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METHODS 

 

Formation of the liquid droplet precursor. To study the thermodynamics of the early 

stages of vesicle formation we used the theory proposed by Sato and Takahashi22, which is 

based upon comparing the free energy densities of phase separation and micelle formation 

to determine which process is favored. To do so we reformulated the Flory-Huggins Gibbs 

free energy density of mixing Δ𝑔ℎ  , as in our system the solvent is a mixture of two 

miscible solvents s1 and s2. To simplify the formulation of Δ𝑔ℎ we consider the solvent 

mixtures as a single solvent S, the composition of which is described by 𝜑s1 and 𝜑s2, 

defined as:  

𝜑s1 =
𝑛s1

 𝑛S
 , 𝜑𝑠2 =

𝑛s2

 𝑛S
 = 1 − 𝜑s1.                                               (1) 

Here 𝑛s1 and 𝑛s2 are the number of molecules of water and acetone respectively, while 

𝑛S = 𝑛s1 + 𝑛s2 is the total number of solvent molecules.  

The system is considered to contain 𝑛S molecules of solvent 𝑛P molecules of AB block 

copolymer; the solvent is considered to be a monomer while the number of units composing 

the blocks are denoted as 𝑁A and 𝑁B, respectively. The average volume fractions of the 

solvent and each block in the system is than defined as: 

𝜑S =
𝑛S

𝑛P(𝑁A + 𝑁B) +  𝑛S
, 𝜑A =

𝑛P𝑁A

𝑛P(𝑁A + 𝑁B) + 𝑛S
 ,

𝜑B =
𝑛P𝑁B

𝑛P(𝑁A + 𝑁B) +  𝑛S
 .   (2) 

We also define the total average copolymer volume fraction in the system 𝜑P as 

𝜑P =
𝑛P(𝑁A + 𝑁B)

𝑛P(𝑁A + 𝑁B) +  𝑛S
                                                            (3) 

Obviously 𝜑A and 𝜑B are related to 𝜑P by 

𝜑A = 𝜑P

𝑁A

𝑁A + 𝑁B
= 𝜑P𝑥A , 𝜑B = 𝜑P

𝑁𝐵

𝑁A + 𝑁B
= 𝜑P𝑥𝐵                             (4) 

We can now formulate Δ𝑔ℎ for such system as: 

Δ𝑔ℎ = 𝜑Sln𝜑S +
𝜑P

𝑁A + 𝑁B
ln𝜑𝑃 + 𝜒AS𝜑A𝜑S + 𝜒BS𝜑B𝜑S + 𝜒AB𝜑A𝜑B.                   (5) 

The first two terms represents the combinatorial entropy density of a polymer-solvent 

system, where the polymer is composed of 𝑁A + 𝑁B units. The latter three terms represents 

the enthalpy density of a polymer-polymer-solvent system. The terms 𝜒AS, 𝜒BS and 𝜒AB 

are the Flory-Huggins interaction parameters describing the pair interactions between A, B 

and S. As S is composed of s1 and s2 we define 𝜒AS and 𝜒BS as: 

𝜒AS = 𝜑s1𝜒As1 + (1 − 𝜑s1)𝜒As2 , 𝜒BS = 𝜑s1𝜒Bs1 + (1 − 𝜑s1)𝜒Bs2 ,                (6) 

where the parameters 𝜒As1 , 𝜒As2 , 𝜒Bs1  and 𝜒Bs2  are the Flory-Huggins interaction 

parameters describing the interaction between the A and B blocks with s1 and s2 

respectively. 

By substituting (4) in (5) we can rearrange the equation as 

Δ𝑔ℎ = 𝜑Sln𝜑S +
𝜑P

𝑁A + 𝑁B
ln𝜑P + �̅�𝑃𝑆𝜑P𝜑S                                               (7) 

With  

�̅�PS =  𝑥A𝜒AS + 𝑥B𝜒BS +
𝜑P

1 − 𝜑P
𝑥A𝑥B𝜒AB .                                                     (8) 
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Differently from the model of Sato and Takahashi22, our average interaction parameter �̅�𝑃𝑆 

depends on the composition of the system, even though the functional form of Δ𝑔ℎ is the 

same.  

Substituting (6) into (8) yields a relation between the solvent composition and �̅�𝑃𝑆: 

𝜑s1 =
�̅�𝑃𝑆 − 𝑥A𝜒As2 − 𝑥B𝜒Bs2 −

𝜑P

1 − 𝜑P
𝑥A𝑥B𝜒AB

𝑥A(𝜒As1 − 𝜒As2) + 𝑥B(𝜒Bs1 − 𝜒Bs2)
 .                                      (9) 

In their analysis Sato and Takahashi found that the critical chi parameter �̅�𝑐 at which the 

system demix in two phase is expressed by22: 

�̅�𝑐 =
[1 + (𝑁A + 𝑁B)

1
2]

2(𝑁A + 𝑁B)

2

                                                             (10) 

from which we can determine the critical composition at which the phase separation of the 

copolymer occurs, by inserting (10) into (9): 

𝜑𝑐
s1 =

[1 + (𝑁A + 𝑁B)
1
2]

2(𝑁A + 𝑁B)

2

  − 𝑥A𝜒As2 − 𝑥B𝜒Bs2 −
𝜑P

1 − 𝜑P
𝑥A𝑥B𝜒AB

𝑥A(𝜒As1 − 𝜒As2) + 𝑥B(𝜒Bs1 − 𝜒Bs2)
                          (11) 

By comparing Δ𝑔ℎ with the free energy density derived for the micelle phase by Sato and 

Takahashi (Δ𝑔𝑚)22 we can derive the 𝜑s1 onset value at which  the copolymer assembles 

into micelles (𝜑𝑚𝑖𝑐
s1 ), which according to our SCF model represents the first step in the 

formation of the copolymer vesicles. When  Δ𝑔𝑚 becomes smaller than Δ𝑔ℎ the micelle 

phase becomes stable and can coexist with a solvent-rich phase22. If 𝜑𝑐
s1 < 𝜑𝑚𝑖𝑐

s1  the 

system phase-separate before start forming micelles and vice versa. 

We used this model to study the early stages of the vesicles formation for our PEO2K-

PCL10K copolymer in the water-acetone mixture as function of an increasing amount of 

water.  We assume A=EO (𝑁A = 45), B=CL (𝑁B = 174), s1 =W and S2=Ac, and we used 

the same set of interaction parameters reported in Supplementary Table 1. 

The value 𝜑𝑐
W = 0.05 has been obtained from (11) at 𝜑P = 0.005, corresponding to the 

experimental conditions. At this 𝜑𝑊  value Δ𝑔ℎ < Δ𝑔𝑚  indicating that phase separation 

occurs rather than micellization (Supplementary Fig.1 blue lines). From the model it 

appears that the micelle phase start to be stable at 𝜑𝑚𝑖𝑐
W = 0.11 (Supplementary Fig. 1 

black lines). This value is in fairly good agreement with the value obtained in the SCF 

computations for the formation of spherical micelles (𝜑𝑚𝑖𝑐,𝑆𝐶𝐹
W = 0.10). 

 

PEO-b-PCL. The PEO-b-PCL polymer were synthesized according to Reference 39 in the 

main text. 

 

Ex-situ self-assembly. To perform ex-situ self-assembly 1 mL of a solution of PEO-b-

PCL in acetone (0.05 mg.ml-1 – 5 mg.ml-1), previously filtered with a 0.22 μm PTFE 

syringe filter, was poured with a glass syringe into 20 mL vial with a magnetic stirring bar. 

Subsequently, 9 mL of water were added by means of a syringe pump (9 ml.s-1 - 0.05 

mL·min-1) under vigorous stirring. The vial was capped to avoid acetone evaporation and 

the water addition was performed through a hole in the cap via a Teflon capillary. The 

range of conditions was used to explore the possible final morphologies for this system. A 
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future study will investigate how to control morphology with controlling the kinetic 

pathway.  

 

Cryo-TEM. Cryo-TEM samples were prepared by depositing 3 µl sample on a 200 mesh 

Cu grids with Quantifoil R 2/2 holey carbon films (Quantifoil Micro Tools GmbH). All 

TEM grids were surface plasma treated for 40 seconds using a Cressington 208 carbon 

coater prior to use. An automated vitrification robot (FEI Vitrobot Mark III) was used for 

plunge vitrification in liquid ethane. Cryo-TEM studies were performed on the TU/e 

cryoTITAN (FEI, www.cryotem.nl) operated at 300 kV, equipped with a field emission 

gun (FEG), a post column Gatan Energy Filter (GIF) and a post-GIF 2k x 2k Gatan CCD 

camera. Gatan DigitalMicrograph. Images were recorded with a total electron flux of 24 

e·Å-2.In-house Matlab scripts were used for TEM image analysis. 

 

LP-TEM. Self-assembly was initiated inside the cell using a 3 step diffusion method. 1) A 

solution of PCL10k-b-PEO2k (5 mg/ml in acetone) was flown into the tip of the holder 

containing the pre-assembled liquid cell. Note: it is important to assemble the cell dry and 

flow in liquid, as this method allows the creation of the thinnest liquid cells, rather than 

direct loading of a solution, which often results in the creation of thick cells, unless 

specialized low volume dispensing equipment is used.58 2) Using a 1 mL syringe acetone 

saturated vapor (created by filling a 1.0 mL syringe with ca. 0.2 mL acetone and 0.8 mL 

air, and then waiting several minutes for some of the acetone to evaporate and fill the 

syringe) was blown into tip, which expels the acetone solution from the lines and the end 

of the tip, but leaves the liquid cell full with the acetone polymer solution. The flow of the 

vapor is stopped when the acetone solution no longer comes out the exit line. 3) Water was 

flown into the tip, surrounding the cell and creating a diffusion gradient between the two 

solvents. Due to the large excess of water (compared to acetone), the final solvent 

composition in the cell after full mixing will be >99% water (Supplementary Fig. 3 and 4 

and Supplementary Discussion). TEM imaging was performed on a FEI Technai 20 (type 

Sphera) operated at 200 kV equipped with a LaB6 filament and a 1k × 1k Gatan CCD 

camera. The movie was captured using a screen capture software recording the Gatan 

Digital Micrograph during the experiments at 30 fps. Please note that the movie shows the 

color index instead of the original pixel intensity due to scaling of Digitalmicrograph. 

During display, DigitalMicrograph uses the color index (0 to 255) to correlate each color 

in the grayscale color table with those pixels with specific intensities. More specifically, 

after capturing a frame, DigitalMicrograph first automatically surveys the image to 

determine the contrast limits of the image's data, then transforms each mapped data value 

linearly into a grayscale value from 0 to 255, and finally, each value from 0 to 255 is 

associated with a grayscale color to display each pixel, e.g. 255 corresponds to white and 

0 to black. Therefore, when the screen capture software was used to record the movie, we 

only recorded the scaled pixel values from the display. For this reason we interpret the 

relative changes in contrast rather than the absolute values. 

 

Movie analysis. The data analysis was implemented by in house scripts programmed in 

Matlab (Mathworks). Details are provided in the Supplementary Discussion. 
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SCF simulations. The computational modeling was performed using Scheutjens-Fleer 

self-consistent field (SCF) theory 32,59 by means of the SFBox.  

The SCF procedure is based upon Flory-Huggins theory but additionally accounts for 

concentration gradients. In this work a planar lattice was used to calculate the equilibrium 

properties of the system accounting for gradients in one direction in a box containing 100 

lattice layers. The periodic boundary conditions were obtained by placing a mirror in the 

first and in the last lattice site. The coordination number of the lattice z was set to z=3. The 

size of a lattice unit 𝜆 was set equal to the size of an EO monomer (𝜆 = 0.4 nm). This value 

was estimated by applying the relation 

𝜆 = (
𝑀PEO

𝜌∙𝑛PEO∙𝑁AV
)

1

3
 ,                                                      (12) 

where 𝑀PEO is the molar mass of the PEO block, 𝑛PEO its degree of polymerization, 

𝜌 the PEO density and 𝑁AV Avogadro’s number. 

In the lattice each solvent molecule (W), acetone (AC) and ethylene oxide monomer 

(EO) occupy one site, while a caprolactone monomer (CL) is assumed to occupy two lattice 

sites 40.The ends of the two blocks have been labeled to quantify the end-to-end distance 

of each block in the self-assembled structure. The free end of the PCL block was labeled 

as A, the connection point between the two blocks was labeled as B and the free end of 

PEO was labeled as C. As result PCL10k-b-PEO2k is modeled as A-CL172-B-EO44-C with 

equal size of the lattice sites for A, B, C, EO, CL.  

The A, B and CL units are chemically equivalent, therefore they interact only via excluded 

volume interaction. The 𝜒  parameters used in the calculation are reported in 

Supplementary Table 1. The interaction parameter between the two blocks , 𝜒CL−EO =
0.195 was calculated from the cohesive energy densities computed by means of molecular 

dynamics simulations 60. It follows that 𝜒CL−C = 𝜒A−C = 𝜒B−C = 𝜒A−EO = 𝜒B−EO =
0.195. The interaction parameters between acetone and water was calculated from the 

Hansen solubility parameters 61. For the others parameter literature data have been used 62-

64. The copolymer PEO2K-b-PCL10K is assumed to be monodisperse in chain length. The 

equilibrium properties of the assembly have been calculated for water/acetone mixtures 

characterized by a water volume fraction (φ𝑤) of 0 ≤ φW ≤ 0.9. The end-to-end distance 

for the PCL block (ε) and for the PEO block (σ) have been determined from the 

concentration profiles (see example in Supplementary Fig.. 12) by computing the distance 

between the volume fraction maxima of the distributions of A and B for the core and B and 

C for the corona. SCF predictions for acetone, water and PCL volume fraction inside the 

core were calculated from the concentration profiles within of the bilayer. 

SCF Simulations on disperse block copolymers. The SCF computations predict a linear 

relation between PCL volume fraction φPCL at the center of the bilayer and the end-to-end 

distance for the PCL block (ε). Hence the thickness T of the PCL core of the membrane 

scales as 𝑇~φPCL. To verify whether this relation depends on the molar mass distribution 

we computed membrane density profiles during the solvent switch process in the presence 

of CLn-EO45 block copolymers having disperse PCL blocks. The block dispersity has been 

modeled by means of the Flory-Schulz distribution.20 

𝜓(𝑛) =
1

Γ(𝑧 + 1)
(

𝑧 + 1

�̅�
)

𝑧+1

𝑛𝑧𝑒
(−𝑛(

𝑧+1
�̅�

))
 .                                         (13) 
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Here �̅� is the number-averaged chain length, Γ indicates the gamma function and z is a 

parameter related with the chain length dispersity. The relative number of molecules having 

PCL chain length n with respect to the ones having chain length �̅� can be calculated as:  

Σ(𝑛) =
𝜓(𝑛)

𝜓(�̅�)
 .                                                                    (14) 

To incorporate the chain length dispersity into the SCF computations the relative 

distribution Σ(𝑛) is sampled in 11 points (one of which corresponding to the number-

averaged chain length �̅�, where Σ(�̅�) = 1). The relative distribution obtained by applying 

equation (14) is depicted in Supplementary Fig. 21 with a blue line, while the red dots 

represent the sampled points. This procedure is applied here to model the behavior CL𝑛 −
EO45 with �̅� = 174 , z = 3, which corresponds to a distribution having standard deviation 

of ≅50%.  

The computations for the membrane evolution are performed as follows: for a certain 

solvent composition a certain number of copolymer molecules having a PCL block length 

�̅�, Θ�̅� , are placed in the lattice. The number of copolymer molecules for the other 10 

moieties composing the sampled distribution (𝑛 ≠ �̅�) are obtained from Θ𝑛 = Σ(𝑛)Θ�̅� . 

The SCF procedure is used to compute the excess grand potential of the system Ω, and the 

parameter Θ�̅� is varied until Ω=0, which corresponds to the formation of an equilibrium 

structure. The procedure is performed for various solvent compositions in the range 0.12 <
φW < 0.9, see Supplementary Fig. 22. From the equilibrium concentration profiles the 

spatial arrangement of each moiety of the block length distribution can be calculated. Some 

illustrative results are plotted in Supplementary Fig. 14 a, b  It appears that the copolymers 

having a relatively larger PCL block length 𝑛 > �̅� are located preferentially in the center 

of the core, while the blocks with 𝑛 < �̅� are symmetrically displaced towards the outer 

regions of the bilayer (Supplementary Fig. 22 a, b). Such partitioning over the bilayer is 

maintained over the entire solvent switch process, but the relative distribution of shorter 

(𝑛 < �̅�) and longer (𝑛 > �̅�) chains over the bilayer varies slightly. The structure of the 

PCL core in the membrane can be visualized by integrating the PCL volume fractions of 

the single moieties. The resulting total concentration profile φPCL  are plotted in 

Supplementary Fig. 22 c. It appears that in the early stage, 0.12 < φW < 0.16,  the 

membrane thickness T is nearly constant, while the PCL volume fraction φPCL at the center 

of the membrane increases with increasing φW. For φW > 0.16 the increase in φPCL is 

associated with an increase of T. These two trends can be explained by the change in 

relative membrane composition: in the early stage the membrane is mainly composed by 

the more insoluble 𝑛 ≥ �̅� moieties. With increasing φW the shorter blocks become also 

more insoluble, accumulating in the outer regions of the bilayer. The core thickness T was 

estimated from the distance between the positions where φPCL = 0.2. In Supplementary 

Fig. 22 d T is plotted versus the φPCL value at the center of bilayer. It is clear there is a 

linear relation between 𝑇 and φPCL, hence the relation 𝑇~φPCL found for the pure block 

copolymer still holds. We conclude that the linear relation 𝑇~φPCL found for the pure 

block copolymer is not significantly affected by introducing some molar mass dispersity. 

 

SUPPLEMENTARY DISCUSSION 

 

1. Discussion on the effects of electron-sample interactions and confinement 
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In any electron microscopy experiment, it is important to consider the effects of the electron 

beam on the observations made. In the EM community this is commonly discussed in terms 

of the total electron dose (e.nm-2) or dose rate (e.nm-2s-1). In the radiation community 

electron dose (Gy.s-1) is distinguished from the electron flux (e.nm-2s-1), where the former 

contains specific information on the sample composition. In the EM community dose and 

flux are interchangeable providing the units are the same.  

 

In conventional and cryoEM, electron-sample interactions have been well studied, and for 

new systems can readily be determined by application of a dose series. Here, a series of 

images is recorded and changes in the structural features of interest can be measured with 

each additional image (corresponding to an increase in total dose). If there are changes to 

the structural features of interest then ‘low dose’ images should be recorded in which these 

changes are negligible.65,66 For liquid phase electron microscopy, electron-sample 

interactions present a unique challenge. Firstly, all liquids will undergo some degradation 

when exposed to an electron beam, even at very low doses.51 However, due to the high 

mobility of the system the energy input from the electron beam can be rapidly dissipated. 

Therefore, it is now recognized that in LPEM, dose rate is often much more important than 

the total dose, as the dose rate establishes a steady-state of energy input/output. 50,51 This 

has been discussed in detail previously,49,51,52 but here it is important to note the differences 

in establishing dose limits for a system in conventional/cryo and liquid phase EM. In 

conventional/cryo EM, the sample is static and therefore measuring changes in an image 

series will provide information on how the electron beam is effecting the sample structure. 

Since the goal of the experiment is to capture the structure which was prepared outside of 

the microscope, any changes to the structure by the electron beam can be considered as 

‘damage’. In LPEM, the sample is inherently dynamic, meaning that changes to the 

structure with sequential images are not necessarily directly related to the interaction with 

the electron beam, although the electron beam is likely to have some effect on all dynamic 

processes. The important point here is to understand in what respect, and to what degree, 

the electron beam is influencing the observations. One way of achieving this is to perform 

a detailed analysis of all the dynamic processes in question, over a range of electron doses. 

For soft matter systems this has been most rigorously demonstrated by Parent et. al.49,52 

where it was demonstrated that although the electron beam had an influence on dynamic 

processes such as particle motion, the underlying mechanisms of motion, fusion and 

growth were related to the specific organization, composition and environment of the 

structures – thereby revealing useful information on their structural evolution. A second 

approach for understanding electron-sample interactions is by performing a series of 

control experiments and comparing in-situ and ex-situ observations.46,67,68  

In our case it is important to note here that the evolution of size and morphology of 

the self-assembled structures during a solvent switch is highly dependent on the solvent 

mixing conditions. Therefore, in order to perform a similar analysis we would need to be 

able to precise control the mixing condition within the liquid cell to perform multiple 

identical experimental repeats at different doses. Since this is not currently possible we 

assess the effects of the electron beam, as well as confinements within the liquid cell with 

a series of control experiments and measurements.  
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1) A solution of pure acetone was imaged to show the dose tolerance of the 

solvent. In this experiment, the four corners of the cell were imaged at ca. 30 

e.nm-1.s-1 for 1000 seconds. No obvious solvent degradation could be observed. 

(Example shown in Supplementary Movie 4) 

2) A solution of the polymer dissolved in acetone (5 mg/mL) was imaged to show 

the dose tolerance of the polymer in acetone and that assembly into vesicle does 

not occur without addition of water. In this experiment, the four corners of the 

cell were imaged at ca. 30 e.nm-1.s-1 for 1000 seconds. No particle formation 

was observed.  (Example shown in Supplementary Movie 5) 

3) The self-assembly of the vesicle was initiated inside the liquid cell holder using 

the mixing protocol described in the methods section, but without imaging the 

sample.  In this experiment we observed vesicles with a similar size and 

membrane thickness to those formed during the in-situ experiment. The vesicles 

appeared to have more irregular shapes than in the in-situ experiment which we 

believe could be due to slight crystallization of the PCL block during assembly 

as previously discussed.41 However, we were able to images these pre-formed 

vesicles at ca. 30 e.nm-1.s-1 for ~ 1300 seconds indicating that the final structures 

are stable under these imaging conditions (Supplementary Fig. 24, 

Supplementary Movie 6) 

4) LPEM imaging of the preformed assemblies to assess the dose tolerance of the 

system in water. Direct loading of preformed vesicles is challenging as high 

concentration of assemblies with a pure vesicle morphology are required. 

However, when imaging several samples of the preformed assemblies at ca. 30 

e.nm-1.s-1 for 1000 seconds, the assemblies appeared stable under the electron 

beam. (Supplementary Movie 7 and Supplementary Fig. 25)  

5) Self-assembly of the vesicles in the lab was performed under a variety of 

standard mixing conditions (described in the method section) to assess the effect 

of confinement in the cell on the morphology of the vesicles. Here, we observed 

various morphologies (Supplementary Fig. 26), as well as vesicles with 

different sizes and membrane thicknesses. Some of these other morphologies 

we have also observed forming in-situ and will be the subject and a further 

research paper. Here, we focus on the size differences between vesicles formed 

in-situ, under electron beam exposure and without electron beam exposure, and 

in the lab (Supplementary Fig. 7). The data show that the size distributions 

cover a similar range (50-500 nm), although there is a clear shift to smaller 

means sizes when vesicle are formed in the liquid cell. This is likely due to the 

effect of performing the self-assembly in a confined space. However, 

considering the vesicles formed in-situ cover the same size range as those 

formed in the lab, this indicates that the electron beam and confinement are not 

the primary influencers on the particle size. Note: size distributions were 

calculated from diameter measurements in digital micrograph from the raw 

images.  

6) We repeated the in-situ vesicle self-assembly process and imaged the assembly 

of vesicles in two further experiments, at a dose rates of 30 and 40 e.nm-1.s-1 

(Supplementary Movie 8, 9 and 10 and Supplementary Fig.s 27-32). In these 

experiments we also observed the growth and internal phase separation of the 
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liquid phase precursors. Supplementary Movie 8 clearly shows the dynamic 

nature of the assemblies moving within the liquid phase precursor. For 

Supplementary Movie 9, TEM imaging of the dried chips after the in-situ 

experiment shows clear vesicle structure were formed throughout the cell, again 

indicating the electron beam does not initiated or significantly affect the 

formation of the vesicles. 

 

 

2. Movie analysis 

The data analysis was implemented by in house scripts programmed in Matlab 

(Mathworks). The analysis process included several stages: (1) Removal of duplicate 

frames and resizing; (2) alignment of the image stacks; (3) semi-automated particle 

analysis and parameter calculations. 

 

2.1 Removal of the duplicate frames and resizing  
Desynchronization between the frame rate of the TEM CCD camera (1-2 frames per 

second) and the screen capture software (30 frames per second) resulted in the duplication 

of the same frames. Duplicate frames were removed from the image stack based on the 

normalized cross-correlation coefficient (NCCC) between two adjacent images (NCCC~1 

for duplicates and NCCC<0.996 for unique frames, see Supplementary Fig. 9) and the time 

tag of each unique frame was retained for further analysis. It is also important to note that 

the interval between two frames are not constant over time but most are in the range of 1 

to 1.4 s (see Supplementary Fig. 10). Each frame was cropped to 1k × 1k pixels in size 

rebinned by an factor of 2 to the original resolution of CCD (we used binning 2 in the 

experiments), which was 512 × 512, to match the original CCD sampling. 

 

2.2 Alignment of the image stack  
During acquisition of the movie significant sample drift occurs, thus preventing direct 

quantitative analysis. To alleviate the problem the drift/shift between frames was estimated 

using again normalized cross-cross-correlation as implemented in the Diplib library 

(http://www.diplib.org/.). Particles with the highest contrast were used as a reference to 

calculate the shift of each frame, then the shift data were applied to regions of interests 

(ROI) for each frame respectively, after which all particles in that area were stabilized, 

aligned to the defined center and segmented as shown in Supplementary Movie 1 and Fig. 

2(a). To obtain more information, we also cropped and stabilized the areas only containing 

single vesicles (vesicle 1 to 5) to perform individual particle analysis. Manual 

subalignments were performed to center the early-stage particle to correct the little 

movement of the particles in the first 100 frames. 

 

2.3 Automated particle analysis and particle parameters calculations 

Determination of relative intensity (background subtraction). To correct the 

background variation over different frames and better compare the growth processes 

among different vesicle particles, the relative intensity was employed in displaying some 

images instead of the raw data using an in-house Matlab code. More specifically, the 

intensity of the whole aligned image stack was normalized and averaged over 10 frames. 

For the single frame 𝑖 in the aligned stack,  
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𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦i =
𝐼original_i

𝐼mean_background_i
                                      (15) 

𝐼mean_background_i: the mean intensity of the background area beside the particle in the 

frame 𝑖; 𝐼original_i: the original intensity of the aligned image only containing the single 

particle in the frame 𝑖. 
 

2.4 Cross-sectional time series. Aligned stacks containing single particles, could be 

displayed as a cross-sectional series using an in-house Matlab script. We cropped 1-pixel-

width slices in the center of the stack and the cross-sectional slice at each time point was 

displayed together to make the two-dimensional time series. In Fig. 2c, we introduce the 

10 frames averaged data with background subtraction (use the relative intensity), while in 

Supplementary Fig. 11, raw data is applied as a contrast. 

 

2.5 Radial averaged intensity maps. The radial averaged intensity map of each vesicle 

was made by MATLAB scripts. Each frame of the stabilized movie of single vesicles (see 

Supplementary Movie 1) was resized by a factor of 7 using the function ‘imresize’ to avoid 

the appearance of empty bins and to visualize the membrane more clearly. This imresize 

function uses bicubic interpolation and the output pixel value is a weighted average of 

pixels in the nearest 4-by-4 neighborhood. The image stack was transformed from the 

cartesian coordinates to polar using bins. For every frame we sorted the pixels into new 

coordinate system (made by radius bins and angular bins). Each ‘pixel’ in the new 

coordinate system can have more than one old pixel, consequently the new pixel intensity 

was averaged over the old pixels. The intensity angular map is formed by all the new pixels 

(Supplementary Fig. 32) which can also be converted to relative intensity values (see 

above) to create the relative intensity angular maps (Fig. 2b, Fig. 3, Supplementary Fig. 

11, Fig. 29 and Fig. 30). To show the overall intensity (pixel value) evolution of all the 

frames in one map, the intensity of each frame was averaged by angular bins to make an 

intensity line profile. These line profiles are displayed in a time series to make the radial 

averaged intensity map in MATLAB (Fig. 2d, Supplementary Fig. 27, Fig. 28 and Fig. 32). 

 

2.6 Determination of particle diameter. The particle size (diameter) of each vesicle was 

obtained from the corresponding cross-sectional series (raw data, see Supplementary Fig. 

11). The cross-sectional series were converted to binary using a threshold above 

background and afterwards dilated anisotropically with 8 pixel × 1pixel line structuring 

element. The radius of the vesicle particle in each frame was defined as the distance 

between the first white pixel and the last white pixel. The radius values were then averaged 

over 10 frames.  

 

2.7 Determination of membrane thickness. The membrane thickness of each vesicle was 

calculated directly from the corresponding radial averaged intensity map (see 

Supplementary Fig. 15) using the following equation: 

𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑖 = 𝑅(enviroment(𝑖𝑛𝑡)𝑖) − 𝑅(min(𝑖𝑛𝑡)𝑖)                  (16) 

Where 𝑖 : frame number; 𝑅(enviroment(𝑖𝑛𝑡)𝑖) : distance between the averaged 

environment intensity outside the membrane and pre-defined particle center in the frame 𝑖; 
𝑅(min(𝑖𝑛𝑡)𝑖): distance between minimum intensity of the membrane and pre-defined 

particle center in the frame 𝑖. The membrane thickness values were then averaged over 10 
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frames. Please note that before 137 s the membrane of the vesicle is not formed. For some 

vesicles this results in a negative values from Equation (16). 

 

2.8 Approximating the relationship between contrast and polymer volume fraction in 

membrane core. The radial averaged intensity maps contain information on vesicle 

contrast development throughout the LP movie which should have a direct relationship 

with its composition. Since all the materials in our system are amorphous and the whole 

movie was captured in relatively low resolution (pixel size ≈ 7 nm/pixel), we assume the 

contrast can be approximated by mass-thickness contrast considerations and excluding the 

effects of multiple scattering. A rough estimate based on Lambert-Beer Law was obtained 

to gain a more quantitative understanding of the relationship between observed intensity 

(i.e. contrast to surrounding medium)) and polymer volume fraction in the vesicle 

membrane.  

In the calculations, we use 𝐼0  the intensity of the incident electron beam, 𝐼𝑃  the 

intensity of the point P where the electrons pass through the vesicle membrane core and 𝐼𝐵 

the intensity of the point B in a background area adjacent to point P. (see Supplementary 

Fig. 12 for the details).  

Following a Lambert-Beer type approximation 69 the intensity of the transmitted beam 

I can be expressed as 

 𝐼 = 𝐼0𝑒
−(∑

𝑇𝑖
Λ𝑖

)
                                                                (17) 

Where 𝑇𝑖 is the thickness of component i (i = SiN, water, acetone, PEO and PCL) and 

Λ𝑖 its mean free path for electrons. Mean free path calculations are based on Reimer’s 

book70 and are given in the following section. 

 

 Here we define Contrast (𝐶) as: 

 

𝐶 =
𝐼B−𝐼P

𝐼B
= (1 −

𝐼P

𝐼B
)                                                           (18) 

As 
𝐼P

𝐼B
≈ 1, according to the first-order Taylor expansion (linear approximation), 𝐶 

can be described as  

𝐶 = 1 −
𝐼P

𝐼B
≈ −ln (

𝐼P

𝐼B
) = ∑

𝑇𝑖
P−𝑇𝑖

B

Λ𝑖
                                             (19) 

 

where ∑
𝑇𝑖

P−𝑇𝑖
B

Λ𝑖
=

𝑇SiN
P −𝑇SiN

B

ΛSiN
+

𝑇water
P −𝑇water

B

Λwater
+

𝑇acetone
P −𝑇acetone

B

Λacetone
+

𝑇PCL
P −𝑇PCL

B

ΛPCL
+

𝑇PEO
P −𝑇PEO

B

ΛPEO
. 

As the thickness of the SiN windows is constant all over the cell and PEO doesn’t make 

contribution to the contrast, the terms 
𝑇SiN

P −𝑇SiN
B

ΛSiN
 and 

𝑇PEO
P −𝑇PEO

B

ΛPEO
cancel out. 

Equation (19) clearly shows that contrast arises due to the differences in composition 

between the surrounding medium (containing water, acetone and PCL) and the vesicle 

membrane (containing mainly PCL). 

The value of the electron pathway in the vesicle membrane core 𝑙  can be 

approximated as (see Determination of 𝑙 below) 

𝑙 ∝ 2𝑅 = 𝐷                                                           (20) 

Where R and D are the radius and diameter of the vesicle, respectively. 
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In above formulas, contrast arising from component mixtures can be separated into 

individual component lengths/thicknesses using the total length and corresponding volume 

fractions. The volume fraction 𝜑𝑖 of a component  i in a phase 𝑗 (𝑗 can be the surrounding 

medium (𝑀) and the vesicle membrane (𝑉)) is related to 𝑇𝑖
𝑗
 by 

𝑇𝑖
𝑗

= 𝐿𝜑𝑖
𝑗
                                                     (21) 

So for example: the thickness of water in the background (point B) can be described as 

𝑇water
M = 𝐿𝜑water

M . 

 

Therefore  
C

2𝑅
∝

C

𝑙
= ∑

𝜑𝑖
V−𝜑𝑖

M

Λ𝑖
                                                   (22) 

As the polymer concentration (𝜑PCL
M ) was quite small (0.5 mg/ml) in the liquid cell, it 

was not considered in the calculations of the background. Thus (8) can be approximated as  

 
C

𝐷
∝

𝜑acetone
V −𝜑acetone

M

Λacetone
+

𝜑𝑤𝑎𝑡𝑒𝑟
V −𝜑𝑤𝑎𝑡𝑒𝑟

M

Λwater
+

𝜑PCL
V

ΛPCL
                                         (23) 

 

Which illustrates the functional dependence of expected vesicle contrast and volume 

fraction of each component. 

 

Using the volume fraction data from the simulations (Supplementary Table 1) and the mean 

free path of each components (see Calculating the elastic mean free path below) to solve 

equation (23), we find the relationship between 
C

𝐷
 and 𝜑PCL

V  as shown in Supplementary 

Fig. 13. It becomes clear that up to approximately 𝜑PCL
V ≤ 0.7  there is a linear relationship 

between 𝜑PCL
V  and 

C

𝐷
 . Note: 

C

𝐷
 begins to decrease after 𝜑PCL

V =0.8 due to the lower mean free 

path of water than acetone. 

 

2.9 Determination of electron pathway 𝒍. According to schematic diagram of the vesicle 

membrane geometry in Supplementary Fig. 14, the electron pathway (𝑙) in the vesicle 

membrane core could be described as  

𝑙 = 2𝑅sin𝛼 = 𝐷sin𝛼 

Where 𝛼 = arccos
𝑅−𝑡

𝑅
, 𝑅  is the radius of the vesicle particle and t is the membrane 

thickness. As 𝑡 is very small when compared to the vesicle diameter (D), we have 𝛼 → 0. 

When 𝛼 → 0, 𝑠𝑖𝑛𝛼 ≈ 𝛼 (see Supplementary Fig. 14). Therefore 

𝑙 = 𝐷sin𝛼 ≈ 𝐷𝛼                                                  (24) 

Which means 𝑙 is proportional to 𝐷, 

                                                                    𝑙 ∝ 𝐷                                                        (25) 

  

2.10 Calculating the elastic mean free path (MFP)70. The elastic cross-section 𝜎el(nm2) 

is given by: 

𝜎el =
ℎ2𝑍4/3

𝜋𝑚0
2𝑣2

1

1+(
𝛼

𝜃0
)2

                                                        (26) 

Where ℎ  is Plank constant, 𝑍  is atomic number,  𝑚0  is the mass of electron, 𝑣  is the 

velocity of electron, 𝛼 is the semi-angle of objective aperture (5 mrad in this experiment, 
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here we assume focal length  Cs (spherical aberration) and 𝜃0 is the characteristic angle, 

which can be calculated by 

𝜃0 =
𝜆electron

2𝜋𝛼𝐻𝑍−1/3                                                            (27) 

In which 𝜆electron is the wavelength of electron and  𝛼𝐻 is the Bohr radius (53 pm). As the 

acceleration voltage is 200 kV, the elastic cross-section for hydrogen (𝑍H=1), carbon (𝑍C =
6) and oxygen (𝑍O = 8) are  

 

 𝜎el (nm2) 

Hydrogen (𝑍H=1) 𝜎H = 2.68 ∙ 10−6 
Carbon (𝑍C = 6) 𝜎C = 5.56 ∙ 10−5 
Oxygen (𝑍O = 8) 𝜎O = 3.71 ∙ 10−5 

  

Therefore, the total cross-section of water ( 𝐻2𝑂 ), acetone ( 𝐶3𝐻6𝑂 ) and PCL 

((𝐶6𝐻10𝑂2)87) are given by  

𝜎water = 2 ∙ 𝜎H + 𝜎O = 6.10 ∙ 10−5 nm2 

𝜎acetone = 3 ∙ 𝜎C + 6 ∙ 𝜎H + 𝜎O = 1.83 ∙ 10−4 nm2 

𝜎PCL = 6 ∙ 𝜎C + 10 ∙ 𝜎H + 2 ∙ 𝜎O = 3.61 ∙ 10−4 nm2 
 

(Please note that here we use PCL monomer to calculate the 𝜎𝑃𝐶𝐿). 

The elastic mean free path (Λ) is related to the molar weight (𝑀𝑤), the density (𝜌) and the 

elastic cross-section 70: 

Λ =
𝑀𝑤

𝜌𝑁𝐴𝜎el
                                                           (28) 

Where 𝑁𝐴 is the Avogadro’s number. 

Then we obtain 

 

Λwater = 527 nm 

Λacetone = 666 nm 

ΛPCL = 459 nm  
 

2.11 Patch distance from the particle center vs time. The distances between the patches 

and the center in each frame of the stabilized stack were calculated using in-house 

MATLAB scripts. The whole image stack was binarized by variant thresholds created by 

‘prctile’ function in MATLAB to obtain the lowest intensity pixels’ locations in each frame 

(98 percentile of pixels were cut off, which means we calculated 18-23 pixels per frame). 

Each pixel’s distance from the center was calculated was drawn one by one according to 

which frame they were belonging to (see Supplementary Fig. 16). 

 

2.12 Multiple time domain analysis. The collection of data from in-situ imaging 

experiments presents several challenges with regard to optimizing signal-to-noise ratio 

(SNR) and temporal resolution. Any increase in temporal resolution (at a fixed flux) will 

result in lower SNRs. Consequently, it is useful to record images at close to the SNR limit 

as this allows for the maximum temporal resolution to be achieved (at a fixed flux). The 

challenge then becomes interpreting these noisy images. One method for overcoming low 

SNR images is by frame averaging, where the increasing number of frames provides lower 

SNRs and more visually interpretable images. However, frame averaging has the 
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consequence of losing the desirable high temporal resolution. Consequently, it can be 

useful to analyze an image series over multiple time domains (by different degrees of frame 

averaging). Importantly, if images collected contain only temporal noise, frame averaging 

will not produce signal, but only a flat field image with narrower distribution of intensity 

values (Supplementary Fig. 19). However, for images which contain spatial noise, frame 

averaging will produce features in the images. Spatial noise can be accounted for by taking 

flat field images. Consequently, any increase in features associated with frame averaging 

must result from an increase in the SNR of our sample. To determine what is signal in our 

low SNR early time point single fame images (Fig. 4), we compared the individual frame 

time series with factorial averaged and 3 frame averaged time series (Supplementary Fig. 

18). This shows that the single frames contain signal and not just noise. 

 

2.13 Normalized contrast vs time. As proved above, the polymer volume fraction 𝜑PCL
V  

is linear with normalized contrast 
C

𝐷
 . Therefore we can plot 

𝐶

𝐷
 vs time to show the evolution 

of 𝜑PCL
V . According to Equation (19), contrast 𝐶 can be approximated as −ln (

𝐼P

𝐼B
). So in 

each frame 𝑖, we have 

𝐶𝑖

𝐷𝑖
≈

−ln(
𝐼𝑃𝑖
𝐼𝐵𝑖

)

𝐷𝑖
=

−ln (
min(𝑖𝑛𝑡)𝑖

𝐼mean_background_i
)

𝐷𝑖
                                         (29) 

Where min(𝑖𝑛𝑡)𝑖 is the minimum intensity of the membrane of frame 𝑖 (see Equation (16) 

and Determination of membrane thickness above); 𝐼mean_background_i is the mean intensity 

of the background area beside the particle in the frame 𝑖 (the same as that in Equation (15)); 

2𝑅𝑖  is the diameter of vesicle size in frame 𝑖  (see Determination of particle diameter 

above).  

3. Basic theory on polymer assembly by solvent switch process 

When the selective solvent concentration is low the copolymer will be soluble and 

both blocks will be in a swollen solvated state; the size and contrast of the dissolved 

polymer is such that they are not visible in the movie. When the water concentration 

reaches a critical point, the PCL blocks will become insoluble and begin to self-associate 

to reduce their interfacial area (α) in contact with water. This leads to the formation of 

assembled structures where the core is formed by lyophobic PCL blocks solvated in an 

acetone-rich phase, and the corona is formed by the lyophilic chains solvated in the more 

water-rich phase and the connection between the two blocks is (on average) located at the 

interface between these two phases (Supplementary Fig. 13). The free energy of the 

assembled structure can be approximated as the sum of the free energies for the interface, 

the core, and the corona. At equilibrium these three contributions are balanced. As the 

concentration of water increases this equilibrium shifts and consequently the structure – 

characterized by a certain core size ε, corona thickness δ and aggregation number g – 

evolves 71. 

 

4. Evaluation of the interblock interaction parameter 𝝌𝑨𝑩 and its critical value for 

several polymer-polymer systems 

 

4.1. Estimation of 𝝌𝑨𝑩  
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The value of 𝜒𝐴𝐵 for several block copolymers (See Supplementary Table 3) have been 

estimated from the Hansen solubility parameters (HSPs) of the blocks according to the 

relation proposed by Lindvig et al.61 

𝜒AB = 0.6
𝑉A + 𝑉B

2𝑅𝑇
[(𝛿d,A − 𝛿d,B)

2
+

1

4
(𝛿p,A − 𝛿p,B)

2
+

1

4
(𝛿h,A − 𝛿h,B)

2

]     (30) 

Here 𝑉A and 𝑉B are the molar volumes of the monomers of A and B, R is the gas constant, 

T the absolute temperature, while 𝛿d, 𝛿d and 𝛿d are the HSPs. The molar volume of the 

monomers can be estimated from the ratio between monomer molar mass and the polymer 

density. For the calculation literature values of the HSPs have been used 72,73. 

 

4.2. Calculation of the critical �̂�𝐀𝐁 value 

The critical polymer-polymer interaction parameter can be estimated according to the 

Flory-Huggins theory as 

�̂�AB =
1

2𝑁𝐴
(1 + √

𝑁𝐴

𝑁𝐵
)

2

                                                              (31) 

Where 𝑁𝐴 and 𝑁𝐵 are the degree of polymerization of blocks A and B. For example for a 

copolymer with 𝑁𝐴 = 50 and 𝑁𝐵 = 150 the value �̂�AB ≈0.02 is obtained20. 

 

5. Discussion related to a unifying description of vesicle formation.  
There has been great interest in the formation process of vesicles by bottom up self-

assembly of small molecules, polymer and colloids.6,24,26,27,74-79) Whilst there are a vast 

number of different ways in which these specific species can evolve into vesicles, the 

general consensus in the literature is that there are only two fundamental ways in which a 

hollow structure can form by the assembly of small building blocks – which are described 

as Mechanism I and Mechanism II.24  

 

Essentially for a hollow structure to form from building blocks, it must occur via either the 

formation of an anisotropic object which bends and folds to become a hollow sphere 

(Mechanism I) or the growth of an isotropic sphere which internally reorganizes to become 

hollow (Mechanism II), Supplementary Fig. 23. However, it is important to realize that 

both of these description only contain two phases – the solution phase and the building 

blocks. As our new model proposes a three phase description (bulk solution, liquid phase 

droplet and self-assembled structures) it is possible that both these two-phase mechanisms 

can be present simultaneously within our three phase model. For amphiphilic assemblies 

the distinction between a liquid phase droplet and a self-assembled structure is that the 

former it not organized based on a phase separation between the lyophilic and lyophobic 

moieties, whereas the latter is. This distinction is important as the underlying mechanisms 

which control phase separation and self-assembly are inherently different, Supplementary 

Fig. 23. 

 

It is interesting to note that in the original paper describing Mechanism II, Schmid and He 

simulate the formation of a short-lived (ca. microsecond) metastable hydrated polymer 

droplet which rapidly evolves inti a single micelle structure.57 This can be considered 

similar to the liquid phase precursors often found during in-situ analysis of crystal 
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nucleation and growth.31,38,39,80 The important distinction in our model is that the liquid 

phase precursors are formed by a thermodynamically driven phase separation process.  

 

In Fig. 4 the multi time domain averaging allows us to focus on the either the structure of 

the assemblies (at a given time point using single frames), or the structure of the liquid 

phase precursor (over a given time range using an average of several). It is important to 

note that the distinction between single frame and averaged frames is arbitrary – as even a 

single frame is an average of the different dynamic structures present during acquisition. 

However, in general, averaging over short time domains will always give a more accurate 

measurement of the individual structures present in a system, whereas long time domain 

averaging will show where these structures are located over that period. Using this 

approach Fig. 4 shows that the liquid precursor grows spherically and then internally 

reorganizes as the assemblies localize at the interface. However, the assemblies at the 

interface form anisotropic structures, which then evolve into the membrane. It is the 

evolution of both these phases which results in the formation of the vesicles. Consequently 

we believe Mechanism I and Mechanism II can be considered two extremes of our new 

proposed model, which would make it a unifying description 

 

SUPPLEMENTARY DATA 

 

Supplementary Fig. 1 | The Flory-Huggins mixing free energy densities (continuous 

lines) are compared with the mixing free energy densities for the micelle phase 

(dashed lines) for φW=0.05 (blue lines) and φW=0.11 (black lines). 
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Supplementary Fig. 2. Photographs showing the liquid cell holders and various stages 

of the preparation.  A. the tip of the Ocean holder b. a series of images during the dry 

assembly of the liquid cell and closing of the holder (top to bottom), c. the equipment used 

for loading the cell and flowing the solutions into the tip, d. the leak testing equipment and 

e. manual flowing of the solution into the cell while imaging.  

  



 

 

18 

 

 

Supplementary Fig. 3.  Schematic diagram showing the three-step diffusion method 

for mixing two liquid inside the liquid cell. Supplementary Fig. 4 shows low mag 

overview of the cell taken during this process for one of the control experiments. 
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Supplementary Fig. 4 | Window overview of the liquid cell during 3-step diffusion 

process. The images show the change in contrast when the cell is filled with liquid (a  

b), and that the cell remains filled with liquid during the subsequent steps. See 

Supplementary Fig. 3. 
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Supplementary Fig. 5 | Location map of the 5 analyzed vesicles. Five vesicles are 

located in different areas in the liquid cell and of different size ranging from 100 to 200 

nm. Scale bar: 400 nm. 
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Supplementary Fig. 6 | SEM images of the dry chip after the LP-EM experiment. a. 

image was taken from the area where Supplementary Movie 1 was recorded. The light 

background area (bottom right corner) is from outside the viewing area, whereas the dark 

background area (top right corner) is from inside the viewing area. b. SEM image taken 

from the area which is far away (> 5 microns) from the window and consequently 

unaffected by the electron beam. Scale Bar: 2 µm. The images show that the 2D images 

taken of the vesicles formed in the liquid cell are in fact 3D spherical objects. The fact that 

particle also form outside the viewing area and far away from the window shows that the 

electron beam was not the driving force for self-assembly.  

  



 

 

22 

 

 

Supplementary Fig. 7 |. Particle size and membrane thickness distribution from LP-

TEM (Supplementary Fig. 5), SEM (dry chips shown in Supplementary Fig. 6) and 

Cryo-TEM (Supplementary Fig. 8). 30 particle for each. The measurement was 

performed in Digital Micrograph using the line profile feature. The data show that the 

distributions between the self-assembly in-situ (LP-TEM) and ex-situ (cryo-TEM) overlay, 

indicating the vesicles formed in the liquid cell are comparable to vesicles formed in the 

laboratory. The data also shows a reduction in the average vesicle diameter when the 

assembly was performed in the liquid cell, indicating that the confinement of the liquid cell 

inhibits the formation of larger vesicles. The data show little difference between the 

membrane thickness for both the in-situ and ex-situ assemblies, indicating that confinement 

or the electron beam have no significant influence on the thickness of the membrane.  
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Supplementary Fig. 8 |. Composite of Cryo-EM images of the vesicles used for the size 

and membrane thickness analysis. Scale Bar: 200 nm. Self-assembly was performed as 

described in the methods section.  
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Supplementary Fig. 9 | Normalized cross-correlation efficient (NCCC) map. Plot to 

show the distribution of NCCC. A value of 1 indicates duplicate frames. Values below 1 

indicate a difference between successive frames. The plateau at ca. 600 s indicated that the 

majority of the changes in the movie occur in the first 600 seconds.  
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Supplementary Fig. 10 | The time interval distribution between two unique frames 

after removing the duplicate frames. a, Plot to show time interval varies over time; b, 

Time interval histogram showing that the major time interval is ranging from 1 to1.4 s. 
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Supplementary Fig. 11 | Cross-sectional time series of vesicles 1 using raw data. 

Aligned movie of vesicle 1 after processed with 3d median filter is displayed as a cross-

sectional time series. 
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Supplementary Fig. 12 | The schematic diagram of different electron pathways 

through a liquid cell containing SiN, water, acetone, PEO and PCL. We use 𝑰𝟎 as the 

intensity of the incident electron beam, 𝑰𝐏 the intensity of the point P where the electron 

goes through the vesicle membrane core and 𝑰𝐁 the intensity of the point B in a background 

area adjacent to point P. The total thickness of the cell, 𝑳, (including the SiN windows), 

can be separated into individual component length: 𝑳 = 𝑻𝐏𝐂𝐋
𝐁 + 𝑻𝐰𝐚𝐭𝐞𝐫

𝐁 + 𝑻𝐚𝐜𝐞𝐭𝐨𝐧𝐞
𝐁 + 𝑻𝐒𝐢𝐍

𝐁 , 

while 𝒍, the electron pathway in the vesicle membrane core could be mainly express as 𝒍 =
𝑻𝐏𝐂𝐋

𝐏 . Note: PEO is not considered in this system. 
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Supplementary Fig. 13 | Plot of vesicle membrane contrast (C/D) as a function of 

volume fraction of polymer (φPCL). C/D is calculated based on the composition of the 

vesicle as determined by the SCF simulations (Supplementary Table 2) and the calculated 

mean free paths of each component. The graph shows there is a linear increase of C/D with 

φPCL until a φPCL value of 0.7. Note: C/D begins to decrease after φPCL = 0.8 due to the lower 

mean free path of water than acetone. 
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Supplementary Fig. 14 | Determination of electron pathway in vesicle membrane core. 

a, schematic diagram of the vesicle membrane geometry; b, Plot to show that 𝒔𝒊𝒏(𝜶) ≈ 𝜶, 

when 𝜶 is relatively small. 
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Supplementary Fig. 15 | Measurement of the membrane thickness and the intensity 

evolution from the corresponding radial averaged intensity map. We define the 

membrane thickness as the distance between the minimum intensity (white dash line) and 

the average intensity of the outside environment (white box). Note: the membrane 

thickness in the first 110 frame (~137 second) is not considered in this calculation due to 

the low signal to noise ratio. 
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Supplementary Fig. 16 | Patches distances from the particle center vs time. Plot to 

show the evolution of the dense regions in vesicle 1 by plotting the distance from the centre 

of the particle for the lowest intensity pixels (90 percentile cut off) versus time. The graph 

shows that initially the dense pixels are located throughout the particle and then become 

localized at the edges over time. 
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Supplementary Fig. 17 | Relative intensity angular maps and corresponding LP-TEM 

images of vesicle 5. The black arrow indicates the dense liquid phase, the white dashed 

circles indicate the initial formation of the membrane patches (t = 125 s) and the dashed 

white boxes indicate the depletion of the dense liquid phase and closure of the patches to 

form a continuous membrane (t = 242 – 352 s), Scale bar: 50 nm. 
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Supplementary Fig. 18 |. Multiple time domain analysis of the early stages in the 

formation of vesicle 1. a. 3 frames averaged time series sequence. b. 10 frames averaged 

time series sequence. c. sum up time series sequence. Scale Bar: a-e: 100 nm. See 

supplementary information for discussion.  
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Supplementary Fig. 19 |. Multiple time domain analysis of the background. a. single 

frames time series sequence. b. sum up time series sequence. See supplementary 

information for discussion.  
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Supplementary Fig. 20 | Illustrative concentration profile from the SCF 

computations. It shows the distribution of the PCL chain ends as function of the distance 

from the center of the bilayer (d) at φw=0.12 (dashed curves) and φw=0.9 (continuous 

curves). 
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Supplementary Fig. 21. Simulated distribution (blue curve) and sampled points in the 

SCF computations (red dots) obtained from applying equation (14) for a PCL block with 

n ̅=174 using a value of z=3. 
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Supplementary Fig. 22. Concentration profiles of the different moieties composing the 

polydisperse PEO-PCL copolymer obtained at a) φ_W=0.12 and b) φ_W=0.9; c) overall 

thickness of the PCL core of the self-assembled structure. d) SCF membrane thickness T 

versus φ_PCL at the center of the core (black squares) and fit of T~φ_PCL (solid curve). 
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Supplementary Fig. 23 |. Comparison of existing vesicle self-assembly mechanisms 

with the unifying mechanism proposed in this work. See supplementary information for a 

detailed discussion.   
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Supplementary Fig. 24 | Snapshots of the preformed vesicles from Supplementary 

Movie 6. After being illuminated for 1328 seconds, the preformed vesicle structure does 

not change significantly. This indicates that the vesicles are relatively stable under the 

illuminations conditions used in the liquid cell experiment. Scale Bar: a-b: 500 nm, c-d: 

200 nm. 
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Supplementary Fig. 25 |. LP-EM of preformed vesicles (Supplementary Movie 7). 

Comparison of the snapshots at 1 s and 1000 s shows the preformed vesicles area quite 

stable at 30 e-.nm2-.s- for 1k seconds imaging. The direct loading of pre-formed vesicles 

causes an increase in cell thickness, therefore the contrast is poor compared to 

Supplementary Movie 1 and S6. 
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Supplementary Fig. 26 |. Cryo-TEM images of different morphologies found in the 

PCL-PEO samples when prepared as descried in the methods section. Scale Bar: a-e: 

400 nm, f: 1 µm. 
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Supplementary Fig. 27 |. Single particle analysis of another vesicle self-assembly 

movie (Supplementary Movie 8 and 9). Comparison of (a) individual frame time series 

with (b) 5 frame averaged time series and (c) 20 frame averaged time series. d. Radial 

averaged intensity maps for the vesicle; e. Cross-sectional time series of the vesicle. Scale 

Bar: 50 nm. 
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Supplementary Fig. 28 |. Single particle analysis of another vesicle self-assembly 

movie (Supplementary Movie 8). Comparison of (a) individual frame time series with (b) 

5 frame averaged time series and (c) 20 frame averaged time series. d. Radially averaged 

intensity maps for the vesicle; e. Cross-sectional time series of the vesicle. Scale Bar: 50 

nm. 
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Supplementary Fig. 29 | Angular maps and corresponding LP-TEM images of the 

vesicle analyzed in Supplementary Fig. 27. The yellow dashed circles in each TEM 

images show where the area was taken to make the angular map. Multiple separate 

‘patches’ are clearly visible in the angular maps. All images are 5 frames averaged. Scale 

Bar: 50 nm 
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Supplementary Fig. 30 | Angular maps and corresponding LP-TEM images of the 

vesicle analyzed in Supplementary Fig. 28. The yellow dashed circles in each TEM 

images show where the area was taken to make the angular map. Multiple separate 

‘patches’ are clearly visible in the angular maps. All images are 5 frames averaged. Scale 

Bar: 50 nm.  
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Supplementary Fig. 31 |. LP-EM of another vesicle self-assembly (Supplementary 

Movie 9) and post-mortem analysis of the chips. a, A snapshot of multiple-

compartment vesicle formation process from the Supplementary Movie 9. Further single 

particle analysis was performed on the particle highlighted by the white dashed square. b-

d, post-mortem analysis of the liquid cell chip revealed a combination of vesicles and 

multi-compartment vesicles ;  
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Supplementary Fig. 32 |. Single particle analysis of the multiple-compartment 

vesicle formation process. The vesicle is highlighted in Supplementary Fig. 31d by 

the white dashed square. a, analysis of a single particle is displayed as a cross-sectional 

time series, insets show the first and last frame with the vertical blue dashed lines 

indicating where the cross-section was taken. b, angular maps and corresponding LP-

TEM images of the multi-compartment vesicle at different time points. The yellow 

dashed circles in each TEM images show where the area was taken to make the angular 

map. The patch mediated process was not observed in the analysis above (see the details 

in DIRECT OBSERVATION OF LIQUID PHASE PRECURSOR section). Scale Bar: 

100 nm. 
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Supplementary Table 1 | 𝝌 parameters used in the calculations 

Unit 1 Unit 2 𝜒 

AC CL 0.46 
AC A 0.46 

AC B 0.46 

AC C 0.47 

AC EO 0.47 

AC W 0.185 

W CL 3 

W A 3 

W B 3 

W C 0.49 

W EO 0.49 

CL A 0 

CL B 0 

CL C 0 

CL EO 0.159 

EO A 0.159 

EO B 0.159 

EO C 0 

A B 0 

A C 0.159 

B C 0.159 
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Supplementary Table 2 | Volume fractions of each components obtained from the 

simulations. 

background vesicle 
Water Acetone Water Acetone Polymer 

0.1 0.9 0.024 0.57 0.406 
0.12 0.88 0.0245 0.53 0.4455 

0.14 0.86 0.0248 0.49 0.4852 

0.16 0.84 0.025 0.46 0.515 

0.18 0.82 0.025 0.43 0.545 

0.2 0.8 0.0254 0.41 0.5646 

0.25 0.75 0.0254 0.35 0.6246 

0.3 0.7 0.0256 0.31 0.6644 

0.35 0.65 0.0255 0.27 0.7045 

0.4 0.6 0.0253 0.24 0.7347 

0.45 0.55 0.025 0.21 0.765 

0.5 0.5 0.0249 0.19 0.7851 

0.6 0.4 0.0242 0.14 0.8358 

0.7 0.3 0.0235 0.1 0.8765 

0.8 0.2 0.023 0.065 0.912 

0.9 0.1 0.0225 0.032 0.9455 
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Supplementary Table 3 | Estimated values of 𝝌𝑨𝑩  

 

Copolymer Acronym 𝝌𝐀𝐁 

Poly(ethylene oxide)-block-Poly(lactic-co-glycolyc acid) PEO-PLGA (50:50) 0.06 
Poly(ethylene oxide)-block-Poly(propylene oxide) PEO-PPO 0.09 

Poly(ethylene oxide)-block-Polystyrene PEO-PS 0.43 
Poly(ethylene oxide)-block-Poly(methyl methacrylate) PEO-PMMA 0.1 

Poly(ethylene oxide)-block-Poly-L-lactide PEO-PLLA 0.02 
Poly(ethylene oxide)-block-Polyethylene PEO-PE 0.5 

Poly(vinyl alcohol)-block-Poly-ε-caprolactone PVOH-PCL 0.29 
Poly(vinyl alcohol)-block- Poly(lactic-co-glycolyc acid) PVOH-PLGA (50:50) 0.08 

Poly(vinyl alcohol)-block- Poly(propylene oxide) PVOH-PPO 0.15 
Poly(vinyl alcohol)-block- Polystyrene PVOH-PS 0.38 

Poly(vinyl alcohol)-block-(methyl methacrylate) PVOH-PMMA 0.17 
Poly(vinyl alcohol)-block- Polypropylene PVOH-PLLA 0.11 
Poly(vinyl alcohol)-block- Polyethylene PVOH-PE 0.53 

 

 

 

 

Supplementary Movie 1 

LPEM Movie of the in-situ self-assembly experiment. Unprocessed movie. 

Supplementary Movie 2 

LPEM movie of the in-situ self-assembly experiment . Stabilized and cropped movie. 

Acquisition frame rate: 30 fps; Electron dose rate: 30 electrons/nm2·s; Playback frame rate: 

50 fps. 

Supplementary Movie 3 

LPEM movie of the membrane formation process of vesicle 1. Electron dose rate: 30 

electrons/nm2·s; Playback frame rate: 100 fps. 

 

Supplementary Movie 4 

Control Experiment 1. LPEM movie of pure acetone. Electron dose rate: 30 

electrons/nm2·s; Playback frame rate: 80 fps. 

 

 

Supplementary Movie 5 

Control Experiment 2. LPEM movie of polymer in acetone. Electron dose rate: 30 

electrons/nm2·s; Playback frame rate: 80 fps. 

 

Supplementary Movie 6 

Control Experiment 3. Self-assembly of the vesicles in the liquid cell without imaging.  
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Supplementary Movie 7 

Control Experiment 4. LPEM movie of preformed vesicle 

 

Supplementary Movie 8 

Control Experiment 6. LPEM movie showing a second example of the in-situ self-assembly 

experiment.  

 

Supplementary Movie 9 

Control Experiment 6. LPEM movie showing a cropped single particle from 

Supplementary Movie 8 

 

Supplementary Movie 10 

Control Experiment 6. LPEM movie shows a third example of the in-situ self-assembly 

experiment. 
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