-PCL7.5k, (b) DEX6.0k-b-PCL9.2k, (c) DEX3.5k-b-PCL7.5k,
(d) DEX3.5k-b-PCL9.2k, (e) DEX3.5k-b-PCL11.9k, (f) DEX3.5k-b-PCL11.9k and (g) DEX3.5k-b-PCL18.9k in aqueous
media. The samples were negatively stained with phosphotungstic acid solution except for a, f and g.
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DEX6.0k-b-PCL9.2k (fDEX = 0.40), with corresponding diameters of 40±5 and 30±5 nm, respectively
(Figure 4b, 4c). As the fDEX value further decreased
to 0.28 and 0.23, the copolymers (DEX3.5k-bPCL9.2k and DEX3.5k-b-PCL11.9k) self-assembled to
polymersomes 120±20 and 300±100 nm in diameters (Figure 4d, 4e, 4f), respectively. The interior of
the aggregates has a pronouncedly lower electron
density compared to the wall, suggesting vesicle
morphology. The polymersomes shown in Figure 4e and Figure 4f were formed from the same
diblock copolymer DEX3.5k-b-PCL11.9k, but differed in TEM sample preparation procedures by
staining (Figure 4e) or not staining (Figure 4f) with
phosphotungstic acid solution. Comparison of the
two images suggests that staining may not be an
essential treatment for imaging polymersomes
under TEM. The wrinkles on the surface and the
altered spherical shape of the particle in Figure 4f
should be the result of polymersome shrinking due
to dehydration.
Interestingly, the copolymer having larger hydrophobic block (DEX3.5k-b-PCL18.9k, fDEX = 0.16) formed
a large, flower-like structure (Figure 4g). The overall size of the ‘flower’ was 3.5±0.5 μm, considerably larger than the particulate forms assembled by
less hydrophobic copolymers (Figure 4a–4f). Further increase in the hydrophobic chain length of the
block copolymer (DEX3.5k-b-PCL40.0k, fDEX = 0.08)
lead to large, insoluble, and irregular particles
(image not shown). It appeared that they were precipitated copolymers because the hydrophilicity
was too low for the diblock copolymer to form stable aggregates in water.
For the observation of the flower-like structure
formed by DEX3.5k-b-PCL18.9k at fDEX = 0.16, we
speculate that they may be giant polymersomes by
nature. This speculation was examined by loading a
hydrophobic fluorescent dye, Nile red, into selfassembled solution of DEX3.5k-b-PCL18.9k, followed by observation under a fluorescent microscope (FM) without dehydration. The results, as
shown in Figure 5, indicated that the block copolymer formed large polymersomes with diameters
around 5.4±1.2 μm, supportive to the speculation
that giant polymersomes were the precursor of the
flower-like structure observed under TEM (Figure 4g). When a hydrated polymersome was dehydrated, its overall shape should be collapsed and
rumpled to give a reduced size. In addition, Nile red

Figure 5. FM image of polymersomes formed by DEX3.5kb-PCL18.9k incorporated with nile red in aqueous
media

was added to aggregates formed from DEX3.5k-bPCL9.2k and DEX3.5k-b-PCL11.9k, but no giant polymersomes were identified under FM.
DEX3.5k-b-PCL18.9k at fDEX = 0.16 can form polymersomes, which is out of the range of 0.25–0.42
and does not correspond to the theory of Discher.
But it is in agreement with the reports of Houga, et
al. [26] that polymersomes can be prepared by
DEX-b-PS of fDEX = 0.08. Due to the rod conformation of dextran with molecular weight below
2000 g·mol–1 [42] and the dextran T3.5 we used,
most DEX3.5k-b-PCL probably exhibit rod-coil conformation. Therefore, these results suggest that the
rod-coil type diblock copolymers can form polymersomes at lower fDEX.
As shown in Table 2, PDI of these copolymers
ranges between 1.74 and 2.12. Although most
amphiphilic block copolymers reported in literatures were of low polydispersities (i.e. PDI < 1.2)
for studying their self-assembly behaviors [4, 7, 8,
43], our work indicate that a relatively high polydispersity does not preclude their efficient selfassembly into different morphologies. However, it
should be pointed out that the PDI of hydrophilic
block can affect the size of aggregates [44–46].
Previous investigations reported by Choucair et al.
[44], who studied the influencing factors of
poly(acrylic acid)-block-polystyrene (PAA-b-PS)
vesicle size, suggested that increasing the PDI of
copolymer favor the formation of smaller vesicles
by preferential segregation of shorter hydrophilic
chains (e.g. PAA) to the interior surface of the vesicle and longer chains to the exterior surface.
The size distributions of the diblock copolymer
assemblies were also measured by DLS. Each DLS
curve was analyzed by the Log Normal method,
which featured as a population peak indicating the
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Table 3. The self-assembly structures formed of diblock copolymers in aqueous solution and their diameters
Polymer sample
DEX6.0k-b-PCL7.5k
DEX6.0k-b-PCL9.2k
DEX3.5k-b-PCL7.5k
DEX3.5k-b-PCL9.2k
DEX3.5k-b-PCL11.9k
DEX3.5k-b-PCL18.9k

Diametera [nm]
45.3±2.7
49.0±3.6
75.9±8.3
195.9±15.2
381.3±32.7
5400±1200d

Diameterb [nm]
25±5
30±5
40±5
120±20
300±100
3500±500

Structurec
Spherical micelle
Spherical micelle and rod-like micelle
Spherical micelle
Polymersome
Polymersome
Flower-like structure (Large polymersomed)

aDiameter

of self-assembly structure was measured by DLS;
of self-assembly structure was measured by TEM; cSelf-assembly structure was observed by TEM;
dThe morphology and diameter of self-assembly structure of DEX
3.5k-b-PCL18.9k were determined by FM
bDiameter

copolymer, DEX-b-PCL, may self-assemble into
particles of various morphological forms as a function of mass fraction of its hydrophilic block (fDEX).
As fDEX decrease from 0.45 to 0.16, the copolymer
assembled to spherical micelles, worm-like micelles,
small polymersomes and giant polymersomes
accordingly.
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