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Continuous fabrication of polymeric vesicles and
nanotubes with fluidic channels†

Fei Peng, Nan-Nan Deng, Yingfeng Tu, Jan C. M. van Hest* and Daniela A. Wilson*

Fluidic channels were employed to induce the self-assembly of

poly(ethylene glycol)-b-polystyrene into polymeric vesicles and

nanotubes. The laminar flow in the device enables controlled

diffusion of two miscible liquids at the phase boundary, leading to

the formation of homogeneous polymeric structures of different

shapes. These structures could be easily loaded with small mole-

cule cargoes and functionalized with nanometer sized catalytic

platinum nanoparticles. This technique offers a facile methodology

to rapidly and continuously produce well-defined polymeric struc-

tures for nanotechnology applications.

Polymersomes are bilayer structures self-assembled from
amphiphilic polymers.1–3 Both lumen and polymersome mem-
branes provide high loading efficiencies of hydrophilic and
hydrophobic cargos, respectively. Being more robust and
tunable4,5 than their lipid-based counterparts, polymersomes
have attracted increasing attention with regard to applications
in pharmaceutics,2 cosmetics,6 imaging7 and catalysis.8 To
fabricate these polymersomes, the cosolvent method9 and the
rehydration method10,11 have been applied traditionally. These
methods have the limitation that it is difficult to vary the size
and they usually yield polymersomes with a broad size distri-
bution. Post-processing steps, such as membrane extrusion12

and sonication13 are therefore required to reduce the poly-
dispersity of the polymersomes produced. However, these
post-treatment steps could lead to undesired material mem-
brane interactions and loss of the encapsulated cargo.

In order to directly create polymersomes with well-defined
sizes, microfluidic techniques have been developed. Weitz’s
group fabricated monodisperse polymersomes through
droplet formation using two immiscible liquids.14 The formed
W/O/W double emulsions act as templates to form vesicles

after removing the residual organic solvent.15 Monodisperse
micrometer sized vesicles were fabricated in this way.16 To
generate vesicles in the nanometer size range, laminar mixing
of two miscible liquids in a fluidic channel has been shown to
be a promising approach.17–19 Well-defined nanometer sized
vesicles, especially those in the range of 50 nm–200 nm, are
important in drug delivery for ensuring a long circulation time
in vivo and an optimal cellular uptake without interference of
the cell metabolism.20,21

Besides size, shape is another important feature that can
affect polymersome properties. Although a few batch processes
are described to create vesicles with non-spherical
morphologies,22–27 to the best of our knowledge, no continu-
ous flow procedures have been reported on the shape control
of polymersomes. In this paper we report the use of a flow
device to fabricate nanometer-sized vesicles and nanotubes
through laminar mixing of a polymer organic solution and
water,28 ensuring a high production rate as well as high repro-
ducibility. In addition, the ease of combining this vesicle pro-
duction method with cargo loading makes this a versatile
method for the preparation of polymeric assemblies for
various applications.

For the preparation of polymeric vesicles, the amphiphilic
block copolymer poly(ethylene glycol)44-b-polystyrene190 was
used, which was synthesized via atom-transfer radical polymer-
ization (see the Experimental section, Fig. S1 and S2†).29,30

The flow device was used as depicted in Fig. 1. An aqueous
solution was injected through two side channels while the
diblock copolymer in an organic solvent (THF/dioxane) solu-
tion was introduced into the middle channel (Fig. S3†). This
device is a flow-focusing channel with a continuous phase
flanking the dispersed phase. Flow focusing has been used for
sphere vesicle generation.31 For the middle phase, both bound-
aries at the two sides are available for mixing. As both organic
solvents are miscible with water, the diffusion between the
two liquid phases resulted in a solution gradient, which
induced self-assembly. With a traditional cosolvent method,
the self-assembly process of PEG44-b-PS190 starts when the
THF content drops below approximately 77%. In the fast

†Electronic supplementary information (ESI) available: 1H NMR/GPC spectra of
the polymer, additional electron microscopy/confocal microscopy images and
nanoparticle tracking analysis data as described in the text. See DOI: 10.1039/
c7nr00142h
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fluidic system, the steep solvent gradient at the two-phase
boundary led to a small distance where the THF/dioxane
content dropped to this limit. This short distance as well as
the high surface to volume ratio resulted in a shortened time-
scale of mixing.32

In the traditional cosolvent method, the formation of struc-
tures starts with nucleation of a few unimer polymers, followed
by a diffusion limited growth in size.33 The final step is a slow
exchange of unimer polymers to reach equilibrium. To study
this process, the copolymer was firstly dissolved in the organic
solution in a batch experiment. Then water was delivered to it
via a syringe pump. This process was monitored via a dynamic
light scattering (DLS) technique in a flow mode.34,35 Both
relaxation time and vesicle formation kinetics can be derived
from the plot of the scattered light intensity against time,
large positive amplitudes indicating vesicle formation. In the
case of the fluidic channel set-up, the calculated solvent
mixing time is shorter than the aggregation time as deter-
mined from the batch experiment (for more detailed infor-
mation, see Fig. S4†).

In addition, the polymer diffusion inside the organic
solvent is two orders of magnitude lower than that of the two
organic and aqueous phases.36 The formation of polymeric
assemblies is therefore dependent on flow rate/hydrodynamic
conditions and the induced local polymer concentration,
leading to kinetically trapped shapes instead of dynamic
stable structures.

As the flow rate and polymer concentration are expected to
play an important role in the control of self-assembly, we
sought to vary the size and morphology of the structures by
tuning the mixing factors employing this fluidic device.
Additionally we hypothesized that maintaining the flow con-
ditions or not during collection would also affect the final
morphology, so different collection methods were studied.

As initial conditions, we used a concentration of 10
mg mL−1 of PEG44-b-PS190 and a flow rate of C1 : C2 : C3 =
10 : 10 : 10 mL h−1. The self-assembled structures were col-
lected in two ways: (i) via the “insertion method” in which the
collecting tube was inserted into water, and (ii) via the “drip-

ping method” in which the output was dripped into water.
Via both methods the outflow of the samples in a large excess
of water led to the final vitrification of the vesicular structures.
For determination of the size and shape, the collected samples
were then characterized by TEM without additional processing.
In the case of the “dripping method”, vesicles were observed,
while notably necklace-like nanotubes were generated via the
“insertion method”. There are only a few reports about tubular
structures, or necklace-like nanotubes. Helmerson et al.
described the fabrication of necklace-like nanotubes with poly
(butadiene-b-ethylene oxide) using a combination of optical
tweezer pulling and micropipetting.25 In our case, necklace-
like nanotubes could be generated in a simple and continuous
way (Fig. 2A–C, for more images of nanotubes see Fig. S5A†).
The nanotube membrane was clearly observed in the TEM
images, reflecting its vesicular properties. The average dia-
meter of the polymeric nanotubes was 152 nm. (The intensity
profile of a vesicle unit in a polymeric nanotube is shown in
Fig. 2D. The diameter of this vesicle unit was approximately
150 nm.) The average diameter at the neck of polymeric nano-
tubes was 45 nm. The tube length could reach 35 µm at
maximum. For tuning the length of polymeric nanotubes,
shearing forces (introduced by vigorous magnetic stirring)
during collection were varied. When the stirring rate was
increased to 500 rpm and 1000 rpm, the average tube length
was decreased to 10.8 µm and 7.6 µm while the average length
of tubes obtained without agitation was 14.8 µm (Fig. 3A–C).
In all other cases the outflow was collected without stirring.
The membrane thickness of the polymeric nanotube was close
to that of spherical vesicles obtained by the dripping method
(20 nm, Fig. S6†). Polymeric nanotubes were only observed
with the “insertion method”. Furthermore, sampling of the
outflow directly from the device exit tube and fast quenching
of the structures into liquid nitrogen show the presence of
vesicles by TEM (Fig. S7†). This indicates that the nanotube
formation occurs outside of the device. We think that the high
concentration of flexible vesicles pushed by the flow and
slowed down at the exit in water as well as the presence of a
high concentration of the plasticizing agent in a small local
volume would facilitate the colliding and merging of the vesi-
cles. The flow direction and shear force favour the formation
of one-directional polymeric nanotubes instead of merged
large vesicles. The fusion could be indicated by the fact that in
certain sections the neighbouring vesicle units were not com-
pletely connected but instead shared a center wall and in a
hemifusion state (Fig. S8†). This was suggested previously as
an intermediate state of unilamellar polymersome fusion.37

Previous reports38 have shown that vesicle to fused nanorod
transition occurs two orders of magnitude more rapidly than
its reverse way. Therefore we think that the likelihood of the
first formation of giant vesicles and later fission into polymer-
some necklaces are relatively low.

Another possibility during the nanotube formation was pre-
viously suggested to be unimer insertion, however in a dilute
batch system with no possibility for fusion.39 In this case, the
growth rate (insertion of new unimers) is faster than the birth

Fig. 1 The fluidic platform for the preparation of polymeric vesicles and
nanotubes by varying the mode of collection and initial polymer con-
centration. The polymer dissolved in THF/dioxane was injected into the
main channel (C2) and brought into contact with water in the two side
channels (C1, C3) of the fluidic device.
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rate of new vesicles. Due to immiscibility of constitutional
polymer chains in the bilayer vesicle membrane, one copoly-
mer has to overcome a very high-energy barrier to move from
the outer layer into the inner layer of the vesicles. Therefore
the outer membrane would grow faster than the inner ones. To
reduce the resulted tension, elongated structures are obtained.
In this case the vesicle curvature is expected to decrease. This
could be an explanation for the less curved section in the
nanotubes (Fig. S8B†).

With the “dripping method”, the vesicles and plasticizing
agent were diluted and quenched by utilizing a large amount
of water in a short time, therefore only vesicles were obtained.

It is interesting to observe that among polymeric vesicles, bowl
shaped vesicles/“stomatocytes” could be formed (Fig. 2F–H
and S5B†). In Fig. 2F, the openings of stomatocytes are clearly
shown. It is to be noted that only openings facing towards the
front were visible in the SEM images. In the TEM images
(Fig. 2G and H), the polymer membrane fold-in and the
formed cavities were clear. The stomatocyte structure could
account for a maximum of 54% in the vesicle population
(based on 155 specimens assessed by TEM). The TEM of sto-
matocytes at different angles (top view and side view) is shown
in Fig. 2i–iv, in which the top view of stomatocytes should be
differentiated from the multilamellar vesicle. One possible

Fig. 3 TEM analysis of the length of polymeric nanotubes collected with the insertion method (A) at a stirring rate of 0 rpm; (B) at a stirring rate of
500 rpm; (C) at a stirring rate of 1000 rpm; for each analysis 80 assemblies were counted.

Fig. 2 (A) Scanning electron microscopy (SEM) images of polymeric nanotubes, scale bar represents 500 nm; (B) transmission electron microscopy
(TEM) images of polymeric nanotubes at lower magnification (scale bar = 2 µm); (C) polymeric nanotubes at higher magnification (scale bar =
500 nm); (D) plot profile of a vesicle unit/cross section in the polymeric nanotubes indicated by the red dashed line in (C) showing the intensity as a
function of distance over the cross section; (E) size/diameter distribution diagram of the vesicle units in polymeric nanotubes (80 assemblies were
counted); (F) SEM images of polymeric vesicles, scale bar represents 150 nm, the white arrows pointing to the openings of stomatocyte vesicles;
(G, H) TEM images of the fabricated stomatocyte vesicles, scale bar is 100 nm and 50 nm respectively; (i, ii) TEM images of a polymersome stomato-
cyte at a tilting angle of 0° and 20°, respectively; (note the top and side views of the stomach); (iii, iv) corresponding 3D intensity profiles of the same
stomatocyte, the white arrow pointing to the opening of the stomatocyte vesicle.
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mechanism could be that during the fast mixing process at the
interface of two liquid phases, the inner compartment of the
formed spherical vesicles is still filled with THF/dioxane. With
the tuned ratio of THF/dioxane, the swelling extent of PS can
be so well controlled that the newly formed membrane is only
permeable to an organic solvent but not to water. At the phase
boundary, the solvent gradient induced organic solvent
outward diffusion and evaporation of the organic solvent
entrapped inside could be responsible for the formation of an
osmotic gradient, leading to membrane folding and bowl-
shaped structure formation.40–42

Besides the collecting methods, we also explored the
impact of the initial polymer concentration on the mor-
phology. We already know at a concentration of 10 mg mL−1

vesicles were obtained with the dripping method and nano-
tubes were generated with the insertion method. At a lower
concentration (1 mg mL−1) we found that only vesicles were
observed using either the “insertion method” or the “dripping
method”, while nanotube structures were observed in both
cases for the higher initial polymer concentration of 20
mg mL−1 (Fig. 4A and S9†).

Next, we explored the ability to control the size of the vesi-
cles via modifying the hydrodynamic parameters. A low con-
centration of polymer solution (1 mg mL−1) was used to avoid
the formation of polymeric nanotube structures. The dripping
method was used to collect the outflow from the fluidic
channel. Keeping the flow ratio of the polymer solution and

aqueous solution constant at 1 : 1, the vesicles experienced a
decrease in diameter from 218 to 123 nm when the flow rate
was elevated from 5 mL h−1 to 30 mL h−1 (Fig. 4B, DLS data).
This is a result of the faster mixing process, which leads to a
lower local polymer concentration available to form vesicles.
The results were also confirmed with the nanoparticle tracking
analysis (NTA) technique (Fig. S10†). This NTA technique
allows individual particle detection with a minimum detection
limit as low as 10 nm. At a constant flow rate of the polymer
solution and aqueous solution at 30 mL h−1, an increasing
trend in size was observed when the initial polymer concen-
tration was increased from 1 mg mL−1 to 10 mg mL−1

(Fig. 4C). In addition, with a concentration of 1 mg mL−1

polymer solution, the size of vesicles decreased from 214 to
189 nm when the flow ratio of the polymer solution and
aqueous solution (C2 : C1/C3) was changed from 1 : 1 to 1 : 2. It
should be noted that all the vesicles prepared above were nar-
rowly distributed in size as indicated by the polydispersity
value in Fig. 4C.

After obtaining the polymeric nanotube and vesicle struc-
tures, we investigated the ability to incorporate a hydrophobic
cargo, by mixing the fluorescent dye Nile red with the polymer
organic solution before injection into the middle channel
(Fig. 5A). An initial polymer concentration of 10 mg mL−1 was
used and the flow rate of the side and main channels was
maintained at 10 mL h−1. Polymeric nanotubes obtained by
the insertion method and vesicles generated by the dripping

Fig. 4 (A) Morphologies of polymeric structures were tuned by changing the collecting methods and polymer concentration; (B) sizes of vesicles
were tuned by changing the flow rate; the particle intensity percentage was plotted against the diameter of the vesicles (dynamic light scattering
(DLS) data); (C) tuning the size/diameter (DLS data) of vesicles by changing the polymer concentration and flow ratio between the main channel and
side channel.
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method could be clearly visualized with confocal fluorescence
microscopy using Nile red’s fluorescence (Fig. 5B and E). Since
the diffraction limit of the confocal microscope is about
200 nm,43,44 it could not be differentiated whether Nile red
was localized on the membrane or the inner compartments.
Besides the hydrophobic Nile red, the hydrophilic fluorescent
drug doxorubicin could also be loaded (Fig. S11†).

We subsequently explored the possibility of entrapping
nanoparticles in the stomatocyte and nanotube structures by
addition of platinum nanoparticles (PtNPs) to the aqueous
solution. The initial polymer concentration in THF/dioxane
was kept at 10 mg mL−1. PtNPs were fabricated through
reduction of KPtCl4 and capped with poly(vinylpyrrolidone)
(PVP, MW: 10 000 Da).45–47 The platinum nanoparticles were
well dispersed in water (48.9 ± 3.3 nm, 5.06 ± 0.1 × 1011 par-
ticles per mL, Fig. S12†). With a flow rate of 10 mL h−1, PtNP-
loaded stomatocytes were obtained with the “dripping
method” (Fig. 5C and D). The PtNP loading efficiency reached
approximately 42% (TEM assessment on 50 specimens).
Smaller PtNP loaded stomatocytes (189 nm) were obtained,
compared to stomatocytes prepared by the conventional co-
solvent method (325 nm). In previous reports inorganic nano-

particles were loaded into the membrane of polymersomes,
so only nanoparticles smaller than the membrane thickness
could be loaded.48,49 In our case PtNPs were loaded in the
cavity of polymersome stomatocytes. Therefore there would be
no influence on the vesicle membrane and the stability of the
vesicles. When the “insertion method” was applied, polymeric
nanotubes were obtained which were functionalized with
PtNPs (Fig. 5F and G). The PVP capped PtNPs were found to be
preferentially located in the junction of the nanotube where
the curvature was the highest.

Conclusions

A fast and simple method has been developed to fabricate
self-assemblies with a non-spherical morphology. With our
method, nanotubes and stomatocytes could be produced in a
continuous and well-defined fashion. Furthermore, injection
of an aqueous solution containing PtNPs into the microfluidic
channel resulted in encapsulation of the particles in both
types of structures. This versatile approach can be used for
scaled up production of polymeric vesicles with non-spherical
morphologies.
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