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Supplementary Figure 1. TEM and SEM images of sample 1 at seven different days after self-
assembly. Cryo-TEM (right) clearly shows that the morphology remains spherical over time. The
indented structures, due to drying, in normal TEM (left) can still be identified as spheres. All
scale bars are 500 nm.
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Supplementary Figure 2. TEM and SEM images of sample 2 at six different days after self-
assembly. Cryo-TEM is shown on the right. As can be seen, the morphology changed from
spherical to prolate after 1 day with the number of prolates increasing when the sample is 3 and 4
days old. After 8 and 14 days only spheres were observed. All scale bars are 500 nm.



Sample 3 TEM SEM CRYO-TEM

0 days old

1 days old

2 days old

3 days old

4 days old

12 days old

49 days old

Supplementary Figure 3. TEM and SEM images of sample 3 at seven different days after self-
assembly. Cryo-TEM is shown on the right. As can be seen, the morphology changed from
spherical to disc with the number of discs increasing over time. All scale bars are 500 nm.
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Supplementary Figure 4. Magnetic birefringence of sample 3 as function of sample age. The
magnetic birefringence of sample 3 was measured at room temperature over multiple days to
follow the equilibration process. A sudden increase of an order of magnitude in birefringence
was observed when the sample was 3 days old. These findings are in complete accordance with
the EM images which show a significant increase in discs after this time.
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Supplementary Figure 5. Magnetic field dependence of sample 3 at 50 °C. The magnetic
birefringence of sample 3 at 50 °C measured once at 0.5 T and once at 2 T. For comparison the
amplitude of the 0.5 T measurement is scaled to a 2 T measurement by multiplication with 16,
since the magnetic birefringence was observed to scale with B> up to 2 T. The two curves
overlap indicating that the magnetic field does not accelerate or decelerate the rate at which the
changes in morphology occur. Therefore a 2 T magnetic field can be used for probing sample 3
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Supplementary Figure 6. Magnetic birefringence of sample 3 at elevated temperatures.
Magnetic birefringence of sample 3 measured at 40 °C at 0, 1, 2 and 3 days after self-assembly.
As can be seen there is almost no change in birefringence when the sample is just self-assembled
(0 days old). The older the sample gets, the more easily the sample can make the transition to
discs and subsequently stomatocytes. The whole transition becomes smooth and stable with

temperature when the magnetic birefringence at t = 0 is at least 3% of the maximal birefringence
(at the peak).
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Supplementary Figure 7. Results of the equilibration experiments on sample 4. The sample was

made from PEG4-PSyo rather than PEG44-PS133 while the self-assembly procedure was identical

to that of sample 3. (a) In the TEM images we see that the first discs are observed when the

sample was 4 days old. (b) The magnetic birefringence measurements are in agreement with the

results from TEM. The observed effects and trends are very similar to those observed for sample

3 demonstrating that the experiment is quite robust to changes in the length of the PS block. All
scale bars are 500 nm.
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Supplementary Figure 8. Overview of the results from the measurements on sample 4 at
elevated temperatures. The sample was made from PEG44-PS;qo rather than PEG4-PS;133 while
the self-assembly procedure was identical to that of sample 3. (a) The magnetic birefringence
measurements at 40 °C show the same trend as sample 3 when measured over time. (b) TEM
images are in agreement with the changes in magnetic birefringence. At point | the morphology
is spherical (collapsed by drying), while point 1l shows discs and point 11l shows stomatocytes.
(c) Also for sample 4 it was possible to thermally quench the discs by lowering the temperature
right before the magnetic birefringence reached a maximum. These trends are all identical to the
ones observed for sample 3. All scalebars are 500 nm.
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Supplementary Figure 9. Parameterization of different shapes from EM images. The cryo-TEM
image of the prolates was taken from sample 2 which was 4 days old. All EM images of the discs
were taken on sample 3 which was warmed to 35 °C and quenched when the magnetic
birefringence was at a maximum. All discs were imaged with cryo-SEM, except for the fourth
which was a reconstruction from a cryo-TEM tomogram. The discontinuity in the background is
an artefact of the reconstruction. The cryo-TEM images of the stomatocytes were taken from
sample 3 which was warmed to 35 °C and quenched at the end of the magnetic birefringence
curve. For all EM-images, one half of the cross section was fitted since the structures are
cylindrically symmetric. For the cryo-SEM images, those halves were used that were parallel to
the surface. All scale bars are 250 nm.
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Supplementary Figure 10. Calculated shapes of lowest bending energy as function of the
reduced volume v. Using the spontaneous curvature model with ¢y = 0, the shapes of lowest
energy were calculated using the parameterization given in Supplementary Information 3. The
calculated shapes are in full agreement with those found by Seifert et al.®, demonstrating that it is
sufficient to only use the first four terms in our parameterization (Supplementary equations 1-5).
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Supplementary Figure 11. Angle-dependent cryo-TEM on sample 1. The sample at day 0, 5
and 14 are shown under 3 different angles: -45° 0° and 45°. At all days, we see circular
structures under all angles, proving that the 3D shape of the vesicles remains spherical over time.

All scale bars are 500 nm.
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Supplementary Figure 12. Angle-dependent cryo-TEM on sample 2. The sample at day 0, 4
and 14 are shown under 3 different angles: -45° 0° and 45°. At day 0 and 14 we see circular
structures under all angles, proving that the 3D shape of the vesicles at these times is indeed
spherical. At day 4 we see the prolates. The images recorded at -45° and 45° look similar and
show a shorter aspect ratio. The largest aspect ratio was observed at 0°, suggesting that the
prolates are lying with their symmetry axis in-plane as indicated by the red arrows. All scale
bars are 500 nm.
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Supplementary Figure 13. Angle-dependent cryo-TEM on sample 3. The sample at day 0, 3
and 49 are shown under 3 different angles: -45°, 0° and 45°. At day O we see circular structures
under all angles, proving that the 3D shape of the vesicles at this time is indeed spherical. At day
3 and 49 we see that there are also structures which look dented and not circular when looked at
from -45° or 45°. These disc-shapes polymersomes are lying with their symmetry axis out-of-
plane, since they are only circular when viewed from the top (0°). Some structures remain
spherical however as can be seen by their circular representation at all different angles. For the
discs, the symmetry axis are indicated by the red dots (out-of-plane arrow). All scale bars are 500
nm.

13



Sample 3

-45° 0° +45°

spheres
(begin curve,
point 1)

discs
(top curve,
point Il)

axis of symmetry
out of plane

axis of symmetry 5
out of plane 5

stomatocytes

(end curve,
point Ill)

axis of symmetry
out of plane

axis of symmetry
in plane

Supplementary Figure 14. Angle-dependent cryo-TEM on sample 3 at elevated temperatures
(35-40 °C). Before heating (point | in MB curve of figure 3), the shape is spherical. At point 11 of
the MB curve in figure 3, only discs were observed. The symmetry axis is out-of-plane
(indicated with red dot) since the discs looks circular when imaged at 0°. The stomatocytes
observed at the end of the experiment (point Il in the MB curve of figure 3) are found either
with their symmetry axis out-of-plane (red dot) or with their symmetry axis in-plane (red arrow).
Those found with their symmetry axis in-plane can be used for parameterization. All scale bars
are 500 nm.
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Supplementary Figure 15. Area difference of a polymersome. A vesicle of a particular shape
has three surface areas. The actual surface area A is defined by the midplane of the bilayer (solid
line). The outer and inner surface areas (Aoy: and Ajn) are determined by the midplanes of the
outer and inner monolayer respectively (dashed lines). The reduced area difference is calculated
by dividing the area difference (Aou: — Ain) Of a vesicle by that of a sphere with the same surface
area A. Likewise, the reduced volume is calculated by dividing the volume of the vesicle by that
of a sphere.
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Supplementary Figure 16. Minimized bending energy as function of reduced area difference
for a reduced volume of 0.52 (blue) and 0.66 (red). At v = 0.52 (and lower) the disc is no longer
a local minimum, but the stomatocyte is (at a reduced area difference of 0.42). At v = 0.66 (and
higher) the stomatocyte shape is no longer in a local minimum but the disc is (at a reduced area
difference of 1.04).
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Supplementary Table 1. Properties of the samples used directly after preparation.
Hydrodynamic radius (Rp) of samples and their PDI and spread were determined on a quenched
sample (injected in an excess of water).

Sample Average hydro- | PDI % (vv) | % v/v) | % (vIiv) 1,4
dynamic radius and water THF dioxane
spread (nm)

Sample 1 for equilibration at 277 + 84 0.093 25 45 30

room temperature

Sample 2 for equilibration at 265 + 96 0.130 50 30 20

room temperature

Sample 2 for temperature
275+ 86 0.096 50 30 20

measurements

Sample 3 for equilibration at 273 + 56 0.062 75 15 10

room temperature

Sample 3 for temperature 231 + 62 75 15 10

measurements 0.072

Sample 3  for testing

+

magnetic field effect 227 £79 0.121 /5 15 10

Sample 4 for equilibration at 931+ 72 0.095 75 15 10

room temperature

Supplementary Table 2. Parameters obtained from the fits shown in Supportive Fig. 9.

Shape a| A az ay b1 b2 b3 b4 v Aa
(107) [ 107 | 107 | ¢10T) | (¢107) | (107) (-107) | (107)

1 2.15 0 0 0 3.1 0 0 0 0.9672 | 1.0139
2 1.995 0 0.50625 | O 3.4 0 0.5 0 0.8323 | 1.1003
3 2.25 -0.15 -0.075 0.075 0.882 -0.195 -0.39 0 0.7266 | 1.0132
4 2.76 0 -0.15 0.15 0.75 -0.23625 | -0.45 0 0.6085 | 1.0200
5 2.55 -0.315 -0.075 0 0.882 -0.125 -0.5 -0.015 | 0.6776 | 1.0102
6 1.936 -0.055 -0.05775 | 0.165 0.495 -0.77 -0.275 | -0.033 | 0.4718 | 0.8993
7 1.1925 | -0.4275 | 0.72 -0.07442 | 0.009 -1.35 0.42 -0.27 0.5784 | 0.5597
8 11 -0.53 0.7 -0.072 -0.0252 | -1.32 0.42 -0.22 0.6666 | 0.5914
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Supplementary Discussions

Magnetic birefringence

To prove that the magnetic field of 2 T did not influence the experiment by inducing magnetic
deformation®? or by changing the rate at which the shape changes occur, the MB measurement at
50 °C was repeated at 0.5 T for comparison (Supplementary Fig. 5). No difference in amplitude
or transition rate was observed between the two, indicating that a magnetic field of 2 T can be
used to probe polymersome morphologies in sample 3.

MB of sample 3 at elevated temperature as function of time

The MB shown in Fig 3a. was measured when sample 3 was 1 day old. One can also repeat this
temperature experiment at different days after self-assembly when equilibration is in a different
stage. Temperature measurements on sample 3 were therefore also performed at different days
after self-assembly (Supplementary Fig. 6). It shows that the sample needs to equilibrate a day
before the transition becomes possible. A complete smooth transition becomes possible when the
initial birefringence is at least 3.5-10® which is typically after 1 to 3 days. The most probable
explanation for this delay is the fact that in the preparation of sample 3 the water content is
increased to 75%. This large amount of water is expected to initially vitrify the polystyrene part
of the membrane, thereby blocking any shape changes. Over time, organic solvent trapped in the
lumen of the polymersomes diffuses into the membrane and plasticises it sufficiently for shape
changes to occur. Indeed, the addition of a large excess of water (>95%) is a standard method to
permanently quench PEG-PS polymersomes by vitrification of the PS part of the membrane®”®.

Effect of solvent composition on deflation

To understand why spheres deflate via prolates in sample 2 and via discs in sample 3 one should
take into account that the solvent composition in the polymersome interior is different from the
exterior after sample preparation. Since the interior contains a larger amount of organic solvent
than the exterior, one would expect the membrane to be more swollen on the polymersome
interior than on the exterior. In the spontaneous curvature model this would lead to the
introduction of a negative spontaneous curvature which is largest for sample 3 and smallest for
sample 1. For a reduced spontaneous curvature between 0 and -1.18, the prolates are still lowest
in energy when deflating from a sphere. For cq < -1.18 the discs will be lower in energy when
deflating from a sphere.” This is indeed what we experimentally observe. Sample 3 indeed
deflates via discs while sample 2 deflates via prolates.
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Supplementary Methods
Parameterization of shapes and calculations

For each different shape, we selected electron microscopy images such that the axis of symmetry
was as closely as possible in the plane of the image. For rods and stomatocytes the clearest
pictures were obtained in cryo-TEM and we could readily find good cross sections. Discs always
lie flat in cryo-TEM with their axis of symmetry out-of-plane. For those, freeze-fractioning cryo-
SEM was required as with this technique all orientations are present. We could only observe the
cross section of the intermediate shape between disc and stomatocyte with cryo-TEM
tomography. Using a Matlab script we extracted key points (see Supplementary Figure 9) from
the cross sections that subsequently were subjected to a fitting routine.

All parameterizations of shapes are performed using the following fitting formula:
x = Y4y apsin(n - v) (1)
2= Yhey by cos(n - v) 2)

With v from 0 to nt. The three dimensional shape is obtained by revolving the fit around the z-
axis.

x = (Th=1 ansin(n - v)) - cos(w) 3)
y = (Zhe1ansin(n-v)) - sin(u) 4)
2=t b, cos(n-v) (5)
With u from 0 to 2.

To find out an acceptable number of /, we reproduced the shapes of minimal bending energy as
was calculated before by Seifert et al. for different reduced volume.*’ For / = 4, the exact same
solutions could be reproduced (Supportive Fig. 9), demonstrating that it is sufficient to only use
the first 4 terms in Supplementary equations 1-5.

Fittings and calculations are performed with a home-made Matlab script in which the sum of the
squares of the errors between points on the membrane and the fit is minimalized.

The surface area 4 of a closed parameterized shape can be calculated by:

2T T
A= fu=0 fvz()](v; u)-dv-du ©)
with J(v,u), the Jacobian, defined as:

or % or
dv  du

Jw,u) = (7

with r = (x, y, z), the vector describing a certain point with coordinates x, y and z on the vesicle
surface. The volume V of a closed parameterized shape can be calculated by:
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ST e (R _0X)
V_fu=0fU=OZ(U) (auav auav) dv - du (8)

Working out Supplementary equation 6 for our parameterization gives:

A=2m [ J() dv ©)
with:
1) = ( [Sho1n by sin(n- v) - Sy an sin(n - v)]? >°'5 (10

+[¥r_in-a,cos(n-v) - Ye_,a,sin(n-v)]?
Working out Supplementary equation 8§ for our parameterization gives:
V=2n fvnzo z(v) Qi aysin(n-v)Ci_n-a,cos(n-v))dv (11)
The reduced volume, v, is then defined as:
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v="V/ (gn (=) ) (12)
The area difference of a vesicle can be expressed by:
AA =4d $ HAA (13)

With H the mean curvature which can be written in terms of the parameterization®, d is the
distance between the midplanes of the whole membrane and the midplane of one monolayer,
which corresponds to “ith of the membrane thickness

The reduced area difference, Aa, is then defined as:

Aa = AA/ (16nd\/%> (14)

Determining the symmetry axis of the vesicles

To determine the symmetry axis of every shape encountered, we recorded cryo-TEM images of
all shapes at 3 different angles to obtain more information about their 3D shape and direction of
symmetry axis. For the equilibration experiments at room temperature of samples 1, 2 and 3,
these images are shown in Supplementary Figs 11, 12 and 13 respectively. For the temperature
experiments on sample 3, the cryo-TEM images are shown in figure 14.

It was observed that rods always lie with their symmetery axis in-plane, as is shown in
Supplementary Figure 12. Discs lie with their symmetry axis out-of-plane (Supplementary
Figure 13). To parameterize a shape, its symmetry axis must lie in-plane. Therefore, we used
cryo-SEM to obtain the cross-sections of some discs instead. This was done by breaking a frozen
disc sample in two and only look for those discs that lie perpendicular in the ice and that are
broken in half to show its cross section. The cry-TEM images do show that the discs are
cylinderically symmetric, so the symmetry axis can be drawn parallel to the plane of symmetry
of the cross-section found in SEM.
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When performing cryo-TEM, the stomatocytes were found to lie either with their symmetry axis
in-plane or out-of-plane as can be seen in Supplementary figure 14. The ones that lie in-plane
can be paramerized. The stomatocytes that lie with their symmetry axis out-of-plane do show
that the stomatocytes are completely cylinderically symmetric.

Energetic calculations

The total energy of a polymersome vesicle can be described as the sum of the osmotic energy,
E,s, the bending energy, Epena™’

Etot = Eos + Epena (15)

The osmotic energy is expressed as:
14
Eos = RyT|n-In (V—O) —c(V-V)| (16)

With R, the gas constant, 7" the absolute temperature, n the number of moles of solute inside the
vesicle, V the volume of the vesicle lumen after equilibration, V, the volume of the vesicle lumen
before equilibration and ¢ the concentration of the solute.

The bending energy can be expressed as:
Epena = 5 $(2H — Co)dA (17)

With x the bending constant, H the mean curvature, Cy the spontaneous curvature and A the
surface area.

Osmotic pressure. The concentrations of solvents range between 1.17 M (for dioxane in sample
3) and 41.67 M (for water in sample 3). The concentration differences are therefore in the order
of ten mole. When taking a vesicle of radius 250 nm (which is average), the osmotic energy is in
the order of 107°J.

Bending energy. Depending on the flexibility of the polymersome membrane, which also
depends on the amount of organic solvent present, the bending constant is usually in the order of
10-100 kT with longer polymer chains even higher than 100 k7.”'° Since the bending energy of a
sphere is 47k, the bending energy of polymersomes is in the order of 10™'* I. So there is 2 orders
of magnitude difference between the bending energy and the osmotic energy.

Since E,; is around two orders of magnitudes larger than Ej..4, one can assume that shape
changes will not occur if they induce a large osmotic pressure difference.
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