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We present 17 techniques to analyze polymersomes, in terms of their size, bilayer properties, elastic  
properties or surface charge.  
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Table 1 Tabularic overview of the most relevant characterization methods for polymersomes respectively liposomes. Abbreviations are listed in the Abbreviations section. The size detection limit (SDL) responds to resolution limit for the visualization methods,

atomic force microscopy (AFM) and scanning tunnelling microscopy (STM), respectively the diameter of the smallest detectable particle for all other methods. In the case of visualization methods, Small-angle x-ray and neutron scattering (SAXS and SANS) that

were used in the study, the SDL is measured from own experiments.

Characterization method Subgroup SDL [nm] Parameters for analysis Advantages Disadvantages References

Scattering methods

Dynamic light scattering 2 Size Simple Only for monodisperse samples 39–41

Quasi-Elastic light scattering Minimal sample volume Difficult comparison between instruments
Photon correlated spectroscopy Sensitivity to few large vesicles Misinterpretation of aggregates

Static light scattering Multi-angle light scattering 10 Molecular weight, radius of gyration Simple RI and concentration required 42,43

X-ray scattering Small-angle X-ray scattering 0.5 Bilayer thickness, lamellarity, encapsulation Single polymer residue information Elaborated setup 33,44–47

X-ray scattering Wide-angle X-ray scattering 0.05 Structural information Atomic resolution Elaborated setup 43,48

Neutron scattering Small-angle neutron scattering 0.5 Bilayer thickness, lamellarity, encapsulation Single polymer residue information Elaborated setup & sample preparation 47,49–51

Stopped-flow light scattering Permeability Simple Only for monodisperse samples 52

Nanoparticle tracking analysis 70 Size, concentration Simple Underestimation of small vesicles 37,53,54

High accuracy Misinterpretation of vesicles in z-plane

Visualization methods via photons Native environment Resolution limit

Optical microscopy 200 Size, concentration Widely available Low contrast 55

Optical microscopy Phase-contrast microscopy 200 Size, concentration Better contrast Additional staining 55–57

Fluorescence microscopy Generalized polarization microscopy Size, lamellarity, concentration Specific labeling Photobleaching 43,58

Multiple staining Only for labelled vesicles
Exquisite sensitivity Phototoxic effects

Fluorescence microscopy Fluorescence correlation spectroscopy Size, lamellarity, concentration Can distinguish free & incorporated dye 59

Fluorescence microscopy Confocal laser scanning microscopy 200 Size, lamellarity, concentration High sensitivity Difficult quantitative analysis 54,60,61

Improved signal-to-noise-ratio

Fluorescence microscopy Stimulated emission depletion microscopy 20 Size, lamellarity, concentration Resolution Elaborated setup 62

Visualization methods via electrons Resolution In vacuum
Contrast Elaborative sample preparation

Transmission electron microscopy Negative-staining TEM 0.5 Size, morphology, lamellarity Resolution Staining artifacts 37,49,52

Vesicle shrinkage

Transmission electron microscopy Freeze fracture TEM 0.1 Size, morphology, lamellarity Structure preservation Freezing artifacts 49,63,64

Uncertainty in true size

Transmission electron microscopy Cryo-TEM 0.1 Size, lamellarity, morphology Structure preservation Freezing artifacts 49,65

Uncertainty in bilayer thickness

Scanning electron miscroscopy Freeze fracture Cryo-SEM 2 Size, lamellarity, morphology 3D appearance Freezing artifacts 66,67

Scanning electron microscopy Environmental SEM 30 Size, lamellarity, morphology, concentration Native environment Poor resolution 40,60,68

Electromagnetic manipulation methods
Scanning probe microscopy 3D information High sensitivity to vibration

Scanning probe microscopy Atomic force microscopy 1 Size, topology, elastic properties Sensitivity Shape alteration upon attachment 37,40,54,60,69

Scanning force microscopy Amphiphile adsorption on cantilever

Scanning probe microscopy Scannig tunneling microscopy 0.1 Size, topology No mechanical contact to sample Cantilever tip condition crucial 70,71

Nuclear magnetic resonance P31-nuclear magnetic resonance Lamellarity High accuracy Signal decrease due to convenient buffer 72–74

Electron paramagnetic resonance Encapsulation, bilayer flexibility, 40,75,76

Electron spin resonance bilayer polarity, lamellarity Specific to unpaired electrons Signal decrease due to water

Laser doppler electrophoresis Zeta potential, surface charge potential Fast Calibration required frequently 77,78

Optical tweezer Elastic properties High sensitivity Elaborated aligment 79

Mechanical manipulation methods

Tether pulling Elastic properties Vesicle directly accessible Only for large vesicles 79

Micropipette aspiration 2500 Elastic properties Vesicle directly accessible Only for large vesicles 79,80

Falling-ball viscosimetry Elastic properties Vesicle directly accessible Only for large vesicles 79

Sorting methods

Flow cytometry Fluorescence-activated cell sorting 270 Size, concentration Obtaining multiple properties RI required 39,53,81,82

Widely available Size restriction

Field flow fractionation Asymmetric flow field-flow fractionation 1 Size, concentration Wide range of vesicle sizes Elaborated setup 39,49

Calibration standard necessary
Sample loss through adsorption

Size exclusion chromatography 17 Size, concentration Well-established Not for large vesicles 39,83–85

Amphiphile adsorption on column material
Calibration standard necessary
Slow amphiphile diffusion

Size exclusion chromatography High performance liquid chromatography 1 Size, concentration More selective & rapid than SEC Elaborated setup 84

Tunable resistive pulse sensing 70 Size, concentration Accurate for concentration measurement Potential pore clogging 53,54

Coulter counting Only for monodisperse samples

Tunable resistive pulse sensing Scanning ion occlusion sensing 50 Size, concentration High sensitivity Calibration required 54,86

Simulation methods

Molecular dynamics Structural information Highest resolution Elaborated calculation 87

Molecular dynamics Coarse grain molecular dynamics Structural information Simpler than MD Less accurate than MD 88

Molecular dynamics Dissipative particle dynamics Structural information Simpler than coarse grain Less accurate than coarse grain 89
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ever care has to be taken when interpreting polydisperse sam-

ples, which are the case with most polymers and most prepara-

tion methods. Small-angle X-ray33 or neutron scattering (SAXS

or SANS; resolution limit of both: 0.5 nm)34 provide detailed in-

formation about the polymersome bilayer35, but due to the need

for access to large scale radiation facilities, their use for routine

measurements for their information is somewhat limited. With

SAXS and SANS, particle shape and size information are collected

by monitoring the elastic X-ray respectively neutron scattering

at low angles (0.1-10◦). X-ray interact with the electron clouds

of molecules or elements, where neutrons interact with the nu-

clei33,34. Another scattering method for polymersome perme-

ability measurements is stopped-flow light scattering (SFLS). The

mechanism behind SFLS is a rapid mixing of the polymersome so-

lution with an osmotically active substance, called osmotic agent

(usually sucrose or NaCl). The osmotic shock causes the polymer-

somes to change volume, resulting in changed light scattering,

which is monitored by a photomultiplier tube collecting 90◦ angle

scatter from the mixing chamber. Thus, osmotically induced poly-

mersome shrinking leads to increased light scattering. Nanopar-

ticle tracking analysis (NTA), a novel analysis method36–38, com-

bines scattering and visualization. This method assesses the hy-

drodynamic diameter of single particles in a bulk solution with-

out influence of density or refractive index in contrast to DLS.

Particle-induced scattered laser light is captured by a CCD cam-

era, where each particle is tracked separately. Their size is again

calculated by the Stokes-Einstein relation36. To our knowledge

this is the first publication, where polymersomes have been ana-

lyzed using the NTA technique.

Generally, electron microscopy (EM), especially transmission

electron microscopy (TEM, resolution limit: 0.1-0.5 nm) is the

most frequently used in-depth analysis technique for size, mor-

phology, lamellarity or bilayer thickness. Almost all studies on

polymersomes and other self-assembly morphologies are based

on TEM. Image formation in TEM is based on sample interaction

of electrons transmitting through a thin sample slice. Regions of

high electron density in the sample (strong interaction) appear as

black, whereas regions of low electron density (low interaction)

are white90. The same holds for scanning electron microscopy

(SEM), but here the electrons are not passing the sample but

interact and excite sample atoms that emits so-called secondary

electrons that give information about the sample electron density

dependent on their energy91. To improve contrast, sample are

stained with electron-rich heavy metal atoms, gathering around

particles and emphasize their shape in the image (negative stain-

ing, NS). The great drawback is that EM (with exception of en-

vironmental scanning electron microscope, ESEM92) only works

under vacuum conditions. To overcome vacuum-induced sample

deformation, the sample is quick-frozen in liquid alkanes in order

to capture them in original shape in liquid solution and observed

at -180◦C (Cryo-SEM or -TEM). Optionally the sample can be frac-

tured to reveal the particle interior (freeze fracture, FF-SEM or

-TEM)93. Optical microscopy can visualize polymersomes in their

native environment however the main size dimension of interest

(nm range) is below the diffraction limit of photons. There are

two fluorescence-mediated optical microscope techniques used in

this study: Confocal laser scanning microscopy (CLSM) and gen-

eralized polarization microscopy (GPM). CLSM can maximize im-

age resolution within the diffraction limit by optical sectioning,

where only focal plane "sample slices" are taken sequentially and

in this case visualized by fluorophore laser excitement94. GPM

is based on the emission of the polarity sensitive fluorophore 6-

lauroyl-2-(dimethylamino)-naphthalene (Laurdan) that exhibits a

red shift with increasing environment polarity95. To overcome

the diffraction limit, super-resolution microscopes, mainly based

on fluorescence signaling, has been developed62. However, the

required use of fluorophores comes with additional mixing and

purification steps, limiting the use for routine measurements.

Besides EM, atomic force microscopy (AFM, resolution limit: 1

nm) has become a versatile tool for routine measurements, es-

pecially on size and topographic information. AFM utilizes an

elastic lifting arm (cantilever) with a microscopic tip scanning

the sample at small distance using a piezoelectric device. Gener-

ally, when the tip interacts with the sample, the cantilever bends

and this is monitored by a change of the laser reflection on the

cantilever surface, resulting in topographical information about

the sample96. There are various operation modes. The great-

est advantage and disadvantage at the same time is the sensi-

tivity of the cantilever tip. It enables atomic resolution imag-

ing, but is prone to vibration noise and undesired sample in-

teractions80,97. All mechanical-based manipulation techniques

(tether pulling98, micropipette aspiration99 and falling-ball vis-

cosimetry100) can be used complementary to AFM but are usually

limited to micrometer-sized polymersomes79. Micropipette aspi-

ration, used in this study, provides information about the elastic

properties of particles by micropipette suction. Here, the particle

surface is aspirated into a micrometer-sized glass tube while the

leading edge of its surface is monitored99. Other bilayer prop-

erties such as lamellarity, polarity and zeta potential can be ob-

tained as well by utilization of the electron or nuclear spin af-

ter applying an electrical field (electron paramagnetic resonance

(EPR)72,76,101, nuclear magnetic resonance (NMR)72,76,102 or

laser doppler electrophoresis (LDE). The latter method, employed

in this study, is based on particle movement due to particle charge

interaction with an applied electric field. The doppler shift of

particle scattered laser light is used to calculate particle veloc-

ity (equally to DLS) and zeta potential using the Smulochowski

model78.

Sorting analysis tools such as flow cytometry (FCM), size ex-

clusion chromatography (SEC) and asymmetric flow field-flow

fractionation (A4F) are usually combined with light scattering.

FCM103 is used mainly for cell analysis (as well as the most flu-

orescence microscopes). The main drawback of FCM is the lim-

ited detection level which makes detection challenging for poly-

mersome diameter (dP) less than 300nm. SEC104 is the most

well-established sorting technique, but suffers from polymer ad-

sorption on the column material. A4F105 has the advantage of

separating a wide range of particle size but requires an expensive

setup.

Here we attempt to provide a comparative and representative

overview of a total of 17 analyzing techniques for polymersomes

of a conventional chemistry for polymersome formation (Polybu-
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Table 2 Polymers used for this study. Polybutadiene33-Polyethylene

oxide18 (PB33-PEO18) was used in all studies except for polarity

measurements, where only the other four were used. All values were

determined using 1H NMR analysis. Mn stands for number-averaged

molecular weight, PDIM for polydispersity index of the polymer length,

defined as Mw/Mn, where Mw stands for weight-averaged molecular

weight and f for hydrophilic volume ratio.

Polymer Mn [g/mol] PDIM f

PB12-PEO9 1050 1.09 0.319

PB33-PEO18 2561 1.087 0.251

PB22-PEO23 2200 1.09 0.388

PB46-PEO23 3500 1.09 0.233

PB46-PEO30 3800 1.04 0.284

injected in a 5 ml round flask and put afterwards on a rotary

evaporator for at least 2 h at room temperature and 2 mbar at a

rotation speed of 120 rpm to evaporate CHCl3. The polymer was

then present as a smooth film on the flask wall. Afterwards, the

sample was rehydrated with 200 µl of tris buffer (10 mM tris pH

8.0, 50 mM NaCl) with 13 mg/ml n-Octyl-β -D-Glucopyranoside

(OG) and left stirring at least overnight at RT. The sample was

diluted with 800 µl tris buffer (polymersome concentration

25 mg/ml), whereafter 20 mg SM2 biobeads from Bio-Rad,

Hercules, USA were added to remove the OG between the

polymersome bilayer52. Afterwards, the sample was left on a

shaker with 200 rpm for 3 h at RT, whereafter another 20 mg

of biobeads were added. The sample was then left overnight

shaking with 200 rpm at 4◦C. Biobeads were removed using a

squeezed syringe. Polymersomes prepared by this procedure

were used for all analysis techniques except GPM analysis, they

were used though for CLSM.

DLS A Nano Zetasizer (Malvern, Worcestershire, UK) was

used for DLS experiments. PB33-PEO18 polymersomes in tris

buffer was injected (1 mL, 0.025 mg/mL) in a disposable cuvette

and subsequently measured three times with 6 runs of 10 s per

measurement at RT.

NTA For NTA analysis, 0.025 mg/ml PB33-PEO18 polymer-

somes in tris buffer were introduced manually in the analysis

chamber of the NTA analysis instrument LM10 (Nanosight,

Wiltshire, UK) equipped with a laser of wavelength 638 nm and

the NTA software version 3.0. For each samples, three videos

of 60 s were recorded with a camera level of 11 and a frame

rate of 30 frames/s. The videos were analyzed with a detection

threshold of 4 (blur size and minimum track length: auto).

SAXS Prior to SAXS measurement, 20 mg/ml PB33-PEO18

polymersomes in tris buffer were dialyzed 1.5 days with a 300

kDa 1ml Float-a-lyzer (VWR, Herlev, Denmark) and subse-

quently extruded 20 times through track-etched polycarbonate

membranes with 200nm pore size. SAXS measurements were

performed at the BioSAXS beamline BM29 at the European

Synchrotron Radiation Facility (ESRF) in Grenoble, France, and

again using the U-SAXS beamline ID02 also at ESRF two days

later. Scattering intensity was measured as a function of the

magnitude q of the scattering vector given as q = 4π sin(θ)/

where 2θ is the scattering angle and λ is the wavelength of the

incoming radiation. The setting at BM29 covered a q-range from

0.04 to 5 nm−1 and the ultra small-angle setup at ID02 covered

the range from 0.002 to 0.25 nm−1 giving a combined q-range

from 0.002 to 5 reciprocal nm with a substantial overlap. Data

were background subtracted and radially averaged using the

standard software at the beamlines. Absolute calibration was

done using water as a known scattering standard.

SANS Prior to SANS measurement, 20mg/ml PB33-PEO18

polymersomes in deuterated tris buffer were dialyzed 1.5 days

with a 300 kDa 1 ml Float-a-lyzer (VWR, Herlev, Denmark), and

subsequently extruded 20 times through track-etched polycar-

bonate membranes with 200 nm pore size. SANS measurements

were performed at the Forschungs-Neutronenquelle Heinz

Maier-Leibnitz (FRM II), in Munich, Germany. Measurements

were performed at three different settings to obtain a large q-

range. Sample-detector distances were 1.27, 4 and 8 meter with

corresponding collimation lengths of 4, 4, and 8 meter. These

settings covered the q-ranges [0.35:4.5] nm−1 , [0.12:1.6] nm−1

and [0.057:0.77] nm−1. Data were background subtracted and

radially averaged using the standard software at the beamline.

Absolute calibration was performed using a plexiglass standard.

SFLS A SFM-300 (BioLogic, Claix, France) with a Xe-Hg

lamp was used to measure shrinking and swelling of polymer-

somes. The measured data was fitted to an exponential rise

equation to calculate the water permeability of the bilayer Pf ,

using the following expression114:

Pf =
k

(S/V0)VW ∆osm
(1)

where k is the rate constant of initial rise in the light scattering

curve, S/V0 the initial surface area to volume ratio of the vesicles,

Vw the molar volume of water (18 cm3/mol) and ∆osm difference

in osmolarity114. 1M NaCl with tris buffer was used as osmotic

agent. 3 ml of 3 mg/ml PB33-PEO18 polymersomes in tris buffer

was measured at an excitation wavelength of 365 nm, a flow rate

of 12 ml/s in 8000 measuring points. 9 traces were averaged

with BioKine software. Analysis and normalization of curves was

performed with Excel, where the fitting was performed again

with BioKine software and Origin.

TEM Eight micro liters MilliQ water were placed on a glow-

discharge 400 mesh holey carbon copper grid (Agar scientific,

Essex, UK) and blotted off, followed by 3.5 µl of 2.5 mg/ml

PB33-PEO18 polymersomes in tris buffer that was allowed to

adsorb for 2 min. The grid was loaded with another 8 µl MilliQ

water to wash out the remaining salt. The grid was placed in

CM100 TEM (Philips, Amsterdam, Netherlands) the same day.

This TEM has an installed Veleta 2k CCD camera (Olympus,

Shinjuku, Japan). The applied voltage on a tungsten source was

80 kV with a 100 µm objective lense aperture.

6 | 1–21
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NS-TEM Eight microliters MilliQ water were dropped on a

glow-discharge 400 mesh holey carbon copper grid (Agar

scientific, Essex, UK), blotted off and rehydrated twice with 8

µl phosphor tungsten acid. This procedure was followed by

injecting 3.5 µl 2.5 mg/ml PB33-PEO18 polymersomes in tris

buffer with adsorption time of 2 min, followed by washing

with 8 µl MilliQ water. Finally, 8 µl phosphor tungsten acid

were adsorped for 0.5 min and blotted off afterwards. The grid

was placed directly afterwards in the same TEM with the same

parameters as for the TEM analysis. Size analysis of the TEM

pictures was performed by manual measurement using the image

analysis software Gimp 2.8.

Cryo-TEM Three micrometers of 25 mg/ml PB33-PEO18

polymersomes in tris buffer was admitted to a glow-discharged

300 mesh holey carbon formvar copper grid (Agar scientific,

Essex, UK), mounted on a Vitrobot mark 5 (FEI, Hillsboro, USA).

After removal of excessive sample by automated blotting, the

sample was rapidly frozen by being plunched into liquid ethane

and subsequently cooled down further to approximately -174◦C.

The grid was then moved to the Cryo transporter system and

mounted in the Gatan cryoholder (FEI, Hillsboro, USA). The

sample was observed with a Tecnai G2 200 kV with a 4x4k CCD

eagle camera, both (FEI, Hillsboro, USA). The applied voltage

on applied voltage on a LaB6 source was 200 kV. Size analysis

of the TEM pictures was performed by manual measurement

over Gimp. Lamellarity measurements was done by manual

counting uni- and multilamellar polymersomes at several images

per sample with a reasonable amount of polymersomes.

FF-TEM FF was performed on a MED020 with EM VCT100

shuttle attached (Leica, Wetzlar, Germany). 1.2 µl of 25 mg/ml

PB33-PEO18 polymersomes in tris buffer was injected into a 3

mm aluminium sample carrier at the side with 300 µm depth.

Afterwards, another one was placed on top with the 200 µm

depth side, but care had to be taken to avoid air bubbles in

between. This sandwich was then plunged into liquid ethane

for 20 s and then immediately in liquid N2. The sample carrier

was afterwards fixed at the sample holder and introduced in

a high vacuum chamber (2·10−6 mbar) at -140◦C. After the

lower sample carrier had been removed, the sample was coated

at the same temperature with 2nm carbon, afterwards by 4

nm platinum with 45◦ tilted and finally with a 19 nm carbon

protection layer without tilt. Outside of the chamber, the carrier

was thawed for 5 min at RT, whereafter it was carefully placed at

45◦ angle into a 200 µl bath of tris buffer with 100 mg/ml OG

for 5 min for solubilizing the polymersomes. Finally, the removed

replica or single pieces of it were placed on uncoated 400 mesh

copper grid that were as well carefully placed in the bath at 45◦.

The grid was observed in the same way, as described in the TEM

analysis section. Size analysis of the TEM pictures was performed

by manual measurement over Gimp, using a correction factor of

4/π to balance out the diameter error when the fracturing is not

in equatorial plane64.

SEM PB33-PEO18 polymersomes in tris buffer with concen-

trations 25 mg/ml, 2.5 mg/ml and 0.25 mg/ml, respectively,

were dropped on a SEM holder with carbon tape on and left

overnight for air drying.were dropped on a SEM holder with

carbon tape on and left overnight for air drying.The holder

was then placed in a Quanta FEG 3D SEM (Philips, Amsterdam,

Netherlands) with 5 kV electrons, spot size 1 and 30 µm objective

lense aperture. Size analysis of the SEM pictures was performed

by manual measurement over Gimp.

FF-Cryo-SEM FF was performed on a MED020 with EM

VCT100 shuttle attached (Leica, Wetzlar, Germany). 1.2 µl of 25

mg/ml PB33-PEO18 polymersome in tris buffer was injected into a

3 mm aluminium sample carrier at the side with 300 µm depth.

Another one was placed on top with the 200 µm depth side. This

sandwich was then plunged into liquid ethane for 20 s and then

immediately in liquid N2. The sample carrier was afterwards

fixed at the sample holder and introduced in a high vacuum

chamber (2·10−6 mbar) at -110◦C. After the lower sample carrier

had been removed, the sample was left for sublimation at -110◦C

for 1 min. The sample was subsequently coated at the same

temperature with 8 nm platinum with 45◦ tilted and finally with

a 19 nm carbon protection layer without tilting. The transfer

chamber was then mounted at the cooling stage of the Quanta

FEG 3D SEM (Philips, Amsterdam, Netherlands) and introduced

in the vacuum chamber. The SEM was operated as described in

the SEM analysis section. Size analysis of the SEM pictures was

performed by manual measurement via Gimp, using a correction

factor of 4/π 64. Lamellarity measurements were done by manual

counting uni- and multilamellar polymersomes on at least three

images per sample with a reasonable amount of polymersomes.

CLSM Five micrometers of 25 mg/ml PB33-PEO18 polymer-

somes in tris buffer, labelled with Coumarin 6 (Sigma-Aldrich,

Brøndby, Denmark), were placed inside a Zeiss LSM 710 confocal

laser scanning microscope (Carl-Zeiss, Jena, Germany) with

a 63x 1.4NA oil objective. Sections of different focus area

were taken, with 10 images per section. dP was measured

automatically from the LSM 710 software.

GPM Vesicles of PB12-PEO9, PB22-PEO23, PB46-PEO23, PB46-PEO30

and DOPC were prepared either via gentle film rehydration58 or

electroformation115. In gentle film rehydration, 10 mg/ml am-

phiphiles in CHCl3 and glucose from a 1 mg/ml stock in methanol

at a molar ratio of 1:1 as well as 16 µl Laurdan (Invitrogen, Carls-

bad, USA) were injected in glass vial. The sample was dehydrated

using blow-drying with nitrogen flow that a film appeared on the

glass wall and dried on vacuum for 3-12 h. MilliQ water was

added carefully to the sample without shaking the sample. The

solution was left for 12 h in the dark at RT. Electroformation was

done in a VesiclePrepPro chamber (Nanoion, Munich, Germany).

Ten mg/ml amphiphiles in CHCl3 and Laurdan were dehydrated

on a indium tin oxide (ITO) coated glass slide for 1 h at RT. A

greased o-ring was put around the dehydrated spot. MilliQ wa-

ter was injected into the space in order to give a final amphiphile

concentration of 0.1 mg/ml. Another ITO coated slide was placed

onto the ring with care not to produce air bubbles. The Vesi-
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minimizing the bias towards larger polymersomes.

NTA can be seen as a superior fast technique compared to DLS,

due to size-distributions based on number-averages, in contrast to

algorithm-based averages with DLS measurements. NTA has the

same easy preparation as DLS, however it faces as well the same

problems as DLS, when it comes to polydisperse samples and the

large difference in scattering intensity between larger and smaller

polymersomes37. Care has to be taken with the interpretation of

NTA size analysis especially for polymersomes that generally have

a low refractive index36.

For analysis focusing on vesicle morphology and size measure-

ments, NS-TEM is the method of choice for polymersomes with

dp < 200nm, due to its simple preparation procedures compared

to FF-TEM, Cryo-TEM and FF-Cryo-SEM. For encapsulation, NS-

TEM has advantages over Cryo-TEM due to the possibility of dif-

ferential staining113. However, results from NS-TEM analysis

needs to be substantiated by data from other methods, due to

osmotic shrinkage caused by the staining agent.

Cryo-TEM remains the method of choice for obtaining a reli-

able size distribution of polymersomes below 400nm. For dP and

lamellarity measurements, it is the most realistic imaging of all

methods analyzed here, due to the "capture" of polymersomes in

native environments. There are no size limitations or additional

labeling steps necessary as the case with CLSM or super resolu-

tion microscopy techniques such as STED. However, for obtaining

the tP values, care has to be taken with smaller polymersomes,

which may be artificially thicker due to the contrast flucuations

near the equatorial plane of the polymersomes.

FF-TEM has good practical feasibility in the sense that the sam-

ples can be analyzed and stored over long time periods, in con-

trast to sample preparation for Cryo-TEM analyses. Also FF-TEM

is well suited for analysis of membrane proteins incorporation139.

However, if exact dP determination are required, Cryo-TEM is su-

perior for getting a reliable size distribution.

FF-Cryo-SEM is the method of choice for morphology and topol-

ogy analysis of multivesicular (and to a less extent) multilamellar

polymersomes. Due to good resolution and three dimensional

projection between 50 nm and micrometer scale, it can fill the

"analysis-gap" between TEM and photon-mediated visualization

techniques. Also information obtained with FF-Cryo-SEM can

be enhanced within NTA analysis. However, FF-Cryo-SEM has a

poorer resolution compared to TEM and more rapid damaging of

the sample when observing at higher magnifications.

CLSM provides reliable dP measurements for polymersomes

with dP > 400 nm. For polymersomes with smaller dPs (i.e. < 200

nm), the technique requires novel enhancements from the super

resolution family such as STED. Establishing comparative dP stud-

ies with CLSM and EM-based methods, scattering and mechanical

manipulation approaches will be a major future challenge.

AFM is a versatile fast technique for smaller polymersomes.

AFM size distributions closely matches distributions achieved

with Cryo-TEM. Deflation or deformation effects for polymer-

somes below dP of 400 nm seems to have only little influence

on the size distribution, in contrast to measurements on liposome

samples. AFM gives results comparable to what can be achieved

with FF-TEM. However, AFM is not well suited for analysis of poly-

mersomes multilamellarity or multivesicularity.

SAXS and SANS provides reliable information on tP, size and

polydispersity of the polymersomes, where tP can be measured

with higher accuracy compared to TEM. However their use will al-

ways be limited by complex analytical data analysis and the need

for access to large-scale radiation facilities.

Micro pipette aspiration is a great technique to obtain elastic

properties of polymersomes. The downside is that it is quite time

consuming in terms of manually aspirating single polymersomes.

A big advantage compared to AFM is the visualization of the de-

formation of the entire polymersome during surface tension mea-

surement with applied pressure that will reduce errors of mea-

surement. AFM could use a spot of something else than the poly-

mersome for obtaining the elastic moduli.

SFLS is an easy and quick tool for measuring permeabilities

through polymersome bilayers. Depending on the instrument and

the algorithm used, calculated permeabilities can be significantly

different. Furthermore, monodisperse and unilamellar polymer-

somes are required to obtain reliable values.

Finally, LDE in combination with DLS can provide reliable in-

formation on the zeta potential of polymersomes. For PB-PEO

polymersomes, the zeta potential was minimal, thus this system

is prone to aggregation. Care has to be taken to the buffer solu-

tion, as ions can greatly influence the measurements.

The work presented here on polymersomes can be seen as a

preparative step prior towards further processing and use of poly-

mersomes. Thus, all the analysis methods discussed here are di-

rectly applicable in polymersome-based applications such as drug

delivery systems16, artificial cells21 or biomimetic membrane

technology27. In this development, the methods presented here

will have to be supplemented by methods focusing on character-

izing biomolecule encapsulation and protein incorporation char-

acterization. Integration of these characterization methods con-

stitutes an interesting challenge to be addressed in future poly-

mersome research and associated technological developments.
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6 Abbreviations/Nomenclature

A0 - Initial polymersome surface area

A4F - Asymmetrical flow field-flow fractionation

AFM - Atomic force microscopy

Bd - 1,3-Butadiene

n-BuLi - n-Butyl lithium

n-Bu2Mg - n-Dibutylmagnesium

CGMD - Coarse grain molecular dynamics

CLSM - Confocal laser scanning microscopy

d - Particle diameter

dP - Polymersome diameter

DLS - Dynamic light scattering

DOPC - 1,2-dioleoyl-sn-glycero-3-phosphocholine

DPD - Dissipative particle dynamics

EM - Electron microscopy

EO - Ethylene oxide

EPR - Electron paramagnetic resonance

ESEM - Environmental scanning electron microscopy

ESRF - European Synchrotron Radiation Facility

f - Hydrophilic volume ratio

FACS - Fluorescence-activated cell-sorting

FCM - Flow cytometry

FCS - Fluorescence correlation microscopy

FF - Freeze fracture

FRM II - Forschungs-Neutronenquelle Heinz Maier-Leibnitz

FTLA - Finite track length adjustment

GPM - Generalized polarization microscopy

I - Light scattering intensity

ITO - Indium tin oxide

HPLC - High performance liquid chromatography

k - Rate constant of initial rise in stopped-flow light scattering

curve

Ka - Elastic-area compressibility modulus

kc - Bending elasticity modulus

Laurdan - 6-lauroyl-2-(dimethylamino)-naphthalene

LDE - Laser doppler electrophoresis

Mn - Number-averaged molecular weight

Mw - Weight-averaged molecular weight

MD - Molecular dynamics

NMR - Nuclear magnetic resonance

NNLS - Non-negatively constrained least squares

NS - Negative staining

NTA - Nanoparticle tracking analysis

OG - n-Octyl-β -D-Glucopyranoside

Pf - Bilayer permeablity

PAA - Polyacrylic acid

PB - 1,2-Polybutadiene

PCM - Phase contrast microscopy

PDIM - Polydispersity index of the polymer length, defined as

Mw/Mn

PDIDLS - Polydispersity index of DLS analysis

PEO - Polyethylene oxide

PS - Polystyrene

q - X-ray and neutron scattering vector

RP - Outer polymersome radius

RT - Room temperature

S - Vesicle surface area

SANS - Small-angle neutron scattering

SAXS - Small-angle x-ray scattering

SEC - Size exclusion chromatography

SDL - Size detection limit

SEM - scanning electron microscopy

SFLS - Stopped-flow light scattering

SLS - Static light scattering

STED - Stimulated emission depletion microscopy

STM - Scanning tunneling microscopy

tP - Thickness of the hydrophobic core of polymersomes

tBuP4 - 1-tert-Butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris

(dimethyl-amino)-phosphoranylidenamino]-2λ 5,4λ 5-

catenadi(phosphazene)

TEM - Transmission electron microscopy

THF - Tetrahydrofuran

TRPS - Tunable resistive pulse sensing

V0 - Vesicle volume before osmotic shock at stopped-flow light

scattering

Vw - Molar volume of water (10 cm3/mol)

WAXS - Wide-angle x-ray scattering

ZD - Intensity-weighted hydrodynamic diameter

α - Fractional surface area change of polymersomes

δ - Distribution width of polymersome diameter at DLS analysis

∆osm - Difference in osmolarity

∆A - Polymersomes surface area change

θ - X-ray or neutron scattering angle

λ - Wavelength

τ - Isotropic tension change of the polymersome surface
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