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ABSTRACT: Polymer vesicles, so-called polymersomes, gain more and more attention as potential carriers for medical and biotechno-

logical applications. To put the production of these nanocompartments into action at an industrial scale, an efficient and scalable

process has to be established. Moreover, being able to control the resulting particle size distribution (PSD) is vital. In this work, the

amphiphilic triblock copolymer poly(2-methyloxazoline)15–poly(dimethylsiloxane)68–poly(2-methyloxazoline)15 is formed into poly-

mersomes in miniaturized stirred-tank reactors. Varying flow conditions have a huge impact on the resulting PSD. Dynamic light

scattering measurements show that driving a S-shaped stirrer at 4000 rpm in unbaffled reactors leads to a monomodal PSD with a

low polydispersity index (PDI<0.2). Vesicles with a mean diameter of 200 nm are achieved within less than 1 h in a single produc-

tion step. The robustness of the established process is shown by producing uniform polymersomes at different temperatures and vary-

ing pH and buffer molarities. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43274.
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INTRODUCTION

In recent years, the preparation of polymeric hollow structures at

the nanoscale has found increasing interest. Polymer vesicles, so

called polymersomes,1 are made of self-assembling block copoly-

mers with simple linear architecture that are arranged into well-

organized layers.2 Under certain conditions the colloidal assembly

of the amphiphilic copolymer, including hydrophilic and hydro-

phobic segments, leads to the intended vesicular nanometer-sized

compartments.2–6 Because of their ability to encapsulate guest

molecules into their interior, these vesicular structures can be

used for a wide field of applications. Some important ones span

from imaging of tissues in vivo using near-infrared emissive poly-

mersomes7 to anti-cancer drug delivery.8,9 By loading polymer-

somes with enzymes they can also be turned into biocatalytically

active nanoreactors.10–12 For the application in biotechnology as

well as for medical or industrial purposes a feasible control of the

resulting vesicle size distribution is required. The distribution

does not only depend on the nature of the polymer5,6,13,14 and its

molecular mass but can also be influenced by preparation meth-

ods and preparation conditions.13,15,16

So far polymer vesicles have been typically produced under incho-

ate laboratory conditions. Supposedly, the most simple vesicle-

formation technique is the dropwise addition of a polymer solution

to a vigorously stirred aqueous solution.15,17 This barely reproduci-

ble procedure leads to vesicle dispersions with rather broad size dis-

tributions,17,18 where both undesired micelles and vesicles coexist.

To narrow the distribution, a multistep preparation procedure is

inevitable. Several subsequent extrusion-steps through polycarbon-

ate membranes with defined pore size are often necessary.5,15,17 The

main drawback of this method is the limited treatable vesicle dis-

persion volume.19 High pressures up to 10.5 MPa are needed for

vesicle extrusion at a large scale.19–21 As micelles cannot be removed

by extrusion, an additional time-consuming size exclusion chroma-

tography is needed.

In the recent past, efforts have been made to develop a one-step

polymersome preparation process where vesicle size can be con-

trolled. Creative problem-solving approaches have been investi-

gated such as using microfluidic devices22 and modified

commercial inkjet printers.23 In both cases, the possibility of pre-

paring polymersomes of narrow size distribution in a single step

was demonstrated. Nevertheless, for industrial polymersome appli-

cations the development of techniques that control vesicle uni-

formity is essential24 but not sufficient. Enabling an easy scale-up

of the developed process is just as highly important.12,25 Therefore,

it was the major goal of this study to develop an efficient, repro-

ducible, and scalable production process where vesicles of mono-

modal, narrow particle size distribution can be formed in a single

production step.
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For this study the amphiphilic triblock copolymer poly(2-methyl-

oxazoline)15–poly(dimethylsiloxane)68–poly(2-methyloxazoline)15

(PMOXA15–PDMS68–PMOXA15) was chosen. Because of its good

biocompatibility26 and the low nonspecific protein-binding prop-

erties of the PMOXA-block27 this polymer can be used for poly-

mersome production in the medical and biotechnological field.

Furthermore, it was shown that PMOXA–PDMS–PMOXA can be

used to form nanoreactors. Several membrane proteins could suc-

cessfully be integrated in polymer membranes formed by poly-

mers of different block lengths.28–32

The stirred-tank reactor is still the most important production

reactor in chemical and biotechnological industries. Having that

fact in mind, polymersomes were formed in miniaturized stirred-

tank reactors in this work. Performing vesicle formation on a

low-volume scale (12 mL) and using a reaction block where up

to 48 reactors can be used in parallel, enabled polymer-saving

and very efficient investigations on polymersome production

under diverse process conditions. Moreover, completely different

flow conditions were generated by using four diverse stirrer geo-

metries that were driven at varying agitation speeds in baffled

and unbaffled reactors.

All investigations were done with the focus on producing polymer-

somes of monomodal and narrow particle size distribution (PSD).

The polydispersity index (PDI) of the investigated polymersome

dispersions, measured by dynamic light scattering, was chosen to

be the most important quality criterion. This dimensionless num-

ber, ranging from 0 to 1, indicates the width of the investigated size

distribution. The lower the PDI, the narrower the PSD. Monomo-

dal, narrow particle size distributions are represented by low

polydispersity indices (PDI<0.2). The mean diameter of the poly-

mersome dispersion is given by the primary and most stable

parameter of dynamic light scattering, the z-average. The z-average

is the harmonic intensity averaged particle diameter.33,34

EXPERIMENTAL

Triblock Copolymer

PMOXA15–PDMS68–PMOXA15 was purchased from Polymersource

(Dorval QC, Canada). It has a molecular mass of 7600 g mol21

(Mn, PMOXA51300 g mol21, Mn, PDMS55000 g mol21) and the

degrees of polymerization are N(PMOXA)515 and N(PDMS)568.

Its narrow molecular mass distribution is given by Mw/Mn51.23

(Mw: mass-average molecular mass; Mn: number-average molecular

mass).

Miniaturized Stirred-Tank Reactor System

The bioREACTOR 48 (2mag, Munich, Germany) was used for

polymersome production. Up to 48 miniaturized stirred-tank

reactors can operate simultaneously. The single-use reactors die-

casted from poly-styrene (2mag AG, Munich, Germany) have a

working volume of 8–15 mL. They are available with four baf-

fles or unbaffled. Temperature control of the reaction medium

is realized by a heat exchanger integrated in the reaction block.

A reflux cooler realizes cooling of the headspace to reduce vol-

ume loss by evaporation. The cover of the reaction block is

accessible for the tips of a liquid-handling system that enables

automation of intermittent feeding of the ethanolic polymer

solution.35,36

Vesicle Preparation via Direct Dispersion Method

Unless noted otherwise, 120 mg PMOXA15–PDMS68–PMOXA15

powder (stored at 2208C) were dispersed in 12 mL of PBS

(137 mM NaCl, 2.7 mM KCl, 12 mM PO4
3–, pH 7.4) leading to

a final concentration of 1% (w/v). Using baffled and unbaffled

milliliter reactors and four different stirrer geometries the

dispersion was stirred at 1000–4000 rpm and at 258C for up to

48 h. All results and relating standard deviations derive from a

three-fold determination.

Vesicle Preparation via Ethanol Method

Unless noted otherwise, a 20% (w/v) polymer solution was pre-

pared by solving the polymer in ethanol (99.8%). For a final

polymer concentration of 1% (w/v), 0.6 mL of the polymer solu-

tion were continuously or intermittently added into 11.4 mL of

the aqueous solution. For this purpose, a commercial dosage

pump (Reglo Analog MS 4-4/12, Ismatec, Idex Health & Science,

Wertheim, Germany) or a liquid handler (Freedom EVO, Tecan,

M€annedorf, Switzerland) was used. Feeding rates ranging from

1.0 to 6.8 mL h21 or from 0.25 to 10.00 mL h21, respectively,

were realized. All results and relating standard deviations derive

from a three-fold determination.

Dynamic Light Scattering Measurements

To avoid the occurrence of polymer aggregates that disturb the meas-

urements, all samples were centrifuged for 6 min at 13,000 rpm

(Mikro 20, Hettich, Tuttlingen, Germany). The supernatant was

diluted 10-fold with the appropriate solute. Filtration or extrusion

was not executed.

The z-average, the PDI and the intensity-based PSD were deter-

mined via dynamic light scattering measurements. For this pur-

pose 0.5 mL of the prepared sample were filled into 10 mm

single-use polycarbonate cells. All measurements were carried out

with a Zetasizer NS (Malvern, Worcestershire, UK). This system is

equipped with a red HeNe gas laser (633 nm) and a sensitive ava-

lanche photodiode detector. To achieve an acceptable count rate

the laser power was automatically attenuated and the measurement

position within the system was automatically moved as well. To

perform light-scattering at 258C all samples were equilibrated for

60 s. Three measurements consisting of 10 runs each (10 s per

run) were recorded.

Static Light Scattering Measurements

The molecular mass of the polymer vesicles prepared by the estab-

lished ethanol method was determined via static light scattering

measurements. All measurements were carried out as commis-

sioned work by ALV (Langen, Germany). A commercial goniome-

ter (ALV, Langen, Germany) equipped with a green frequency-

doubled Nd-YAG laser (532 nm) was used. To fulfil the quality cri-

terion of static light scattering measurements all samples were

extruded three times through polycarbonate membranes with 0.2

mm pore diameter (Millipore, Billerica, MA, USA). Polymersome

dispersions with polymer concentration of 2.0, 1.67, 1.0, and

0.5 mg mL21 were analyzed at scattering angles between 208 and

1508 (3 runs per scattering angle) and at 258C. Data were extrapo-

lated in a Berry plot to determine the average molecular mass of a

single polymer vesicle. According to Nardin et al. (2000) the refrac-

tive index increment dn/dc of PMOXA–PDMS–PMOXA vesicles in

water was defined to be 0.188 mL g21.5
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Transmission Electron Microscopy

The polymersome dispersion was prepared in double-distilled

water and diluted hundredfold. Afterwards, 2 mL of the sample

were deposited on a plasma-treated carbon coated copper grid

and were negatively stained with 2.5% uranyl acetate solution.

Morphological examination of the polymersomes was per-

formed using a JEM 100 CX (JEOL, Tokyo, Japan) operating at

100 kV acceleration voltage.

Cryo-Transmission Electron Microscopy

The vesicle dispersion was prepared in double-distilled water and

diluted hundredfold. Afterwards, 2 mL of the sample were

adsorbed for 30 s on a plasma-treated carbon coated copper grid,

blotted with filter paper and frozen into liquid ethane (21788C).

Electron micrographs of the samples were recorded at an acceler-

ating voltage of 120 kV using a JEM 2010 (JEOL, Tokyo, Japan).

STIRRER GEOMETRIES

Figure 1(a) shows the four stirrer geometries that were used to

generate different flow conditions. The so-called gas-inducing

stirrer (2mag, Munich, Germany), the paddle-shaped stirrer, the

H- and the S-stirrer (all stirrers were developed in-house) can

be driven in the reaction block with up to 48 miniaturized

stirred-tank reactors (2mag, Munich, Germany).35–44

The cylindrical single-use reactors (height: 86 mm, inner diame-

ter: 20 mm, working volume: 8–15 mL) are available with four

evenly spread baffles (height: 59 mm, width: 2 mm) or

unbaffled (2mag, Munich, Germany). By using a magnetic

inductive drive, the stirrers can freely rotate on individual axes

[Figure 1(b)] at controllable stirrer speeds from 100 rpm to

their characteristic maximal agitation speed (Table I).

The gas-inducing impeller introduces gas bubbles into the

medium. By sucking in the medium from the bottom a strong

axial flow and high turbulences are generated when gas is

simultaneously induced through a hollow shaft.37,44 In case of

using the one-sided paddle stirrer, a predominantly tangential

flow path in the reactor can be observed. Here, a rotating

lamella is formed which spreads out along the reactor wall.

Power is distributed uniformly into the reaction medium.40 The

H- and the S-stirrer were developed primarily for mixing pur-

poses of solids-bearing suspensions. Rotation of the H-stirrer

causes mostly tangential but no axial flow. The S-shaped impel-

ler, which is geometrically similar to the H-stirrer, causes an

efficient mixing on the upper and lower side of the impeller.

This stirrer type generates radial, axial and tangential flow.41–43

Figure 1. (a) Stirrers with four different geometries can be driven in the

miniaturized stirred-tank reactors. The gas-inducing stirrer (G), the paddle-

shaped stirrer (P), the H-stirrer (H), and the S-stirrer (S) are available.

(b) By using a magnetic inductive drive, the stirrers can freely rotate on indi-

vidual axes in the cylindrical reactors (height: 86 mm, inner diameter:

20 mm, working volume: 8–15 mL). Here, an unbaffled reactor is shown.

Table I. Key Data of the Four Stirrer Types

Gas-inducing
stirrer

Paddle
stirrer H-stirrer S-stirrer

Working volume (mL) 8–15 8–12 10–14 10–14

Diameter d (mm) 14.5 16.2 14.4 14.4

Height h (mm) 8.0 57.0 29.0 27.5

Ratio of stirrer diameter to
inner reactor diameter d

D

0.73 0.81 0.72 0.72

Ratio of stirrer height to
reactor fill level h

H
(12 mL filling volume in unstirred
and unbaffled reactors)

0.19 1.33 0.69 0.64

Maximum agitation speedin
unbaffled reactors (rpm)

4000 2000 3000 4000

Ratio of maximal energy dissipation
to mean power input emax=P � V-1

10a 6b –c 7.4b

Flow Pattern Strongly axial Predominantly
tangential

Predominantly
tangential

Axial, radial,
tangential

Compatible with baffled reactors Yes No Yes Yes

a In baffled reactors.
b In unbaffled reactors.
c Data not available.
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Table I gives an overview of the most important characteristics

of the four different stirrer types.

RESULTS

Similar to the production methods of lipid vesicles (liposomes),

polymer vesicles can be produced via various methods. Gener-

ally, the preparation methods can be divided into solvent-free

techniques and techniques making use of organic solvents.17 In

this study, the direct dispersion method (solvent-free) as well as

the ethanol method (solvent-based) were used for polymersome

production.

Since stress on particles occurs in the velocity field of stirred-

tank reactors, the stirrer- and reactor type have crucial influence

on particle behavior.45 Therefore, the influence of different flow

conditions on the vesicle production process was investigated

for both, the direct dispersion and the ethanol method.

Direct Dispersion Method

Solvent-free vesicle production techniques are particularly

important in the field of drug delivery or biotechnological

applications where the presence of solvent traces may cause

toxic effects. Certainly, the most simple solvent-free production

method is the direct dispersion method. Therefore, PMOXA15–

PDMS68–PMOXA15 polymer powder was directly dispersed [1%

(w/v)] in aqueous buffer [phosphate buffered saline (PBS), pH

7.4] at 258C.

Completely different flow conditions were generated by driving

the four impeller types [Figure 1(a)] at varying stirrer speeds in

baffled and unbaffled reactors. In baffled reactors, stirrer speeds

between 1000 and 2000 rpm were investigated. The only excep-

tion was the paddle-shaped stirrer, which is incompatible with

this reactor type because of its geometry. In unbaffled reactors,

the maximum agitation speed was dependent on the stirrer type

as summarized in Table I. The resulting polymersome disper-

sions were analyzed after 4, 24, and 48 h process time.

Influence of Reactor Type and Agitation Speed. In general,

using baffled reactors enables faster mixing of the reaction

medium because of higher turbulences in the reactor. There-

fore, using baffles should facilitate dispersing the solid polymer

powder. Nevertheless, a lower polydispersity was always

obtained when using reactors without baffles. Figure 2(a)

exemplarily shows the obtained PDIs after 24 h when driving

the four stirrer types at 2000 rpm in both reactor types. The

respective PSDs when making use of the S-stirrer are shown in

Figure 2(b).

A broad particle size distribution indicated by a rather high

polydispersity (PDI50.45) is the result of using this stirrer

geometry in baffled reactors. In contrast, a clearly narrower

PSD indicated by a lower polydispersity (PDI50.23) was

achieved in unbaffled reactors under the same conditions. Fur-

thermore, the use of baffles led to the occurrence of some larger

morphologies in the micrometer range. This also is indicated by

a z-average of 267 nm in baffled reactors compared to 191 nm

in unbaffled reactors (data not shown).

Summing up, regardless of the impeller type, the agitation speed

and the process time, narrower PSDs were achieved in unbaffled

reactors. Hence, to produce polymersomes, reactors without

baffles should be used. Furthermore, independently of the used

stirrer geometry, it was ascertained that higher stirrer speeds

lead to lower PDIs [Figure 2(c)]. Therefore, providing low

energy input by driving the impellers at low agitation speed

does not lead to monomodal PSDs. In Figure 2(d) the resulting

PSDs when driving the S-stirrer in reactors without baffles are

shown. A monomodal size distribution with low polydispersity

(PDI50.14, z-average5193 nm) was achieved at 4000 rpm. In

contrast, driving the impeller at 1000 rpm resulted in a very

broad size distribution (PDI50.56, z-average5347 nm).

Since driving the four different stirrer types, which induce com-

pletely different flow conditions, at the same agitation speed

and in the same reactor type led to very uneven PSDs (Figure

3), it can be postulated that the prevalent flow pattern has an

essential effect on the resulting vesicle dispersion quality. More-

over, it becomes clear that solely controlling agitation speed is

not sufficient to control the resulting vesicle size distribution.

Thus, a closer investigation of the stirrer characteristics in con-

junction with the vesicle production process was required.

Influence of Stirrer Type. The gas-inducing stirrer provides

good and fast mixing because of the strongly axial flow. There-

fore, this impeller type was used to efficiently disperse the poly-

mer powder in the aqueous phase. Though, because of the gas

input, foam formation was observed. Solid polymer was found

in abundance within the foam above the reaction medium and

therefore could not be turned into polymer vesicles. Further-

more, the gas-inducing stirrer exhibits a high ratio of the maxi-

mal energy dissipation emax to the mean volumetric power

input P � V -1. Having a value of 10 in baffled reactors39 this

stirrer type induces high shear forces which may destroy the

vesicle membrane. For these reasons, using the gas-inducing

stirrer for vesicle production purposes is not reasonable.

In contrast, the paddle-shaped stirrer, which predominantly

induces tangential flow, was developed for biotechnological

processes where microorganisms that are sensitive to shearing

are to be used. With emax=P � V -1 56 it uniformly distributes

the power in the reaction medium.40 Therefore, this impeller

type was assumed to be a good choice for the production of

polymersomes that are expected to be sensitive towards shear

forces. Within 24 h a monomodal PSD with low polydispersity

(PDI50.17) was achieved at 2000 rpm in unbaffled reactors

[Figure 2(a)]. Nevertheless, the maximum agitation speed of

this stirrer type is limited to 2000 rpm. As higher stirrer speeds

were shown to affect lower PDIs [Figure 2(c)], the paddle-

shaped stirrer was not the best choice either.

Polymersome dispersions with even narrower PSDs were

achieved when using the H-stirrer and S-stirrer at their maximal

possible agitation speed (3000 rpm and 4000 rpm) in unbaffled

reactors. Monomodal, narrow size distributions with PDIs of

only 0.13 and 0.14, respectively, were achieved within 24 h. The

S-stirrer was found to be the best impeller for polymersome

production in the miniaturized stirred-tank reactors because of

the fact that the results obtained with this impeller had a

slightly higher reproducibility than with the H-stirrer (data not

shown).
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The S-stirrer generates axial, radial, and tangential flow and

therefore provides very good mixing even in unbaffled reac-

tors.42 Because of its characteristic geometry (only two blades),

the volumetric power input of this stirrer type is lower com-

pared to the H-stirrer. It is about 12 W L21 at its maximal agi-

tation speed. With emax=P � V -157:443 the ratio of maximal

energy dissipation to volumetric power input is only slightly

above that of the low-shear paddle-shaped stirrer. Using this

stirrer type at the maximum agitation speed led to narrow size

distributions (PDI50.17) within a very short time of only 4 h.

For comparison, when driving the paddle-shaped stirrer, the

same PDI was achieved 20 h later.

To sum up, in a single production step uniform polymersomes

with a mean diameter of about 200 nm are rapidly producible

via the direct dispersion method by using the S-stirrer at

4000 rpm in unbaffled reactors. Elongation of the process time

up to 24 h and 48 h enables a slightly lower polydispersity

(PDI50.14 or rather 0.13).

Polymer Conversion. The results have shown that narrow PSDs

can be achieved in miniaturized stirred-tank reactors. Neverthe-

less, despite enabling long process times, a complete conversion

of the PMOXA15–PDMS68–PMOXA15 powder to polymersomes

could not be achieved. In any case 25–50% of the polymer

remained in the form of undesired polymer residues (data not

shown). Zhang and Eisenberg, who investigated the formation

of polymersomes consisting of polystyrene-b-poly(acrylic acid)

(PS-PAA) diblock-copolymers, postulated that the high fractions

of the insoluble hydrophobic block of the amphiphilic block

copolymer are the reason for that behavior.46 Hence, direct dis-

persion of solid polymer powder is not suitable for efficient

production of PMOXA15–PDMS68–PMOXA15 vesicles. Previous

dissolving of the block-copolymer in a common solvent was pro-

posed to prepare vesicle dispersions with complete conversion.

Ethanol Method

To avoid the side effect of polymer residues when producing

polymersomes by the method of direct dispersion, a solvent-

Figure 2. Direct dispersion method: (a) and (c) show the polydispersity indexes (PDIs) after 24 h process time when using the gas-inducing stirrer (G), the

paddle-shaped stirrer (P) (can only be driven in unbaffled reactors), the H-stirrer (H), and the S-stirrer (S). In (b) and (d) the intensity-based particle size

distributions (PSDs) when using the S-stirrer are shown. (a) Dependence of the PDI on the reactor type (baffled or unbaffled) when driving the stirrers at

2000 rpm. (b) Dependence of the PSDs on the reactor type (baffled or unbaffled) when driving the S-stirrer at 2000 rpm. (c) Dependence of the PDI on the

agitation speed when using unbaffled reactors. (d) Dependence of the PSDs on the agitation speed when driving the S-stirrer in unbaffled reactors.
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based technique was investigated. Ethanol was chosen to be the

most suitable solvent. Because of its low toxicity, the already

mentioned disadvantage of remaining solvent traces in the vesi-

cle membrane was kept on a low level. Besides, an enormous

advantage regarding the aspired realization of an industrial-scale

vesicle production process also comes along with this method.

The dosage of a liquid polymer solution can be realized much

easier than the dosage of the cohesive solid polymer powder.

Based on the results obtained with the direct dispersion

method, all further investigations were performed using the S-

shaped stirrer in unbaffled reactors.

Efficient One-Step Polymersome Production. In order to ena-

ble a scalable process with defined and reproducible process con-

ditions, the ethanolic polymer-solution was either continuously

channeled directly into the reaction medium (PBS, pH 7.4, 258C)

using a conventional dosage pump, or an intermittent feeding

was realized using a liquid handler. Here, by dosing 10 mL at

each dosage step at varying dosage frequencies variable feeding

rates were obtained.

High polymer concentrations in the feed provide the desired low

ethanol residues in the final vesicle dispersions. In this context, it

has to be mentioned that rising polymer concentration in the

feed results in rising fluid viscosity (data not shown). As viscosity

highly influences the feeding process, the polymer concentration

was varied within the range of 5–50% (w/v). A polymer concen-

tration of 20% (w/v) was found to offer a good compromise

between realizing a low ethanol concentration in the final vesicle

dispersion [5% (v/v) at 1% (w/v) final polymer concentration]

and a fluid viscosity that enables a reliable dosage process. A

20% (w/v) polymer solution has a dynamic viscosity of 6.2 mPa s

at 228C.

In Figure 4 the achieved PDIs when feeding the polymer solu-

tion at feeding rates in the range of 1.0–6.8 mL h21 using the

pump and the liquid handler are shown. Significant dependence

of the resulting polydispersity on the investigated feeding rates

was not observed. Using the liquid handler led to slightly lower

PDIs than feeding the polymer solution via the dosage pump.

In any case narrow, monomodal PSDs and mean polymersome

diameters of about 200 nm were achieved within 4 h. Thus, the

possibility of using common dosage pumps for controllable

polymer solution feeding was demonstrated. Nevertheless, for

the reason of a higher degree of automation, the liquid handler

was used for further investigations.

Having manufacturing costs in mind, process time is an impor-

tant parameter when developing an efficient polymersome pro-

duction process. Figure 5(a) clearly demonstrates that the

elongation of the process time up to 24 h results in a decreasing

polydispersity. A PDI of only 0.11 was achieved.

It is proposed that the continuous impact of moderate shear

forces induced by the stirrer is a reason for decreasing PDIs.

The longer the process time the more vesicle membranes can be

destroyed by shearing forces. Since the particle size distribution

predominantly is narrowed down from its right side [Figure

5(b)], larger vesicles are obviously more fragile than small ones.

This behavior is not only reflected in a decreasing PDI but also

in decreasing mean diameters. The z-average decreases from

220 nm after 1 h to 184 nm after 24 h.

It is worth mentioning that a process time longer than 4 h led

to a small amount of undesired tiny polymer flocs. It seems

likely that vesicle membrane segments of destroyed polymer-

somes are not able to re-assemble to new polymer vesicles but

built undesired aggregating morphologies. It therefore is highly

reasonable to shorten the process time as much as possible.

By implementing a short process, low energy requirements and

complete conversion of polymer to polymersomes can be

achieved all-in-one.

Since feeding the polymer solution may be time consuming, the

influence of different feeding rates was studied closer in the

Figure 3. Direct dispersion method: The intensity-based particle size dis-

tributions (PSDs) after 4 h process time when using the gas-inducing stir-

rer (G), the paddle-shaped stirrer (P), the H-stirrer (H), and the S-stirrer

(S) at 1000 rpm in unbaffled reactors are shown.

Figure 4. Ethanol method: The dependence of the polydispersity indexes

(PDIs) after 4 h process time on different feeding rates realized by using

the dosage pump and the liquid handler when making use of the S-stirrer

at 3000 rpm in unbaffled reactors is shown.
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course of the process. Using the liquid handler, feeding rates

from 0.25 to 10 mL h21 were realized. As soon as the final poly-

mer concentration was reached, the feed was stopped and the

process was investigated for another 4 h. Figure 6 shows that the

established polymersome production process is quite resistant in

terms of different feeding rates. Uniform polymersomes of

about 200 nm in mean diameter and PDIs lower than 0.2 were

achieved within only 1 h when adding the polymer solution at

0.5–10 mL h21. Only the lowest investigated feeding rate of

0.25 mL h21 led to polymersome dispersions with a bimodal

PSD and undesired micelles (not shown), which is reflected in

PDIs>0.2. High feeding rates result in shorter process times

which are greatly desirable for economic reasons.

Robustness of the Established Production Process under

Different Conditions. To scrutinize the established polymer-

some production process, polymer vesicles were produced under

diverse conditions. For this purpose, the final polymer concen-

tration, the process temperature, the pH, and the buffer molar-

ity were varied.

With the aim to achieve an efficient polymersome production pro-

cess, including high quality and high quantity, high final polymer-

some concentrations are in general desirable. Therefore, the final

polymer concentration was varied within 0.5–5.0% (w/v). Investi-

gations whether high polymer concentrations lead to a high quan-

tity of uniform polymersomes with narrow PSD were performed.

Figure 7(a) shows that this was not the case. The polydispersity of

the resulting vesicle dispersion increased with higher polymer con-

centrations. 5% (w/v) final polymer concentration results in a

bimodal PSD and the formation of undesired micelles (data not

shown). Therefore, PDMS15–PMOXA68–PDMS15 vesicles should

be produced with 0.5–1.0% (w/v) final polymer concentration.

The possibility of producing polymersomes at different temper-

atures is very important particularly if biotechnological proc-

esses ought to be realized. Here, participating enzymes may

exhibit completely different temperature stabilities. Therefore,

the polymer vesicle production should be feasible in a wide

range of temperatures. Hence, polymersomes were produced at

88C, 258C, and 408C. In Figure 7(b) it is shown that vesicles of

low polydispersity (PDI<0.2) can be achieved within only 0.5 h

at 258C and 408C. The process time has to be extended to 1 h

when producing polymersomes at 88C. Probably the reaction

kinetics of the polymer self-assembling process is delayed at low

temperatures.

The feasibility of building vesicles at varying pH and molarity is

similarly important for biotechnological and medical applica-

tions. The pH of the used buffer was varied within pH 5 and

pH 8 [Figure 7(c)], whereas the molarity was adjusted to

0–100 mM [Figure 7(d)]. In any case uniform vesicles with

PDI<0.2 were achieved within only 0.5–1.0 h.

Summing up, the convenience of the established polymersome

production process for a wide field of applications can be

assumed.

Figure 5. Ethanol method: (a) The polydispersity indexes (PDIs) and (b)

the intensity-based particle size distributions (PSDs) when using the S-

stirrer at 4000 rpm in unbaffled reactors are shown. (a) Dependence of

the PDI on the process time when realizing 1 mL h21 feeding rate by

using the liquid handler. (b) Dependence of the respective PSD on the

process time.

Figure 6. Ethanol method: The dependence of the polydispersity indexes

(PDIs) on process time when driving the S-stirrer at 4000 rpm in

unbaffled reactors and when realizing 0.25–10.0 mL h21 feeding rate by

using the liquid handler is shown.
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Characterization of the Polymer Vesicles. In addition to the use

of dynamic light scattering measurements, polymersomes pro-

duced by the established efficient single-step production process

were also analyzed by static light scattering. Using this technology

permits the determination of the average molecular mass of a sin-

gle vesicle. Investigating a polymersome dispersion with a narrow

particle size distribution (PDI50.15, z-average5166 nm), it was

found to be 3.266 3 108 g mol21. The aggregation number of a

single polymersome Nagg that indicates the number of polymer

chains forming one vesicle was determined to be 43,000.

Imaging techniques clearly show that using the established polymer-

some production process, polymer vesicles are formed exclusively.

No worm micelles or other undesired morphologies were observed

when making use of transmission electron microscopy (TEM)

[Figure 8(a,b)]. The membrane thickness of these polymersomes was

determined by cryo-TEM. An even membrane of about 14 nm in

thickness [Figure 8(c)] was apparent. At 48C and at room tempera-

ture these polymersomes are stable in size for at least one year.

DISCUSSION

Within the last years, a huge diversity of seminal polymersome

applications especially in the medical and biotechnological field

has been developed.7–12 Nevertheless, regardless of the field of

application, polymer vesicles were mostly produced under incho-

ate process conditions at the laboratory scale. For this reason, the

need for establishing a scalable polymersome production process

where vesicle size can be controlled was requested earlier.12,25

To achieve uniform polymersomes, two extraordinary one-step

vesicle production techniques were established in the group of

Stephan F€orster. In 2005, Hauschild et al. demonstrated that

polymersomes with a narrow size distribution can be formed

using modified common inkjet printers. By “printing” an etha-

nolic poly(2-vinyl-pyridine-ethylenglycol) (P2VP-PEG) solution

into a stirred aqueous solution a very good control of vesicle

size and shape as well as high reproducibility were achieved.23

Five years later, the members of the same group showed that a

microfluidic device can be used to control the size of P2VP-

Figure 7. Ethanol method: The polydispersity indexes (PDIs) when using the S-stirrer at 4000 rpm in unbaffled reactors and realizing a feeding rate of

1 mL h21 by using the liquid handler are shown in the course of the process. Dependence on (a) the final polymer concentration, (b) the process tem-

perature, (c) the pH, and (d) the buffer molarity.
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PEG based polymersomes. By varying the volumetric flow ratio

of two water streams and a single polymer solution stream in a

crosswise microchannel system, monomodal, well-defined size

distributions and the adjustment of vesicle size over a wide

range (40 nm to 2 mm) were realized.22 With a final polymer

concentration of <0.01% (w/v) the polymersome gain was sig-

nificantly lower when using the microfluidic device compared

to making use of the inject printer, where polymer concentra-

tions up to 0.65% (w/v) were reached.22,23 Whereas very good

vesicle size control and high reproducibility were shown for

both techniques, the scalability of these two systems is restricted

to a horizontal scale-up by parallelization (scale-out). Because

the small dimensions of microfluidic devices make them more

susceptible for undesired effects like fouling or clogging, their

long-time performance has to be investigated on a case by case

basis in the context of the respective process. From this it fol-

lows that the perceived risk associated with the replacement of

existing classical reactors by other technologies represents a big

hurdle for horizontal scale-up strategies and a vertical scale-up

is usually preferred .47,48

The stirred-tank reactor has become the most frequently indus-

trially used reactor within the last two centuries. Since 1855,

when Thomson first investigated the power input concerning

stirring tasks, impellers, and stirred-tank reactors have continu-

ously been developed and characterized.49 Much research has

already been done, resulting in the availability of standardized

reactors and various standardized impeller types. Moreover,

since stirred-tank reactors are available from the milliliter-scale

to the cubic meter-scale, they are the perfect candidates for ver-

tical scale-up purposes.

So far, solely the use of PMOXA15–PDMS68–PMOXA15 was investi-

gated. Since the vesicle formation phenomena from several amphi-

philic block-copolymers were found to run through similar

pathways,50 it can be supposed that the established process can

also be used to produce uniform polymersomes from different

polymers.

CONCLUSIONS

It was demonstrated that PMOXA15–PDMS68–PMOXA15 vesicles

could efficiently be formed in miniaturized stirred-tank reactors.

Hereby, the prevalent flow pattern has a huge impact on the

resulting vesicle size distribution. Using unbaffled reactors and

driving the S-shaped stirrer, which induces radial, axial, and tan-

gential flow, at 4000 rpm (12 W L21) enables a reproducible pro-

duction of uniform polymersomes. Controllable feeding of an

ethanolic polymer solution into the stirred aqueous phase was

provided by applying either a common dosage pump or a pipet-

ting robot. Monomodal and narrow vesicle size distributions with

low polydispersity (PDI<0.2) were achieved in a single produc-

tion step within less than 1 h. Furthermore, it was shown that by

applying the established process, a 1% (w/v) vesicle dispersion

with low polydispersity can be achieved at a wide range of temper-

ature (8–408C), pH (pH 5–8) and buffer molarity (0–100 mM).

With respect to the desired industrial applications of polymer

vesicles, a scale-up of the polymersome production process is

required. Engineering characteristics of the miniaturized stirred-

tank reactors are very similar to industrially used large-scale

stirred-tank reactors. Besides, important stirrer characteristics

such as mixing time, volumetric power input, and maximal

energy dissipation are well known for the established process.

Moreover, using the miniaturized stirred-tank reactors the suc-

cessful scale-up and scale-down of diverse biotechnological proc-

esses have already been shown.35,51,52 A robust vertical scale-up of

the established polymersome production process to the liter-scale

can therefore be assured. Thus, an important step toward indus-

trial usability of the polymersome technology is taken.
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