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Polymersomes, vesicles self-assembled from amphiphilic block copolymers, are well known for their
robustness and for their broad applicability. Generating polymersomes of different shape is a topic of
recent attention, specifically in the field of biomedical applications. To obtain information about their
exact shape, tomography based on cryo-electron microscopy is usually the most preferred technique.
Unfortunately, this technique is rather time consuming and expensive. Here we demonstrate an alter-

native analytical approach for the characterization of differently shaped polymersomes such as spheres,
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prolates and discs via the combination of multi-angle light scattering (MALS) and quasi-elastic light
scattering (QELS). The use of these coupled techniques allowed for accurate determination of both the
radius of gyration (R,) and the hydrodynamic radius (Rp). This afforded us to determine the shape ratio p
(Rg/Rp) with which we were able to distinguish between polymersome spheres, discs and rods.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Numerous biomedical applications that involve interaction be-
tween cells and particles are greatly affected by chemophysical
properties such as particle size, surface chemistry and shape [1-3].
This latter property is more difficult to control than the other fea-
tures, which therefore led until recently to an underrepresentation
of publications on shape effects in particle-cell interactions in the
nanomedicine field. The importance of shape is nowadays well
recognized and also different approaches have been reported, such
as the PRINT technology [4—7] and particle stretch techniques [8,9].
Bottom-up self-assembly of polymersomes with various shapes is
another emerging technique [2,10]. Polymersomes are assembled
from synthetic block copolymers containing hydrophobic and hy-
drophilic blocks [11], which can be chemically modified to offer
functionality either on the surface or in the membrane bilayer
[12,13]. In addition, the shape of these polymersomes can be
transformed into a large array of morphologies [14—16]. In general,
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vesicles can change shape from an initially spherical morphology
via two possible routes: deflation via oblates (discs) or deflation via
prolates (rods) as is shown in Fig. 1 [17].

In order to gain more information about the shape of the formed
structures, dry and cryo-electron microscopy techniques, both in
scanning (SEM) and transmission (TEM) mode, are the method of
choice [18]. In some cases differentiation between different mor-
phologies (e.g. discs and spheres) can be rather difficult and
misleading and therefore, multi angle tomography imaging has to
be performed on these structures to obtain an accurate geometrical
understanding. Unfortunately, these techniques are rather expen-
sive, not accessible to everyone and also time consuming, as sample
preparation requires long waiting times. It would therefore be ad-
vantageous to have access to a shape characterization technique,
which is robust, fast and does not require extensive sample
preparation.

An attractive method for polymersome shape analysis that we
propose is the combination of asymmetric flow field flow frac-
tionation (AF4), coupled with static light scattering (MALS) and
dynamic light scattering detectors (QELS). AF4 is necessary for the
fractionation of the sample components prior to detection, which
enables the collection of informative data from monodisperse
particles instead of the whole sample population [19,20]. MALS
furthermore provides information regarding the radius of gyration
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Fig. 1. Schematic illustration showing the two possible deflation paths of a spherical
polymersome. Deflation occurs either via the prolates (prolate spheroids and rods) or
oblates (oblate spheroids and discs). All shapes are cylindrically symmetric, with the
axis of symmetry given by the dashed arrows.

(Rg), also known as the root-mean-square radius (rms) while the
hydrodynamic radius (Ry) is determined by using QELS. The ratio of
the two radii gives a shape ratio, p, which is specific to the particle
morphology [21—-26]. The combination of AF4-MALS-QELS was
previously used to characterize several morphologies of polymer
aggregates, in particular micelles [27—30]. The use of this technique
to characterize the shapes of different polymer vesicles has been
overlooked so far. Till et al. showed that this technique is also
valuable for the analysis of polymersomes assembled from different
polymer types and lengths [31]. Shape ratios for polymersomes
could however only be determined for spheres, but not for other
morphologies. To the best of our knowledge this is the first and only
example to use this technique on various polymeric vesicles for
shape analysis. Herein we report how AF4-MALS-QELS can be used
as a generic method for the characterization of different poly
(ethylene glycol)-b-poly(styrene) (PEG-PS) based polymersome
morphologies (spheres, discs and rods).

2. Materials and methods

All chemicals were used as received unless otherwise stated.
Styrene was distilled before polymerization to remove the inhibi-
tor. CuBr, prior to use, was washed using glacial acetic acid, ethanol
and diethylether and left to dry under vacuum. Anisole and N, N, N/,
N", N’-pentamethyl-diethylenetriamine (PMDETA) were pur-
chased from Sigma Aldrich. For the self assembly, polymer was
dissolved in tetrahydrofuran (HPLC grade) and 1,4 dioxane (HPLC
grade), which were purchased from Biosolve B.V. Ultra-pure MilliQ
water that was used for the self-assembly was obtained from a
Labconco Water Pro PS purification system (18.2 MQ). Sodium ni-
trate used for preparing the AF4 eluent was purchased from Merck.

Poly(ethylene glycol)-polystyrene (PEG,-PSy,) was synthesized
by atom-transfer radical polymerization (ATRP) starting from PEG-
macro initiators as described previously [32] yielding PEG44-PS133
polymers with a P = 1.06 and M, = 16.0 kg mol .

Sample preparation was performed by dissolving 10 mg of
PEG44-PSq33 in a 2:3 (vol/vol) mixture of 1,4-dioxane and THF while
stirring at 750 rpm. Water was added by a syringe pump at a rate of
1 mL h™! (under constant stirring) until the final volume of the
solution reached 4 mL [33]. Self-assembly always occurred when
the water content reached a value of about 20% (vol), which was

noticeable by sample becoming cloudy.

To create spherical polymersomes, the polymers were initially
dissolved in 1 mL of organic solvent mixture after which 3 mL of water
was added. Immediately after sample preparation, an aliquot of
sample was kinetically trapped by injecting it into an excess of water.
To create disc-shaped polymersomes, the polymers were dissolved in
1.33 mL of organic solvent mixture and 2.66 mL of water was added.
Self-assembly occurred after the addition of 0.33 mL of water. The
remaining 2.33 mL of water was added after self-assembly, which led
to a difference in solvent composition (osmotic pressure) between the
polymersome interior and exterior. Afterwards, the sample was left to
stand to equilibrate over 1 day during which time the polymersomes
deflated into discs, to relieve the osmotic pressure. An aliquot of this
sample was quenched by injecting it in an excess of water. To create
rod-shaped polymersomes, the polymers were dissolved in 2 mL of
organic solvent mixture and 2 mL of water was added. Self-assembly
occurred after the addition of 0.5 mL of water. The remaining 1.5 mL of
water was added after self-assembly which, this time, led to a smaller
difference in solvent composition (osmotic pressure) between the
polymersome interior and exterior. The sample was left to stand for 3
days during which the polymersomes deflated into rods, to relieve the
osmotic pressure. At that time, an aliquot was kinetically trapped by
injecting it into an excess of water. Only the kinetically trapped
samples were used for TEM, cryo-TEM and AF4-QELS-MALS.

2.1. Proton nuclear resonance

AVarian Inova 400 was used to record the 'HNMR spectra of the
block copolymer. CDCl3 was used as solvent and TMS as an internal
standard.

2.2. Gel permeation chromatography

A Shimadzu Prominence GPC system equipped with a PL gel
5 um mixed D column (Polymer Laboratories) and differential
refractive index and UV (254 nm) detectors was used to determine
the molecular weight and D of the block-copolymer. Calibration
was performed by using polystyrene standards in the range of 580
to 377,400 g mol~L. THF was used as eluent with a flow rate of
1 mL min~,

2.3. Transmission electron microscopy

A JEOL 1010 microscope equipped with a CCD camera at an ac-
celeration voltage of 60 kV was used to image the formed mor-
phologies. Samples were prepared by placing 5 L of the solution on
a carbon-coated Cu grid (200 mesh, EM science) which were
allowed to air-dry for at least 24 h. Processing and analysis of TEM
images was performed using Image] software, a program devel-
oped by the NIH and available as public domain software at http://
rsbweb.nih.gov/ij/.

2.4. Cryogenic transmission microscopy

The cryogenic transmission electron microscopy (Cryo-TEM)
experiments were performed on a JEOL TEM 2100 microscope
(JEOL, Japan) and processed and analyzed using Image] software.

2.5. AF4-UV-MALS-QELS

The asymmetric flow field flow fractionation — UV — multi angle
light scattering - quasi light scattering (AF4-UV-MALS-QELS) ex-
periments were performed using a Wyatt Eclipse AF4 instrument
with a short channel equipped with a regenerated cellulose (RC)
10 kDa membrane (Millipore) and spacer of 350 um. The channel
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was linked to a Shimadzu LC-20A Prominence system with Shi-
madzu CTO20A injector. The following detectors were connected to
the AF4 system: a Shimadzu SPD20A UV detector; a Wyatt DAWN
HELEOS II light scattering detector (MALS) installed at various an-
gles (12.9°, 20.6°, 29.6°, 37.4°, 44.8°, 53.0°, 61.1°, 70.1°, 80.1°, 90.0°,
99.9°, 109.9°, 120.1°, 130.5°, 149.1°, and 157.8°) operated with a
664.5 nm laser; a QELS detector installed at an angle of 140.1° and a
Wyatt Optilab Rex refractive index detector. Prior to the measure-
ments detectors were normalized using Bovine Serum Albumin.
The AF4 channel was pre-washed with running solution of 5 mM
NaNOs. This solution was also used as eluent. The processing and
analysis of the Ry and the Rj, data were performed using Astra 6.1.1.
The exact methods used are available in the Supplementary
Tables 1 and 2

3. Results and discussions
3.1. Theoretical approximation of Rg/Rp

The dimensions of particles can be described by the hydrody-
namic radius (Ry) and the radius of gyration (Rg). Ry is the radius of a
hard sphere in solution and it is described via equation [20,34,35].

kT
h = 6mD

(1)

with k the Boltzmann constant, T the temperature, 5 the viscosity of
the solvent and D the diffusion coefficient of the polymersome. Rg is
an angular dependent value that can be defined as the root mean
square distance between mass and their common center and it can
be calculated by [36].

R :%fﬂ-dv 2)

with V the volume of the scattering part of the polymersome and r
the distance between the center of mass and an infinitesimal small
scattering volume element. The combination of Rg and R, allows the
shape dependent factor p (=Rg/Ry) to be calculated in order to
distinguish between spheres, discs and rods [34,37,38].

Polymersomes are filled with and surrounded by solvents,
which do not scatter light. The only part of the polymersomes that
does scatter light is the PEG-PS membrane itself. By definition, the
polymersome membrane is located at the surface of the vesicle and
therefore only the polymersome membrane contributes to Ry
Therefore, equation (2) becomes:

Rgz%y{ﬂ«m (3)

For a spherical polymersome, all the scattering mass is
concentrated on the surface of the sphere, at radius R. The hydro-
dynamic radius of a sphere is by definition always equal to the outer
radius R and therefore Rg/Ry = 1 [39]. The expected value of Rg/Ry
for a hollow rod or a hollow disc is however more complicated since
it also depends on the aspect ratio and the exact shape. Over the
last years, equations for calculating the Ry of rods and discs have
been formulated [35,36,38,40—42]. However, the equations for
discs are mostly valid for solid toroidal discs (like micellar discs)
and do not apply to hollow biconcave discs [35,36,42]. The ex-
pressions for rods are furthermore only valid for large aspect ratios
[38,40,41] (supplementary information 1 and Supplementary
Fig. 1). Our polymersome rods and discs have a relatively low
aspect ratio, in the order of 2—4. Therefore, we have chosen to use
the equations of Perrin for oblate and prolate spheroids as an
approximation [38,43], which are especially valid in the low aspect

ratio regime. Using these equations we calculated Ry, as a function
of the aspect ratio. The corresponding value of R; was obtained by
numerically calculating the integral given in equation (3) over the
surface of both oblate and prolate hollow spheroids (supplemen-
tary information 1 and Supplementary Fig. 2). The calculated values
of Rg/Ry are shown in Fig. 2.

For both rods and discs, the value of Rg¢/Ry, is expected to be
larger than that of spheres. The increase in Rg/Ry with increasing
aspect ratio is expected to be largest for the prolates.

3.2. Experimental shape analysis via AF4- MALS-QELS

We started by confirming the morphologies of the three
different polymersome samples using TEM and (multi angle) cryo-
TEM imaging techniques (Fig. 3 and Supplementary Fig. 3). More-
over, batch DLS was used to confirm both the sizes and the relative
small poly dispersity of the structures (Supplementary Fig. 4).

Having confirmed the final morphologies of these PEG-PS pol-
ymersomes, we continued to investigate whether their experi-
mentally measured dimensionless shape parameter p (Rg/Ry) would
match their expected theoretical values. Aliquots of the samples
with different morphologies were injected into the AF4 system and
the flow program was optimized to obtain high-resolution peaks
and high particle count (supplementary information 2.2). Spherical
polymersomes were analyzed after the AF4 run and no change in
shape was observed (Supplementary Fig. 5). This was to be ex-
pected due to the glassy nature of PS based polymersomes. Via
thorough analysis of the acquired light scattering data, information
about the colloidal radii Ry and R, was obtained, while the ratio of
R¢/Rp, provided information about the shape (Fig. 4).

We first started by measuring spherical polymersome samples.
Analysis of their light scattering data resulted as expected in an
average R, almost equal to the measured Ry, leading to an Rg/Rj, of
1.01 + 0.04 (Fig. 4d and Supplementary Fig. 9), which is in agree-
ment with the theoretical hollow sphere shape ratio. The light
scattering data of the discs showed a relatively high Ry value
compared to the R, which resulted in an Rg/Rj, of 1.20 + 0.07 (Fig. 4d
and Supplementary Fig. 10), referring to disc-like structures (Fig. 2).
The light scattering data of the prolate samples revealed a
considerably larger average Rg in comparison with the Ry, value. This

2.6 hollow oblate spheroid
2.4 —— hollow prolate spheroid

. 2.2
x 2
™~ 1.8
X 16
1.4

1.2

1

0 2

10’ 10
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Fig. 2. Theoretical expected values of Rg/Ry, for hollow oblate spheroids and hollow
prolate spheroids as function of the aspect ratio. For an aspect ratio of 1, both the
prolates and the oblates represent a sphere and thus Rg/Ry, starts at 1. For both oblates
and prolates, the value of Rg/Ry, increases with increasing aspect ratio, although the
effect is much larger for the prolates.
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spheres

prolates

Fig. 3. Cryo-TEM (a, b and c) and dry-TEM images (d, e and f) of spheres (a, d), discs
(b,e) and prolates (rods) (c,f). All scale bars are 500 nm. The spheres in the dry-TEM
image are collapsed due to drying effects but the cryo-TEM image clearly proves the
spherical morphology. The discs have a different intensity distribution than spheres in
cryo-TEM but in dry-TEM the differences are much more clear. The rods are very well
recognizable in both cryo-TEM and TEM. Angle dependent cryo-TEM for all three
morphologies is shown in Supplementary Fig. 3.

large difference led to an Rg/R; of 1.64 + 0.15 (Fig. 4d and
Supplementary Fig. 11). The experimental data shows indeed that
the rods and the discs have a higher Rg/R, than spheres as was
predicted, with that of the rods being the largest. This trend is in
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agreement with the theoretical predictions in Fig. 2. However a
quantitative match between the experimental data with the pre-
dictions is not observed (Supplementary Fig. 12), which can be
attributed to the differences in mass distribution between discs or
rods, and the theoretical oblate or prolate spheroids, which would
alter R. As there are currently no exact expressions for Ry, for hol-
low rods and hollow biconcave discs of low aspect ratio these de-
viations are to be expected. Nevertheless, we have proven that it is
certainly possible to distinguish between spherical, rod-shaped and
disc-shaped polymersomes based on the measured Rg/R; values
alone, since these values and their spreads are all in different re-
gimes and do not overlap.

4. Conclusion

In summary, we have shown that spherical, disc-shaped and
rod-shaped PEG-PS polymersomes can be distinguished by
measuring their hydrodynamic radius and radius of gyration
simultaneously. The values of Rq/Rj, that were obtained experi-
mentally for the three different shapes differ significantly, with the
highest value observed for rods and the lowest for spheres, which is
in accordance with theoretical predictions based on prolate and
oblate spheroids. We therefore see great potential in employing the
combination of multi angle and quasi-elastic light scattering in the
research on polymersome shape changes. We expect that with the
development of good expressions for Rj, for polymersome discs and
rods of low aspect ratio, the MALS-QELS combination could not
only be used to experimentally distinguish between those shapes
but also to obtain their aspect ratios. Furthermore, we are confident
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Fig. 4. (a, b and c¢) Asymmetric flow field flow fractionation (AF4) fractograms of spheres (a), discs (b) and prolates (c). Full fractograms of spheres, discs and prolates at different LS
angles are available in Supplementary Figs. 6, 7 and 8. (d) Linear fitting of the measured shape ratio p (Rg/Rp,) of all three morphologies (individual data points are available in

Supplementary Fig. 9, 10 and 11).



LK.EA. Abdelmohsen et al. / Polymer 107 (2016) 445—449 449

that the combination of MALS and QELS will prove to be very useful
for shape characterization of a wide variety of other polymeric
assemblies in both academia and industry.
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