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ABSTRACT
Polymersomes frequently appear in literature as promising candidates for a wide range of 

applications from targeted drug delivery to nanoreactors. From a cell mimetic point of view, it is 

important to understand the size and the shape changes of the vesicles in the physiological 

environment since that can influence the drug delivery mechanism. In this work we studied the 

structural features of polymersomes consisting of   poly(ethylene glycol) - poly(dimethylsiloxane) 

- poly(ethylene glycol) at nanoscopic length scale in the presence  NaCl, which is a very common 
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molecule in biotic aqueous environment. We used dynamic light scattering (DLS), cryo-TEM, 

small angle neutron and X-ray scattering (SANS/SAXS). We observed transformation of 

polymersome shape change from spherical to elongated vesicles at low salt concentration and in 

to multi-vesicular structures at high salt concentration. Model fitting analysis of SANS data 

indicated a reduction of vesicle radius up to 47 % and from the SAXS data we observed an increase 

in membrane thickness up to 8 % and an increase of the PDMS hydrophobic segment up to 11 % 

indicating stretching of the membrane due to osmotic imbalance.  Also, from the increase in 

interlamellar repeat distance up to 98 % under high salt concentrations, we concluded that the 

shape and structural changes observed in the polymersomes are a combined result of osmotic 

pressure change and ion-membrane interactions. 
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INTRODUCTION

Polymersomes are vesicular macro-assemblies of amphiphilic polymers. They are being studied 

extensively, for many important applications including but not limited to targeted drug/gene 

delivery1 2, bioreactors3-5, cell/viral capsid mimicking6 and diagnosis.7, 8 These vesicles have been 

shown to be more robust and less water permeable compared with phospholipid vesicles.9 

Polymersomes can be designed to meet specific requirements such as size, membrane structure, 

shape, surface activity and response toward internal and external stimuli.10 Several pioneering 

studies can be summarized as follows. A pH responsive polymersome, consists of CS-poly(β-

amino) ester have been studied by Xu et al for co-delivering  hydroxychloroquine (HCQ) and 

tunicamycin (Tuni) drugs to achieve an antitumor effect and inhibiting tumor metastasis.11 Liu et 

al. have reported a study based on a PVCL-PDMS-PVCL polymersome, which has a temperature 



3

controlled permeability with a sustained delivery of anticancer drug Doxorubicin (DOX).12 When 

considering polymersomes as drug delivery vesicles from a cell mimetic point of view,  we can 

conclude that the shape and size of the polymersomes have strong impact of its performance such 

as biodistribution, pharmacokinetic properties and cell internalization.13-20 For example, while 

disk-like red blood cells with dimensions of 6-8 μm routinely pass through the spleen, spherical 

particles must be less than 200 nm in diameter to do the same.21 According to Champion et. al., 

speed of phagocytosis of IgG-opsonized anisotropic polystyrene particles by alveolar macrophages 

depends on the local particle shape at the point of initial contact.20 Shape transformation of 

polymersomes can be achieved by osmotic pressure change, chemical structure change, 

temperature change or by applying a pH cahnge.22-25 As polymersome membranes can act as highly 

sensitive barrier an osmotic pressure gradient may occur between inside and outside. Also, 

different ions can interact with the membrane.26 This may lead to potential shape deformations of 

the vesicles.22, 27 Therefore, it is important to study how the osmotic pressure and the interaction 

of different ions with the membrane affect the shape changes so that we can advance the 

understanding the behavior of polymersomes when they are introduced into biological 

environments. In addition, by understanding the fundamental processes imposed by osmotic 

pressure and ion – membrane interactions, we may be able to decide polymer size, 

hydrophilic/lipophilic ratio, and the architecture for designing a new type of polymersome with 

accurate control of the shape deformation that leads to optimized design. This will help to obtain 

control over the polymersome shape and understand the mechanism of the shape change. 

Most theoretical studies explaining vesicle shape transformation are based on liposomes consist of 

lipid molecules. Numerous vesicle shape transformation pathways have been proposed using the 

data obtained from studies involving lipid vesicles where spherical vesicles change their shapes to 
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tubular, oblate and stomatocytes etc. as a response to changes in volume-to-area ratio,  𝑣 =  
𝑉

4𝜋
3

𝑅3
0
  

(where R0 = (A / 4π)1/2 is the radius of a sphere with the same area) and area difference, ∆𝐴 = 𝐴𝑖𝑛 ―

𝐴𝑜𝑢𝑡.28-30  Provided that the triblock copolymer chains having an ABA arrangement 

(hydrophilic−hydrophobic−hydrophilic), adapt I-shape conformations inside the self-assembled 

membrane, where the hydrophobic block forms a stretched/elongated chain resulting in a 

monolayer-like membrane structure (Figure 1), we can assume the same shape transformation 

pathways to explain the polymersome shape changes. Vesicles adjust their shapes in a way that 

minimizes the bending energy, Eb. According to the spontaneous curvature model of Helfrich,  𝐸𝑏

=  
𝜅
2 𝜙 (2𝐶 ― 𝐶0)2𝑑𝐴, depends on three parameters: bending rigidity  (𝜿), mean surface curvature 

(𝑪) and spontaneous curvature (𝐶0).2, 26, 31 Bending rigidity is governed by the chemical properties 

of the membrane, (thus by composition and length of the polymer chains) as well as the 

surrounding environmental factors (temperature and solvent composition). The mean surface 

curvature will depend upon the degree of curvature at different positions of the membrane and is 

subjected to change with the shape. Spontaneous curvature (𝐶0) on the other hand does not depend 

on the shape; rather it is sensitive to the membrane microenvironment.32 A positive 𝐶0 would favor 

the shape change to prolates and tubes and  a negative 𝐶0 would favor the  oblates, disks and 

stomatocytes.2 

It has been shown by Coarse-grained (CG) based molecular dynamics simulations, that under low 

stress conditions, polymersome shape change is governed by membrane stretching where 

polymersome contracts symmetrically and maintains a symmetrical shape. After a certain 

threshold limit polymersome shape is governed by membrane bending and generates non-spherical 

shapes.33  The shrinkage reduces the osmotic pressure but increases the bending energy, 𝐸𝑏. At a 

certain point bending energy will be the determining parameter for the shape. To minimize the 
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bending energy, polymersome should adjust the surface area difference (∆𝐴)  and obtain a final 

kinetic shape. But osmotic pressure alone cannot explain all the shape changes observed at 

different hypertonic conditions and we need to consider membrane-ion interactions too. There are 

few reports available in literature that discuss the combined effect of osmotic pressure and solute-

membrane interactions on the shape change of polymersomes and studies done at high salt 

concentrations are even less.26, 27, 34  In this context we focused on a holistic approach to discuss 

the impact of NaCl on the shape deformation of the biocompatible35, 36 PEG-PDMS-PEG 

polymersomes and the structure-property relationship that may change. Poly (ethylene glycol) 

(PEG) is one of the most used polymers in medical and biological applications due to its non-

toxicity, non-immunogenicity, and biocompatibility. It is also one of the few FDA approved 

polymers.36 PDMS is widely used as an optically clear, flexible, inert, nontoxic, non-flammable 

biocompatible material, and it is routinely used as a biomedical implant material and for 

fundamental cellular studies.35 Na+ is the major cation and Cl- is the major anion in the extracellular 

fluid and present in the concentration range of roughly 100−150 mM.37  NaCl solutions ranging 

from 0 to 500 mM concentrations were used to induce the osmotic imbalance in the polymersome 

solution and the structural characterizations were done using dynamic light scattering (DLS), 

cryogenic transmission electron microscopy (cryo-TEM), small-angle X-ray scattering (SAXS) 

and small-angle neutron scattering (SANS). 

DATA MODELING

Polymersome structure: The polymersome form factor is modeled using an extension of the core-

multi shell model used in our previous studies.38-41 The core is filled with water and in case of 

multi-vesicular polymersomes encapsulated by 𝑁 shells of PEG-PDMS-PEG and 𝑁 ― 1 layers of 

solvent as illustrated in Figure 1 a. We can model the data using a core of radius 𝑅𝑐 and 𝑛 = 3𝑁 + 1 
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shells for each layer of PEG, PDMS, PEG, and water. Each shell thickness and scattering length 

density is assumed to be constant for the respective shell.  The 1D scattering pattern is described 

by:

𝑃(𝑄,𝑅,𝑡,Δ𝜌) =  
𝜙[𝐴(𝑄)]2

𝑉(𝑅𝑆𝐴𝑁𝑆)
(1)

with the scattering amplitude A(Q) is given by a simplified core-multi-shell model

𝐴(𝑄) = (𝜌solv ― 𝜌c)3𝑉(𝑅𝑐)
𝑗1(𝑄𝑅𝑐)

𝑄𝑅𝑐
+

3𝑁+1

𝑖=1
(𝜌i ― 𝜌c)3𝑉(𝑟𝑖)

𝑗1(𝑄𝑟𝑖)
𝑄𝑟𝑖

(2)

For a spherical Bessel’s function 𝑗1(𝑥) = sin(𝑥) ― 𝑥 cos(𝑥)
𝑥2 , 𝑉(𝑟) is volume of the sphere with radius 

r given by 𝑉(𝑟) = 4
3𝜋𝑟3, with, , the corresponding polymer volume fraction. Here the outer radius 

is given by 𝑟𝑖 =  𝑅𝑐 + 𝑖𝑡𝑗, with 𝑡𝑗 will be the thickness of the PEG (𝛿𝑃𝐸𝐺), PDMS (𝛿𝑃𝐷𝑀𝑆), PEG (

𝛿𝑃𝐸𝐺) and interlayer water thickness (𝑡𝑤), for 𝑖 = 1, 2, 3, and 4 respectively and repeating itself. 

Therefore, for N = 2 layers we have n = 3N + 1 = 7 layers of shells consisting of 2 layers of PEG-

PDMS-PEG and 1 interlayer water. The outer perimeter radius is 𝑅𝑆𝐴𝑁𝑆 =  𝑅𝑐 + 𝛿𝑀, with 

membrane thickness, 𝛿𝑀 = (𝑁 ― 1)𝑡𝑤 +2𝑁𝛿𝑃𝐸𝐺 +𝑁𝛿𝑃𝐷𝑀𝑆. The corresponding neutron 

scattering length density (NSLD) is given by 𝜌i. For PEG-PDMS-PEG polymersome we used the 

scattering length density of the shell, 𝜌PEG = 0.634 × 10―6 Å-2, 𝜌PDMS = 0.063 × 10―6 Å-2, and 

for D2O the NSLD of the solvent core is given by, 𝜌solv = 𝜌c = 6.36 × 10―6 Å-2. The macroscopic 

scattering cross-section is obtained by,

𝑑Σ
𝑑Ω (𝑄) =  𝑑𝑟𝑃 𝑄,𝑅,𝑡,𝜌polymer,𝜌solv 𝑠(𝑟) (3)
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For the size polydispersity, a log-normal distribution following the size distribution we obtain from 

DLS. In addition, the thickness of the shell and the solvent are convoluted with a Gaussian 

distribution function to account for the thickness polydispersity. A more detailed modeling for 

unilamellar polymersome and the size distribution is reported in the supplemental information (SI).

   

Figure 1. Schematic representation of (a) the multivesicular polymersome, structure illustrating 

the number of bilayers, N, the radius of the core, 𝑅𝑐, the (b) thickness of the PEG shells, 𝛿𝑃𝐸𝐺, the 

thickness of the interleaved solvent layers, 𝑡𝑤 and the thickness of the PDMS shell, 𝛿𝑃𝐷𝑀𝑆, (c) 

Chemical structure of triblock copolymer.

                  

Membrane structure: The random lamellar sheet consisting of the PEG and PDMS moieties of 

the tri-block copolymer forming the PEG-PDMS-PEG membrane can be modelled using the Caille 

structure factor.42, 43 It provides direct access to the macroscopic scattering cross-section given by 

the scattering intensity for a random distribution of the lamellar phase, as
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𝑑Σ
𝑑Ω (𝑄) =  2𝜋

𝜙𝑃(𝑄)𝑆(𝑄)
𝑄2𝑑  (4)

with the particle volume fraction, 𝜙, and the distance of the lamellae, d. The form factor is given 

by:

𝑃(𝑄) =  
 4
𝑄2 ∆𝜌𝑃𝐸𝐺 sin(𝑄(𝛿𝑃𝐸𝐺 +𝛿𝑃𝐷𝑀𝑆)) ― sin(𝑄𝛿𝑃𝐷𝑀𝑆) + ∆𝜌𝑃𝐷𝑀𝑆 sin(𝑄𝛿𝑃𝐷𝑀𝑆)

2 (5

)

The scattering contrasts for the PEG and PDMS parts are ∆𝜌PEG and ∆𝜌PDMS, respectively. The 

corresponding thicknesses are 𝛿𝑃𝐸𝐺 and 𝛿𝑃𝐷𝑀𝑆, respectively, as presented in Figure 1. The PEG-

PDMS-PEG membrane thickness is given by, 𝛿𝐻𝐻 = 2(𝛿𝑃𝐸𝐺 +𝛿𝑃𝐷𝑀𝑆).  For unilamellar structure, 

N = 1, the repeat distance in equation 4 is given by the membrane thickness, 𝛿𝐻𝐻. The PEG and 

PDMS contrast are given by ∆𝜌𝑃𝐸𝐺 =  𝜌PEG ― 𝜌solv, and ∆𝜌𝑃𝐷𝑀𝑆 =  𝜌PDMS ― 𝜌solv, respectively. 

The corresponding X-ray scattering length densities (XSLD) are given by 𝜌PEG = 10.45 × 10―6 

Å-2, 𝜌PDMS = 8.92 × 10―6 Å-2, and for D2O as solvent 𝜌solv = 9.34 × 10―6 Å-2. 

The Caille structure factor for N > 1 is given by,

𝑆(𝑄) =  1 + 2
𝑁―1

𝑛=1
1 ―

𝑛
𝑁 cos(𝑄𝑑𝑛) exp ―

2𝑄2𝑑2𝛼(𝑛)
2

(6)

with the number of lamellar plates, N, and the correlation function for the lamellae, 𝛼(𝑛), defined 

by
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𝛼(𝑛) =  
𝜂cp

4𝜋2 ln(𝜋𝑛) + 𝛾𝐸 (7)

with 𝛾𝐸 = 0.57721 the Euler’s constant.  The elastic constant for the membranes is expressed in 

terms of the Caille parameter, 𝜂cp =  
𝑄0

2𝑘𝐵𝑇
8𝜋 𝜅𝑏 𝜅𝐴

, where 𝜅𝑏 and 𝜅𝐴 are the bending elasticity and the 

compression modulus of the membranes, respectively. Here 𝜅𝐴 is associated with the interactions 

between the membranes. The position of the first-order Bragg peak is given by Q0, and kB is the 

Boltzmann’s constant and T the absolute temperature. 

EXPERIMENTAL SECTION

Materials

All chemicals and reagents were used as received. Allyloxy (polyethylene oxide), methyl ether 

and hydride terminated poly(dimethylsiloxane) was purchased from Gelest Inc (Morrisville, PA), 

Anhydrous toluene and Karstedt’s catalyst were purchased from Sigma-Aldrich (St. Louis, MO). 

Synthesis of PEG-b-PDMS-b-PEG Triblock Copolymer

PEG14-PDMS15-PEG14 triblock copolymer was synthesized by hydrosilylation between different 

blocks: Hydride terminated poly(dimethylsiloxane) with a number average molecular weight of 

1100 g/mol as hydrophobic block and allyloxy (polyethylene oxide), methyl ether with a number 

average molecular weight of 600 g/mol as the hydrophilic block (Figure S1). Average molecular 

weights of each individual blocks were determined by MALDI TOF/TOF MS (Figure S2). Hydride 

terminated PDMS (8.0 g, 7.3 mmol, 1 eq), allyloxy (polyethylene oxide), methyl ether (9.7 g, 16.1 

mmol, 2.2 eq), Karstedt’s catalyst solution (0.89 mL, 30 ppm) and anhydrous toluene (100 mL) 

were charged into a 250 mL three-neck round bottom flask under inert atmosphere. Then, the 

reaction was heated at 70°C overnight. After removing of solvent, the obtained polymer was 
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purified by dialysis in methanol using a dialysis membrane with Molecular Weight Cutoff 

(MWCO) of 1000 Da to remove excess PEG. The final product was filtered with a 0.1 𝜇𝑚 filter 

to remove the Pt from Karstedt’s catalyst. The success of the coupling between PDMS and PEG 

blocks was confirmed by 1H NMR by the disappearance of terminal H signal of PDMS and the 

signal shift of terminal H of PEG upon the reaction. Further, the disappearance of H signal from 

double bond in PEG confirmed that no excess PEG remained in the final product. (Figure S3). 

Polymersome Preparation

Polymersomes were obtained by direct dissolution of polymer in D2O at 4 mg/ml concentration. 

Then the solution was subjected to 30 seconds of sonication using a Sonic Vibra Cell VC 750 

transducer and probe under 20% amplitude. The triblock copolymer having a hydrophilic mass 

fraction of 0.52 self-assembled into vesicles.28 To obtain monodisperse unilamellar vesicles, the 

resulted solution was double extruded through a 0.1 μm pore size polycarbonate membrane using 

a double-syringe mini-extruder. (Both membrane and extruder were purchased from Avanti Polar 

Lipids, Alabaster, AL, USA.). Polymersome solutions were mixed with NaCl solutions in 1:1 ratio 

to obtain the desired external salt concentration and final polymer concentration of 2 mg/ml in a 1 

ml volume. The measurements were done 24 hours after the sample preparation which has shown 

to be sufficient to reach equilibrium and keeping at ambient temperature, 25°C.  

Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were performed using a Malvern Zetasizer Nano 

ZS equipped with a He-Ne laser of wavelength,  = 633 nm at 30 mW laser power, at a scattering 

angle  = 173 ◦. The hydrodynamic radius, Rh, of the polymersomes in each NaCl concentration 

was calculated using the Stokes-Einstein equation, 𝑅h = 𝑘B𝑇 (6πη0𝐷), with the Boltzmann 
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constant, kB, the temperature, T, the viscosity of the solvent (D2O or NaCl solution), η0. Three 

separate DLS measurements for each mixture were averaged.

Cryo-Transmission Electron Microscopy

Cryogenic-transmission electron microscopy (cryo-TEM) images were recorded on a Tecnai G2 

F30 operated at 150 kV. A volume of ten microliters of the sample (2mg/ml polymersome: in pure 

D2O, or NaCl) was applied to a 200 mesh lacey carbon grid mounted on the plunging station of an 

FEI Vitrobot™ and excess liquid was blotted for 2 s by the filter paper attached to the arms of the 

Vitrobot. The carbon grids with the attached thin film of polymersome suspensions were plunged 

into liquid ethane and transferred to a single tilt cryo - specimen holder for imaging. By quick 

plunging into liquid ethane, the vesicles are preserved at their hydrated state present at room 

temperature. Cryo-TEM images were obtained in the bright field setting.

Small Angle Neutron Scattering

Small-angle neutron scattering (SANS) experiments were conducted at the NG 7 SANS instrument 

of the NIST Center for Neutron Research (NCNR) at National Institute of Standards and 

Technology (NIST).44 The sample-to-detector distances, d, were fixed to 1, 4, and 13 m, at neutron 

wavelength, λ = 6 Å. Another configuration with lenses at d = 15.3 m, and λ = 8 Å was used to 

access low Q’s.45 This combination covers a Q - range from ≈ 0.001 to ≈ 0.6 Å-1, where 𝑄 = 4π

sin(𝜃/2)/𝜆, with the scattering angle, θ. A wavelength resolution of, / = 14%, was used. All 

data reduction into intensity, I(Q), vs. momentum transfer, 𝑄 = |𝑄| was carried out following the 

standard procedures that are implemented in the NCNR macros for the Igor software package.46 

The intensity values were scaled into absolute units (cm-1) using direct beam. The solvents and 

empty cell were measured separately as backgrounds. 
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Small Angle X-ray scattering

Small-angle X-ray scattering (SAXS) experiments were conducted at the Bio-SAXS beamline at 

the Stanford Linear Accelerator Center (SLAC) facility. At the synchrotron instrument, the 

samples were measured in a flow cell with an acquisition time of 1 s, whereas the samples were 

loaded in 1 mm borosilicate glass capillary cylinders for the lab X-ray with an acquisition time of 

10 s. The recorded intensities were corrected for dark current, empty cell and solvent (buffer) using 

standard procedures.47 48 The scattering intensity was normalized to absolute units (cm-1) using 

water as calibration standard.49 The energy at the SLAC source was  11 keV.

RESULTS AND DISCUSSIONS
Polymersome size, morphology, and structure 

DLS data showed a rapid decrease of hydrodynamic diameter (Dh) with changing NaCl 

concentration, ϕM, from 1 to 5 mM (Figure 3).  Then Dh is almost constant until the external NaCl 

concentration reaches up to 150 mM. Another rapid decrease of Dh was observed at 250 mM and 

500 mM concentrations. The change in Dh is attributed to osmotic shrinkage of vesicles or shape 

changes.50, 51 The addition of salt can create an osmotic pressure difference, Π, across the 

polymersome membrane, 𝛱 = 𝑅𝑇 (𝛥𝜙𝑀), causing shrinkage or reduction in volume of the vesicle 

and transferring water through the membrane. Here R is the gas constant, 𝛥𝜙𝑀 is the concentration 

difference of the solute across the membrane, and T is the absolute temperature. 
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Figure 2. Relative change of hydrodynamic diameter 𝐷ℎ = 𝐷ℎ(𝜙𝑀) 𝐷ℎ(0) of the polymersomes 

with external NaCl concentrations, 𝜙𝑀 and osmotic pressure, 𝛱. 𝐷ℎ(0) is the initial diameter of 

the polymersome under isotonic conditions. Inset, linear dependence of 𝛱 with 𝜙𝑀 following 

𝛱 = 𝑅𝑇 (𝛥𝜙𝑀), presented by the solid line.

To get direct images and examine the structural information polymersomes - salt systems cryo-

TEM experiments were done for selected NaCl concentrations (5 mM, 100 mM, and 250 mM). 

The cryo-TEM images (Figure 4) demonstrated that all salt concentrations can induce shape 

changes to the polymersome. At 5 mM NaCl concentration, counting n = 73 particles revealed that 

50.7 % of the structures were elongated tubular shaped vesicles, 38.4 % were spheroids, and 11 % 

nested vesicles. At 100 mM NaCl concentration (n = 52), 48 % of the vesicles had spheroidal shape 

and 38.5 % appeared as multivesicular vesicles.52, 53  Rest, 13.5 % were nested vesicles. For the 

250 mM NaCl concentration multivesicular vesicles were the most abundant with 31 % of the total 

vesicles (n = 50) and 15 % had spheroidal shape. Very small number of nested vesicles (4 %) and 

elongated tubular vesicles (2 %) were also present. Aspect ratio analysis shows deviation of 

spherical shapes started even for 5 mM NaCl concentration. Details are presented in the 

supplemental information. 
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Figure 3. Cryo - TEM images of polymersomes (a) in their original state, under (b) 5 mM. Blue 

arrow indicates an elongated tubular vesicle, orange arrow indicates a nested vesicle. (c) 100 

mM. Inset: zoomed image of a multivesicular vesicle. (d) 250 mM NaCl concentrations. Scale bar 

represents 200 nm.

The polymersome structure is investigated using SANS to obtain the statistically dominant one, 

after averaging over many particles, the size of the core, shell, and membrane thickness. Error! 

Reference source not found. a illustrates the SANS data for the pure polymersome at 0 mM NaCl 

concentration, whereas the scattering contribution from the PEG, PDMS, and total scattering from 

the modified core-shell model are presented. The detailed data modeling for N = 1 layer as a special 

case for equations 1 - 3 can be found in the supplemental information, where we have discussed 

in details the scattering contributions from different cross terms as suggested by earlier work.54 In 

Error! Reference source not found. b we present the neutron scattering profile as a product of 

the NSLD and the number density (𝑁𝑎𝑔𝑔/𝑉𝑆𝐴𝑁𝑆) as function of particle radius, 𝑅𝑆𝐴𝑁𝑆, occupying 

a volume of 𝑉𝑆𝐴𝑁𝑆. The data is plotted with respect to solvent (D2O) NSLD, so that outside the 

membrane thickness we have only D2O NSLD as the background. The corresponding aggregation 
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number, 𝑁𝑎𝑔𝑔, gives the number of polymers per polymersome. We have used a compact core-

shell model (equations 1- 3) with a given shell volume of 𝑉𝑠ℎ𝑒𝑙𝑙, we have 𝑁𝑎𝑔𝑔 =  

𝑉𝑠ℎ𝑒𝑙𝑙 (2𝑁𝑣𝑃𝐸𝐺 + 𝑁𝑣𝑃𝐷𝑀𝑆), where 𝑣𝑃𝐸𝐺, and 𝑣𝑃𝐷𝑀𝑆 are the molar volume of the PEG and 

PDMS blocks, respectively.

The SANS diffraction data for different salt concentrations are illustrated in Figure 5 and the solid 

lines represents the fits following equations 1 - 3. All the data over a range from 5 to 500 mM are 

modelled for N = 2 layers, using a lognormal polydispersity for the water core and Gaussian 

polydispersity for the inter-layer water thickness. The fitting parameters are reported in Table 1. 

Starting with the 0 mM sample we observed a systematic decrease in the overall radius from SANS 

with increase in NaCl concentration. The membrane thickness, 𝛿𝑀, decreases by 13% at 5 mM, 

and seems to stay constant within the experimental accuracy, with and eventual increase to 5.9 nm 

at 500 mM concentration, which indicates recovery to the original 𝛿𝑀 at 0 mM. Similar behavior 

was observed in lipid bilayer vesicles.55, 56 It was suggested that at low NaCl concentration the 

electrostatic repulsive force is too weak, and the external osmotic pressure causes a decrease in 

membrane thickness. However, with increase in NaCl concentration the electrostatic repulsive 

force causes a slight increase in membrane thickness. In case of lectin bilayers it was reported that 

salt induced osmotic pressure can reduce the inter-bilayer water thickness until a saturation is 

reached that balances this osmotic stress with inter-bilayer repulsive force.57 We observed a similar 

decrease in the inter-bilayer water thickness, 𝑡𝑤, with increase in external osmotic pressure.
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Figure 4. (a) SANS scattering intensity for 0 mM NaCl concentrations of PEG-PDMS-PEG 

polymersome dispersed in D2O. The solid lines represent fits using the model introduced by 

equation 1-3. The contribution from PEG, PDMS and total scattering are depicted. (b) 

Corresponding neutron scattering length density times polymer number density (𝑁𝑎𝑔𝑔 𝑉𝑆𝐴𝑁𝑆) as 

a function of particle radius. Here, 𝑁𝑎𝑔𝑔, the aggregation number and, 𝑉𝑆𝐴𝑁𝑆, the particle volume. 

Figure 5. SANS scattering intensity for various NaCl concentrations added from outside on PEG-
PDMS-PEG polymersome dispersed in D2O. The data vertically scaled for better visualization. 
The solid lines represent fits using the model introduced by equation 1-3.
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When compared the results from SANS and DLS at different NaCl concentration we observed a 

decrease in outer radius (cf. Figure S 11 in the SI). The ratio between the hydrodynamic radius and 

SANS radius, Rℎ R𝑆𝐴𝑁𝑆 varies from 1.1 to 1.8 for ϕM ranging from 0 to 500 mM. The large 

difference between Rℎ and R𝑆𝐴𝑁𝑆 for polymersome has been reported in the literature.58-60 This 

can be attributed to the high polydispersity in size and shape, observed from shape and aspect ratio 

analysis of cryo-TEM images (Figure 03 & Figure S5). Rh is shifted to higher values by 

polydispersity.58 Further, it was reported that due to large hydration effect the NSLD of the PEG 

block in the polymersome becomes close to that of D2O, so that, Δ𝜌2 =  𝜌hydrated―PEO ― 𝜌D2O

≈  0.58 As an example of this effect we found that the PEG thickness of the polymersome from 

SANS, 𝛿𝑃𝐸𝐺 = 0.6 ± 0.1 nm is much smaller than radius of gyration, 2𝑅𝑔 = 1.7 nm, of linear PEG 

chain of 𝑀𝑤 = 600 g/mol in good solvent.61 Therefore, compared to DLS we see only a part of the 

PEG chain from SANS, which could potentially explain  𝑅SANS < 𝑅DLS. 

It should be noted that in case of polybutadiene-b-poly(L-glutamicacid), PB48-b-PGA114 vesicles 

consisting of dense compact PB core and polyelectrolyte PGA shell a Rℎ R𝑆𝐴𝑁𝑆 ≈  4.5 was 

reported in the literature.59 The variety of shapes and diameters, including the nested objects 

observed by cryo-TEM (Figure 3) could be the potential reason for the large polydispersity of 38% 

needed to explain SANS data, Table 1. 

Membrane structure

Hereafter, we study the structure factor of the shells more in detail taking advantage of the good 

resolution of small-angle X-ray scattering (SAXS). Figure 6  a represents the SAXS data for 0 mM 

NaCl concentration, where we compare the data modelling from the core-shell model for ULV 

used for SANS (equation S1 in the SI) and the membrane model (equations 4 - 5). We did not 

observe any contribution from the Caille Structure factor, i.e., 𝑆(𝑄) = 1 in equation 4 and the data 
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is modeled using unilamellar, N =1, membrane structure. For this particular case, SANS and SAXS 

data can be conveniently described by the core-shell models introduced to analyze the SANS data. 

As the Q-range of the SAXS experiments is limited to higher Q, fitting required to keep the particle 

size constant with the value obtained from the SANS fit. As a result, we find that the fitting 

parameters for the thickness of the PEG and PDMS layers from the core-shell and membrane 

model are the same as reported in Table 2, within standard deviation of the analysis.

Table 1. Parameters obtained from SANS analysis. For different NaCl concentration, 𝜙𝑀, the 

number of layers in MLVs, N, the outer perimeter radius, RSANS, the PEG-PDMS-PEG membrane 

thickness, 𝛿𝑀, the thickness of the water layer between the membranes 𝑡𝑤, log-normal and 

Gaussian polydispersity for RSANS and 𝑡𝑤, are given by 𝑃𝐷𝐿𝑁(𝑅𝑆𝐴𝑁𝑆) and 𝑃𝐷𝐺(𝑡𝑤) respectively. 

The aggregation number is given by 𝑁𝑎𝑔𝑔. Some parameters are not applicable (NA) for N = 1. 

𝝓𝑴 (mM) N RSANS (nm) 𝜹𝑴 (nm) 𝒕𝒘 (nm) 𝑷𝑫𝑳𝑵(𝑹𝑺𝑨𝑵𝑺) 𝑷𝑫𝑮(𝒕𝒘) 𝑵𝒂𝒈𝒈

0 1 59.2 ± 2 6.2 ± 0.9 NA 0.30 ± 0.02 NA 65954 ± 128

5 2 42.7 ± 1 5.5 ± 0.8 6.7 ± 0.3 0.35 ± 0.03  0.60 ± 0.002 48490 ± 261

100 2 34.6 ± 1 5.8 ± 0.2 5.6 ± 0.2 0.53 ± 0.02  0.61 ± 0.002 26855 ± 208

250 2 34.5 ± 1 5.9 ± 0.4 5.2 ± 0.1 0.60 ± 0.02 0.79 ± 0.003 24172 ± 198

500 2 31.0 ± 1 5.9 ± 0.4 5.2 ± 0.1 0.61 ± 0.03 0.79 ± 0.003 18355 ± 180

 The scattering contribution from the PEG, PDMS and total scattering is depicted using equations 

4 - 5. The contribution of the cross term is presented in the SI. The corresponding XSLD profile 

convoluted with Gaussian distribution for PEG, PDMS thickness is illustrated in Figure 6 b as a 

function of the particle radius given by 𝑅𝑐 + δM + (N ― 1)tw, calculated from the water core 
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radius, Rc, from SANS whereas, the membrane thickness, δM, and water thickness, tw, calculated 

from SAXS.

Figure 6. (a) SAXS data for 0 mM NaCl concentrations. The contribution from PEG, PDMS and 

membrane scattering using equations 4 - 5 is depicted. It is also compared with the core-shell 

model for ULVs described in equation S1 in the SI. (b) The corresponding X-ray scattering length 

density (XSLD) profile along particle radius calculated from the water core radius, 𝑅𝑐, from SANS 

whereas, the membrane thickness, 𝛿𝑀, and water thickness, 𝑡𝑤, calculated from SAXS as described 

in the text. 

Figure 7 represent the SAXS data for different NaCl concentrations. We start observing multi-

vesicular structure, 𝑁 = 2, for ϕM ≥ 5 mM. The solid lines represent the data modeling using 

equations 4 - 7. The fitted parameters are reported in Table 2. Similar to the results from SANS in 

comparison to 0 mM sample from SAXS we observed 8% initial decrease in the membrane 

thickness, 𝛿𝑀, followed by an increase and almost recovers back the initial 𝛿𝑀 at 0 mM.  However, 

the 𝛿𝑀, obtained from SAXS is larger than that of SANS. This is due to the fact that we can now 
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see the PEG thickness no longer masked by the partial matching of NSLD due to hydration effect 

from water. In fact, for 0 mM sample 𝛿𝑃𝐸𝐺 = 1.4 nm which is close to 2𝑅𝑔 = 1.7 nm, for linear 

PEG chain in aqueous solution. For ϕM ranging from 0 to 500 mM, the PDMS block is stretched 

ranging from 4.2 to 4.7 nm. This is close to the mean chain end-to-end distance, 〈𝑅𝑒𝑒〉 = 5 nm for 

PDMS of Mn = 1100 g/mol and agrees well with previously reported values of membrane 

thicknesses of polymersomes composed of similar triblock copolymer with PDMS as the central 

hydrophobic block62, 63 According to Etel et al the repulsion between the hydrophilic and the 

hydrophobic block causes a more stretched chain conformation.64 This could explain the PDMS 

block length. Additionally, the polymersome membrane thickness is close to the membrane 

thickness values reported for liposomes for which salt induces structural changes have been 

reported abundantly.37, 65-67 This will be useful when comparing lipid vesicle systems with reported 

polymer vesicle system.   

Figure 7. The SAXS data for various NaCl concentrations ranging from 0 to 500 mM.  The data 

vertically scaled for better visualization. The solid lines are the model as described in equations 4 

- 7.
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The Caille parameter ηcp has been kept constant at 0.001 and appears to have negligible effect on 

the polymersome S(Q) peak in bulk aqueous solutions. However, the S(Q) peak becomes sharper 

with increase in NaCl concentration that has been modeled by the decrease in Gaussian 

polydispersity for the lamellar repeat distance given by 𝑃𝐷𝐺(𝑑). On increasing ϕM from 0 mM to 

500 mM the polydispersity corresponding to PDMS thickness, 𝑃𝐷𝐺(𝛿𝑃𝐷𝑀𝑆), increases by 58%. 

This is attributed to the formation of nested polymersome structures as observed from cryo-TEM 

(Figure 3).

Table 2. Parameters obtained from SAXS analysis. For different NaCl concentration, 𝜙𝑀,  the 

number of layers, N, average lamellar spacing, d, thickness of the PEG layer, 𝛿𝑃𝐸𝐺, thickness of 

the PDMS layer, 𝛿𝑃𝐷𝑀𝑆, the thickness of the PEG-PDMS-PEG membrane 𝛿𝑀 and the Gaussian 

polydispersity index for d and 𝛿𝑃𝐷𝑀𝑆 are given by 𝑃𝐷𝐺(𝑑) and 𝑃𝐷𝐺(𝛿𝑃𝐷𝑀𝑆), respectively. For N 

= 1 (ULV) d is kept fixed to 𝛿𝑀. 

𝝓𝑴 

(mM)

N d (nm) 𝜹𝑷𝑬𝑮 (nm) 𝜹𝑷𝑫𝑴𝑺 

(nm)

𝜹𝑴 (nm)  𝑷𝑫𝑮(𝒅) 𝑷𝑫𝑮(𝜹𝑷𝑫𝑴𝑺)

0 1 7.13 1.429 ± 0.001 4.274 ± 0.003 7.13 ± 0.02 NA 0.150 ± 0.001

5 2 11.28 ± 0.5 1.225 ± 0.005 4.138 ± 0.004 6.58 ± 0.01 0.36 ± 0.01 0.212 ± 0.001

100 2 12.31 ± 0.2 1.294 ± 0.004 4.214 ± 0.004 6.80 ± 0.01 0.22 ± 0.01 0.210 ± 0.001

250 2 12.97 ± 0.9 1.225 ± 0.003 4.680 ± 0.004 7.13 ± 0.02 0.17 ± 0.02 0.184 ± 0.001

500 2 14.17 ± 0.6 1.225 ± 0.003 4.762 ± 0.004 7.21 ± 0.02 0.18 ± 0.02 0.238 ± 0.001

Spherical polymersomes, when subjected to osmotic stress can undergo reduction in volume in 

two energetic pathways. Deflation can either proceed via prolates (elongated structures) or via 

oblates (disk shape). At low salt concentrations, where the impact of ion-membrane interactions 

can be negligible and the contribution from C0 is negligible, the prolate pathway has a low 

energetic profile.2, 31 The major driving force behind the shape transformation of the polymersome 

at low hypertonic conditions is the decrease in aqueous inner volume. In the suggested shape by 

Antonietti et al, once the volume -to- area reaches around 0.6 the spherical vesicles evolve to 
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represent elongated structures followed by formation of stomatocytes.30 This pathway has been 

also suggested by Men et al. and Chakraboty et al. where the spherical polymersomes, first change 

to elongated forms followed by inward bending of the bilayer which eventually lead to non-

spherical structures. 26, 33 The two ends of the stomatocytes could eventually fuse making nested 

vesicles. This could explain the co-existence of a larger number of elongated structures and few 

nested structures at 5 mM NaCl system. This data also agrees with literature where spherical 

polymersomes consist of PEG as the hydrophilic corona, undergo shape transformation to 

elongated structures when exposed to low NaCl concentrations.31, 68 Table 02 reports an increment 

of PDMS shell thickness (δPDMS) with increasing salt concentration. This is due to the stretching 

of the membrane due to osmotic stress.33 The formation of multi-vesicular structures at higher 

hypertonic stress levels can be explained as a combined effect of inner volume reduction and/or 

ion-membrane interactions. At high osmotic stress conditions, when the vesicles undergo further 

shrinkage membrane “budding” can occur to accommodate excess of surface membrane area of 

the inner membrane, creating multi-vesicular structures (Structure iv of Figure 9).30, 69 Based from 

SAXS, it can be assumed that Na+ and Cl- ions interact with the PEG parts of the triblock 

copolymer since these blocks are exposed to the aqueous media. Binding of ions to the 

polymersome membrane can result in increased electrostatic repulsions increasing the inter-

lamellar spacing (d) as reported in Table 02. 
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Therefore, we can assume that nested vesicles with small budding membrane within them, fuse 

together to form multi-vesicular structure when the salt concentration is further increased. As far 

as we know reports 

on formation of 

multi- vesicular 

structures at high salt 

concentrations are scare. Therefore, more theoretical work is needed for more advanced 

explanation. In figure 8 we propose a tentative pathway for multi-vesicular structure formation. In 

the following we will discuss more in details.  

Figure 8. Suggested vesicle shape transformation and vesicle fusion pathway for polymersomes 
with increasing NaCl concentration. 
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Effect of Cl- Anion

An explanation based on chaotropic and kosmotropic ions frequently used in protein purification 

can be suggested to explain the fused and multi-vesicular vesicle structures. Chaotropic ions 

(weakly hydrated ions) destroy the relatively ordered structure of water molecules of the protein 

hydrate shell by interacting favorably with the protein surface.70 This will denature the protein.  

Kosmotropic (strongly hydrated ions) ions have a strong interaction with water hence will move 

water surrounding the protein molecules to the bulk solution. This will disrupt the hydration barrier 

between proteins (hence dehydrate the protein surface) causing aggregation.70, 71 Chloride anions 

known as a borderline kosmotropic/chaotropic agent and in the case of the polymersomes 

discussed here acted mainly as a kosmotropic anion.72 Men and coworkers have suggested that 

there can be three types of interactions between monoanions and PEG polymer.26 Based on that it 

can be assumed water molecules bound to Cl- anion can form hydrogen bonds with the oxygen 

atom of polyethylene glycol units. (Figure 9 a). Charge distributions of common homopolymers 

with electron withdrawing heteroatoms like poly(propylene oxide) (PPO), poly(vinyl methyl 

ether) (PVME), and poly( N -isopropyl acrylamide) (PNIPAM) have been calculated based on 

density functional theory. The results showed that, heteroatoms (N or O) had a negative charge 

and the CHn groups next to the heteroatoms showed a slightly positive charge.73 We can assume 

that the same charge distribution exists in PEG and   Cl- anion can interact with the some slightly 

positively charged CH2 units of the PEG via anion-dipole interactions (Figure 9 b). This may result 

in small anion-bound-regions and non-anion-bound-regions within the polymer chains. Non anion 

bound regions aggregate together and anion bound regions can stabilize the formed structure.73, 74 

The third type of interaction is where Cl- ion can show a kosmotropic behavior and dehydrate the 

hydrophobic polymer backbone (Figure 9 c). This could provide individual polymer chains 
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bundling force to aggregate.26 Considering the above three interacting pathways of Cl- with PEG 

end blocks second and third types of interaction have more pronounced effect to facilitate 

membrane fusion by associating PEG polymer chains from different vesicle coronas in high NaCl 

concentrations. 

Effect of Na+ Cations

It has been proposed that strongly hydrated A-region of cations75 can interact with the oxide groups 

of poly(ethylene oxide) of polymersome shell in the same manner as they would interact with NH3 

or any other basic molecule.76. This concept is based on the observation that enthalpies and 

entropies of dilution of PEG solutions with Na+, Li+ and Ca2+ ions are relatively less negative.77 

There is sufficient charge on oxide groups which causes PEG to be  strongly hydrated and interact 

with cations.78 The interactions between Na+ and the oxide groups are strong enough so that the 

cations will bind directly the polymer 27, 76 (Figure ). This would lead to formation of a pseudo-

polyelectrolyte with non-ionic PEG. This pseudo-polyelectrolyte formation would make the 

polymer chains more mobile since now they have more favorable interactions with the solvent.78, 

79
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Figure 10. Possible interactions between PEG blocks and Cl- anions in aqueous media (a) water 

molecules bound to Cl- anions can form hydrogen bonds with oxygen atoms. (b) Cl- anion can bind 

directly to the PEG and this will lead to ion accumulation at the polymer/water interface. (c) 

anions can interfere with the hydrophobic hydration of the polymer by increasing the surface 

tension of the cavity from the hydrophobic segment..26

Figure 10. Possible interactions between PEG blocks and Na+ cations in aqueous media: Na+ can 

directly interact with the oxygen atom. 26

CONCLUSION

In this work we have presented the synthesis of PEG – PDMS – PEG triblock copolymer which 

self-assemble into spherical polymersomes. These polymersomes can undergo rapid shrinkage 

upon addition of NaCl leading to multi-vesicular structures. We have used small angle neutron and 
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X-ray scattering to structural features of the polymersomes at nanoscopic length scale. We 

conclude that the shape and structural changes observed in the polymersomes are a combined result 

of osmotic pressure change and ion-membrane interactions. We have discussed in detail the 

possible interactions of Na+ and Cl- ions with the PEG parts of the triblock copolymer. Such 

polymersomes can offer excellent candidates for drug delivery mechanism where we can fine tune 

the formation of different layers by controlling osmotic change and fusion mechanism. The 

potential to manipulate the formation of different layers in polymersomes will allow us to store 

multiple drugs on separate layers which can help us to control the dose and rate of delivery over 

time.
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