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Polymersome formation induced by encapsulation of water-
insoluble molecules within ABC triblock terpolymers† 
Rintaro Takahashi,*a‡ Shotaro Miwa,a‡ Carsten Rössel,b Shota Fujii,a Ji Ha Lee,a Felix H. Schacher,b 
Kazuo Sakurai*a

Polymeric micelles have been extensively studied as nanoscale drug carriers. Knowing how the encapsulation of drugs 
alters the micellar structure is one of the most important issues for the biomedical application of amphiphilic block 
copolymers. However, little is known so far about the structural changes of micelles undergo upon loading with water-
insoluble guests. Herein, we investigate the micellar morphology of ABC triblock terpolymers after loading with various 
water-insoluble molecules (naphthalene and derivatives as drug-equivalent model molecules). The triblock terpolymer 
features a poly(ethylene oxide) (PEO) block, a poly(allyl glycidyl ether) segment which has been functionalized with 
carboxylic acid moieties (PAGECOOH), and poly(tert-butyl glycidyl ether) (PtBGE) as hydrophobic block. Structural analysis by 
small-angle X-ray scattering (SAXS) and cryogenic and conventional transmission electron microscopy (TEM) found that a 
morphological transition from spherical micelles to vesicles (polymersomes) was induced by loading the guest molecules 
at pH 4, whilst the spherical and prolate morphologies remained unchanged upon loading at pH 6 and 8. This study 
highlights dynamics and morphological changes of polymeric micelles upon loading with guest molecules.

Introduction
Drug delivery systems using polymeric micelles/vesicles are of 
great interest, and many researchers have studied the 
fundamental properties of drug-loaded micelles from various 
perspectives, in pursuit of their practical use.1−6 In particular, 
clarifying the structure of drug-loaded micelles is a critical 
issue, as it has been reported that the size7,8 and shape9−11 of 
nanoparticles significantly influence their cellular uptake 
efficiency and biodistribution. Information on the internal 
structure of drug-loaded micelles is also important.12–21 For 
example, Press et al.12 demonstrated that the 
pharmacokinetics and biodistribution were affected by the 
location of a drug within the micelle. In addition, Akiba and 
coworkers13−16 investigated where water-insoluble guest 
molecules, which can be considered as a model drug, are 
located within block copolymer micelles in aqueous solution 
by using anomalous small-angle X-ray scattering (ASAXS). 
These studies revealed that highly hydrophobic molecules 
show a tendency to be loaded into the centre of the micellar 
core. In contrast, moderately hydrophobic molecules are likely 

to be localized in the vicinity of the core–corona interface. 
However, little attention has so far been devoted to the effect 
of the loading of hydrophobic (water-insoluble) guest 
molecules on the micellar morphology as it often has been 
postulated that this is not changed at all during the loading 
process.

In this study, we directed the focus on the resulting 
micellar morphology of a poly(ethylene oxide)-block-poly(allyl 
glycidyl etherCOOH)-block-poly(tert-butyl glycidyl ether) (PEO-b-
PAGECOOH-b-PtBGE triblock terpolymer upon loading with 
naphthalene derivatives (Chart 1a).22,23 We23 previously 
studied the self-assembly of this triblock terpolymer in water 
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Chart 1 Chemical structures of PEO-b-PAGECOOH-b-PtBGEa 
(a), and model guest molecules used in this study: Nap (b), 
NapAc (c), and NapAm (d)
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as selective solvent without any guest molecules, and revealed 
that spherical micelles are formed at pH 4. By increasing the 
pH, the morphology is changed to a rather prolate shape. The 
material features side-chain carboxylic acids in the middle 
block and therefore net charge and charge density depend on 
the pH of the surrounding medium. Even more, this directly 
influences the overall hydrophilicity of the micelles and allows 
electrostatic interactions with additional ionic substances. 
Typical anticancer drugs such as doxorubicine feature both 
hydrophobic and ionic parts and, therefore, we selected non-
ionic and ionic water-insoluble guest molecules as models: 
naphthalene (NAP), 1-naphthylamine (NapAm), and 1-
naphthoicacid (NapAc, Chart 1b–d). In this contribution, we 
investigated the morphology of these micelles with the guest 
molecules loaded in aqueous solution at different pH by using 
small-angle X-ray scattering (SAXS), cryogenic transmission 
electron microscopy (cryo-TEM) and conventional TEM 
experiments.

Results and discussion

We expect that upon self-assembly in the presence of Nap, 
NapAc or NapAm the guest molecules are encapsulated within 
the hydrophobic core of the triblock terpolymer micelles. Prior 
to demonstrating such structural data, we show the loading 
capacity of each guest molecule, estimated at different pH of 
4, 6, and 8 by UV measurements, in Fig. 1. Here, the loading 
capacity is defined as Wguest/(Wguest + Wpolym), with Wguest 
representing the weight of the guest molecule and Wpolym 
representing the weight of the triblock terpolymer in the 
micelle. In all three cases, we observed a higher loading 
capacity within the resulting micelles with decreasing pH. As 
previously reported,23 both aggregation number and 
hydrodynamic radius increased in the order of pH 4 > 6 > 8, 
also providing an explanation for a higher loading capacity.6 
Nap as the most hydrophobic guest molecule also exhibited 
the lowest loading capacity. Meanwhile, in the cases of 
ionically modified naphthalenes (viz., NapAc and NapAm), the 
loading capacity was found to be distinctly higher. As the 
miscibility between the guest molecule and the core-forming 
block is known to influence the loading capacity,6 the above 
results suggest that the ionically modified naphthalenes show 
higher miscibility compared to Nap. Hereby, the loading 
capacity of NapAc decreases with increasing pH value, 
presumably due to decreasing solubility of NapAc (partition 
coefficient) in water, as the pKa of NapAc is known to be 
3.69.24

We carried out SAXS measurements under conditions 
where the micelles were fully loaded, as the results are shown 
in Fig. 2 (Fig. 2, also in the absence of guest molecules at 
different pH values). In this figure, I(q) denotes the differential 
scattering cross-section as a function of the magnitude of the 
scattering vector (q).

Although previously reported in detail,23 the findings from 
the SAXS data in the absence of the guest molecules are 
summarized as follows: The SAXS profile (orange circles) at pH 
4 exhibited a plateau at the low-q region and clear oscillations 
at the higher-q region (q ~ 0.3–1.5 nm–1), which diminish with 
increasing pH. These features as well as the fitting results23 
indicate that spherical micelles are formed at pH 4 and change 
into prolate with increasing pH. This morphological change can 
be explained by the interfacial energy (c.f., Refs. 23 and 25).

It is emphasized that by loading the guest molecules into 
the micelle the SAXS profiles were remarkably changed at pH 4 
(Fig. 2a). The major increase in I(q) in the low-q region hints 
towards an increase in the molar mass of the scattering 
objects (much more than the increment due to the added 
guest molecules). The low-q region exhibits a steeper q-
dependence and the relationship of I(q) ~ q–2, which indicates 
that a plate-like structure is formed. Slight oscillations at the 
lower-q region may be caused by the form factor of the shell-
like structure; in other words, polymersomes (not disklike 
micelles) may be formed. This was confirmed by TEM, as 
shown later. Meanwhile, in the higher-q regime, a sharp 
minimum (oscillation) was observed at q ~ 0.4 nm−1, 
confirming that this structure is well defined; that is, the layer 
thickness of the polymersome (or disk-like micelle) has a 
narrow dispersity.
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Fig. 1 Loading capacity of the herein used guest molecules as a 
function of pH in 50 mM Britton–Robinson buffer. Blue, red, 
and green symbols represent the data for Nap, NapAc, and 
NapAm, respectively.
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We therefore calculated the model scattering form factor 
[Pbilayer(q)] for a bilayer vesicle with a core of homogeneous 
density and the Gaussian corona chains attached to the core, 
as illustrated in Fig. 3, which can be expressed by26−28

                (1)

Pbilayer (q)  fcore Ecore (q)  (1 fcore )Ecorona (q) 
2

P0(q)


(1 fcore )2

Nagg

Echain
2 (q)  Ecorona

2 (q)P0(q) 

Here, P0(q) denotes the form factor of an infinitely thin shell 
with the radius of Rves (eq S1), and forms the framework of the 
shell-like structure (vesicle) producing the feature of I(q) ~ q–2. 
Ecore(q), Ecorona(q), and Echain(q) denote the scattering 
amplitudes from the core, corona, and individual corona chain 

(eqs S2−S4), respectively, which consider the cross-sectional 
structure and produce the oscillations in the high-q regime. In 
the modeling, we neglected the structure factor and used the 
relation of I(q) ∝ Pbilayer(q) because of the dilute 
concentration. The following parameters are present in the 
model: core thickness (L), radius of gyration of the corona 
chain (〈S2〉corona

1/2), aggregation number (Nagg), Rves, and 
contrast of the core region defined by fcore = 
wcore∆ρcore⁄(wcore∆ρcore + wcorona∆ρcorona) where wi and ∆ρi 
denote the weight fraction and the excess electron density of 
the core (i = core) and corona (i = corona) parts. The model 
does not take into account the dispersity in L.

As previously shown,23 the core domain of the micelle 
(vesicle) consists of the PtBGE block, and the PAGECOOH and 
PEO block chains behave as corona chains (cf. Fig. 3), albeit the 
hydrophilicity of PAGECOOH depends on the pH value. We note 
that the electron density of the PtBGE block is slightly lower 
than that of the solvent (i.e., ∆ρcore is negative and its absolute 
value is rather small). Compared to the PtBGE block, PAGECOOH 
and PEO block chains feature higher electron densities, and 
both are comparable (i.e., ∆ρcorona is positive and its absolute 
value is significantly higher than that of ∆ρcore).

This model fits well to the experimentally obtained data 
points for the micelle with the guest molecules loaded at pH 4, 
as represented by the black solid curves in Figure 2. The 
parameters used in the fitting are listed in Table 1, and did not 
significantly depend on the type of the guest molecule. The 
absolute fcore values of the polymersomes (with the guest 
molecules loaded) are smaller than those of the spherical 
micelles (without any guest molecules, Table 1). This may 
reflect that the guest molecules, with higher electron density 
than PtBGE block, are loaded into the core domain and 
increase the electron density. Further, the model scattering 
function assuming a homogeneous electron density in the core 
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Fig. 2 SAXS profiles of PEO-b-PAGECOOH-b-PtBGE without guest molecules (orange symbols), and with Nap (blue symbols), NapAc (red 
symbols), and NapAm (green symbols) in 50 mM Britton–Robinson buffer at pH 4 (a), pH 6 (b), and pH 8 (c). The polymer concentration 
was 0.003 g/mL. Each plot was shifted vertically for clarity (Shift factors of A = 1 for only polymer, A = 10 for Nap, A = 102 for NapAc, 
and A = 103 for NapAm). Black solid curves represent the fitted model curves. The black solid curves represent the fitted curves by the 
bilayer model (eq 1; for pH 4 with the guest molecules), the spherical micelle model23 (for pH4 without guest molecules and pH 6), and 
the ellipsoidal micelle model23 (for pH 8).

Fig. 3 Schematic illustration of the cross-section of the 
polymersome bilayer.
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domain adequately fitted to the experimentally obtained data, 
suggesting that the guest molecules are uniformly distributed 
within the core domain in all cases. The 〈S2〉corona

1/2 values were 
2.0 ± 0.2 nm irrespective of whether guest molecules were 
present or not, which further supports the assumption that the 
guest molecules locate within the core.

The value of L = 2.8 nm was smaller than that of the core 
diameter of the spherical micelle (2Rcore = 5.9 nm) at pH 4 
without the presence of guest molecules. The following trend 
was often reported for various polymers:25,29−34 The core 
thickness (diameter) is larger in the order of spherical micelle > 
cylindrical micelle > polymersome. This trend can be 
interpreted in view of the interfacial energy for each 
morphology, as described elsewhere,25 and the core thickness 
in the present case agrees well with that general trend. The 
general loading capacity for the guest molecules was not high 
(< 5%), so the thickening of the core by the guest molecules 
should be small in comparison with the contribution of the 
interfacial energy. As just described, information about the 
cross-section of the bilayer could be derived from the SAXS 
data. However, since no plateau (Guinier region) was observed 
in the low q-regime, we could not determine the overall size, 
namely, the Rves and Nagg values; thus, these values were 
assumed to be 200 nm and 3.5 × 105, respectively, in the 
fitting.

Meanwhile, at pH values of 6 and 8, the SAXS profiles 
remained unchanged upon loading the guest molecules (Fig. 
2b and 2c). At pH 6, the spherical micelle model26,27 could fit 
well to all of the SAXS profiles regardless of whether or not the 
guest molecules were loaded. Although the prolate micelle 
model28 fitted to the experimentally obtained data at pH 6 in 
previous work,22 the spherical model fitted better in the 
present case. This might be related to a different type of buffer 
in the present case. All of the SAXS profiles at pH 8 could be 
fitted by the prolate micelle model,28 also irrespective of 
whether or not the guest molecules were present. The 
equations for the spherical and prolate micelles as well as the 
detailed strategy in the fitting were described in a previous 
paper,23 and Table 1 lists the parameters used in the fitting. 
The reason why the morphological change takes place at pH 4 
but not at pH 6 and 8 will be discussed later.

The morphology of the micelles at different pH was also 
investigated by cryo-TEM. Fig. 4a–c displays the obtained 
images for the NapAc-loaded cases at pH 4–8, respectively. At 
pH 4, polymersomes can be observed whereas at pH 6 and 8 
rather small spherical micelles are visible. Similar structures 

were observed earlier23 in the absence of any guest molecules 
at pH 4 and 8. The presence of polymersomes can also be 
confirmed by conventional TEM with sodium 
phosphotungstate staining as shown in Figure 4d and 4e. TEM 
experiments for Nap could not be performed, but the SAXS 
profile in case of Nap was almost identical to those of NapAc 
and NapAm; therefore, we can postulate that polymersomes 
are also formed by loading Nap at pH 4. 

The thickness of the bilayer was estimated to be 10 ± 1 nm 
from the TEM images in case of both NapAc and NapAm, 
which is almost equal to the thickness of the model to fit the 
SAXS profiles (2〈S2〉corona

1/2 + L + 2〈S2〉corona
1/2 = 10.8 nm). 

However, the overall size (radius) of the polymersomes in Fig. 
4a is smaller than in Figure 4d. This can be explained as 
follows: Vesicles can grow via collision and fusion processes,35 
and hence the radius may depend on the time since 
preparation of the respective sample.36,37 Thus, we do not 
further discuss the polymersome radius and note that the 
polymersomes did not precipitate for at least one month after 
preparation.

In general, morphological transitions of block copolymer 
micelles and vesicles can be interpreted in terms of the 
packing parameter as defined by38

                                                                                      (2)
p

0 c

v
a l

 

with the effective volume of the core-forming block chain (v), 
the area per chain of the core−corona interface (a0), and the 
length of the core-forming block chain (lc). It is known that, in 
the case of λp < 1/3, the spherical morphology is stable, at 1/3 
< λp < 1/2 a cylindrical morphology should be observed, and at 
1/2 < λp disk-like (vesicular) morphologies are preferentially 
formed. In the present case, the polymer in the absence of any 
guest molecules forms spherical micelle at pH = 4, indicating 
that the λp is small (< 1/3). By loading the water-insoluble 
guest molecules into the core domain, v and thus λp should 
increase, resulting in a morphological transition. Although the 
herein presented SAXS and TEM studies focus on the condition 
where the highest amount of guest molecules was loaded, if 
the loading amount were decreased, λp could be in the range 
between 1/3 and 1/2, and thus cylindrical micelles might be 
formed. On the other hand, at pH 6 and 8, the spherical and 
prolate morphologies were not changed after loading. At these 
pH values, the electrostatic repulsion between the PAGECOOH 
block chains may be dominant due to the increased degree of 
ionization of the carboxylic groups; it should lead to large a0. 

pH Morphology L or 2Rcore / nm /nm〈𝑆2〉1/2
corona 𝑓core

4 (without guest molecule) Spherical micelle 5.9 2.0 ± 0.2 – 0.07 ± 0.02
4 (with guest molecule)a Polymersome 2.8 2.0 ± 0.2 – 0.02 ± 0.01

6b Spherical micelle 4.7 2.0 ± 0.2 – 0.07 ± 0.02
8b Prolate micelle 4.4c, (7.0)d 2.0 ± 0.2 – 0.07 ± 0.02

Table 1 Parameters used for the fitting of the SAXS profiles

aThe parameters used for the fitting were independent of the type of the guest molecule. bFor pH 6 and 8, the SAXS profiles were 
fitted by the same model regardless of whether or not the guest molecule was loaded. cDouble of the semi-minor axis. dDouble of the 
semi-major axis.
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Additionally, the loading capacity of the guest molecules is 
smaller (Fig. 1). Thus, the λp values may still be low due to 
large a0, and the morphological transition did not occur upon 
loading the guest molecules at pH 6 and 8. In other words, the 
interaction between corona chains plays a key role for an 
eventual morphological transition during loading.

Several studies reported morphological changes upon 
loading of water-insoluble guest molecules for polymeric 
micelles, but the reason for this change was not always 
discussed in detail.39–45 Within this literature, as far as the 
authors know, there is only one report on polymersome 
formation induced by drug loading. Specifically, Cao et al.43 
investigated the self-assembly of a block copolymer poly(1-O-
methacryloyl-β-D-fructopyranose)-block-poly(methyl 
methacrylate) upon loading of curcumin. They found that 
curcumin was loaded into the corona region of the micelle 
despite its hydrophobicity (this was also reported by another 
group19), and the loading induced the morphological transition 
from cylindrical micelle to the polymersome, although the 
actual reason was not discussed. Contrary to their study, in the 
present case, the water-insoluble guest molecules locate in the 
core domain, and thus, the core volume was enlarged to 
induce polymersome formation. The water-insoluble 
molecules normally show a tendency to locate in the core 
domain (or the vicinity of the core–corona interface);13−16 
therefore, we believe that the phenomenon of polymersome 
formation upon loading of water-insoluble guest molecules 

might be applicable too many other cases where block 
copolymer nanocarriers are investigated.

Conclusions
We demonstrated that the morphological transition from 
spherical micelle to polymersome was induced by loading 
water-insoluble guest molecules at pH 4. The SAXS data can be 
adequately described by the model assuming that the guest 
molecules are uniformly distributed within the bilayer core 
domain. This transition may occur because the guest 
molecules enlarge the micellar core volume and thus change 
the packing parameter. On the other hand, at pH 6 and 8, the 
spherical and prolate morphologies of the triblock terpolymer 
micelles were maintained even if the guest molecules were 
loaded, because the electrostatic repulsion between the 
middle blocks (PAGECOOH), rather than the effect of the loading, 
was dominant in determining the micellar morphology. This 
study offers an unprecedented strategy to prepare 
polymersomes through adjusting the packing parameter by 
water-insoluble guest molecules and further adds to a general 
understanding of cargo-carrier interactions and resulting 
effects on morphology and stability of block copolymer 
nanostructures.

Experimental

100 nm 100 nm

(d) NapAc at pH 4; TEM (e) NapAm at pH 4; TEM

(a) NapAc at pH 4; cryo-TEM (b) NapAc at pH 6; cryo-TEM (c) NapAc at pH 8; cryo-TEM

100 nm100 nm100 nm

Fig. 4 Representative cryo-TEM images at pH 4 (a), pH 6 (b), and pH 8 (c) with loading of NapAc, and conventional TEM images at pH 4 
with loading of NapAc (d) and NapAm (e). The solutions were prepared at a polymer concentration of 0.003 g/mL in 50 mM Britton–
Robinson buffer. See also Figure 6 in Ref. 23, where cryo-TEM images for the micelle in the absence of guest molecules are displayed.
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Materials. The triblock copolymer (PEO-b-PAGECOOH-b-PtBGE) used 
in this study has been reported previously.22,23 Table 2 lists the 
molecular characteristics of the triblock terpolymer. Nap, NapAc, 
and NapAm were purchased from Tokyo Chemical Industry (Tokyo, 
Japan) and used as received. Water was deionized using a Millipore 
Milli-Q system. 

Preparation of micelles with the water-insoluble guest 
molecules loaded. The triblock terpolymer sample and each guest 
molecule with a weight ratio of 10:1 were dissolved in 
tetrahydrofuran (THF) in a graduated cylinder. Water was poured 
into the solution, followed by the removal of THF by gentle heating 
to ca. 50 °C and reduced pressure with stirring for at least 10 h. 
Water was further poured into the solution to adjust the volume. 
The solution was mixed with each aqueous buffer solution to adjust 
the pH. The buffer solutions were composed of boronic acid, 
phosphoric acid, acetic acid, and NaOH (Britton–Robinson 
buffer).46,47 The excess drug was removed by ultrafiltration. In the 
following measurements, the mass concentration of the triblock 
terpolymer was 0.003 g/cm3 and the molar concentration of the 
buffer was 50 mM. The pH values of 4, 6, or 8 was checked using a 
pH meter.

Estimations of the loading capacity. The UV measurements 
were conducted for the polymer in aqueous buffer solution to 
estimate the absorption coefficient by a V-630 spectrophotometer 
(JASCO, Tokyo, Japan) at 25 °C. We also estimated the absorption 
coefficient for each guest molecule in aqueous buffer solution 
containing sodium dodecyl sulfate as the solvent and the polymer in 
aqueous buffer solution. After that, the UV absorbance for the 
micelle with the guest molecules loaded was measured, followed by 
subtracting the contribution of the polymer. From this result, the 
concentration of the drug in the solution was obtained with each 
absorption coefficient. Note that naphthalene and its derivatives 
used in this study have maxima in their UV spectrum, and the 
position of the peak in the UV spectra remained unchanged if they 
were loaded into the triblock terpolymer micelles.

SAXS. SAXS measurements were carried out at the BL40B2 and 
BL03XU beamlines, SPring-8, Sayo, Japan. The sample-to-detector 
distance was selected to be 4 and 1 m in this study. The sample 
solution in a quartz capillary cell with a diameter of 2 mm was 
exposed to the X-ray with a wavelength (λ) of 0.1 nm. The sample 
temperature was maintained at 25 °C during the X-ray exposure. 
The scattering intensity was recorded using a PILATUS detector 
(Dectris, Baden, Switzerland). By taking the azimuthal average for 
the obtained 2D image data and subtracting the background 
scattering, the excess scattering intensity was obtained as a 

function of q. q is defined by q ≡ (4π⁄λ)sin(θ⁄2) where θ is the 
scattering angle. The excess scattering intensity was normalized to 
I(q) by a standard method (scattering intensity from water was 
used).48 In the obtained SAXS profiles, the data points influenced by 
the beam stopper were removed. Further, the measurement of I(q) 
in the low-q region is difficult in cases of low contrast and small-size 
particles in solution because the background scattering is higher at 
the lower-q region, which leads to a lower S/N ratio. Thus, highly 
rough data points at the lower-q region were removed from the 
SAXS profiles.

Cryo- and conventional TEM. Cryo-TEM measurements were 
conducted using a FEI Tecnai G2 20 cryo-transmission electron 
microscope with an acceleration voltage of 200 kV.23 Each sample 
solution for the cryo-TEM experiment was plunge-frozen by 
immersion it into liquid ethane. The samples were prepared on 
Quantifoil grids (3.5/1) after cleaning by argon plasma treatment 
for 120 s. The solutions at a volume of 8.5 μL of were blotted using 
a Vitrobot Mark IV.

Conventional TEM observations were also performed using a 
JEM-3010 instrument (JEOL Ltd., Tokyo, Japan) with an accelerating 
voltage of 100 kV. In the sample preparation for the conventional 
TEM measurement, each solution was dropped on a copper grid 
and wiped away. After that, an aqueous solution of sodium 
phosphotungstate (0.2wt %) was also dropped to stain the sample, 
followed by being wiped away.
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