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University of Singapore and Aquaporin Asia Pte. Ltd between January 2019 and June 2019. 
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Summary 

Water is essential for the existence of life on Earth, and access to fresh water resources is a 

fundamental need for human to survive. Unfortunately, only ~0.77 % of the total amount of 

water on the planet is available as a fresh water resource. On top of that, these fresh water 

resources are under stress, induced by increased water usage, climate change, resource 

mismanagement and contamination from human activity. As a consequence, maintenance 

of fresh water resources with use of water treatment technologies is a necessity. 

A technology that is most promising to provide high water quality in combination with 

high energy efficiency and scalability of the processes with a low footprint, is the membrane 

technology. In 1970’s, a full-scale application of membrane technology was started, and since 

then it faces continuous material and process development. Nature is one of the most 

recent inspirations for improving the transport properties of membrane materials. 

Researchers are particularly intrigued by the way water is transported through the natural 

bilayer membranes – via the selective transmembrane protein channels – aquaporins. 

Synthetic membranes doped with orthodox water channel proteins Aquaporin Z (AqpZ) are 

repeatedly reported to obtain improved water permeability without compromising on the 

rejection of solutes. However, preparation of such biomimetic membranes is not a trivial task. 

Firstly, purified transmembrane proteins need to be reconstituted within the artificial 

environment that mimics the natural cell plasma membrane, such as a lipid or polymer bilayer. 

The role of the artificial bilayer is to provide stability, while maintaining the activity of the 

protein. Secondly, such artificial protein host has to be integrated within the membrane active 

layer (AL), most commonly made of polyamide.  

This work evaluates step-by-step biomimetic membrane design and is based on the three 

studies – presented in Chapters 3-5. Chapter 3 describes preparation of lipid and polymer-

based nanoscale assemblies and their detailed characterization by batch dynamic light 

scattering (DLS), asymmetric flow field flow fractionation coupled with multiangle light 

scattering and on-line dynamic light scattering (AF4-MALS/DLS), and cryogenic transmission 

electron microscopy (cryoTEM). The study also evaluates and explains the limitations of batch 

DLS, repeatedly used for characterization of the self-assemblies in literature. Moreover, it is 

discussed how a stand-alone use of batch DLS can lead to inaccurate conclusions. 

AF4-MALS/DLS is proposed as a main analytical method for evaluation of nano assemblies’ 
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morphology, concentration and size distribution, and at the same time providing high analytical 

throughput, which is necessary in the industrial process of developing a stable and optimal 

vesicle system. Chapter 4 focuses on the evaluation of the stability of the poly(ethylene 

glycol)-block-poly(ε-caprolactone) (PEG-PCL) based polymersomes exposed to three 

different detergents. Specifically, changes in morphology, particle size distribution and 

concentrations of the PEG-PCL based polymersomes, were evaluated during the titration of 

the detergents to the polymersome solution. These changes were assessed by optical density 

(OD) measurements, DLS, cryoTEM and tunable resistive pulse sensing (TRPS). The work 

discusses the effect of detergent features on solubilization of polymeric bilayer and compares 

it to the results reported in the literature for liposomes and polymersomes. The knowledge 

obtained from this study can be used for tuning the properties of PEG-PCL polymersomes 

to use for applications such as medicine (drug delivery) or protein reconstitution 

studies. Chapter 5 describes scalable preparation of poly(methyloxazoline)-block-

poly(dimethysiloxane) (PMOXA-PDMS) polymersomes with and without AqpZ protein. 

Furthermore, the study shows how these polymersomes can be integrated into AL of the 

membrane and improve the AL separation performance, using scalable interfacial 

polymerization (IP) between m-phenylenediamine (MPD) and trimesoyl chloride (TMC). The 

study includes analysis of polymersomes size distribution with use of DLS and nanoparticle 

tracking analysis (NTA), and polymersomes permeability with use of stopped flow light 

scattering (SFLS). The membrane performance was analyzed in low pressure reverse osmosis 

(LPRO). The effect of polymersomes integration into the AL on the final membrane properties, 

such as morphology, elemental composition and surface charge was also investigated by 

scanning electron microscopy (SEM), x-ray photoelectron spectroscopy (XPS) and 

electrokinetic analyzer (EA), respectively. 
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Dansk sammenfatning 

Vand er essentielt for at liv kan existere, og adgangen til ferskvandsressourcer er et 

fundamentalt behov for menneskets overlevelse. Dog er det kun omkring 0.77 % af Jordens 

totale vandmasse der er tilgængeligt for klodens ferskvandsbaseret livsformer. På samme tid, 

er vores ferskvandsressourcer under stadigt press på grund af et generelt øget vandforbrug, 

klimaforandringer, utilstrækkelig ressourcehåndtering og forurening fra menneskelige 

aktiviteter. Derfor er det i dag nødvendigt at vedligeholde vores ferskvandsressourcer ved 

hjælp af teknologier til at behandle vandet. En af de mest lovende teknologier, som kan levere 

vand af høj kvalitet i kombination med en høj energi-effektivitet og en processkalering med et 

lavt footprint, er membranteknologien. I 1970’erne blev teknologien anvendt i stor skala og er 

sidenhen løbende blevet opdateret og forbedret. En af de seneste landvindinger til forbedring 

af membraners transportegenskaber er sket ved at bruge naturen som forbillede. Dette er sket 

ved at forskere har forsket intensivt i, hvordan celler i naturen udveksler vand med 

omgivelserne ved hjælp af selektive protein-vandkanaler, aquaporiner. Gentagne studier med 

membraner, beriget med selektive Aquaporiner Z (AqpZ), har gentagne gange rapporteret en 

øget vandtransport uden at kompromittere membranens øvrige egenskaber negativt. 

Produktionen af disse biomimetiske membraner er dog ikke en triviel opgave. For det første, 

skal aquaporin-proteinet oprenses efter komplicerede protokoller for transmembranproteiner; 

herefter rekonstitueres aquaporinerne i en kunstig bilagsmembran i form af en vesikel, som 

efterligner cellens naturlige plasmamembran, bestående af enten lipider eller polymerer. Den 

kunstige vesikels yder den nødvendige stabilitet for aquaporinerne og bevarer proteinets evne 

til at transportere vand. Dernæst skal den kunstige vesikel med protein integreres ind i 

membranens aktive lag (AL), som oftest består af forgrenet polyamid.  

I dette studie bliver designet af biomimetiske membraner evalueret trin for trin. Kapitel 3 

beskriver arbejdet med dannelse og karakterisering af lipid- og polymerbaserede vesikler på 

nanometer skalaen ved hjælp af metoderne batch dynamisk lysspredning (DLS), Asymmetrisk 

flow felt-flow fraktionering koblet med multiangle lysspredning og online DLS (AF4-

MALS/DLS) samt kryogen transmission (cryoTEM). Dette studie evaluerer og gennemgår 

også begrænsningerne ved batch DLS, som gentagende gange er blevet brugt i litteraturen til 

at karakterisere vesikler af denne type. Gennemgangen indeholder en diskussion af, hvordan 

studier baseret udelukkende på brugen af DLS kan føre til ukorrekte konklusioner. AF4-
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MALS/DLS metoden foreslås derfor at være en bedre analytisk metode til at karakterisere 

morfologien af vesikler i nanometer-skalaen samt deres koncentration og størrelsesfordeling. 

Metoden har ydermere et relativt højt through-put, som er nødvendig i industriel arbejdet med 

at udvikle et stabilt og optimalt vesikelsystem. Kapitel 4 fokuserer på evalueringen af 

stabiliteten af ”poly(ethylen glycol)-blok-poly(ε-caprolactone)” (PEG-PCL) baserede vesikler 

(polymersomer), som blandt andet anvendes som drug-delivery medie men som også har 

potentiale som vesikel i en biomimetisk membran. Specifikt karakteriseres ændringer i 

morfologi, partikelstørrelsesfordeling og koncentrationen af PEG-PCL baserede 

polymersomer ved titrering med tre forskellige detergenter. Disse ændringer bliver undersøgt 

ved hjælp af metoderne: optisk densitet (OD), DLS, cryoTEM og indstillelig resistiv 

pulsregistrering (TRPS). Dette studie diskuterer effekten af typen af detergenter, der bliver 

brugt til at solubilisere det polymeriske dobbeltlag, og sammenligner effekten med resultater 

rapporteret i litteraturen for liposomer og polymersomer. Denne viden kan blive brugt til at 

forbedre egenskaberne af PEG-PCL baserede polymersomer. Kapitel 5 beskriver den 

skalerbare produktion af ”poly(methyloxazolin)-blok-poly(dimethysiloxan)” (PMOXA-PDMS) 

polymersomer med og uden AqpZ proteinet rekonstitueret. Dette studie viser, at 

polymersomerne integreres i membranens aktive lag og derved forbedre det aktive lags 

separeringsevne. Polymersomerne integreres i polyamidlaget ved at benytte den hyppigt 

anvendte overflade polymerisationsreaktion mellem ”m-phenylenediamin” (MPD) og 

”trimesoyl klorid” (TMC). Undersøgelsen inkluderer analyse af polymersomes 

størrelsesfordeling ved brug af DLS og nanopartikelsporingsanalyse (NTA), og polymersomes 

permeabilitet med brug af stop flow lyssprednings analyse (SFLS). Membranens ydeevne blev 

analyseret i omvendt osmose (LPRO). Virkningen af polymersomes integration i AL på de 

endelige membranegenskaber, såsom morfologi, grundstofsammensætning og 

overfladeladning blev også undersøgt ved henholdsvis scanningelektronmikroskopi (SEM), 

røntgenfotoelektronspektroskopi (XPS) og elektrokinetisk analysator (EA). 
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The old pond,
A frog jumps in,
Sound of the water.

Matsuo Basho
(1644-1694)





Chapter 1 

Introduction 

1.1. Water resources 

Water is an essential element of life on the blue planet. Over two thirds of the Earth surface is covered 

with water, ironically, only a small portion of all the water on Earth is available as fresh water. It is 

estimated that of all water available on Earth, 2.5 % is fresh water, out of which 1.70 % is stored in 

glaciers and ice caps, and about 0.80 % is ground and surface fresh water. That still includes waters 

stored in ground ice and permafrost. Thus, in total about 0.77 % of total water on Earth is what most 

of the fresh water-based life has available [1]. Illustrative representation of Earth’s water resources 

distribution is presented in Figure 1. 

Figure 1. Distribution of saline and fresh water resources on Earth. 

Water use dramatically increased over last three centuries, due to industrialization, growing 

populations and increased demands for resources. Water is used to produce virtually every product 

and in every possible industrial process – all aspects of social and economic development are water 

dependent. The water crisis, though not perceptible by everyone, has already started. There are 

examples from different places of the world that warn us – no water users, anywhere in the world can 

be guaranteed they will have uninterrupted access to the water supplies [2]. It is however, not a new 

problem, scientists have been addressing this issue way back in the 1960’s, by starting in 1965 

International Hydrological Decade. It was an international research programme focusing on collection 

and analysis on water resources, water quality and increased development in water science, being basis 

Saline Water Glaciers & Ice Caps Ground and Surface Fresh Water
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for further research and international development decisions [3]. Since that times our knowledge and 

databases regarding water greatly improved, nevertheless we now face problems with stressed water 

resources – water scarcity and water quality. And this problem occurs not only in the developing 

countries. An example can be water scarcity due to seawater intrusion, that troubles The Netherlands, 

Spain and California. It is related to climate change but also increased use of water that results in 

emptying freshwater aquifers [4–6]. Water quality is also affected by contaminants entering the water 

from human activities. Such contaminants vary from trace organics, such as pharmaceuticals and 

pesticides to heavy metals. That happens in both developing as well as industrialized countries [2,7,8]. 

Taking that into account, it becomes clear that focus on maintenance of the water resources is a 

necessity. Water treatment is increasingly more expensive, due to the fact that higher volumes and 

more complicated processing is required to fulfil the society needs. Continuous advancement of 

technology is an absolute necessity, since the capacities and complexities of water treatment processes 

are growing across the world, in order to ensure the access to water of a decent quality for our 

agriculture, households and industry. At the same time these processes need to be designed to minimize 

the impact on the environment [2,8]. 

 

The development of improved water treatment systems focuses mostly on improved selectivity, 

efficiency and reduced footprint. Leading technology for high quality water purification which 

combines high energy efficiency and scalability with low footprint is membrane technology [8–10]. 
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1.2. Membrane technology 

Beginning of membrane science dates back to 1748 when Jean-Antoine Nollet performed and reported 

first experiment with osmosis in pig bladders. Then, first report on synthetic membranes dates back to 

1864 when Moritz Traube reported experiments with membranes in form of glue droplets in water 

[11]. 

 

However, that is far from synthetic membranes used in nowadays processes. In the early 1960s Loeb-

Souriajan process was developed. This process allowed preparation of defect-free high flux anisotropic 

membranes. Such membranes were consisting of ultrathin selective film on the surface of permeable 

microporous support providing mechanical strength, allowing commercialization of reverse osmosis 

(RO) membranes made of cellulose acetate. Also, in the early 1960s other membrane process was 

commercialized, following the invention of Willem Johan Kolff from 1945, use of membranes as 

artificial kidney. Since then, membrane technology – similarly to computers – faced rapid development 

and currently finds its applications in every field of engineering, i.a. water treatment, gas separation, 

medicine [12]. 

 

Membranes can come in different configurations and sizes, depending on the application and 

specifications required for the process in which the membrane is to be applied. Devices in which 

membranes are integrated are called membrane modules. Various geometries of membrane modules 

exist and here the main basic types of membrane modules are explained. 

 

The simplest membrane configuration is a plate-and-frame module, within which a piece of flat sheet 

membrane is mounted separating the module into two cells: retentate side (the side in which feed 

solution is introduced) and permeate side (the side which collects permeated liquid). A more 

complicated configuration in which flat sheet membrane is used is a spiral wound module (SW). In 

SW, membrane sheets are enveloped together – with feed net-spacer in between the envelopes – around 

the permeate collector tube. Feed is passing down the module axis and across the membrane envelope. 

When portion of the feed permeates through the membrane it spirals towards the centre and reach 

collection tube and exits the module. Diagram of SW module construction is presented in Figure 2. 

SW module has significantly increased packing density in comparison to plate-and-frame module. SW 

is the most popular configuration used in RO applications, i.e. tap water, brackish water purification 

or desalination [12]. 
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Figure 2. Exploded view (left) and cross-section of spiral wound membrane module [12].  

Another module type having low footprint with high membrane area packing density, is hollow fibre 

module (HF). Most popular HF design consist of densely packed hollow fibers that are potted inside 

the pressure vessel. As shown in Figure 3, the lumen side (inside) of the hollow fibers face feed 

solution and shell side (outside) of the fiber faces the permeate side. Such setup is commonly used for 

blood purification – hemodialysis. Dialysis membranes, used clinically as artificial kidney account for 

the largest volume of membranes used worldwide [12,13]. HF also finds its applications in gas 

separation, RO and recently in forward osmosis (FO) [14–21]. 

 

 
Figure 3. Most popular design of hollow fibre membrane module with the fibers potted within the 
pressure vessel. Commonly, the lumen of the fibers is facing feed side, while the shell is facing the 
permeate side [12]. 

A vast of applications in which the membrane modules are used today, will not be possible if not the 

invention of John Cadotte from FilmTec Corporation (now Dupont) from 1970’s [12,22]. Process 

invented by Cadotte, paved the way to preparation of thin film composite (TFC) membranes, since 

then it has been greatly improved by companies such as Nitto, UOP and FilmTec itself [23–26]. TFC 

membranes are nowadays applied for RO, FO and nanofiltration (NF) [12,27,28]. They consist of three 

4



 

  

parts: thin active layer (50-500 nm), porous substrate (up to 20 µm) and non-woven support material 

on which the porous substrate is casted (Figure 4). 

 
Figure 4. Schematic diagram of thin film composite (TFC) membrane structure. Thin film active layer 
is coated on porous substrate that is supported by a non-woven material. 

Polyester is a typical material used as non-woven support for flat sheet membranes. Porous substrate 

is directly casted on the support material. Polymer solution in a solvent (casting solution) is cast over 

the support layer by a casting knife, then the cast film on the support is immersed in the non-solvent 

bath at which polymer precipitates, creating a porous substrate. The substrate is typically made of 

polysulfone or polyethersulfone. 

 

Thin film, also known as the active layer, is commonly made by densely cross-linked polyamide. 

Polyamides are synthetized by interfacial polymerization, a reaction between diamine in the aqueous 

phase and acyl chloride in the organic phase. At the interface of these two phases, a polyamide is 

formed, due to the amine diffusion to the organic phase and reaction between -NH2 and -COCl active 

groups. Most common monomers used to fabricate a densely cross-linked polyamide membrane active 

layer are m-phenylenediamine (MPD) and trimesoyl chloride (TMC) [12,27,29]. Scheme of formation 

of polyamide active layer on the porous substrate via interfacial polymerization between MPD and 

TMC is presented in Figure 5. 

Active layer

Non-woven support

Porous substrate

5



 

  

 
Figure 5. Scheme of interfacial polymerization (IP) between m-phenylenediamine (MPD) and 
trimesoyl chloride (TMC). Polyamide active layer is formed on the surface of the porous substrate. 

 
TFC membranes are widely used for RO, NF and FO applications. RO is the most common process 

using TFC membranes. Membranes for RO and FO applications have densely cross-linked active 

layer, which allows water to pass, while maintaining the rejection of monovalent and multivalent ions. 

FO membranes have usually thinner wall of the support layer to reduce the internal concentration 

polarization across the membrane [30]. In contrast to FO and RO, the active layer of NF membranes, 

though often made by polyamide, is less-densely cross-linked. The NF membranes allow permeation 

of water and monovalent ions, and multivalent ions are rejected. In NF and RO, an applied mechanical 

pressure is the driving force of the process, pushing the feed across the membrane to the permeate side. 

In both RO and NF setups, usually active layer is facing the feed, and support layer facing the permeate 

side. Commercial NF membranes are designed to operate at pressures of up to 10 bars. For RO 

membranes pressures vary depending on application, for tap water RO it can be 5 bars, brackish water 

– 30 bars, and desalination RO – up to 60 bars, increased pressure often goes along with increased 

cross-linking density of the polyamide and selectivity of the membranes [12]. Unlike for RO and NF, 

in the FO process there is no mechanical pressure applied. The driving force of the process is osmotic 
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pressure difference between the feed and so-called draw solution. Water is transported across the 

membrane according to the gradient of osmotic pressure permeating from the feed to the draw solution. 

As a result, due to the high selectivity of the dense active layer, feed solution is effectively 

concentrated, while the draw solution is diluted [11,31]. Diagrams describing principles behind RO, 

NF and FO processes are presented in Figure 6. 

 
Figure 6. Diagram describing processes of Reverse Osmosis (RO), Nanofiltration (NF) and Forward 
Osmosis (FO). Where: JW – Water flux; JSA – Flux of solute A; JSB – Flux of solute B; ΔP – mechanical 
pressure; Δπ – osmotic pressure. 
 
Since discovery of Souriajan and Loeb, there has been a continuous research to improve the 

efficiencies of processes employing membranes. One way is to tune the process parameters, module 

designs, module configuration etc. Another approach to improve the efficiency of the separation 

process is to tune the membrane properties. A continuous vast research, both academic and commercial 

is carried to improve the heart of the TFC membrane - selective polyamide active layer. A wide range 

of additives to the reaction mixtures are used. They range from co-solvents, co-monomers, 

nanostructures, or even stabilized natural proteins [32–35]. Introduction of the latter, results in the 

design of membranes called biomimetic membranes.  
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1.3. Biomimetic membranes 

A rather novel approach for improvement of membrane separation performance is biomimicry. 

Biomimicry is in essence an approach to technology, which derive its inspiration for designs from 

nature. For example, a front of a high-speed Japanese bullet train design is inspired by a beak of 

Kingfisher bird. Millions of years of natural selection and evolution shaped the Kingfisher’s beak to 

have most optimal aerodynamics for high speed dives. The engineers team of Eji Nakatsu took 

advantage of mother’s natures solutions to develop highly aerodynamic front of the train, increasing 

the train speed, improving its energy efficiency and reducing the noise emitted by the moving train 

[36]. Following the biomimetic design approach of Japanese engineers, the design of an improved 

membrane – a biomimetic membrane – should be close to the natural membranes. Such membranes 

should be highly efficient and allow selective water transport governed mainly through transmembrane 

protein channels called Aquaporins (AQPs) [11,37–39]. Preparation of this biomimetic membrane 

based on aquaporin proteins is not a trivial task, due to the complexity of the natural membrane 

environment and huge differences between the processes within the organisms and industrial 

membrane processes [37,39]. One of the proposed ways to introduce AQPs into the membrane is to 

incorporate lipid or polymeric nano-sized vesicles into the active layer of the membrane. These 

nanostructures serve as hosts, which provide functionally reconstitute AQPs in their bilayers, 

providing stability and securing the functionality of transmembrane channels [35,37–42]. Schematic 

diagram presenting structure of the biomimetic active layer of TFC membrane is presented in Figure 

7. 

 
Figure 7. Schematic representation of a biomimetic TFC membrane top layer, vesicles reconstituting 
aquaporin proteins are embedded into the polyamide matrix of the active layer. 

  

Porous support

AQP-reconstituting vesicles

Polyamide active layer
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1.4. Aquaporin proteins 

AQPs belong to integral plasma membrane channel proteins superfamily of major intrinsic proteins 

(MIP) [11,43,44]. AQPs are selective water channels which primary function is to permit osmotically 

driven movement of water through natural phospholipid membranes. They are broadly expressed 

throughout all living organism. The discovery and demonstration of AQPs functionality was 

accomplished by laboratory of Peter Agre, who received in 2003 Nobel Prize in Chemistry for that 

invention. The basic structure of AQP monomer consist of six transmembrane helical segments and 

two short helical segments surrounding cytoplasmic and extracellular vestibules, that are connected by 

a narrow pore – a water conducting channel. In membranes, AQPs assemble to tetramers, of which 

each monomer functions independently (see Figure 8). 

 
Figure 8. Structure of Aquaporin protein. A. Sideview of Aquaporin Z monomer; B. Top view of 
Aquaporin Z monomer; C. Sideview of Aquaporin Z tetramer; D. Top view of Aquaporin Z tetramer. 
Stick and spacefill representations of atoms are used in A and B, the colours represent accordingly: 
green – carbon; red – oxygen; blue – nitrogen. Figure modified after [45]. 

Selectivity of AQPs for water is believed to be a result of steric factors and electrostatic interactions 

in the aqueous pore, as suggested by molecular dynamics simulations [46]. However, some AQPs are 

not only selective to water, a subset of AQPs, which are called aquaglyceroporins also transports 

glycerol. Pore diameter of aquaglyceroporins is bigger than the pore of water-selective AQPs, and is 

lined by relatively hydrophobic residues [46,47]. An example of aquaglyceroporin is AQP3, which is 

expressed in skin cells, where glycerol is used for biosynthesis and hydration. Even though water is 

necessary for all the cells, AQPs are not expressed in most of them. That is due to the fact that all 

biological membranes are water permeable enough to allow fast equilibration of the cell volumes in 

response to an osmotic gradient. AQPs are highly expressed in those cells in which rapid transport of 

water is of essence. Fluid secretion and absorption across the cell layers can be used as an example 

A B C D

9



 

  

here. For instance, kidney tubules have largely expressed water-selective AQP1 in their membranes, 

to ensure a proper kidney function [46,48].  

 

Another example of water-selective channel is Aquaporin Z (AqpZ) - membrane protein of 

Escherichia Coli (E. Coli). In 1999, Borgnia et al. [49] purified AqpZ in milligram scale and 

reconstituted it into liposomes made of E. Coli lipids extract. Though this was not the first study to use 

reconstitution of water channels into liposomes [50], it was first study that allowed expression of 

modified AqpZ variants. Use of E. Coli cells as an expression system allows protein overexpression 

in bacteria and high yield in milligrams of the protein quantities [49]. Since then, purification and 

reconstitution of AqpZ was followed by multiple research groups. Liposomes reconstituting protein 

(proteoliposomes) were also proposed to be a stabilizing environment for transmembrane protein, not 

only for functionality studies, but also to be used in preparation of devices with rapid water transport 

across the membrane. Research using AqpZ-proteoliposomes for preparation of water purification 

devices emerged [51–54], and use of polymersomes as AqpZ hosts was also proposed [38,39]. 

 
1.5. Nanoscale assemblies 

Bilayer membranes of amphiphiles supramolecular assemblies are typical hosts for transmembrane 

proteins. Amphiphiles are molecules consisting of hydrophilic and hydrophobic part. Typical 

amphiphiles are phospholipids which have hydrophobic chain and hydrophilic head, or copolymers 

consisting of hydrophilic and hydrophobic blocks. They undergo self-assembly in aqueous solutions, 

to minimize the hydrophobe-water interactions, which are energetically unfavourable [55]. Assemblies 

of amphiphilic molecules can be i.e. micelles, bicelles, rod-like micelles and vesicles (Figure 9). These 

assemblies can transform to one another by changing the solution conditions: amphiphile or electrolyte 

concentrations, pH and temperature [55,56].  

 
Figure 9. Schematic representation of various morphologies of amphiphilic self-assemblies. 

Micelle Bicelle VesicleRod - like micelle
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Such assemblies are not only used for studying of transmembrane protein and preparation of 

biomimetic membranes and sensors but are also researched and manufactured for cosmetic 

formulations or biomedical applications. Typical biomedical applications include drug delivery for 

target therapies or anaesthesia, allowing controlled release of the payload entrapped in the vesicle core 

[57–60].  

 

Vesicles can be made from both polymers and lipids, either amphiphile type can self-assemble into 

vesicles, if made of the suitable amphiphilic proportions. When lipids are used as building blocks of 

vesicles, they are called liposomes. When the building block are polymers, they are referred as 

polymersomes [60].  Hydrophobic blocks of amphiphilic molecules tend to associate with each other, 

thus, minimizing its exposure to water. The more hydrophilic blocks face inner and outer aqueous 

environment, resulting in delimitation of the two interfaces with a bilayer membrane. The bilayer 

driven by the hydrophobic interaction along the free edge curves, eventually closes forming an 

enclosed hollow sphere. Illustrative structure of vesicles and vesicles reconstituting transmembrane 

protein are presented in Figure 10. 

 
Figure 10. Structure of the blank vesicle (left), and vesicle reconstituting transmembrane protein 
(right). The bilayer membrane of the sphere is made of hydrophilic corona facing the outside, and 
hydrophobic core inside the bilayer 

When vesicles are used as a host for transmembrane protein, the amphiphilic bilayer acts as an 

environment mimicking the natural membranes, at which membrane proteins can be reconstituted. 

Unilamellar vesicles are usually chosen hosts for aquaporin channels, as they combine bilayer 

membrane properties of the enclosed structure with a stable morphology. Additionally there are 

established protocols for assessing the activity of transmembrane proteins reconstituted in vesicles 

such as Stopped Flow Light Scattering (SFLS) [35,37–40,61–63].   
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1.6. Outline and aim of the thesis 

Biomimetic membranes are currently produced and used on the industrial scale, in both RO and FO 

processes. Despite that, there still remain challenges, such as need for a framework allowing 

systematized and precise analysis of AqpZ-hosting nanostructures in terms of morphology and particle 

concentration. Another challenge is finding the optimal material composition for the transmembrane 

protein hosts, being at the same time stable and compatible with the transmembrane protein. Thereby, 

it is vital to understand these materials characteristics, such as interactions with chemicals used in 

formulation, i.e. during the protein reconstitution. Finally, the preparation processes of these 

nanostructures, as well as integration of them into the membrane active layer, have to be scalable. The 

aim of this thesis is to address and provide solutions to the above-mentioned challenges and in this 

way contribute to the further development of industrial biomimetic membrane technology.  

 

This thesis is based on the three studies presented by Publications I-III, corresponding to Chapter 3-5, 

respectively. Chapter 3 and 4 focus on preparation and analysis of the self-assembled nanostructures, 

and Chapter 5 on the integration of the AqpZ-reconstituting nanostructures into active layer of the 

membrane. The outline of the thesis is presented in more details below: 

 

Chapter 2 describes the fundamental theory of self-assembly of the amphiphilic molecules and 

explains methodology for preparation and analysis of the nanoscale assemblies. 

 

Chapter 3 describes new methodological approach to evaluate morphology and particle concentration 

of the self-assembled structures by asymmetric flow field-flow fractionation combined with multiangle 

light scattering and on-line dynamic light scattering (AF4/MALS-DLS). The work addresses results 

inconsistencies within the biomimetic literature that are connected to the vesicle quality. It raises the 

awareness about the varying vesicles quality, providing methodological framework for its accurate 

analysis. The framework described in Chapter 1, aims also on improving the analytical throughput that 

can be applied in the industry. AF4/MALS-DLS coupled with autosampler is capable to speed up the 

analysis process of the vesicle’s quality. In comparison to currently used batch dynamic light scattering 

(DLS) and cryogenic transmission electron microscopy (cryoTEM), such a method is faster, cheaper 

and exhibits high throughput of the analysed samples. Consequently, the proposed use of AF4/MALS-

DLS accelerates the development process of nanostructures hosting transmembrane protein. 
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Chapter 4 is a study which derived from the work on applying new type of polymersomes for AqpZ 

reconstitution. Polymersomes presented in the study are prepared from diblock poly(ethylene glycol)-

block-poly(ε-caprolactone) (PEG-PCL) copolymer, a material that is commonly used in medical 

research and applications. Importantly, polymersomes are prepared by bulk / direct hydration method, 

meaning the preparation process can be fully upscaled to the industrial scale. It is a study on effect of 

three detergents and their concentrations on amphiphilic polymer bilayer, structure and concentration 

of the self-assemblies. The chosen detergents are commonly employed in transmembrane protein 

studies – octyl-β-glucopyranoside (OG), Lauryldimethylamine N-oxide (LDAO) and Triton X-100. 

The work sheds light on understanding of the detergent induced solubilisation of PEG-PCL, upon the 

detergent type and concentration. This information can be used for development of formulations for 

nanoscale vesicle-based drug delivery devices. The study also provides understanding on how 

detergents can be employed to reconstitute transmembrane protein into PEG-PCL bilayers. 

 

Chapter 5 is the first study that reports use of AqpZ reconstituting proteopolymersomes for 

preparation of TFC RO membranes with improved performance. The methodology used for 

preparation of both proteopolymersomes as well as the biomimetic membranes is fully scalable. 

Polymersomes used in the study are prepared via bulk / direct hydration, and membranes are prepared 

via well-known and broadly applied interfacial polymerization. The processes presented in Chapter 3, 

after modifications have been transferred to industrial production of Aquaporin InsideTM Tap Water 

RO membranes. 

 

Chapter 6 summarizes the findings of the three studies and presents conclusions and outlook for 

further development of the nanoscale assemblies and biomimetic membranes. 
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Chapter 2 

Theoretical background – preparation and analysis 

of nanoscale assemblies 

2.1. Mechanisms of self-assembly 

Depending on the composition of hydrophilic and hydrophobic counterparts of amphiphile and 

its relative hydrophobicity, structures of different morphologies are formed. This is the result 

of packing constraint – a geometric limitation that restricts the shape of micelle formed by 

amphiphiles. Packing constraint has been introduced by Jacob Israelachvili in 1975. It can also 

be found in literature under the name of packing-parameter [1]. In the simplest terms, it is a 

reflection of the hydrophilic fraction to total mass f  [2]. However, to understand how the 

amphiphile composition constraints the possible shape, more details need to be provided. The 

molecular packing constraint theory describes well systems of low polydispersity, as it assumes 

that area per amphiphile will always be close to the optimum area ao. Thus, a smallest possible 

micelle surface area is a = ao – a critical packing shape. In a spherical micelle, its radius R is 

related to hydrophobic chain volume v and its surface area a of amphiphile at hydrophobic-

water interface, provided in the Equation 1: 

 

 𝑅 =
3𝑣
𝑎  Equation 1. 

 

In spherical micelle, its radius cannot exceed the critical length of hydrophobic chain lc, that 

can be estimated equal to fully extended hydrophobic chain. That imposes constraints on shape, 

and so-called packing parameter p needs to be introduced (Equation 2). If p > 1/3, spherical 

micelles are not able to form unless the surface area a > ao. 

 

 𝑝 =
𝑣
𝑎!𝑙"

 Equation 2. 
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Thus, spherical micelles form at p ≤ 1/3. Under the assumption that amphiphile surface area is 

always equal or close to optimum area ao, alternative non-spherical shapes have to be formed. 

Critical condition for rod-like micelles will then self-assemble under conditions of 1/3 ≤ p ≤ 

1/2 and planar bilayers at 1/2 ≤ p ≤ 1. Two criteria have to be satisfied, regardless of the shape 

of the aggregated structure:  

• There cannot be point in the structure, that is farther than lc from hydrophobic-water 

surface, as the lc is the maximum length that hydrophobic core can have.  

• Under the assumption that mean surface area is equal to a0, the total volume of 

hydrocarbon core V and total surface area A, must satisfy: V/v = A/ao = N. Where N is 

the aggregation number – the number of amphiphiles in the structure [2–4].  

 

Findings of molecular packing constraint theory and effects of f on morphology are 

summarized in Figure 1. 

 
Figure 1. Summary of the findings of molecular packing theory. When the packing parameter 
p ≤ 1/3 amphiphiles pack into conical shape and spherical micelles are formed. When 1/3 ≤ p 
≤ 1/2 conical shape is reduced, and rod-like micelles are formed. When 1/2 ≤ p ≤ 1 amphiphiles 
form planar bilayers that lead to formation of vesicles. Corresponding values of hydrophilic to 
total mass ratio f. 

All amphiphilic molecules undergo self-assembly above structure-typical concentration known 

as critical micelle concentration CCMC – which is also a thermodynamic measure of aggregate 

stability. Estimation of the CCMC can be obtained from Equation 3. 

1/2 ≤ p ≤ 1 1/3  ≤ p ≤ 1/2 p ≤ 1/3

f ≈ 25 - 40 % f ≈ 40 - 50 % f > 50 %
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 𝐶#$# 	~	𝑒
%&e!
'"(  Equation 3. 

 

Where kbT is the thermal energy (kb is Boltzmann’s constant and T is absolute temperature), n 

is the number of repeating units in the hydrophobic chain and eh is the monomer’s effective 

interaction energy with the bulk solution. eh is closely related to the Flory-Huggins non-

dimensional c parameter, describing the relative strengths of polymer-polymer and polymer-

solvent interactions [5–7]. Exchange rates of amphiphiles between the formed aggregates are 

proportional to CCMC. Therefore, due to exponential dependence of CCMC on n, amphiphilic 

copolymers having higher molecular weight (MW) of hydrophobic chain than lipids, lead to 

formation of more stable structures. MW of the hydrophobic chain not only does affect the 

stability, but also has a decisive influence on the bilayer membrane thickness. Cryogenic 

transmission electron microscopy (cryoTEM) of 100 – 200 nm vesicles reveals that membrane 

core thickness increases with MW, and for polymers it can range from 8 to about 20 nm. Lipid 

membranes have lower and more limited range of thicknesses of 3- 5 nm [5,6]. 

 

2.2. Materials for vesicles preparation 

Lower membrane thickness of liposomes in comparison to polymersomes is associated with 

less stability of the structures towards physical and chemical changes such as concentration of 

solutes, pH, temperature or temperature [8]. Additionally, it is difficult to prepare lipid 

assemblies that are stable upon storage. The properties of liposomal assemblies tend to change 

significantly within few days from preparation date. Physical stability concerns following 

parameters: changes in particle size, particle size distribution and leakage of bilayer membrane 

[8–11]. There are, however, registered products in both cosmetics and pharmaceutical 

industries using liposomal assemblies. In pharmaceutical industry, modifications resulting in 

so-called stealth liposomes are used to increase the storage stability of the formulations and at 

the same time increase the time of circulation of vesicles in the bloodstream. Use of stealth 

liposomes results in increasing the chances of localizing the tumour cells at which drug is to 

be released. As an example, chemotherapeutic formulation DOXIL® encapsulating water-

soluble drug doxorubicin is made of lipids conjugated to biocompatible poly(ethylene glycol) 

(PEG). The PEG outer shell increases vesicles lifetime and circulate long enough to find the 

way into permeable tumour cells [2,12].  
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In comparison to phospholipids, polymer structures are known to have higher physical and 

chemical stability, thanks to the characteristics of polymers as building blocks. Another 

advantage of using polymers to prepare vesicles instead of phospholipids is the possibility of 

fine tuning of the structures for the application, such as carry, target and release the 

encapsulated payload or reconstitution of transmembrane proteins [6,13–15]. Use of synthetic 

polymers for vesicles preparation opens a plethora of possibilities. Polymers can be terminated 

with active groups such as -COOH or NH2 to allow cross-linking of either the self-assembled 

structure, or cross-linking with other matrixes, allowing to covalently confine the vesicular 

shape or covalently bond it to outer structures. By choosing different copolymers, one can tune 

the resulting membrane thickness and its stability, but also the membrane permeability [2,16–

18]. 

 

Not only the bilayer thickness and stability are affected by MW of the hydrophobic part of 

amphiphile. The MW is known to affects the fluidity of the resulting membrane. Membrane 

fluidity describes the extent of disorder and relative diffusional motion of the molecules within 

the bilayer – closely related to the membrane viscosity [5,6,19,20]. Increased MW increases 

the bilayer thickness and decreases its fluidity. Fluidity can be depicted in terms of motion of 

amphiphiles along the bilayer membrane, by diffusion coefficient D (µm×s-1) The parameters 

affecting diffusivity inside bilayer are described in Equation 4: 

 

 
𝐷 =

𝑘)𝑇
4p	𝑑h*

1	ln	(
h+𝑑
h*𝑅,+

	) − g	7 Equation 4. 

 

Where kbT is the thermal energy (kb is Boltzmann’s constant and T is absolute temperature), d 

is the bilayer membrane thickness, Ram is the radius of the amphiphilic molecule, hs is the 

viscosity of the surrounding media, hm is the viscosity of bilayer system and g is Euler’s 

constant [21].   

 

Membrane fluidity and thickness are considered to be the two main parameters affecting the 

function of incorporated transmembrane proteins. Thus, lipid membranes, with its thin and 

fluid bilayer provide closest-to-nature environment for transmembrane proteins [22]. 

Liposomes closely resemble natural membranes, as they are made of phospholipids – these 

amphiphilic molecules consist of hydrophilic phosphate group head and hydrophobic fatty acid 

tail. Some of the commonly used materials for liposomes preparation are 1,2-dioleoyl-sn-
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glycero-3-phosphocholine (DOPC) [23,24], azolectin [25], egg yolk phosphatidylcholine 

[9,26,27] or bacterial membrane extracts – for example Escherichia Coli (E. Coli) membrane 

lipids [28,29]. Nevertheless, the effect of fluidity and thickness is being deliberated, as 

polymersomes, though having considerably thicker bilayer core and lower fluidity than 

liposomes are still capable to work as a host for functionally reconstituted transmembrane 

proteins [22]. Preserved activity of transmembrane proteins such as light-induced proton pump 

proteorhodopsin or water channel AqpZ were reported in bilayers made of various diblock and 

triblock copolymers of varying chemistry, thicknesses and fluidity [13,15,21,30–35]. 

Interestingly, the activity can still be measured even when there is a relatively huge 

hydrophobic mismatch between the hydrophobic core of the layer and hydrophobic part of 

transmembrane membrane protein [21,22]. In general terms, polymersomes can be made of 

amphiphilic diblock (AB) or triblock (ABA or ABC) amphiphilic copolymers [15,23,36]. 

Different types of vesicles are presented in Figure 2. 

 
Figure 2. Four basic types of vesicles. Liposome is made of phospholipids having hydrophilic 
head and hydrophobic tail. AB polymersome is made of amphiphilic diblock copolymer having 
hydrophilic and hydrophobic chains. ABA polymersome is made of triblock copolymer having 
two identical hydrophilic chains and hydrophobic core. ABC polymersome is made of triblock 
copolymer having hydrophobic core and two hydrophilic chains that compositions differ from 
each other. 

Liposome

ABA polymersome ABC polymersome

AB polymersome
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Wide range of polymers have been reported for polymersome preparation, these include 

diblock copolymers such as poly(ethylene glycol)-block-poly(e-caprolactone) (PEG-PCL) 

[37], poly(ethylene glycol)-block-poly(propylene sulfide) (PEG-PPS) [38], poly(butadiene)-

block-poly(ethylene glycol) (PB-PEG) [33,39]. There are also reports on diblock and triblock 

copolymers based on poly(2-methyl-2-oxazoline)-block-poly(dimethylsiloxane) (PMOXA-

PDMS) [15,34], poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene 

glycol) (PEG-PPG-PEG) [40], or the ABC copolymers such as poly(ethylene glycol)-block-

poly(diisopropylaminoethyl methacrylate)-block-poly(styrenesulfonate) (PEG-PDPA-PSS) 

[13]. Materials that are used up to now are only the tip of the iceberg of possibilities that are 

unlocked by the use of synthetic polymers. There is virtually countless number of block-

copolymer combinations which can be used to tailor their properties to specific needs of the 

application [1,6,41], such as selection of the right bilayer thickness maintaining the assembly 

stability, while providing the flexible environment for reconstituted transmembrane protein 

[21]. Additionally, by use of polymers terminated with active groups polymersomes can be 

cross-linked to freeze its spherical structure or to covalently bond them with external matrices 

[16,17,42,43]. 

 

2.3. Methods for vesicles preparation 

Vesicles in aqueous solutions can be prepared by various methods. Most popular technique, 

that is applied to prepare both liposomes and polymersomes preparation is film rehydration 

method. Film rehydration consist of two main steps, where first one is preparation of dry film 

of amphiphile and second is hydration of that film. Dry film is prepared firstly by dissolving 

the amphiphile material (lipids or polymers) in organic solvent, followed by solvent 

evaporation. Usually, the film is dried in the round bottom flask under rotary evaporator, to 

form the thin bilayers (see Figure 3A). Such prepared film is hydrated in aqueous solution 

under agitation, during which vesicle self-assembly takes place. The usual subsequent step is 

post-treatment of the solution by high-pressure homogenization, sonication or extrusion, to 

obtain homogenous size distribution of the obtained vesicles [36,39,44]. Although film 

rehydration can be used both for liposomes and polymersomes, and high rates of produced 

liposomes can be achieved, the method is hard to upscale for industrial uses. Major drawbacks 

of that method are the high costs, due to several processing steps and losses of material [37,44].  
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Polymersomes can be prepared by direct (bulk) hydration method (see Figure 3B). During 

direct hydration a bulk copolymer material is directly hydrated in the aqueous solution. Firstly, 

at the beginning of hydration, ultrasmall pores are formed within the bulk, due to hydration of 

the hydrophilic blocks. That eventually causes swelling and formation of sponge-like structure 

of interconnected chambers, that leads to formation of cylinders that are finally dispersed into 

polymersomes [38,45]. Depending on the copolymer material chosen, aqueous hydration may 

be modified to stepwise aqueous solution addition, vigorous stirring or elevated temperatures 

may also be applied. Direct hydration in contrast to film rehydration, is easily upscalable 

method, as it consists of one main step – mixing the polymer material with aqueous solution. 

Therefore, it is being the most promising approach for preparation of polymersomes in both 

pharmaceutical industry as well as for large scale biomimetic membrane production [37]. 

Nevertheless, direct hydration method is not suitable for amphiphiles that are not easily 

dissolved in aqueous solution.  Both film rehydration as well as direct hydration processes 

result in formation of somewhat heterogenous vesicles [39,46]. Therefore, to make the particles 

more uniform, the downsizing step is usually employed. There are several downsizing 

techniques, and the most popular are extrusion, filtration, sonication and freeze-thaw [39,44]. 

 
Figure 3. Schematic representation of film rehydration and direct / bulk hydration methods for 
preparation of polymersomes or liposomes. 
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Although there are also other established methods for vesicles formation, such as 

electroformation, solvent evaporation or solvent injection they are not discussed here. It is 

because only film rehydration and direct hydration methods have been used for preparation of 

vesicles in the work described in this thesis and allow functional reconstitution of the 

membrane proteins. 

 

2.4. Morphology analysis of the formed assemblies 

Choice of the amphiphilic material, selection of the right formation method and the process 

parameters are of the essence of obtaining high quality solution of vesicles. To evaluate 

whether self-assembly process lead to formation of vesicles, the resulting solution needs to be 

analysed in terms of concentration and morphology of the formed structures. The parameters 

deciding on the quality of self-assembled structures are size distribution of the formed particles, 

their shape, the membrane lamellarity and particle concentration. The analytical tools range 

from scattering techniques (light, neutron, X-ray), through visualisation techniques 

(microscopy) to particle-by-particle analysis, such as tunable resistive pulse sensing (TRPS) 

[47]. 

 

The simplest method that provides information about average size and distribution is dynamic 

light scattering (DLS). DLS measurements provide information on hydrodynamic radius (Rh) 

of the particles in terms of light scattering intensity (intensity %) and polydispersity index 

(PDI) of particles in solution. Liquid sample is analysed in the cuvette that is exposed to the 

monochromatic wave of light. When laser encounters the particle, incident light is scattered in 

all directions, intensity of this light is recorded by the detector of the instrument. Since the 

particles in solution are in continuous motion induced by random collisions with molecules 

(Brownian motion), the incident light will undergo Doppler Broadening phenomena, causing 

fluctuations of light intensity. These intensity fluctuations in time are correlated by the digital 

autocorrelator, and from the intensity correlation function describing the motion of 

macromolecules diffusion coefficient (Dt) is obtained. Dt can be used to define Rh – radius of 

hypothetical sphere diffusing at the same rate as investigated particle. Rh can be obtained from 

Stokes-Einstein equation [48–51] (Equation 5): 
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𝐷t =

𝑘)𝑇
6ph𝑅-

 Equation 5. 

 

Where kB is Boltzman’s constant, T is an absolute temperature and h is the viscosity of the 

medium. 

 

PDI is obtained from DLS measurements by a cumulant analysis method, that provides mean 

value of the diffusion coefficient. In DLS, PDI is in the range of 0-1, where value of 0 

represents monodisperse system. On one hand DLS method is fast, cheap and simple to perform 

and can serve as a solid base to provide insight on the sample PDI, on the other hand it has few 

major limitations. Firstly, the Rh results are hugely affected by the PDI of the sample. If the 

sample contains two particle populations of different size, for example vesicles and micelles, 

Rh readings resolution is affected. Intensities of Rh measurements do not fully correlate to the 

particle concentrations in the solution. That is due to the fact that big particles scattering more 

light than the small particles [49]. Thus, the more polydisperse sample is, the bigger the error 

will be for the measurement of the Rh. 

 

For polydisperse samples an advanced dynamic light scattering technique has been introduced 

– nanoparticle tracking analysis (NTA). NTA offers simultaneous analysis of nanoparticles in 

liquid suspension in terms of concentration and size distribution by visualization. Liquid 

sample is pumped into the analytical cell illuminated by the laser. Particles scatter light and the 

movement of their light scattering centres is recorded by the charged coupled device (CCD) 

camera of the integrated light microscope. The movements of each recorded particle are tracked 

by a processing software. As with DLS, the method is based on diffusion coefficient by using 

Stokes-Einstein equation, and the processing software calculates Rh of each tracked particle. 

Tracking of the particles allows to eliminate the limitation of intensity weighted distributions 

obtained from DLS. Counting the tracks gives information about particle concentration and the 

size distribution. Nevertheless, since both NTA and DLS measure Rh, each particle is assumed 

to be a sphere. While DLS can provide information for monodisperse samples and NTA for 

polydisperse solutions, neither NTA nor DLS alone, do not provide the information about 

particles morphology [52,53]. 
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Method that in combination with DLS can shed a light on the shapes of the suspended particles 

is static light scattering (SLS). SLS technique is based on analysis of scattered light as time-

averaged intensity and can provide information about particles molecular weight and its radius 

of gyration Rg, which is an average root mean squared distance from the centre of mass of 

macromolecule. Average Rg is determined from angular dependence of the intensities of 

scattered light P(q) [49,54,55], obtained from the function derived from Rayleigh-Debye-Gans 

theory of light scattering by Zimm, Equation 6 presents the relation between P(q) and Rg [56]: 

 

 
𝑃(q)	~	1 −

16p.𝑛/.

3𝜆/.
∙ 𝑅0 ∙ 𝑠𝑖𝑛.

q
2 + 𝑂 C𝑠𝑖𝑛

1 q
2D −	… Equation 6. 

 

Where θ is the scattering angle, n0 is the refractive index of the solvent, λ0 is the laser 

wavelength. Presented equation is a function expanded to the first order. For sizes of Rg greater 

than ~ 50 nm, higher order expansions are necessary. SLS also measures PDI, however in 

comparison to the PDI obtained from DLS, the PDI is a ratio of weight-average molar mass 

Mw to the number-average molar mass Mn, thus a monodisperse system for SLS will have a 

PDI of ~1 [49].  

 

By combination of Rg and Rh, shape-defining parameter ρ can be obtained (Equation 7) [27]: 
 

 𝜌	 ≡ 	
𝑅0
𝑅-

 Equation 7. 

 
The parameter ρ depends on the average segment density in the particle, giving information on 

the internal structure. In the hollow sphere, such as vesicle Rh = Rg, but for homogenous sphere, 

such as micelle or filled vesicle Rg is smaller than Rh. Thus, for hollow sphere the parameter ρ 

= 1.0 and for hard sphere ρ = 0.775 [27,57]. By using both DLS and SLS measurements, one 

can obtain information describing the particles morphology, nevertheless for polydisperse 

solutions size separation of particles needs to be applied to obtain separate readings of Rg and 

Rh for different particle populations. 
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A method that can be applied for separation of different size particles suspended in solution 

with minimum interaction with the sample, is asymmetrical flow field-flow fractionation 

(AF4). Schematic representation of AF4 separation process is presented in Figure 4. 

 
Figure 4. Schematic representation of AF4 separation process. In the focus phase the injected 
sample is being concentrated within the channel, and in the elution phase size-based separation 
takes place. 

AF4 is a technique of one-phase chromatography for separation of analytes varying in molar 

mass, and/or size. Separation occurs in the thin channel, in which sample is injected.  The thin 

channel consists of two plates: upper impermeable plate and bottom permeable plate. The 

plates are separated by a spacer foil, and an ultrafiltration membrane covers the bottom plate 

to prevent the sample from penetrating the plate. In the channel, two flow streams are applied, 

one of the flow streams follow the longitudinal direction and second the perpendicular 

direction. The second flow permeates through the porous bottom wall of the channel. This 

perpendicular flow acts as a force field and sample is concentrated against the bottom wall. 

However, Brownian motion is the force that works against the cross-flow – resulting in 

different concentration profile heights for differently sized particles. Difference in height of 

the sample profiles results in different transport velocities of the particles within the 

longitudinal direction towards the channel outlet. Thus, as a result, smaller particles are 

transported more rapidly along the channel than the larger particles. Small particles will elute 

first, and bigger particles follow. AF4 can be combined with SLS and DLS measurements for 

analysis of eluted fractions. AF4-Multiangle light scattering (MALS)/DLS provides online 

SLS and DLS data on separated particles, thus, allowing precise analysis of polydisperse 

samples, by means of size and morphology, molecular weight and concentrations of particle 

populations [58–61]. 
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Analytical method providing the most details about morphology of the nano-scale particles in 

the solution is transmission electron microscopy (TEM). In TEM, an electron beam is 

transmitted through an ultra-thin specimen containing the sample of interests. The electron 

beam interacts with the specimen as it passes through. When electron beam encounters a dense 

material within the sample, some electrons are being retained or reflected. The electrons which 

are transmitted through are then detected by e.g. an electron CCD camera and translated into 

an image [62]. There are two main types of TEM analysis – negative stain TEM (NS-TEM) 

and cryoTEM. The main difference between them is that the NS-TEM is operated under room 

temperature, whereas in the cryoTEM sample is maintained under -180ºC.  

 

In NS-TEM samples are placed on the carbon grid and stained with heavy atoms to increase 

the contrast of the resulting micrographs, e.g. with uranyl acetate. The sample preparation 

procedure consists of introduction of staining solution, flushing with deionized water and 

finally drying [47,62]. Such procedure often causes changes in morphology, the vesicles can 

shrink or swell due to the osmotic pressure differences induced by staining and flushing steps, 

and eventually collapse due to the drying. It can be difficult to obtain decent quality of data 

and reproducible results when using NS-TEM for self-assembled structures, as the 

morphological details are difficult to capture. 

 

Limitations of the NS-TEM can be overcome by use of cryoTEM. In CryoTEM, imaging is 

performed using vitrified specimens maintained at liquid nitrogen temperatures. Typically, 

vitrification is based on a rapid and controlled immersion of the sample into the liquid ethane, 

with use of automated process that allows repetitions in constant physical and mechanical 

conditions. During vitrification sample material is rapidly cooled in absence of ice crystal 

formation, that results in formation of amorphous glass. Vitrified glass retains the normal 

molecular/ionic distributions of a liquid but remains in an extremely viscous, supercooled form. 

This allows imaging of the samples at a form very close to the real-life [63–65]. High resolution 

images can be obtained with cryoTEM of the vitrified samples, self-assemblies size, shape and 

lamellarity are clearly visible on the micrographs, also with use of the cryoTEM the thickness 

of formed bilayer can be measured [2,21,47,66]. Differences in concentrations can also be 

observed on the cryoTEM micrographs. This allows comparison of concentration between the 

samples, however, obtaining the absolute concentration numbers from the micrographs is 

difficult [67]. 
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Combination of light scattering, and microscopy techniques allows the precise analysis of 

particle solutions. To validate successful self-assembly of vesicles and resulting sample 

quality, particle concentration, size distribution and morphologies can be obtained from SLS 

and DLS methods. This information can be further validated with cryoTEM, providing 

essential details on lamellarity, bilayer thickness and shape. 
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Preface to Chapter 3 

During this Industrial PhD project, vesicles of various compositions have been prepared. A 

major limitation in development of the new liposomal and polymersomal formulations was 

characterization of the morphology of the assemblies. As found out on the course of the project 

and presented in this chapter, batch dynamic light scattering (DLS) should not be used as a 

stand-alone method for characterization of self-assemblies. Even when polydispersity index 

(PDI) of the analyzed solution is ≤ 0.2 or single particle intensity peak is present, the solution 

does not necessarily consist only of unilamellar vesicles. Nevertheless, that is assumed in 

number of publications regarding biomimetic membranes  [1–4]. This assumption has, as we 

present here, major limitations, as high quality unilamellar vesicles may be present even when 

the PDI of characterized solution is ≥ 0.2. Moreover, at PDI ≤ 0.2 the solution can consist of a 

mixture on multilamellar vesicles, elongated shapes and micelles.  

 

To illustrate these limitations, below is presented a comparison of three different solutions of 

self-assemblies. The three types of solutions were prepared by direct hydration method, and 

were based on poly(methyloxazoline)7-block-poly(dimethylsiloxane)49-block-

poly(methyloxazoline)7 (PMOXA7-PDMS49-PMOXA7), poly(ethylene glycol)44-block-poly(ε-

caprolactone)45 (PEG44-PCL45) with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 

cholesterol (Ch) (PEG44-PCL45+DOPC+Ch), and Soy lecithin (SL) with 20 % content of L-α-

phosphatidylcholine (PC). DLS and cryogenic transmission electron microscopy (cryoTEM) 

micrographs of three different types of solutions of self-assemblies are presented respectively 

in Table 1 and Figure 1. The PDI of PMOXA7-PDMS49-PMOXA7 based sample was the lowest 

from all three analyzed solutions, 0.17 ± 0.01, it also had single light scattering intensity peak 

of hydrodynamic diameter (Dh) = 248 ± 6 nm and Z-Avg of 220 ± 2 nm, suggesting a presence 

of vesicular structures. Nevertheless, cryoTEM unveiled that PMOXA7-PDMS49-PMOXA7 

based sample mostly consisted of polymer micelles (between 50 to 200 nm in diameter) with 

smaller part of vesicles present (see Figure 1A). The PDI of PEG44-PCL45+DOPC+Ch was 

0.23 ± 0.01 nm, Z-Avg 179 ± 2 nm and it was characterized with 100% intensity peak of Dh = 

212 ± 5 nm. On one hand, presence of vesicular structures could be elucidated from DLS, on 

the other hand the increased PDI suggests wider size distribution than for the previous sample. 

Morphology of the sample was studied with cryoTEM, and the PEG44-PCL45+DOPC+Ch 

based solution consisted mainly of unilamellar vesicles with a diameter ranging from 50 to 200 
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nm, micelles (< 20 nm diameter) and rod-like micelles, up to 1 µm in length (see Figure 1B). 

SL based solution had PDI of 0.22 ± 0.01 and Z-Avg of 123 ± 1 nm. Additionally, they were 

characterized with two light scattering intensity peaks, the first peak was corresponding to Dh 

of 155 ± 11 nm (80 % intensity), and second peak corresponding to Dh of 54 ± 32 nm (12 % 

intensity), suggesting a presence of two distinctively sized particle populations. It can be seen 

on the cryoTEM micrographs that SL (20% PC) based structures were mostly unilamellar 

vesicles ranging from 30 nm to 200 nm with some multilamellar vesicles and micelles present 

(see Figure 1C). 

 

These DLS results suggest that the nanoparticles present in all of the screened solutions are in 

the ranges typical for vesicular structures (between 100 and 300 nm). Following the 

assumption, that is often provided in the biomimetic membrane literature, that PDI < 0.2 is an 

indicator of monodisperse unilamellar vesicles formed, the nano assemblies based on 

PMOXA7-PDMS49-PMOXA7 should supposedly represent highest quality of nanoparticles 

from the three presented solutions. Nevertheless, the cryoTEM unveiled that the morphologies 

of the structures across and within the three solutions differed, and that the PMOXA7-PDMS49-

PMOXA7 based sample was mainly consisting of large micelles. The presence of different 

morphologies nor size distribution of the particles could not be resolved from the DLS, due to 

its previously mentioned limitations. 

Table 1. Batch dynamic light scattering results of three different polymer, lipid and polymer-
lipid based solutions: PMOXA7-PDMS49-PMOXA7, PEG44-PCL45 with DOPC with CH and soy 
lecithin (20 % PC). The table presents polydispersity index (PDI) and hydrodynamic radiuses 
of the particle populations measured.  

 PDI Z-Avg 

Peak 1 

Dh (nm) / 

Intensity (%) 

Peak 2 

Dh (nm) / 

Intensity (%) 

PMOXA7-PDMS49-

PMOXA7 
0.17 ± 0.01 220 ± 2 nm 248 ± 6 nm / 100 % - 

PEG44-PCL45 +  

DOPC + Ch 
0.23 ± 0.01 179 ± 2 nm 212 ± 5 nm / 100 % - 

SL 

(20% PC) 
0.22 ± 0.01 123 ± 1 nm 155 ± 11 nm / 88 % 54 ± 32 nm / 12 % 
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Figure 1. Cryogenic transmission electron microscopy (cryoTEM) micrographs of three 
solutions of self-assemblies, A) PMOXA7-PDMS49-PMOXA7 B) PEG45-PCL44 with DOPC and 
Cholesterol C) Soy Lecithin (20% PC). In the sample A), mostly polymer micelles above 50 nm 
were present, with some vesicles. In micrograph B) unilamellar vesicles were present in a 
mixture with single micelles and rods. In micrograph C) mostly unilamellar vesicles were 
present in the solution, though some multilamellar liposomes were present. 

To overcome the limitations of batch DLS, attempts of applying additional static light 

scattering (SLS) experiments have been made, as by combining DLS with SLS one can assess 

the shape of the assemblies [5–8]. Nevertheless, for complex solutions of macromolecules, 

SLS without fractionation was found to – similarly to batch DLS – provide limited answer. 

That is due to the fact that the light scattering from all types of polydisperse nanostructures 

present in the solution is measured at the same time, and wide spectra of morphologies cannot 

be analyzed [5,9–12]. As a next method, nanoparticle tracking analysis (NTA) was applied, 

with that method, a full size distribution of the particles can be analyzed, but still – the shape 

is unknown – as similarly to DLS, NTA measurements are based on Brownian motion, only 

hydrodynamic radius is measured by the NTA instrument [13].  

 

Tunable resistive pulse sensing (TRPS), a method which can provide high analytical 

throughput, and measures physical diameter again poses the limitation that the shape of the 

structure cannot be distinguished [12,14,15]. Thus, even though providing an accurate size 

distribution, it is unknown if the measured particles are micelles, hollow spheres or filled 

spheres. 

 

The method which has proven to be the most useful and providing highest quality of data in 

regard to nanoparticles shape, size and size distribution was cryogenic transmission electron 

microscopy (cryoTEM). CryoTEM however has two main limitations, firstly it does not 

provide a quantitative answer to the concentration of particles in the solution, secondly it is 

A) B) C)
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very time consuming, as sample preparation and analysis takes approximately about one to two 

hours per sample. This is limiting the analytical throughput, that is very crucial in the industrial 

development. 

 

The analytical equipment that can potentially overcome the low analytical throughput and at 

the same time provide the answer on nanoparticle size distribution, shape and concentration is 

Asymmetric Flow Field Flow Fractionation (AF4) combined with DLS and Multiangle Light 

Scattering (MALS) (AF4-MALS/DLS) [5,9–11]. The equipment has been applied for analysis 

of four different nanoparticle solutions – two lipid and two polymer based. The results obtained 

from AF4-MALS/DLS have been compared to the DLS and cryoTEM, the findings are 

presented in this chapter of the thesis, as a manuscript entitled Analytical methods for consistent 

characterization of liposomes and polymersomes for use in biomimetic membranes. The 

detection limit of the online DLS measurements presented in this chapter is limited to 80 nm. 

Thus, after 80 nm range the error of the measurements is increased. That is due to the 

MALS/online DLS detector configuration, which was not optimized during experiment. The 

detection limit can reach up to 150 nm with optimized settings of the MALS/DLS detectors, 

and in combination with modified channel/detector flow rate up to 300 nm. The work is 

ongoing to increase the detection limit of the readings, which are to be included in the final 

article for the submission to the journal. 
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3.1. Introduction 

Throughout the last decade, self-assembled vesicles made from lipids (liposomes) or polymers 

(polymersomes) have attracted interest for their applicability as drug delivery devices, 

structures for cell-mimicking, and as constituents of biomimetic membranes [1–10]. 

Irrespectively of the matrices that the final membrane is made of, the vesicles are the key 

components for changing the membrane performance [11–23]. Vesicles have been used as a 

protective, synthetic membrane environment for aquaporins (water-channel transmembrane 

proteins), for the incorporation of artificial water channels [24], and for use without proteins to 

enhance the biomimetic membrane’s selective layer performance [25]. Various types of 

liposomes and polymersomes have been studied as additives for membrane preparation, 

ranging from simple liposomes to polymersomes equipped with various active groups, 

allowing for cross-linking to freeze the vesicular structure [26,27] or to allow binding to 

external matrices, such as a polyamide layer [28–30].  

 

In vesicle-based membrane development, vesicle characterization is often overlooked, and 

most work is focused on characterization of the resulting membrane. Yet, the prepared vesicle 

45



component is ultimately the component that changes the membrane characteristics. Many 

studies neglect the morphology analysis and rely on batch dynamic light scattering (DLS) 

results. Also, the assumption is often made that a low polydispersity index (PDI) ≤ 0.2 or single 

particle intensity peak indicates unilamellar vesicles [11,16,31,32]. This assumption has, as we 

present here, major limitations. Batch DLS should not be used as a stand-alone method for 

vesicle characterization. Batch DLS only provides information about size, while missing the 

morphology information, even with a single particle peak the resulting self-assemblies can still 

have varying morphology. In some studies, negative stain transmission electron microscopy 

(NS TEM) was used for characterization of vesicles [18,31–36], however NS TEM requires 

heavy metal staining and dehydration, which will cause structural artifacts to appear. NS 

sample preparation also triggers morphological changes of fragile vesicular membrane, thus 

concealing the native conformation of the vesicles and preventing proper analysis of vesicles’ 

morphological properties [37,38]. This can explain the different results reported by multiple 

groups in terms of the vesicles’ water permeability or final effect on the membrane layer 

performance, even when the same material was used for preparation of both vesicles and 

membrane matrix. As an example, the hydrodynamic diameter (Dh) reported for liposomes 

made of E. coli lipids prepared under similar conditions have been reported to be in a range 

between 80 and 190 nm [14,16,17,31,39,40], and for DOPC from 100 to 200 nm [12,16,21]. 

Also, their permeabilities, even when measured in a similar manner, differ widely. From 15 to 

90 µm⋅s-1 for blank E. coli liposomes, and from 480 to 1650 µm⋅s-1 for Aquaporin Z (AqpZ)-

reconstituted E. coli proteoliposomes with 1:200 protein-to-lipid ratio (PLR) 

[12,16,17,22,31,40] (see Table S1).  

 

Another inconsistency is the resulting reverse osmosis (RO) membrane performance with 

incorporated liposomes. In one of the earliest works with incorporation of proteoliposomes into 

a polyamide active layer, Zhao et al. achieved improvements of permeabilities by 0.8 L⋅m-2⋅h-

1⋅bar-1 and maintained the rejection above 96% with DOPC proteoliposomes [12]. Qi et al. [14] 

with the use of E. coli proteoliposomes, improved the permeability by 1.4 L⋅m-2⋅h-1⋅bar-1 

without solute rejection decline. Yet, Gan et al. [17] was not able to achieve permeability 

improvement without sacrificing solute rejection, using similar protocols for E. coli liposome 

preparation, active layer synthesis, and testing. 
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Comparison between the reported values is even more challenging when it comes to 

polymersomes or polymer-modified liposomes, due to increased complexities of building 

block and vesicles preparation processes. Nevertheless, a comparison can be made for poly(2-

methyl-2-oxazoline)-block-poly(dimethylsiloxane) (PMOXA-PDMS) based polymersomes, 

as it is the most popular polymersome material used for membrane fabrication. The reported 

Dh values vary between 130 to 260 nm, and there are even greater inconsistencies for water 

permeabilities. Even for protein-free polymersomes, reported values range from 0 to 2300 

µm⋅s-1 (see Table S1). Additionally, PDI’s of the polymersome samples are often not reported 

and if they are, they can be as high as 0.291 [18,25,33,39,41]. 

 

Grzelakowski et al. addressed inconsistencies of reported results and linked them to 

morphological quality of the self-assemblies. However, in that work the authors focused on the 

effect of the self-assemblies’ properties, such as lamellarity and morphology, and their 

correlation to stopped flow light scattering (SF-LS) measurements as well as functional 

characterization of proteopolymersomes reconstituted with aquaporins using SF-LS [39]. 

Habel et al. noted the batch DLS limitations with polydisperse samples and proposed 17 

different analytical tools that can be used for characterization of polymersomes’ properties in 

aqueous solutions. They reviewed various methods for obtaining information on size, 

concentration, elastic properties, polarity, and topology [42]. Despite the previous analytical 

and theoretical work explained in these publications, there has been no effort to provide the 

methodology for consistent analysis of self-assemblies’ morphology and concentrations. The 

work presented here, focuses on morphology, provides a simple analysis methodology and 

compares it to information obtained from batch DLS of polymersomes and liposomes. 

Morphology of the supramolecular self-assemblies can be analyzed directly by cryogenic 

transmission electron microscopy (cryoTEM) of vitrified samples of the particle solutions 

[2,42,43], which in contrast to NS TEM preserve the native conformation of the 

macromolecules [38]. However, the analytical throughput of cryoTEM analysis is low in 

comparison to light-scattering based methods, as typically analysis of one sample takes about 

one hour. This limits the industrial use of the cryoTEM technique for evaluation of the self-

assemblies’ quality, where the analytical throughput must be maximized.  

 

Vesicle morphology can also be assessed with the use of light scattering techniques. For 

example, coupling DLS with Multi-Angle Light Scattering (MALS) allows assessment of the 

shape of the assemblies [44–46]. However, only when MALS/DLS is combined with 
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separation techniques, such as asymmetric flow field-flow fractionation (AF4), can 

fractionation of polydisperse samples and evaluation of the broad spectra of morphologies and 

sizes be completed [44,47–49]. The AF4-MALS/DLS technique was reported previously for 

use in the analysis of liposomes and polymersomes, with a focus on applications for drug 

delivery and cell mimics. The technique can be used for characterization of various parameters, 

such as analysis of the effect of carrier solutions (ionic strength and osmolarity) on sample 

stability [50,51], for studying the effect of preparation methods or material composition on the 

self-assemblies’ morphology [52,53], as well as payload encapsulation efficiency [54,55]. 

 

In this work, we prepared two lipid-based and two polymer-based samples, which were all 

characterized by batch DLS. The DLS measurements resulted in readings of Dh and PDI within 

the ranges commonly reported in the biomimetic membrane literature. The morphologies of 

self-assembled particles were analyzed with cryoTEM in the vitrified state. The results were 

compared to the shape parameter ρ, obtained from online MALS/DLS combined with 

fractionation on AF4. We show that batch DLS does not provide sufficient information on the 

quality and morphology of the particles that are used for preparation of the biomimetic 

membranes. Additionally, in regards to the membrane fabrication viewpoint, we point to the 

significance of the particle concentration in the solution, as it may have significant importance 

on how many structures are integrated into the final membrane [17,20].   

 

In conclusion, we have provided a methodology for the consistent analysis and evaluation of 

the quality of self-assembled structures made of lipids and polymers using AF4-MALS/DLS 

as the main investigation tool. AF4-MALS/DLS can be supported by cryoTEM to obtain 

additional details on morphologies of self-assembled particles. Thus, we raise the awareness 

that a careful analysis of solutions of the nanostructures used for biomimetic membrane 

preparation is crucial for understanding the influence of nanostructures morphology and 

concentration on the measured vesicle permeability, which is closely related to transmembrane 

protein activity, leading to the effect on the performance of the final membrane.  
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3.2. Experimental 
3.2.1. Materials 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and Escherichia coli (E. coli) total lipids 

extract were obtained in pure powder forms from Avanti Polar Lipids Inc. (Alabama, USA). 

N-hexane was obtained from Merck KGaA (Germany). Poly(2-methyl-2-oxazoline)-block-

poly(dimethylsiloxane) (PMOXA-PDMS) diblock copolymer was obtained from Gelest Inc., 

Pennsylvania, USA. Poly(ethylene glycol)-block-poly(e-caprolactone) (PEG-PCL) diblock 

copolymer was obtained from Advanced Polymer Materials Inc. (Canada). Poly(ethylene 

glycol) 550 methyl ether (PEGME) was obtained from Merck KGaA (Germany). Phosphate 

buffered saline (PBS) was prepared by dissolving the salts (8 mg⋅mL-1 NaCl, 0.2 mg⋅mL-1 KCl, 

1.44 mg⋅mL-1 Na2HPO4, 0.24 g KH2PO4) in milliQ water, pH was adjusted to 7.4 with HCl. 

All chemicals for preparation of PBS were analytical grade and were obtained from Merck 

KGaA (Germany). 3-(N-morpholino) propanesulfonic acid (MOPS) buffer was prepared by 

dissolving 100 mM NaCl and 10 mM MOPS in milliQ water, pH was adjusted to 7.4 with 

NaOH. All the materials for MOPS buffer preparation were analytical grade and obtained from 

Merck KGaA (Germany). 

 

3.2.2. Preparation of lipid-based solutions 

Two different types of liposomes were prepared via film rehydration method. 20 mg of 

corresponding lipids were dissolved in n-hexane. To obtain a dry thin film, the lipid solution 

was dried on a rotary evaporator at 40°C at 140 rpm under 0.5 mbar vacuum for 3 hours. DOPC 

film was rehydrated with 1x PBS to obtain concentrations of 10 mg⋅mL-1 by sequential 

vortexing and bath sonication (5 minutes vortexing, 1 minute bath sonication, twice). DOPC 

sample was subsequently extruded via 200 nm Whatman® Nucleporeä Track-Etched 

Polycarbonate Membranes 21 times. The E. coli lipid films were rehydrated in bath sonication 

for 10 minutes, with 10 mM MOPS buffer with 100 mM NaCl, pH 7.4, to obtain a concentration 

of 10 mg⋅mL-1 in the final liposome solution. 
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3.2.3. Preparation of polymer-based solutions 

Two different polymersome solutions were prepared via direct hydration methods. PMOXA-

PDMS based structures were prepared by dissolving 100 mg of diblock PMOXA-PDMS in 

100 mL PBS with 0.05% Lauryldimethylamine N-oxide (LDAO). The solution was then stirred 

at 170 rpm for 10 h at room temperature. The stirred solution was first filtered through a 0.45 

μm polyethersulfone (PES) filter and then through a 0.20 μm PES filter (Sarstedt, Germany). 

To prepare PEG-PCL based structures 1 g of PEG-PCL was added to  

10 g of PEGME. Said mixture was heated to 60°C and stirred at 300 rpm for 30 minutes. 

Subsequently, the temperature was reduced to 40°C, and 100 mL of PBS were added under 

continuous stirring. Obtained solution was filtered through a 0.2 µm polyethersulfone (PES) 

filter (Sarstedt, Germany). 

 
3.2.4. Characterization of lipid and polymer solutions 

3.2.4.1. Dynamic light scattering 

Average size and polydispersity index of liposome solutions were obtained from batch DLS 

measurements at 20°C, using the Malvern Zetasizer Nano (Malvern, UK). The samples were 

measured using poly(methyl methacrylate) (PMMA) cuvettes (Sarstedt, Germany). 

 

3.2.4.2. Cryogenic transmission electron microscopy of vitrified 

samples 

Samples for visualization were vitrified on a glow discharged lacey formvar film enforced by 

silicon monoxide coating and supported by a copper mesh grid (Ted Pella Inc., USA). 

Vitrification in liquid ethane was done using VitrobotTM Mark IV (FEI, USA). Vitrified sample 

was mounted in the Gatan cryoholder (FEI, USA) and images were acquired in cryogenic mode 

using Tecnai G2 20 TWIN 200 kV TEM equipped with FEI High-Sensitive 4k x 4k Eagle 

camera. Micrographs covering 80 µm2 of the grid were used for preparation of particle size 

distribution histograms. Each particle diameter was measured with use of open-source software 

FIJI. Particles with sizes < 20 nm were not counted, as they are difficult to distinguish from the 

background. 
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3.2.4.3. Asymmetric flow field-flow fractionation with multiangle 

light scattering and online dynamic light scattering 

AF4 is a one-phase chromatography method, that separates analytes varying in molar mass 

and/or size. The separation process takes place in a thin channel, into which the sample is 

injected. The thin channel consists of an upper, impermeable plate and a bottom, permeable 

plate, which are separated by spacer foil. Additionally, the bottom plate is covered by an 

ultrafiltration membrane to prevent sample penetration through the plate. AF4 separation 

consist of two phases: the focus phase and the elution phase. During the focus phase injected 

particles are transported towards the ultrafiltration membrane wall under perpendicular flow. 

This perpendicular flow is acting as a force field and sample is being concentrated / focused. 

During the second, elution phase, sample is moved along the channel under laminar flow. 

Brownian motion is working against the perpendicular flow and particles of different sizes will 

have different concentration profile heights. Due to this difference in height, differently sized 

particles will have different transport velocities towards the channel outlet. Resulting in smaller 

particles being transported and eluting faster than larger particles, thus different sized particle 

populations can be scanned separately by MALS/DLS [50,56–60]. AF4-MALS/DLS may be 

coupled with an autosampler, thus the analytical throughput of the instrument is greatly 

increased in comparison to cryoTEM, which is desirable for the industrial development of self-

assembled structures. 

 

While cryoTEM provides direct images of the structures, the morphology analysis by 

MALS/DLS is based on the calculation of the shape parameter ρ, described by Equation 1 [44]: 
 

 𝜌	 ≡ 	
𝑅!
𝑅"

 Equation 1. 

 

Where, Rg is the radius of gyration obtained from MALS, and Rh is the hydrodynamic radius 

obtained from DLS. Rg is an average root mean squared distance from the centre of mass of 

the particle, that can be determined from angular dependence of the scattered light intensities 

[61–64]. Rh is the radius of a hypothetical sphere diffusing at the same rate as the investigated 

particle, obtained from the diffusion coefficient based on Brownian motion and the Stokes-

Einstein equation [61,65–67]. Shape parameter ρ depends on the average segment density in 

the particle, thus it gives information on its internal structure. For empty spheres such as 
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vesicles, Rh = Rg; whereas, for filled spheres – micelles or filled vesicles – Rg is smaller than 

Rh. Thus, for soft empty spheres the parameter ρ ≈ 1.0 and for hard filled spheres ρ ≈ 0.775. 

The corresponding ρ parameter for elongated particles, such as rods or tubes is ρ ≈ 2.  ρ 

parameters for ellipsoids and deformed spherical structures will differ from the one mentioned 

above, that is why the ρ parameter allows only for an approximate estimation of shapes [44,68]. 

 

AF4-MALS/DLS measurements were performed on an Eclipse® AF4 system (Wyatt 

Technology, USA) equipped with an 18-cm short channel, a 350 µm spacer, and a 10 kDa cut-

off regenerated-cellulose membrane. Phosphate buffered saline (PBS), pH 7.4, was used as the 

carrier solution. Detection was accomplished with a DAWN® 18-angle MALS detector 

equipped with a WyattQELS™ online DLS module at a detector angle of 135° (Wyatt 

Technology, USA). For separation, the cross-flow was maintained at 3.0 mL/min for 5 min, 

followed by an exponential cross-flow gradient (slope 4) from 3.0 to 0.1 mL/min in 15 min, 

then maintained at 0.1 mL/min for an additional 5 min. Injections of 5 µL and 20 µL of 1 

mg/mL sample solutions were performed. Data was collected and analyzed in ASTRA® 

software (Wyatt Technology, USA). 

 

3.3. Results and discussion 
3.3.1. Dynamic light scattering 

The results of batch DLS measurements of hydrodynamic diameter of the particles (Dh), 

respective peak intensities and polydispersity index (PDI) are presented in Table 1. 

 

Table 1. Dynamic light scattering results of lipid and polymer solutions 

Sample 
Dh – Peak 1 

(nm) 

Intensity – 

Peak 1 (%) 

Dh – Peak 2 

(nm) 

Intensity – 

Peak 2 (%) 

PDI 

(-) 

DOPC 242 ± 14 nm 100 % - - 0.19 ± 0.011 

E. coli 140 ± 7 nm 100 % - - 0.18 ± 0.007 

PMOXA-

PDMS 
108 ± 3nm 86 ± 2 % 22 ± 10 nm 9 ± 2 % 0.28 ± 0.003 

PEG-PCL 254 ± 36 nm 91 ± 13 % 67 ± 33 nm 14 ± 13 % 0.26 ± 0.005 
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Both of the lipid-based samples had lower PDI than polymer-based samples, PDI for DOPC 

was 0.19 ± 0.01 and for E. coli 0.18 ± 0.01, while for PMOXA-PDMS 0.28 ± 0.01 and for 

PEG-PCL 0.26 ± 0.01. PDI results are well aligned with the Dh and light scattering intensities. 

One light scattering intensity peak was observed for DOPC (Dh was 242 ± 14 nm) and for the 

E. coli (Dh was 140 ± 7 nm) liposomes. For both polymersome samples there were two 

distinguishable light scattering intensity peaks, meaning two distinctive particle size 

populations are present. For the PMOXA-PDMS based sample the 1st peak intensity was 86 ± 

2 % with a corresponding Dh of 108 ± 3 nm and the 2nd peak was 9 ± 2 % with a corresponding 

Dh of 22 ± 10 nm. Measurements of PEG-PCL resulted in the 1st peak with 91 ± 13 % peak 

intensity with a Dh of 254 ± 36 nm, and a 2nd peak consisting of 14 ± 13 % with a Dh of 67 ± 

33 nm.  

 

3.3.2. Cryogenic transmission electron microscopy of vitrified samples 

CryoTEM micrographs and histograms of particle size distribution for the DOPC sample are 

presented in Figure 1A. Most of the particles present in the DOPC sample had a relatively 

narrow size distribution. Vesicle size ranged from 75 to 375 nm, however there were also 

elongated structures present with sizes reaching 700 nm. While cryoTEM confirmed the 

average particle size measured by batch DLS, it also revealed that the morphology of DOPC 

particles varied greatly, from unilamellar vesicles to elongated vesicles, bicelles, micelles and 

tubes. Most of the structures present in the solution were multilamellar vesicles and the 

obtained vesicle quality was poor despite the low PDI measurements (see Table 1). 

 

CryoTEM micrographs for E. coli based structures and the respective histogram of the particle 

size distribution are presented in Figure 1B. In comparison to DOPC liposomes, E. coli based 

structures were more uniform in size distribution. The particle size, measured with cryoTEM, 

aligns well with the DLS readings for Dh, since diameter of most of the vesicles ranged from 

50 to 200 nm, though, structures reaching diameters up to 400 nm were also present. The 

structures present in the solution were mostly unilamellar vesicles, but some multilamellar 

liposomes co-existed. No rods and single micelles were present in the E. coli sample solution. 

 
DOPC and E. coli lipids are two of the most popular lipid types used for preparation of vesicles 

that are applied in preparation of biomimetic membranes. These studies of liposomes and 
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polymersomes often report only values from DLS measurements, which does not necessarily 

provide enough information about the sample quality. DLS measurements for both of the lipid-

based samples presented here had single intensity peaks and low PDI, nevertheless cryoTEM 

unveiled that there were significant differences between the two solutions of self-assembled 

particles. These differences, in size and lamellarity might influence how transmembrane 

proteins are reconstituted, how many can be incorporated, and potentially the overall 

permeability of the vesicles. To cross the multilamellar vesicular structure, water must pass 

through the multiple lamellas of the bilayer, thus, affecting the function of the liposomes in the 

biomimetic active layer. 

 

CryoTEM micrographs of PMOXA-PDMS based polymersomes and histograms of the particle 

size distributions are shown in Figure 1C. Concentration of the particles present at the TEM 

grid is lower for the PMOXA-PDMS sample than for the other samples.  The lower 

concentration may correspond to the low starting-material concentration as well as material 

loss during the double filtration used in the sample preparation. It is also possible that the 

difference in the number of particles visible on the cryoTEM micrographs may be affected by 

the sample properties and its interaction with the lacey formvar film casted on the grid [38,69]. 

Interestingly, even though the Dh values obtained from batch DLS measurements are within 

the typical vesicle size range, no polymersomes were observed in cryoTEM. The particles 

present in the solution had a bicellar morphology, as the bilayer membrane is not visible on the 

cryoTEM micrographs. There are also visible single micelles and micellar aggregates, which 

can indicate the instability of the polymer particles in suspension [70]. Sizes of the majority of 

particles varied between 20 nm to 450 nm, but the size of some of the micellar aggregates 

reached up to 1 µm. This confirms the polydisperse character of the sample and aligns with the 

PDI measurements obtained from DLS (0.28 ± 0.003). Nevertheless, it is difficult to distinguish 

the two separate particle populations that were identified by DLS. Furthermore, the peak 

intensities from DLS measurements do not correspond to the particle concentrations, due to 

the limitations of the batch DLS, for which measurements error increases with increased 

polydispersity. The error in measurements of the polydisperse samples occurs due to stronger 

light scattering by larger particles [61]. 
 

PEG-PCL based sample contained mostly unilamellar vesicles, though a smaller population of 

multilamellar vesicles were also present in the solution, as presented in the cryoTEM 

micrographs in Figure 1D, together with histogram of particle size distribution obtained from 
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cryoTEM micrographs. Size of PEG-PCL vesicles varied from 50 nm up to 500 nm in diameter, 

also, single micelles < 20 nm in size were present in the solution and rod-like micelles reaching 

the lengths above 1 µm. The presence of rod-like micelles could not be anticipated from the 

DLS measurements. Again, it is not possible to distinguish two separate particle populations, 

that were measured by the DLS results. Peak intensities and Dh do not correspond to the size 

and concentration of particles observed on cryoTEM micrographs. Again, this discrepancy 

between DLS and cryoTEM is most likely caused by the limitations of batch DLS towards 

polydisperse samples. 
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Figure 1. CryoTEM micrographs and particle count histograms of: A – DOPC-based sample; 
B – E. coli based sample; C – PMOXA-PDMS based sample; D – PEG-PCL based sample. 
Scale bars represent 500 nm. For the particle count the single micelles below < 20 nm were 
not counted from the micrographs, as they are difficult to distinguish from the background of 
the cryoTEM micrographs. Respective images used for particle count are presented in Figures 
S1, S2, S3 and S4. 
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3.3.3. Separation by asymmetric flow field-flow fractionation 

Separation of the distinctive particle populations was achieved by AF4 with two different 

sample injection volumes: 5 and 20 µL. Fractograms of normalized 90° light scattering (LS)-

signal of two injection volumes for all the samples are presented in Figure 2. Each measurement 

consists of three stages: injection of the sample and focusing stage (0-8 min), elution stage with 

the separation force applied (8-33 min), and elution stage without separation for membrane 

flushing (33-39 min). The first peaks visible at the fractograms are void peaks and correspond 

to the parts of the sample eluting from the channel during the first injection and focusing stage. 

The void peaks are caused by a small part of the sample that has not undergone stress relaxation 

during focusing and elutes directly at the beginning of the separation. The last peaks of the 

fractograms are caused by sample components that are larger than the separation range of the 

applied flow program, containing wide types of larger sample components that are not 

separated. These large components appear as a sudden peak, because the separation force is 

switched off abruptly and all the components elute from the channel at once. The Rg, Rh and 

particle numbers for these two peaks are disregarded, as they correspond to the unseparated 

sample components.  

 

The elution behavior of DOPC and PMOXA-PDMS samples changed with a change of 

injection volume. For DOPC liposomes, the 90° LS-signal spectrum of elution is shifted with 

a larger, 20 µL injection and the separation stage peak elutes later and is narrower. Moreover, 

the peak of unseparated particles overlaps more with the main peak at 20 µL injection 

compared to the 5 µL injection (see Figure 2A). The shift of the elution fractogram towards 

larger size particles and peak overlaps can indicate the aggregation or fusing of self-assembled 

structures.  

 

For the PMOXA-PDMS polymersome sample the first peak observed in the 5 µL injection 

disappeared when the injection volume was increased to 20 µL. This peak corresponds to the 

smallest sized particle population, which elutes first. The following two peaks are comparable 

between 5 µL and 20 µL, although the first peak for 20 µL is broader than its corresponding 

peak with a 5 µL injection. Additionally, the final peak of unseparated particles is higher for 

20 µL than for 5 µL (see Figure 2B). Since the populations of smaller size decrease and bigger 

size increase at 20 µL injection, aggregation to bigger particles takes place. This aligns well 

with the cryoTEM results, which also indicated the presence of micellar aggregates. The 
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aggregation happens most likely during the focusing step in the AF4 channel, where particle 

concentration increases. These results reveal the instability of the DOPC and PMOXA-PDMS 

samples.  

 

The elution behavior of E. coli and PEG-PCL samples did not vary with a 5 or 20µL sample 

injection, indicating stability of the two samples. Both fractograms of  the E. coli sample 

correspond to the presence of one population of particles in the solution, with a single peak that 

was the narrowest of the four tested samples (see Figure 2C). The fractograms of PEG-PCL 

sample are characterized by a single peak that starts with a shoulder of smaller particles and 

ends by the tailing due to the biggest particles (see Figure 2D). 

 

 
Figure 2. Normalized 90° light scattering signal fractograms of samples separated by AF4 for 
MALS + DLS measurements. Red line represents 5 µL injection, blue line represents 20µL 
injection. A – DOPC-based sample; B – E. coli based sample; C – PMOXA-PDMS based 
sample; D – PEG-PCL based sample. 
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3.3.4. Defining the morphology by multiangle light scattering with on-

line dynamic light scattering 

Obtained readings of Rg over time for all four samples are presented in Figure 3, together with 

chromatograms of 90° LS signal. Rg for all samples gradually rose over time, which indicates 

proper separation of the particles and delayed elution of the larger particles. At the beginning 

of the separation, increased noise of the LS signal for all four samples was observed. This is 

due to low concentration of the particles present in the detector and its proximity to the lower 

limit of Rg determination with MALS (~10 nm).  

 

For E. coli and PEG-PCL samples, the elution behavior was constant, independent of injection 

volume, and the readings of Rg were also unaffected by injection volume. The sample with the 

highest signal to noise ratio was E. coli, which had the narrowest distribution of Rg, ranging 

from 30 to about 400 nm (Figure 3A). PEG-PCL with very pronounced noise at the beginning 

of the separation resulted in an Rg range from 10 to 250 nm (Figure 3B). 

 

Rg readings differed between the two injection volumes for both DOPC and PMOXA-PDMS 

samples. For the DOPC sample, the size range of Rg ranged from 20 to 350 nm at the separated 

particles peak with a 5 µL injection, whereas it ranged from 10 to 200 nm with a 20 µL injection 

(Figure 3C). For PMOXA-PDMS, the range of Rg remained comparable between the two 

injections, with 5 µL starting at 10 nm and 20µL from 20 nm, in both cases the Rg reached 400 

nm. Nevertheless, for PMOXA-PDMS at 20µL in comparison to 5 µL there is an additional 

peak of Rg between 24 to 28 minutes. This corresponds to the more pronounced shoulder of the 

first peak with the 20 µL injection, and lack of the peak between 17 to 20 minutes present in the 

5 µL injection (Figure 3D). This indicates that the smaller structures aggregated during AF4 

separation. 
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Figure 3. Radius of gyration vs time of the elution for lipid and polymer samples. A – DOPC-
based sample; B – E. coli based sample; C – PMOXA-PDMS based sample; D – PEG-PCL 
based sample. 

 
To ensure a consistent sample comparison, the following morphology analysis was made on 

data obtained from 20 µL injection. Burchard-Stockmayer plots of shape parameter ρ (Rg to Rh 

ratio), obtained by combination of MALS and DLS signals for 20 µL injections, are presented 

in Figure 4. It should be taken into account that the error of Rh increases for particles having 

Rh ≥ 200 nm. This is due to the online DLS having resolution limits up to 200 nm, which can 

increase the signal to noise ratio at the end of the fractograms.  

 

For DOPC sample the signal to noise ratio is low and ρ parameter ranges between 0.1 to 1.6 

across the separation peak of fractogram, indicating the presence of both soft (empty) spheres 

as well as hard (filled) spheres and elongated structures across most of the fractogram, with 

mostly elongated structures having Rg above 100 nm (Figure 4A). Parameter ρ for the PMOXA-

PDMS sample ranged from 1.2 to 3.4, reaching the highest point between 24 to 27 minutes 

(Figure 4B). ρ = 3.4 corresponds to Rg of ~80 nm and Rh of ~30 nm, unveiling that the smallest 
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peak visible at batch DLS are micellar aggregates. Since the ρ parameter > 2 across most of the 

fractogram, mostly micellar aggregates are present in the PMOXA-PDMS based sample.  

 
For the E. coli sample, ρ ranges from 1 to 2, rising gradually across the fractogram (Figure 4C). 

On one hand MALS/DLS results are confirmation of the observations from cryoTEM showing 

that majority of the particles present in the sample are hollow spheres. On the other hand, a ρ 

value of 2 is associated with elongated structures, such as rods or coils that were not visible on 

the cryoTEM micrographs. The resulting values of ρ = 2 can originate from minor fraction of 

elongated or burst vesicles. For the PEG-PCL sample the ρ ranged from an average of 0.8 to 

1.2 across most of the fractogram, with the lowest readings of ~0.6 at the beginning of 

separation (17 minutes), and 1.4 at 28 minutes into the separation (Figure 4D). These results 

show the spread of structures from small single micelles (ρ ~ 0.6 – 0.8), to hollow vesicles (ρ 

~ 0.8 – 1.2) and elongated structures, such as rods (ρ ≥ 1.2). These readings are thoroughly 

comparable with cryoTEM results, whose micrographs confirm the presence of each of these 

structural types. 

 
Figure 4. Burchard-Stockmayer plots of radius of gyration Rg measured by MALS divided by 
hydrodynamic radius Rh measured by on-line DLS, resulting in morphological parameter ρ. A – 
DOPC-based sample; B – E. coli based sample; C – PMOXA-PDMS based sample; D – PEG-
PCL based sample. 
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3.3.5. Particle count by multiangle light scattering 

Particle counts for different samples has been obtained from AF4-MALS results with 20 µL 

injections. The particle concentrations have been calculated only from the main separation peak 

present in the fractograms. As the final peak rises from unseparated large components eluting 

during the membrane flushing step, the error in the particle count is high. That is due to the co-

elution of different sized particles. Thus, the height of the final elution peak will influence the 

total particle reading, as it corresponds to the particles that were unseparated by AF4. This is 

affected by the sample stability and aggregation behavior during separation. Concentrations of 

particles for all four samples are presented in the Table 2. DOPC sample had the lowest 

concentration of particles, with 2.10 × 1010 particles⋅mL-1. That is followed by PMOXA-PDMS 

which had the second-lowest concentration with a measured 8.30 × 1010 particles⋅mL-1. E. coli 

lipids-based sample concentration was 6.55× 1011 particles⋅mL-1 and PEG-PCL – 2.38 × 1013 

particles⋅mL-1.  

Table 2. Total number of particles obtained from Asymmetric Field Flow Fractionation 
Multiangle Light Scattering. 

Sample Particles⋅mL-1 
DOPC 2.10 × 1010 
E.Coli 6.55 × 1011 

PMOXA-PDMS 8.30 × 1010 
PEG-PCL 2.38 × 1013 

 

The results of the particle count correspond to sample stability, with the least stable samples 

having the lowest number of particles. These samples have also been characterized with a high 

peak eluting in the unseparated particle fraction, therefore a large portion of unseparated 

material is then omitted in the particle count results. Another factor influencing the particle 

count readings is the size of the self-assemblies – it is difficult to compare the total number of 

particles for samples with different radius distributions. While having a low mass fraction 

within the sample, small particles can add a large number to the total number of particles. For 

example, the PEG-PCL based sample had the greatest number of particles present, yet it also 

contained a large number of small micelles, as seen in the cryoTEM micrographs. This trend 

also explains the DOPC-sample results with the lowest concentration of particles, because 

DOPC does not contain particles below 50 nm. It consists solely of larger particles, which also 

corresponds well to the DLS results.  
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The particle concentration results, however, may also be affected by the starting material 

concentration and extent of post-treatment used for preparation of the sample material. DOPC 

sample was extruded 21-times, and extrusion is known to cause material losses [71]. 

Concentration of PMOXA-PDMS, being second lowest from all the samples can be explained 

by low starting concentration of the material (1 mg⋅mL-1) and a double filtration step (0.45 µm 

then 0.22 µm PES filters), further reducing the sample’s particle concentration. Concentration 

of E. coli based samples can be compared to the concentration of DOPC since both are lipid-

based. In contrast to DOPC, the E. coli sample was not extruded, thus all the material 

introduced at the preparation step is still present as self-assembled structures. The highest 

concentration of particles in the PEG-PCL sample can be explained by the significant 

population of micelles present together with vesicles and rods. High population of micelles 

raises the total number of particles in the solution. Additionally, only single-step filtration was 

used for its preparation. These concentration results do not correspond, however, to the number 

of particles observed on the cryoTEM micrographs. Specimen material differences affect 

sample nanodroplets adhesion to the formvar grid [38,69,72]. Thus, while cryoTEM can be 

used for comparison of the concentration between the same sample type (while using the same 

TEM grids and vitrification procedure), it is difficult to use this technique to provide a 

comparison of particle concentrations between samples made of different materials. 

 
3.4. Conclusions 

In this work we presented four samples of self-assembled structures made of amphiphilic 

phospholipids (DOPC and E. coli lipids) and block copolymers (PMOXA-PDMS and PEG-

PCL). The samples were characterized with batch DLS to be in the ranges of Dh and PDI that 

are commonly reported in biomimetic membrane studies. Despite the results from the batch 

DLS, which indicated the size range of particles to be within the ideal range self-assembled 

vesicles for all of the samples, we showed, with use of cryoTEM and AF4-MALS/DLS, that 

the quality of these samples varied greatly, as the types and concentrations of the self-

assemblies present in the analyzed solutions were very different. The DOPC liposome sample, 

despite resulting in a single peak of particles and having a PDI comparable to the E. coli 

liposome sample, contained multilamellar structures of varying shapes as well as tubes and 

micelles. The E. coli sample on the other hand, consisted mostly of unilamellar vesicles. Also, 

the PMOXA-PDMS sample and PEG-PCL sample resulted in similar readings on batch DLS, 

but as with the lipid samples, their morphologies differed. PEG-PCL contained mostly 
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unilamellar vesicles, although multilamellar vesicles, micelles and rods were also present. The 

PMOXA-PDMS sample contained mostly micelles and micellar aggregates, with bicelles co-

existing in the solution. 

These differences were observed with both cryoTEM and AF4-MALS/DLS and could not be 

determined solely with use of batch DLS. This study should raise awareness on the limitations 

of batch DLS, which is repeatedly used as the main analytical tool for characterization of self-

assemblies applied in biomimetic membranes. Batch DLS cannot be used as a stand-alone 

method and additional analysis of morphology is an absolute necessity to evaluate self-

assembled structures. We presented and validated with cryoTEM how AF4 separation 

combined with MALS/DLS characterization of the eluted particles may be applied as a tool to 

evaluate the morphologies of self-assemblies present in a solution and also showed it was 

effective for polydisperse samples. AF4-MALS/DLS has a higher analytical throughput than 

cryoTEM and can thus allow faster analysis of formulations of self-assembled structures, 

which is desirable for industrial research applications. As cryoTEM can provide additional 

details, such as lamellarity and bilayer thickness, it is recommended for use as a supplementary 

technique to AF4-MALS/DLS. Particle concentration appears to be a relevant parameter of 

formulations that are used for biomimetic membrane preparation [17]. It is affected by sample 

stability and related to the extent and type of post-treatment used during sample preparation 

and AF4-MALS/DLS provides this essential information for both lipid and polymer self-

assemblies. 
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Preface to Chapter 4 

In the previous chapter, the PEG-PCL material was found to form stable unilamellar vesicles 

via direct hydration method. PEG-PCL polymersomes solution has been proven to be a stable 

system that can be prepared in a straightforward process of direct hydration. Additionally, the 

upscaling of the direct hydration process is easier than film rehydration, as it does not involve 

use of organic solvent and multiple processing steps [1,2]. Moreover, PEG-PCL polymersome 

solution demonstrated during internal company tests, a long-term stability when stored in room 

temperature. Even after 6 months of storage the solution was still consisting of polymersomes 

of comparable size and morphology at comparable concentrations to freshly prepared batch. 

Dynamic light scattering (DLS) results and cryogenic transmission electron microscopy 

(cryoTEM) micrographs of fresh and stored solutions are presented respectively in Table 1 and 

Figure 1. 

Table 1. Dynamic light scattering results of freshly prepared and stored sample of the 
polymersome solution, presenting polydispersity index (PDI) and hydrodynamic radiuses of 
the two particle populations measured. 

Sample PDI Z-Avg (nm) 

Peak 1 

Dh (nm) /  

Intensity (%) 

Peak 2 

Dh (nm) /  

Intensity (%) 

Fresh PEG-PCL solution 0.25 ± 0.01 160 ± 1 224 ± 18 / 82 ± 3 % 70 ± 5 / 18 ± 3 % 

Stored PEG-PCL solution 0.25 ± 0.01 131 ± 2 192 ± 6 / 79 ± 5 % 63 ± 6 / 21 ± 5 % 

 
Figure 1. Cryogenic transmission electron microscopy (cryoTEM) micrographs of freshly 
prepared PEG-PCL polymersome solution (A) and solution stored for 6 months (B), both of 
the presented solutions were single filtered via 0.2 µm polyethersulfone (PES) filters prior to 
cryoTEM imaging, scale bar: 500 nm 

A) B)
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Detergents, such as N-Octyl-b-D-Glucopyranoside (OG), are commonly employed to facilitate 

transmembrane protein reconstitution into liposome [3–5] and polymersome bilayers [6–8]. 

The proteins stabilized in the micelles of detergents are introduced into the amphiphilic bilayer 

as detergent penetrates the membrane [8,9]. Afterwards, the detergent can be removed by 

dialysis or introduction of biobeads, resulting in detergent-free biomimetic proteopolymersome 

solution [8,10,11]. The detergent concentration must be adjusted to the bilayer system, in order 

to have concentration that will result in most effective incorporation of proteins, but at the same 

time low enough to ensure that vesicles remain intact – in other words, a concentration has to 

be found, at which bilayer is saturated with detergent and is on the edge of solubilization 

[9,12,13].  

 

Each bilayer system, depending on the composition and concentration of the constituents 

behaves differently towards the detergent introduction [9,14]. There were no previous reports 

on reconstitution of transmembrane proteins into PEG-PCL based bilayer system, and no 

existing studies on the detergent effect. Thus, the accurate study on detergent effect on PEG-

PCL was necessary as a following step to find the optimal working range of detergents for 

protein reconstitution trials. Additionally, such study provides fundamental knowledge on the 

behavior of PEG-PCL system when exposed to nonionic detergents. Such knowledge can be 

applied in medical applications, to tune the properties of self-assemblies, for example when 

PEG-PCL based polymersomes are used as a drug delivery device. As applications in medical 

field are the most commonly reported applications for PEG-PCL polymer system [15–17]. The 

findings from the study of detergent effect on PEG-PCL system are presented in this chapter 

of the thesis. The manuscript has been submitted to Macromolecules and is entitled Effect of 

detergents on morphology, size distribution and concentration of poly(ethylene glycol)-block-

poly(ε-caprolactone) based polymersomes 
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4.1. Introduction 

Amphiphilic diblock and triblock copolymer macromolecules, comprising of hydrophilic and 

hydrophobic blocks, are known to assemble into supramolecular structures such as micelles, 

polymer vesicles (polymersomes), rod-like micelles, or planar membranes [1,2]. There is a 

strong interest to use these supramolecular assemblies in various research and industrial 

purposes as they closely mimic their biological equivalents, amphiphilic phospholipids and 

their self-assemblies (liposomes). Targeted and controlled release of an encapsulated drug 

payload is the most commonly studied medical application, but polymersomes are also used to 

study the reconstitution of transmembrane proteins within the membrane layer of the assembly 

for the preparation of selective separation devices and sensors [1,3–9]. Polymersomes are a 

promising nanoscale assembly for targeted therapy and treatment of severe disorders, including 

cancer [2], due to their improved stability in comparison to micellar structures [10] and 

liposomes [1]. The superior chemical and physical stability of polymersomes over liposomes 

is due to the higher molecular weight (MW) of amphiphilic block copolymer chains, which 

form a thicker and more rigid bilayer [1,11] when they self-assemble into vesicles.  
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Another type of amphiphilic molecule – detergents – can be introduced to the liposome or 

polymersome solution to change the properties of the self-assemblies; such as morphology, 

bilayer permeability, and particle size distribution [9,12,13]. Despite the enhanced stability of 

polymersomes, higher membrane viscosity, and a larger bending modulus (as compared to 

liposomes [14–17]), polymersomes can also be solubilized by detergents. The detergent 

molecules are inserted into the bilayer structure, which causes a change in the amphiphile 

packing, rearangment of the bilayer curvature, and ultimately, at a high enough detergent 

concentration, complete disassembly of the vesicles [9,14,18,19]. 

 

Several bilayer solubilization mechanisms have been described, and while they all have minor 

variations, the general consensus is that the solubilization is a three stage process [19–22]. In 

the first stage, the detergents migrate into the bilayer, resulting in an increase in  vesicle size. 

In the second stage, when the saturation point of detergents in the bilayer is achieved,  the 

transition from vesicular to mixed micellar structures is initiated. In the third stage of 

solubilization, a complete transition of the vesicles to mixed micelles, consisting of 

amphiphiles and detergents, takes place  and further addition of detergent only leads to the 

reduction of the phospholipid/polymer concentration within the mixed micelles [9,19,20,22–

24]. 

 

Multiple studies investigating the mechanism of liposome solubilization have shown that the 

concentration of detergents required to solubilize liposome vesicles is dependent on two 

factors, including (1) the composition of the phospholipids used to construct the liposomal lipid 

bilayer, and (2) the type of detergent used for solubilization [9,14,27–29,18,20–26]. In contrast 

to published studies regarding solubilization of liposomes, there is a limited number of 

publications that focus on the explanation of the solubilization effect on the block copolymer-

based vesicle systems [30,31]. Moreover, the studies are often limited to optical density (OD) 

measurements and dynamic ligtht scattering (DLS) analysis [26], with visualization made on 

giant unilamellar vesicles [24,30,32]. DLS is known to have significant  drawbacks for proper 

analysis of polydisperse solutions, as occurs with vesicles mixed with detergents[33–38]. 

Therefore, DLS analysis as a stand-alone method only partially describes the processes of 

vesicle solubilization and does not provide any information on particle concentrations or 

changes in vesicle morphology. As a result, conclusions based solely on DLS measurements 
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are often inaccurate and vague. Very few studies complement OD and DLS analysis of 

nanostructures with cryogenic transmission electron microscopy (cryoTEM), which allows the 

visualization of the changing morphologies of the self-assemblies [9,21,27,39]. However, 

when the concentrations of the studied particles drop, it becomes more difficult to visualize the 

system properly, as very few of the particles will be retained on the TEM grid. Additionally, 

cryoTEM provides only qualitative and not quantitative information about the particle size 

distribution and concentrations, thus, only partially explaining the solubiliation mechanism [9]. 

In the most detailed study on detergent solubilization of polymeric bilayers, Pata et al. 

investigated the solubilization of polymeric membranes made of poly(ethylene glycol)-block-

poly(ethyl ethylene) (PEG-PEE) and poly(ethylene glycol)-block-poly(butadiene) (PEG-PB) 

block copolymers with Triton X-100 (TX-100) [30]. The authors based their conclusions on 

OD and DLS measurements that were combined with visualized solubilization of giant 

unilamellar vesicles. As a result, the morphological transformations occurring in the 

nanostructures, the changes in particle concentration, and the nanoparticle size distribution 

analysis were neglected, as was the quantitative overview on the solubilization process. 

Furthermore, the study was limited to one detergent type (TX-100), thus there is still ample 

opportunity to broaden the understanding of the effect of detergent type on the process of 

solubilization of polymer-based bilayers. Finally, the mentioned studies were made on PEG-

PEE and PEG-PB based systems and it can be expected that block copolymer bilayers of 

different compositions will not behave in the same manner upon introduction to different 

detergent types, similar to membranes composed of different phospholipids. This could, 

theoretically, allow one to modify the resulting bilayer membrane and polymeric nanostructure 

properties for  a specific application by combining the right copolymer and detergent type [13]. 

 

In the presented work, we investigated the detailed effects of the three detergents on a 

poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-PCL) based polymersome system. 

PEG-PCL consists of a non-toxic PEG section and an in-vivo biodegradable PCL part [40–42]. 

They can be easily synthesized in large scale, with the use of non-toxic catalysts such as 

calcium [43] or enzymes [44], and self-assembled structures can be prepared via scalable 

methods, such as direct hydration [2,40]. This makes PEG-PCL based systems attractive for 

industrial applications such as drug delivery [40,45]. Furthermore, PEG-PCL products are 

already approved as drug delivery systems by health care authorities, such as the U.S. Food 

and Drug Administration (FDA) [2,46]. Multiple studies have investigated PEG-PCL systems 

for conjugation with proteins (e.g. glycoproteins or antibodies), cell binding (targeting studies), 
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and cell viability [40,47–49], however there is no study focusing on the PEG-PCL bilayer 

solubilization. To the best of our knowledge, this is the first study to investigate the detergent-

induced vesicle solubilization of a polymersome system that combines OD analysis, DLS, 

tunable resistive pulse sensing (TRPS), and cryoTEM. Due to the joint application of the 

above-mentioned analytical methods, the effect of solubilization was characterized, not only 

qualitatively (by optical density and average particle size), but also quantitatively (by TRPS 

measurements providing particle size distribution and particle concentrations in the solution). 

Further understanding of the process has been provided by the precise morphology analysis 

using cryoTEM. This study explains, in detail, the mechanism of solubilization of PEG-PCL 

polymersomes induced by three different detergents.  

4.2. Experimental 
4.2.1. Materials 

The three detergents used - N-Octyl-b-D-Glucopyranoside (OG), Lauryldimethylamine N-

oxide (LDAO) and Triton X-100 (TX-100) - in the study are commonly employed in bilayer 

membrane research for solubilization, or the extraction and reconstitution of transmembrane 

proteins [23,27,50,51]. The detergents have different chemical structures, MWs, and critical 

micelle concentrations (CMC) in pure H2O and are presented in Figure 1. 

 

 Figure 1. Chemical structures of the detergents used in the study, A) – N-Octyl-b-D-

Glucopyranoside (MW = 292 g/mol, CMC ≈ 20.0 mM),; B) – Lauryldimethylamine N-oxide 

(MW = 229 g/mol, CMC ≈ 2.0 mM)  ; C) – TX-100 (n= 10) (MW = 625 g/mol CMC ≈ 0.24 

mM). 
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N-Lauryldimethylamine N-oxide (30 % aqueous solution) was obtained from Sigma Aldrich, 

Denmark and used as received. N-Octyl-b-D-Glucopyranoside (³ 99 %) was obtained from 

Anatrace, USA and used as 30% aqueous solution. TX-100 (³ 99.8 %) was obtained from 

Sigma Aldrich, Denmark and used as 20% aqueous solution. Phosphate buffered saline (PBS) 

was prepared by dissolving the salts (8 mg/mL NaCl, 0.2 mg/mL KCl, 1.44 mg/mL Na2HPO4, 

0.24 g KH2PO4) in Milli-Q water, pH was adjusted to 7.4 with HCl. All chemicals for 

preparation of PBS were analytical grade and were obtained from Merck KGaA, Germany. 

Poly(ethylene glycol) methyl ether  (Mn~550) (PEGME) was obtained from Merck KGaA, 

Germany. Poly(ethylene glycol)45-block-poly(e-caprolactone)44 (PEG45-PCL44) (PDI 1.2) 

was purchased from Advanced Polymer Materials, Canada. 

4.2.2. Preparation of polymersomes 

Polymersomes were prepared via direct hydration as previously reported in Sui et al, in PBS 

(pH 7.4, 136 mM NaCl, 2.6 mM KCl) [40]. In brief, 1 g of PEG-PCL was mixed with 10 g of 

PEGME. The mixture was heated to 60°C and stirred at 300 rpm for 30 minutes. Subsequently, 

the temperature was lowered to 40°C, and 100 mL of PBS buffer was added. The obtained 

solution was stored at room temperature and filtered through a 0.2 µm polyethersulfone (PES) 

filter (Sarstedt, Germany) prior to use. 

 

4.2.3. Characterization of polymersomes and the solubilization 

process 

4.2.3.1. Stability of the particles in the detergent solution - optical 

density 

OD measurements were made with a VarioskanTM microplate reader (Thermo Fischer 

Scientific, MA, USA) to determine the vesicle-solubilizing concentrations for each detergent. 

To perform the titration experiment, 200 uL of filtered polymersome solution was mixed with 

detergent to obtain the desired concentration in the well of a polystyrene flat-bottom, clear 

microplate (Greiner Bio-One, Austria). Kinetic OD measurements at a wavelength of 400 nm 

were made at specified time points at 20°C. All samples were prepared in triplicate. We 

observed no further changes in OD after 90 minutes of detergent incubation and therefore chose 

2 hours for the detergent incubation time in the analyzed samples. 
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4.2.3.2. Polydispersity index and average hydrodynamic diameter 

- dynamic light scattering 

To prepare the samples for DLS measurements, filtered polymersome solution was mixed with 

detergents to reach the desired concentrations and was stirred for 2 hours at 750 rpm at room 

temperature. Average hydrodynamic diameter (Z-Avg) and polydispersity index (PDI) 

measurements were made by a DLS instrument, the Zetasizer Nano (Malvern, UK). All 

measurements were made in batch mode at 20°C using poly(methyl methacrylate) (PMMA) 

cuvettes (Sarstedt, Germany). The DLS measured samples were further  analyzed by cryoTEM 

visualization and TRPS measurements. 

 

4.2.3.3. Morphology - cryogenic transmission electron microscopy 

Samples for visualization were vitrified on a glow-discharged lacey formvar film enforced by 

silicon monoxide coating and supported by a copper mesh grid (Ted Pella Inc., USA). The 

samples were vitrified in liquid ethane with use of VitrobotTM Mark IV (FEI, USA) and 

subsequently mounted in a Gatan cryoholder (FEI, USA). The images were acquired in 

cryogenic mode using a Tecnai G2 20 TWIN 200 kV TEM equipped with a FEI High-Sensitive 

4k x 4k Eagle camera. 

 

4.2.3.4. Size distribution and particle concentrations - tunable 

resistive pulse sensing 

Virgin sample and three samples corresponding to each stage of solubilization, based on the 

results from OD, DLS, and cryoTEM analyses, for each of the detergents were chosen for 

TRPS analysis, , Size distribution and particle concentrations measurement were analysed with 

a TRPS qNano Gold system (Izon Science, New Zealand), equipped with a NP150 

polyurethane nanopore (Izon Science, New Zealand) and by following the standard protocol 

recommended by the manufacturer [52]. To perform the TRPS measurements, the samples 

were diluted 50 times with PBS buffer and analyzed under the voltage of 0.96 V and a pressure 

of 13 millibar. Data analysis was  performed using the data capture and analysis software, Izon 

Control Suite V3.4 (Izon Science, New Zealand). 
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4.3. Results and discussion 
4.3.1. Characterization of polymersome solution 

The polymersome solution, without detergent addition, was analyzed with DLS,  cryoTEM, 

and TRPS as a standard for comparison to solutions with the three chosen detergents 

throughout the rest of this study. The results of the DLS measurements of the polymersome 

solution before and after filtration through a 0.2 µm polyethersulfone (PES) filter are listed in 

Table 1. The cryoTEM images of the same solutions before and after filtration are shown in 

Figure 2. 

Table 1. Dynamic light scattering results of unfiltered and filtered (0.2 µm PES) PEG-PCL 
solution, presenting the PDI and hydrodynamic radiuses (Dh) of the two particle populations 
measured. 

 PDI Z-Avg 

Peak 1 

Dh (nm) / 

Intensity (%) 

Peak 2 

Dh (nm) / 

Intensity (%) 

Unfiltered 0.45 ± 0.02 196 ± 2 nm 285 ± 220 nm / 92% 3200 ± 1140 nm / 8% 

Filtered via 0.2 

µm PES 
0.25 ± 0.01 160 ± 2 nm 192 ± 60 nm / 79% 63 ± 15 nm / 21% 

 

 
Figure 2. CryoTEM micrographs of unfiltered PEG-PCL polymersome solution (left) and 
filtered solution via 0.2 µm PES filter (right), scale bar: 500 nm. 
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CryoTEM visualization revealed that the unfiltered PEG-PCL polymersome solution consisted 

of vesicles with a membrane thickness varying between 15-20 nm (majority unilamellar, 

though some multilamellar vesicles were present). Additionally, the samples contained single 

micelles, rod-like micelles, and micrometer-sized multilamellar vesicles. Filtration removes 

the latter, however, rod-like micelles are still present in the filtered solution, together with sub-

micron vesicles and single micelles. Likewise, the PDI of the filtered solution was 0.25 and the 

Z-Avg was 160 nm, compared to a PDI of 0.45 and Z-Avg of 196 nm for the unfiltered sample.

Through TRPS measurements, the concentration of the particles in the filtered PEG-PCL

solution was measured to be in the range of 2E+13 particles/mL, with a mean physical diameter

of 115 nm. A histogram of the particle distribution for the filtered solution is presented in

Figure 3A. Due to pore blockage from the presence of the micrometer-sized vesicles in the

unfiltered PEG-PCL polymersome sample, it was not possible to measure particle distribution

with TRPS. Throughout the rest of the article we refer to filtered PEG-PCL polymersome

solution as the virgin sample.
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Figure 3. Particle size distribution histograms obtained from TRPS measurements: A) Starting 
material of the polymersome solution; B) Solutions with N-Octyl-b-D-Glucopyranoside (OG); 
C) Solutions with Lauryldimethylamine N-oxide (LDAO); D) Solutions with Triton X-100 (TX-
100). The particle concentration drops  as the detergent concentration is increased. TRPS has
a limited resolution window and for the chosen settings particles ≤ 50 nm in diameter were not
detectable.

4.3.2. Three stage solubilization of PEG-PCL polymersomes in 

mixtures with detergents 

OG is a glucopyranoside and one of the most commonly applied nonionic detergent used for 

the solubilization of integral membrane proteins and their reconstitution into proteoliposomes, 

due to its high CMC value and non-denaturating properties [23,50,51,53,54]. LDAO is a 

zwitterionic amine oxide-based detergent with a C12 alkyl tail. It is widely used for 

solubilization of bacterial membranes for the isolation of integral membrane proteins [53–56]. 

TX-100 is a nonionic detergent often used for transmembrane protein reconstitution and it is 

known to penetrate the lipid membrane at the onset of solubilization without affecting the 

membrane bilayer structure [31,39]. The selected detergents were chosen based on their 
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frequent use in membrane protein solubilization and reconstitution studies. OD measurements 

of the PEG-PCL polymersome solutions with titrated detergents are presented in Figure 4. 

 
Figure 4. Results of the optical density (OD) measurements of the PEG-PCL polymersome 
upon introduction of the detergents: A) N-Octyl-b-D-Glucopyranoside (OG); B) 
Lauryldimethylamine N-oxide (LDAO); C) Triton X-100 (TX-100). Concentrations are 
provided in mM as well as fractions of the critical micelle concentration (CMC). 
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The OD measurements were obtained to define the detergent concentrations at which the 

transition between the solubilization stages of PEG-PCL polymersomes occur for each 

detergent [21]. As showin in Figure 4A, at low concentrations of OG (1.7 mM – 8.5 mM) the 

normalized OD increased by 0.2 (for 120 minutes contact time). In contrast, upon introduction 

of LDAO and TX-100, normalized OD increased by 0.4 and 0.3 (see Figure 4B and 4C), 

respectively. The increase in turbidity for all of the investigated samples upon exposure to low 

detergent concentrations can be explained by the the increase of the vesicle diameter. This is 

in alignment with  the first stage of bilayer solubilization. At the low concentrations of 

detergents, so-called subsolubilizing concentrations, an increase of the vesicle diameter occurs 

due to the penetration of the detergent molecules into the bilayer [25,28,57]. The subsequent 

observed drop in OD at increasing detergent concentrations (starting from 10.2 mM, 1.1 mM, 

and 2.4 mM, for OG, LDAO, and TX-100, respectively) indicates initiation of the second stage 

of solubilization, where disintegration of the vesicles occurs due to their bilayer becoming 

saturated with detergent molecules. Full solubilization (stage 3) occured at 23.4 mM for OG, 

8.7 mM for LDAO, and 6.4 mM for TX-100, when the normalized OD reached 0.13, 0.22, and 

0.43 for OG, LDAO and TX-100 respectively.  This observed drop in OD is related to the third 

stage of solubilization – formation of smaller single micelles with higher detergent-to-

copolymer ratio. The limited drop in OD for TX-100 compared to OG and LDAO can be linked 

to the higher MW of TX-100 and incomplete bilayer penetration by the detergent [21]. 

Nonetheless, TX-100 solutions are known to have increased turbidity in comparison to LDAO 

and OG, due to its lower cloud point in aqueous solution [9]. Moreover, Figure 4 shows that 

between the second and third stage of solubilization, OD measurements are more time 

dependent for all detergents, since disintegration of the vesicles is a kinetic process.  
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4.3.3. Effect of N-Octyl-b-D-Glucopyranoside on polymersome 

morphology 

After determining the changes in OD of the polymersome solutions with the three detergents 

DLS measurements were made as a first step to explain the morphological changes happening 

upon detergent titration. Namely, the average diameter of particles (Z-Avg) and the 

polydispersity index (PDI) were measured. The results of the DLS measurements for the 

samples with different OG concentrations are presented in Figure 5A.  

 
Figure 5. DLS measured average hydrodynamic diameter (Z-Avg) and polydispersity index 
(PDI) of particles upon introduction of the detergents: A) N-Octyl-b-D-Glucopyranoside 
(OG); B) Lauryldimethylamine N-oxide (LDAO); C) Triton X-100 (TX-100). The Z-Avg and 
PDI drops sharply when the detergent concentration capable of solubilizing the majority of the 
vesicles is reached. 
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At concentrations of OG between 1.7 mM to 13.5 mM, the Z-Avg remains unchanged at  

roughly 200 nm, indicating that the vesicles were stable within this range. However, cryoTEM 

micrographs (presented in Figure 6) show that from 5.1 mM OG, the number of rod-like 

micelles and single micelles was significantly higher than for the virgin sample. Interestingly, 

at a concentration of 5.1 mM OG the presence of rod-like micelles was the most prominent 

morphology, in comparison to the other samples containing OG. This  explains the increased 

OD of the solutions (see Figure 4A), as the enlarged vesicles with detergent-saturated bilayers 

are present with single micelles and rod-like micelles in the sample [19,21]. The significant 

increase of the population of rod-like micelles is barely detectable by DLS, as Z-Avg remain 

unchanged and PDI only slightly increases, due to the large vesicles scattering light with a 

higher intensity than the smaller particles present in the solution. At 13.5 mM OG, a detergent 

concentration in the middle of the second stage of solubilization, the total particle concentration 

measured by TRPS dropped from 2E+13 particles / mL to 8E+12 particles / mL (for the 

particles above 50 nm). Moreover, the number of the particles in the range of 100 - 200 nm in 

physical diameter, corresponding to vesicles, dropped by half (see Figure 3A), from 3E+12 

particles / mL to 1.5E+12 particles / mL. 

 

After reaching concentrations of 20.1 mM OG, Z-Avg drops to 167 ± 17 nm and PDI increases 

to 0.43 ± 0.03, indicating an increased number of single micelles in the solution and a decreased 

number of vesicles. As shown in cryoTEM micrographs (Figure 6), mostly single-micelles and 

rod-like micelles were present in the solution, with a few vesicles visible with radiuses below 

100 nm.  

 

At concentrations reaching 23.4 mM OG, the bilayer of the vesicles was completely 

solubilized. The Z-Avg dropped to 50 ± 2 nm and the PDI was reduced to 0.10 ± 0.01. This is 

also confirmed by TRPS measurements, as the measured total particle concentration dropped 

to 2.04E+12 (see Figure 3A). No pore formation in the vesicle bilayer, typically observed for 

liposomes [21,25], was observed with cryoTEM at any of the OG concentrations.  
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Figure 6. Cryogenic Transmission Electron Microscopy micrographs of vesicle samples with 
different concentrations of N-Octyl-b-D-Glucopyranoside OG, scale bar: 500 nm. 

 

4.3.4. Effect of lauryldimethylamine N-oxide on polymersome 

morphology 
The Z-Avg and PDI of polymersome solutions exposed to increasing LDAO concentrations 

are presented in Figure 5B. At concentrations up to 2.2 mM LDAO, the Z-Avg and PDI 

remained unaffected, averaging at sizes of 210-230 nm with a PDI of 0.40-0.44. These numbers 

indicate stability of the polymersomes in the presence of the detergent as they show a slight 

increase in size, but are still similar to the results from the virgin solution (see Table 1 and 

Figure 2). These changes also correlate to the increase  in OD, up to concentrations of 1.1 mM 

LDAO (see Figure 4B). The cryoTEM micrographs of the samples with 0.2 mM and 1.1 mM 

LDAO exhibit enlarged vesicles (Figure 7) confirming the DLS and OD readings.  

OG 1.7 mM OG 5.1 mM OG 8.5 mM

OG 13.5 mM OG 20.1 mM OG 23.4 mM
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Figure 7. Cryogenic Transmission Electron Microscopy micrographs of vesicle samples with 

different concentrations of ) Lauryldimethylamine N-oxide (LDAO), scale bar: 500 nm. 

 

However, for the sample with 2.2 mM LDAO, the OD decreased in comparison to the samples 

with lower LDAO concentrations. This is due to the decreased vesicle concentration and size 

which is observable on the cryoTEM micrograph (Figure 7). The DLS measurement is not 

sensitive to these changes, as PDI and Z-Avg remain unchanged at LDAO concentrations up 

to 2.2 mM. 

 

At 4.4 mM LDAO, the Z-Avg decreased sharply to 157 ± 37 nm and PDI increased to 0.52 ± 

0.02. Additionally, the error of the measurements was also increased at this concentration (see 

Figure 5B). These results indicate that the average size of the particles decreased, while 

differences in the particle populations became more prominent. The cryoTEM micrograph of 

the sample with 4.4 mM LDAO, shows the presence of predominantly unilamellar vesicles. 

These vesicles  were smaller in size in comparison to the polymersome samples with 0.2 mM 

and 1.1 mM  LDAO (Figure 7). The size of the vesicles in the polymersomes sample with 4.4 

mM LDAO was comparable to the sample containing 2.2 mM LDAO, however, the population 

of rod-like micelles was decreased. They were most likely solubilized to single micelles, which 

LDAO 0.2 mMLDAO 0.2 mM LDAO 1.1 mMLDAO 1.1 mM LDAO 2.2 mMLDAO 2.2 mM

LDAO 4.4 mMLDAO 4.4 mM LDAO 6.6 mMLDAO 6.6 mM LDAO 8.7 mMLDAO 8.7 mM
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were present in the solution with the vesicles. These morphological findings correlate to the 

OD measurements, as  the polymersome sample with 4.4 mM LDAO experienced a sharp drop  

in OD (see Figure 4B). The drop in concentration of vesicles at 4.4 mM LDAO  was quantified 

with TRPS (see Figure 3B), as the total concentration of particles dropped from 2E+13 particles 

/ mL in the virgin solution, to 8.65E+12 particles / mL. Furthermore, the concentration of 

particles between 100-200 nm was reduced by half,  which is identical to the effect observed 

at 13.5 mM of OG, which is the concentration where stage 3 of the solubilization process occurs 

(see Figure 3A).  

 

In contrast to OG, the rod-like micelle morphology tends to decay at increased LDAO 

concentrations (above 4.4 mM), with most of the particles being single micelles. Even though 

the two detergents have similar MW – 229 g/mol for LDAO and 292 g/mol for OG, their critical 

micelle concentration is different. LDAO is characterized by a 10-fold lower CMC value  (~2 

mM in pure H2O) compared to OG (~20 mM in pure H2O). Thus, LDAO molecules arrange 

into micelles at lower concentrations than OG, and in combination with PEG-PCLchains, are 

more prone to form single micelles than long rods, thereby solubilizing the bilayer at lower 

concentrations than OG. At 6.5 mM LDAO the PDI dropped to 0.24 ± 0.12, and Z-Avg to 54 

± 16 nm. While the error of the PDI readings  was more  pronounced, these DLS results 

correlate with  the observed drop in concentration of polymersomes and an increased 

concentration of single micelles – also confirmed by cryoTEM imaging (Figure 7). Complete 

solubilization was reached at 8.7 mM LDAO,  where the measured PDI was 0.16 ± 0.01 and 

Z-Avg reached 44 ± 1 nm. CryoTEM confirmed that the sample mostly contained single 

micelles and sub-200 nm length rod-like micelles, while the TRPS measurement showed a 

reduction in total particle concentration to 1.69E+12 particles / mL. Similar to OG, – no pore 

formation was observed within the vesicle bilayer was observed on cryoTEM micrographs at 

any point during the vesicle solubilization (see Figure 7). 

 

4.3.5. Effect of Triton X-100 on polymersome morphology 

The PDI and Z-Avg masured by DLS for polymersomes mixed with TX-100 are presented in 

Figure 5C. TX-100 did not induce  significant changes to the Z-Avg, at concentrations up to 

3.2 mM TX-100. However, the cryoTEM micrograph of the sample with 0.4 mM TX-100 

(presented in Figure 8), showed larger vesicles in comparison to the virgin solution (see Figure 

2), which was also observed as an increase  in the OD measurements (see Figure 4C).  
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Figure 8. Cryogenic Transmission Electron Microscopy micrographs of vesicle samples with 

different concentrations of Triton X-100 (TX-100), scale bar: 500 nm. 

The PDI did increase at concentrations up to 3.2 mM of TX-100. This relates to the 

morphological changes observed with cryoTEM. Upon the additionof TX-100, long rod-like 

micelles were formed with lengths exceeding 2 µm. Their population and lengths increased 

until a concentration of 4.0 mM of TX-100 was reached, where most of the structures were 

solubilized into single micelles (see Figure 8). When the concentration reached 4.0 mM TX-

100, it could be elucidated from DLS measurements that a complete vesicle solubilization took 

place, since the Z-Avg dropped to 48 ± 1 nm and the PDI dropped to 0.25 ± 0.02. Some vesicles 

were still visible on the cryoTEM micrographs at 4.0 mM TX-100, though their population 

was greatly reduced. While a futher increase in the detergent concentration resulted in a 

continued decrease of OD (see Figure 4C), the Z-Avg and PDI remained  constant. A PDI 

below 0.2 was not reached even at the highest tested concentration of 6.4 mM TX-100, as in 

the case of OG and LDAO, when complete solubilization was achieved. This could indicate 

that a small portion of the insolubilized vesicles was still present. Nevertheless, cryoTEM 

micrographs of the 4.8 mM TX-100 sample, revealed unusual aggregates with a morphology 

between large micelles and rod-like micelles (see Figure 8). The results of TRPS measurements 

(presented in Figure 3D) showed that the total particle concentration was 1.60E+13 particles / 

Triton X-100 0.4 mMTriton X-100 0.4 mM Triton X-100 0.8 mMTriton X-100 0.8 mM Triton X-100 1.6 mMTriton X-100 1.6 mM

Triton X-100 2.4 mMTriton X-100 2.4 mM Triton X-100 4.0 mMTriton X-100 4.0 mM Triton X-100 4.8 mMTriton X-100 4.8 mM
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mL, 1.49E+13 particles / mL and 6.78E+12 particles / mL for 0.4 mM, 1.6 mM, and 4.8 mM 

TX-100, respectively. A sharp decrease in the concentration of particles in size range of 100-

200 nm, in comparison to the virgin solution, was recorded only for the sample with 4.8 mM 

TX-100. Nevertheless, the particle concentrations did not drop to the levels observed for the 

samples with OG and LDAO (Figure 3B and 3C). The concentration of 100 nm particles at 4.8 

mM TX-100 was twice as high as the highest concentrations of OG (23.4 mM) and LDAO (8.7 

mM) with 1E+12 particles / mL for TX-100, in comparison to 5E+11 particles / mL for both 

OG and LDAO. We speculate that this discrepancy in particle concentration is due to the 

presence of the amorphous aggregates formed when TX-100 was used for the polymersome 

solubilization. The phenomenon of formation of amorphous aggregates can be explained by 

the significantly higher MW of TX-100 (615 g/mol) in comparison to OG and LDAO, and the 

difference in the structure of the hydrophilic and hydrophobic moieties of the detergents. TX-

100 consists of a long hydrophilic chain of PEG and a hydrophobic alkylphenyl group, in 

comparison to LDAO and OG, which both have hydrophobic chains and a hydrophilic groups. 

LDAO has the smallest hydrophilic region composed of amine oxide and OG has a large 

glucose headgroup (see Figure 1).  TX-100 has the lowest CMC of the three tested detergents, 

however it was found to be the least effective, solubilizing the bilayer at CMC fractions 

reaching 2000 % even though TX-100 has previously been described, in early work on 

liposome solubilization, to reside within the group of ‘fast-solubilizing’ detergents [21,26,58]. 

TX-100 instead slowly and partially solubilizes the bilayer, which leads to the formation of 

larger aggregates and mixed micelles. The breakdown of the bilayer should result in the partial 

destabilization of the vesicles and consequently to the leakage of vesicles, but no vesicles with 

an open bilayer were observed with cryoTEM.  

 

4.3.6. Comparison of the observed solubilization process to the 

literature 

The three stages of solubilization were defined and studied for PEG-PCL polymersomes 

exposed to increasing concentrations of the three investigated detergents until complete 

solubilization and breakdown of the vesicles was confirmed. Across the whole studied 

concentration spectras of the investigated detergents, opened pores were not observed within 

the vesicle bilayer. The formation of pores was expected at the solubilizing concentrations 

since such phenomena is known to occur in liposomes and is considered a prerequisite for the 
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vesicle solubilization [21,25]. It can be speculated that the absence of pore formation is a result 

of a significant mismatch in the detergent length in comparison to the diblock chain. Even for 

the largest detergent molecule in this study – TX-100 – the mass of the PEG45-PCL44 chain 

(average MW = 7000 g/mol) is more than 10 times larger. In comparison, for commonly used 

vesicle-forming phospholipids, MW ranges between 700 and 800 g/mol [59], which is 

significantly closer to the MW of the detergents. Additionally, polymers have certain 

characteristics that are absent in the lipid constituents. Polymers are not perfectly pure systems, 

even when the PDI is low. The block copolymer used in this study was characterized with a 

PDI of 1.2. Nevertheless, in contrast to pure lipid mixtures, a polymer mixture will always 

consists of polymer chains with a variety of block lengths [60]. These polymers with non-

uniform chain lengths build the vesicle bilayer, and due to the membrane liquidity and lateral 

diffusion, they will be able to reshuffle within the layer.Thus, enabling chain configurations to 

alter within the bilayer and modifying the packing of the chains. In fact, molecular dynamics 

modelling has indicated that block copolymer membranes are capable of adjusting the 

thickness of the bilayer when facing membrane constituents with a hydrophobic mismatch. As 

a result, polymer chains not only move within the bilayer, but they are also able to compress 

in the vicinity of the molecule causing the hydrophobic mismatch – such as membrane proteins 

[7,8,61,62]. Similar behavior can be expected when detergents, with much shorter hydrophobic 

chains than the polymer molecules, are incorporated into the bilayer. 

 

Due to the MW of the PEG-PCL diblock copolymer, a fully-extended, hydrophilic PEG block 

will always be longer than a hydrophilic head of a lipid molecule, and the hydrophilic 

constituent of the detergent.  Due to the significantly longer hydrophilic region of the detergent, 

it should be more difficult for the detergent to penetrate through the hydrophilic moiety of the 

amphiphilic polymer in comparison to its lipid counterpart [1,8,11,19,63]. Thus, a higher 

stability of the bilayer towards detergent attack would be expected. Nevertheless, in this work 

we have found that the concentrations required to solubilize PEG-PCL based polymersomes 

can be significantly lower than those reported for liposomes, such as a reported concentration 

of 80 mM OG required to solubilize 15 mg/mL of egg lecithin vesicles [64], or egg 

sphingomyelin (SM)/cholesterol vesicles that were reported to withstand concentrations as 

high as 5 mM of TX-100 [24]. 6.4 mM was the highest TX-100 concentration used in this 

study, which is less than a half of the concentration reported by Nallani et al. to solubilize 10 

mg/mL of egg-phosphatidylcholine (PC) lipid vesicles (16 mM TX-100), where the analysis 

was based on DLS and OD measurements [65]. The bilayer stability towards detergent is very 
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material dependent [22], as other liposomal formulations have been reported to be completely 

solubilized at concentrations as low as 0.3 mM or 0.4 mM TX-100, for SM and 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine based systems respectively [24]. The analyzed PEG-PCL 

system is more prone to a detergent attack than previously described polymersomes of 

PMOXA-PDMS (5 mg/mL), which were reported to fully withstand concentrations of 16 mM 

of TX-100 [31]. Higher sensitivity to the detergent presence, may be caused by the less flexible 

hydrophobic building block of the copolymer (PCL) in comparison to PDMS [66]. Flexible 

PDMS chains may be expected to accommodate detergent molecules easier than stiffer PCL, 

resulting in higher stability of the bilayer towards detergent attack [8]. Obviously, 

concentration of the particles will be an essential factor affecting the detergent concentration 

at which solubilization occurs. The mentioned studies do not include particle concentration 

measurements, thus the quantitative comparison of the results is limited. 

 

4.4. Conclusions 

This work presents the first analysis of detergents’ effect on PEG-PCL based polymersomes. 

It is the first thorough analysis combining OD and DLS measurements with detailed qualitative 

cryoTEM analysis and quantitative TRPS particle concentration measurements. We have 

demonstrated the effect of an increasing concentration of three detergents: OG, LDAO, and 

TX-100 on PEG-PCL polymersomes. The titration of these detergents into the polymersome 

solutions was carried out to the point at which no polymersomes were observed on cryoTEM 

micrographs. It has been found that despite the higher MW of polymers in comparison to lipid 

molecules (thus expected higher stability of polymersomes in general), significantly lower 

concentrations of detergents can disrupt the vesicular bilayer of PEG-PCL, than was previously 

reported for liposomes. The solubilization mechanism of polymersomes is comparable to that 

of liposomes, however the expected pore formation within the bilayer was not observed for the 

PEG-PCL polymersomes at any stage of the solubilization with the tested detergents. The 

behavior of the solubilization also differs depending on the detergent used. Even though LDAO 

and OG have ten and one hundred fold higher CMC than TX-100, respectively, it was shown 

in this work that they are capable of reducing the concentration of polymersomes at lower CMC 

fractions. This effect is caused by the significantly higher MW and difference in structural 

properties of TX-100 in comparison to LDAO and OG. 
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Preface to Chapter 5 

Integration of lipid / polymer vesicles into the membrane active layer is a an essential and very 

intriguing step of the biomimetic membrane development. It is also not a straightforward 

process, and there are a few important factors that one has to keep in mind when the thin film 

composite (TFC) membrane design is to be used. Firstly, the resulting active layer (AL) will 

not only be influenced by the introduced vesicles, but also other constituents of polymersomal 

or liposomal formulation. Such constituents include additives, like detergents, buffers or 

stabilizers; they can be expected to influence the interfacial polymerization (IP), such as 

diffusion of monomers from aqueous to organic phase [1,2]. Secondly, the size and 

concentrations of the particles in the formulation must be considered, as when the concentration 

or sizes are different between used vesicle solution batches, a different loading of the particles 

on the membrane can be expected [2]. These parameters need to be verified to ensure that the 

vesicle solution, which is to be used as a negative control, is comparable to the tested one. This 

leads us to the importance of controls in the experimental design. A proper control, when 

testing the effect of proteins incorporated into vesicles, would be a control solution composed 

of vesicles without protein, or, ultimately, vesicles with an inactive mutant of the screened 

protein. The latter, however, requires confirmation that the protein is purified in the same 

manner, properly folded, has the same degree of purity, and is in the same buffer and detergent 

concentration as the active, screened protein. In addition, the inactivity of the protein has to be 

confirmed prior to membrane formation experiments [3]. Another control is the basic active 

layer without additives, which has to be a defect-free, stable layer with a high rejection and 

enough water permeability to execute experiments [4]. The constituents of the final membrane 

are application dependent, both the substrate layer on which the membrane is to be formed, as 

well as the selection of monomers for the polyamide synthesis [5]. 

  

In the work presented in this chapter, the membrane has been fabricated for use in a low-

pressure reverse osmosis (LPRO) application, aligned with development of the tap LPRO 

product at Aquaporin A/S. Thus, Aquaporin A/S provided substrate polysulfone material as a 

base for the active layer. The monomers chosen for fabrication of the active layer were m-

phenylenediamine (MPD) and trimesoyl chloride (TMC), commonly used materials for TFC 

membrane fabrication [6–8]. Similarly, to the materials, a method for testing the resulting 

membrane needs to be aligned with the application. In the work presented in this chapter, a 
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pressure of 5 bars has been used for testing – being in the range recommended for LPRO 

applications of the company’s product [9–11]. Another important factor that has to be 

maintained when working with a small membrane batch prepared in the laboratory is the time 

between preparation and testing of different membrane batches, as the material may deteriorate, 

and differences may arise during extended storage periods. 

  

Chapter 5 is a study presenting integration of the poly(methyloxazoline)-block-

poly(dimethylsiloxane) (PMOXA-PDMS) based vesicles into the TFC AL, developed by 

Aquaporin A/S [12]. The study presents preparation of the solution of polymeric self-

assemblies by a scalable direct hydration method combined with scalable polyamide membrane 

formation via IP, and analysis of the resulting membrane material. 

 

References 

[1] H.X. Gan, H. Zhou, Q. Lin, Y.W. Tong, Quantification of Aquaporin-Z reconstituted 

into vesicles for biomimetic membrane fabrication, Sci. Rep. 7 (2017) 1–13. 

doi:10.1038/s41598-017-11723-x. 

[2] H.X. Gan, H. Zhou, H.J. Lee, Q. Lin, Y.W. Tong, Toward a Better Understanding of 

the Nature-Inspired Aquaporin Biomimetic Membrane, Langmuir. 35 (2019) 7285–

7293. doi:10.1021/acs.langmuir.9b00380. 

[3] M. Grzelakowski, M.F. Cherenet, Y. Shen, M. Kumar, A framework for accurate 

evaluation of the promise of aquaporin based biomimetic membranes, J. Memb. Sci. 

479 (2015) 223–231. doi:10.1016/j.memsci.2015.01.023. 

[4] Y. Zhao, C. Qiu, X. Li, A. Vararattanavech, W. Shen, J. Torres, C. Hélix-Nielsen, R. 

Wang, X. Hu, A.G. Fane, C.Y. Tang, Synthesis of robust and high-performance 

aquaporin-based biomimetic membranes by interfacial polymerization-membrane 

preparation and RO performance characterization, J. Memb. Sci. 423–424 (2012) 422–

428. doi:10.1016/j.memsci.2012.08.039. 

[5] D. Li, Y. Yan, H. Wang, Recent advances in polymer and polymer composite 

membranes for reverse and forward osmosis processes, Prog. Polym. Sci. (2016). 

doi:10.1016/j.progpolymsci.2016.03.003. 

[6] M.C. Porter, Handbook of Industrial Membrane Technology, Noyes Publications, New 

Jersey, USA, 1990. 

106



[7] K.P. Lee, T.C. Arnot, D. Mattia, A review of reverse osmosis membrane materials for 

desalination — Development to date and future potential, J. Memb. Sci. 370 (2011) 1–

22. doi:10.1016/j.memsci.2010.12.036. 

[8] M. Mohammadifakhr, J. de Grooth, H.D.W. Roesink, A.J.B. Kemperman, Forward 

osmosis: A critical review, Processes. 8 (2020) 1–29. doi:10.3390/PR8040404. 

[9] Aquaporin A/S, 4040 ELEMENT RO Element Test Setup, (2020). 

https://aquaporin.com/wp-content/uploads/2019/09/Aquaporin-Test-setup-

TWRO4040.pdf (accessed 25 August 2020). 

[10] Aquaporin A/S, 3012 ELEMENT RO Element Test Setup, (2020). 

https://aquaporin.com/wp-content/uploads/2019/09/Aquaporin-TWRO3012-Test-

setup.pdf (accessed 25 August 2020). 

[11] Aquaporin A/S, 1812 ELEMENT RO Element Test Setup, (2020). 

https://aquaporin.com/wp-content/uploads/2019/09/Aquaporin-TWRO1812-Test-

Setup.pdf (accessed 25 August 2020). 

[12] M. Spulber, K. Gerstandt, Diblock Copolymer Vesicles and Separation Membranes 

Comprising Aquaporin Water Channels and Methods of Making and Using Them, WO 

2018/141985 A1, 2018. 

 

107



108



  

 Chapter 5 

Improved reverse osmosis thin film composite 

biomimetic membranes by incorporation of 

polymersomes 

Radosław Góreckia, b, Dennis Maik Reurinkc, Muntazim Munir Khanb, Victoria 

Sanahuja-Embuenaa, b, Krzysztof Trzaskuśb, Claus Hélix-Nielsena  
 
a Department of Environmental Engineering, Technical University of Denmark, 

Bygningstorvet 115, 2800 Kongens Lyngby, Denmark 
b Aquaporin A/S, Nymøllevej 78, 2800 Kongens Lyngby, Denmark 
c Membrane Science & Technology, University of Twente, MESA+ Institute for 

Nanotechnology, P.O. Box 217, 7500 AE Enschede, The Netherlands 

 

5.1. Introduction 

Ensuring access to water and sanitation for all is goal number 6 of the United Nation 

Sustainability Goals [1]. Not only the demand for water is increasing across all sectors [2], the 

problems with water quality are growing on a global scale, even in regions considered as water-

rich. In both developing and industrialized nations more contaminants, including trace organics 

such as pharmaceuticals and pesticides to heavy metals, are entering the water due to human 

activities [3,4], which drives the development of more efficient water purification technologies 

[4] [5]. As a result of a high energy efficiency and manufacturing scalability combined with a 

small footprint [4,6], membrane technology becomes leading technology for high quality water 

purification [7]. For example, polyamide based reverse osmosis (RO) membranes are used 

worldwide for processes such as desalination [4], water reuse [8] and domestic tap water 

purification [9]. These membranes are mainly thin film composite (TFC) membranes with a 

thin (100-200 nm) polyamide (PA) active layer (AL) coated on a porous substrate which is 

supported by a non-woven fabric [10]. The broad application of TFC membranes has been 
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accompanied by continuous performance improvements resulting in enhanced water 

permeability, high solute rejection, low energy demand and low fouling-ability [11]. 

 

Recently, biomimetic approaches have attracted considerable interest [12]. Here, the 

membrane AL is doped with transmembrane proteins facilitating water transport exemplified 

by the use of the bacterial aquaporin protein isoform Aquaporin Z (AqpZ) [12,13]. However, 

industrial scale production and incorporation of aquaporins into the AL is not a trivial task due 

to the need for elaborate protein purification and stabilization steps [14]. 

 

A common approach for AqpZ membrane incorporation is based on reconstitution into 

amphiphilic liposomes or polymersomes preserving the ternary and quaternary structure of the 

AqpZ and thus their functionality [10,15]. Both liposomes and polymersomes have been 

applied in preparation for RO, forward osmosis (FO) and nanofiltration (NF) biomimetic 

membranes [10]. Polymersomes appear advantageous over liposomes for industrial 

applications due to their superior physical and chemical stability [16] as well as the possibility 

of introducing active groups for covalent bonding to the membrane AL [17]. However, the 

protein activity is generally reported to be lower in polymersomes compared to liposomes, 

presumably due to the increased hydrophobic mismatch between the hydrophobic polymer core 

layer thickness and transmembrane protein length [18]. In order to achieve efficient functional 

reconstitution of AqpZ proteins into polymersomes, the polymer matrix  must resemble natural 

phospholipid membranes while preserving the advantages in stability. For example, AqpZ can 

be successfully reconstituted in triblock copolymers containing polydimethylsiloxane (PDMS) 

[19–22]. The conformational flexibility of the PDMS blocks allows insertion of membrane 

proteins where the polymer chains can adapt to the fixed dimensions of the proteins [18] and 

protein insertion can be further increased by addition of detergents [23]. Still, reconstitution of 

AqpZ with triblock copolymers containing less flexible polymer chains is possible and was 

reported for systems such as block-poly(isobutylene)-block-poly(ethyleneglycol)-block-

poly(isobutylene) (PIB-PEG-PIB) [24] or block-poly(ethyleneglycol)-block-

poly(propyleneglycol)-block-poly(ethyleneglycol) (PEG-PPG-PEG) [25].  

 

The use of AqpZ liposomes (AQP-liposomes) has been reported for the manufacturing of TFC 

RO membranes, TFC nanofiltration (NF) membranes, and FO membranes [26] [27] [28]. AQP-

liposome TFC RO membranes showed improvements in water permeability of up to 40 % 

when compared to commercial membranes [26] and FO membranes with AQP-liposomes, 
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achieved a water flux of 49.1 Lm-2h-1 coupled with specific reverse salt flux of 0.10 gL-1 (with 

1 M NaCl as draw solution and deionised (DI) water as feed) [28]. However, natural lipids are 

prone to oxidation which has inspired the use of amphiphilic block copolymers, as they have a 

higher chemical and physical stability [16,21,29]. Moreover, the use of amphiphilic block 

copolymers allows for the introduction of active groups to the AQP-polymersomes that can 

participate in interfacial polymerization (IP) and thus be covalently bonded to the PA layer 

[20,21,30,31]. 

 

AqpZ-embedded polymersomes (AQP-polymersomes) made by amphiphilic block copolymers 

have been used in TFC membranes made via IP for FO [32]. However, for the applications in 

which transport through the TFC membrane is driven by a hydraulic transmembrane pressure 

gradient, the incorporation of AQP-polymersomes has not been reported yet. Moreover, the 

use of membranes with AQP-polymersomes has been limited to NF membranes with limited 

selectivity towards monovalent ions [30,31,33,34]. Another limitation for biomimetic 

membranes arises from challenges in manufacturing process scalability. The preparation of 

AQP-polymersomes reported in the literature has been limited to film rehydration techniques 

[19,21,22,30,31]. The major drawback of this technique stems from the high cost due to several 

processing steps and product losses [35,36]. 

Here we propose a novel, fully scalable method to prepare and introduce AQP-polymersomes 

into the AL of RO membranes. First, AqpZ proteins are functionally reconstituted into AQP-

polymersomes, using an industrially scalable process based on bulk hydration and self-

assembly of poly-2-methyl-2-oxazoline-block-poly(dimethylsiloxane) (PMOXA-PDMS) and 

poly(2-methyl-2-oxazoline)-block-poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline) 

(PMOXA-PDMS-PMOXA) copolymers with the addition of amine terminated 

poly(dimethylsiloxane) (A-PDMS). Secondly, AQP-polymersomes are successfully embedded 

into the membrane AL using the IP reaction between m-phenylenediamine (MPD) and 

trimesoyl chloride (TMC). This results in membranes with improved water permeability that 

maintain a high NaCl rejection.  
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5.2. Experimental 
5.2.1. Preparation of polymersomes 

Polymersomes were prepared by the self-assembly method in an aqueous solution of phosphate 

buffered saline (PBS). PBS (pH 7.2, 136 mM NaCl, 2.6 mM KCl) was prepared by dissolving 

8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4 and 0.24 g of KH2PO4 in 800 mL Milli Q purified H2O, 

adjusting the pH to 7.2 with HCl and bringing the volume to 1 L with Milli Q H2O[37]. All 

chemicals were analytical grade (Sigma Aldrich, Denmark). Polymersomes incorporating 

AqpZ (AQP-1) were prepared from a mixture of AqpZ protein and diblock PMOXA-PDMS 

and triblock PMOXA-PDMS-PMOXA amphiphilic copolymer, according to the procedure 

described in the patent of Spulber and Gerstandt [37] . Briefly, 112 mg of mixture of diblock 

PMOXA-PDMS and triblock amphiphilic copolymer PMOXA-PDMS-PMOXA (Aquaporin 

A/S, Denmark) and 100 µL of aminopropyl terminated polydimethylsiloxane (A-PDMS)  

(Aquaporin A/S, Denmark) were mixed with 100 µL of AqpZ-stock solution (5 mg/mL) 

(Aquaporin A/S, Denmark) and subsequently dissolved in 100 mL PBS with 0.05 % 

Lauryldimethylamine N-oxide (LDAO) (Carbosynth Ltd., United Kingdom) and 0.5 % 

solubilizer Kolliphor® HS 15 (KHS) (Sigma-Aldrich Denmark A/S, Denmark). The resulting 

solution was then stirred at 170 rpm for 10 hours at room temperature. Subsequently, the 

solution was firstly filtered through 0.5 µm polyethersulfone (PES) filter and secondly through 

0.22 µm PES filter (Sarstedt, Germany). The polymersomes without AqpZ (AQP-0) were 

prepared in exactly the same procedure, without adding AqpZ-stock to the solution.  

 

5.2.2.  Characterization of polymersomes and functional 

reconstitution of Aquaporin Z proteins 

Size distribution of polymersomes was characterized by Nanoparticle Tracking Analyzer 

(NTA) Nanosight 3.1 Build 3.1.46 (Malvern Panalytical Ltd, UK), equipped with a charge-

coupled device (CCD) camera. The camera level was set to 14, slider shutter to 1485, slider 

gain to 470, and the recording was done with 30 FPS and 3600 number of frames. The samples 

were diluted 400 times with PBS buffer, resulting in concentrations of 41 (for AQP-0) and 56 

(for AQP-1) particles per frame. The measurements were done at 23°C. Zeta potential of the 

polymersomes solution has been measured with use of folded capillary cells DTS1070 on a 

Zeta Sizer Nano (Malvern Panalytical Ltd, UK). The functional reconstitution of AqpZ in 
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polymersomes was analysed with the use of a Stopped-Flow Spectrometer SX20 device 

(Applied Biophysics Inc, USA), equipped with a150 W xenon-arc lamp (Osram, Germany), 

using a monochromator set to a wavelength of 465 nm. For each SF measurement, 10 µL of 

polymersome solution and 10 µL of 0.5 M NaCl solution were rapidly mixed in a 20 µL optical 

cell at 25°C. When polymersomes are exposed to the NaCl solution, the osmotic pressure 

difference causes water efflux from the polymersomes, resulting in a decrease in 

volume,thereby causinga change in the refractive index of the solution [38]. The kinetics of 

these changes are measured by the light scattering detector. The higher the water efflux through 

the polymersome membrane observed – the more rapid volume change occurs. The kinetics of 

this process are obtained from the Stopped-Flow Light Scattering (SFLS) measurements by 

fitting the average of five readings to double exponential equation 1 [19,21,39,40] with use of 

OriginPro software (OriginLab Corporation, USA): 

𝑌 = ∑ 𝑐!"
!#$ 𝑒%&!'       Equation 1. 

 

where 𝑌 is light scattering intensity, 𝑁 is the number of exponential terms (𝑁 = 2), 𝑡 is time 

(s), 𝑐! is relative amplitude and 𝑘! are the exponential coefficients (s-1) (i = 1,2). 

Faster exponential coefficient 𝑘2 (s-1) is attributed to the water efflux from the polymersomes 

[21]. The osmotic water permeability through polymersomes is calculated with equation 2 

[21,39–41]: 

 

𝑃( =
&"

)#$%&
*+'∆()*

      Equation 2. 

 

where 𝑃( is osmotic water permeability (µm·s-1), 𝑘- is the faster exponential coefficient (s-1), 

𝑆. is vesicle surface area (µm2), 𝑉/ is initial vesicle volume (µm3), 𝑉0 is molar volume of water 

(0.018 L·mol-1), and ∆123 is the osmolarity difference that drives the vesicle volume change 

(osmol·L-1). 
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5.2.3. Preparation of membrane active layer 

MPD (≥ 99% for synthesis), e-Caprolactam (≥ 99% for synthesis) and TMC (≥ 99% for 

synthesis) were obtained from Merck KGaA (Germany) and used as received. Isoparä E was 

obtained from Brenntag Nordic A/S (Denmark) and filtered through a mechanical filter 

(approximately 500 µm) prior to use. Anhydrous citric acid was obtained from Citrique Belge 

(Belgium) and used as received.  

A polysulfone (PSF) ultrafiltration membrane was obtained from Aquaporin A/S (Denmark) 

and used as the support membrane. The support membrane was stored in DI water overnight 

prior to AL fabrication. The PA AL layer was synthesized by an in-situ IP reaction between 

MPD monomer in the aqueous phase and TMC monomer in organic solvent. The PES support 

membrane was cut into 270´170 mm pieces and clipped to stainless-steel frames on the edges. 

This membrane frame was immersed in a solution containing 3 wt% of MPD and 3 wt% of e-

Caprolactam. The solution also contained 3 wt% of AQP-1 or 3 wt% AQP-0  when 

polymersomes were loaded to the membrane. The immersion in aqueous solution was 30 

seconds. The excess solution was removed from the surface of the membrane by air gun. 

Subsequently 50 mL of 0.09 wt% TMC organic solution (in Isoparä E) was applied to the 

surface of the horizontally placed membrane frame. After 30 seconds, the excess of organic 

solution was poured out and the surface of the membrane was dried with an air gun. The 

membrane was then immersed for 4 minutes in the 20 wt% citric acid bath preheated to 70°C 

to remove the unreacted amine monomers [42]. Afterwards, the membrane was immersed in 

the DI water at 70°C for 2 minutes. Finally, the membranes were flushed with DI water, 

removed from the stainless-steel frames and stored in the DI water overnight prior to testing. 

 

5.2.4. Membrane characterization 

5.2.4.1. Scanning electron microscopy 

Cross-sections and surface micrographs of the polyamide layer were taken using a field 

emission scanning electron microscope (JSM-7610F, JEOL, Japan). All samples were sputter 

coated (Quorum Q150T ES, United Kingdom) with a 5 nm thick layer of chromium. Cross 

sections were prepared by breaking the membrane samples in liquid nitrogen with a razor 
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blade. All samples were vacuum dried prior to sputter coating and images were taken at an 

accelerating voltage of 1.0 kV. 

 

5.2.4.2. X-ray photoelectron spectroscopy 

The X-ray photoelectron spectroscopy (XPS) measurements were done with use of Scanning 

XPS microprobe Quantera SXM (Physical Electronics, USA). The base pressure was < 6.6 ´ 

10-8 Pa, the power of monochromatic Al Ka (hν = 1486.6 eV) was 25 W and the current was 

2.6 mA. The used beam size was 100 µm. A lower energy electron flood gun was used to 

supply the missing photoelectrons and Auger electrons. Low energy argon ions were used to 

remove the surplus of electrons from the electron flood gun. Reference elements were used to 

calibrate the energy scale. 

 

5.2.4.3. Zeta (z) potential measurements 

Zeta potential of the flat sheet membranes was measured using streaming potential 

measurements with an electrokinetic analyzer (SurPass, Anton Paar, Graz Austria). Two 

samples were affixed to 10 x 20 mm sample holders with double-sided tape using an adjustable 

gap cell. Inside the adjustable gap cell a rectangular silicone block ensures the the chamber is 

sealed. The two sample holders were placed opposite each other in the adjustable gap cell 

creating a rectangular slit between the two membrane samples. The slit, or gap height, was 

adjusted to 110 μm. A 5 mM KCl solution was allowed to flow through the adjustable gap cell 

under ambient conditions. Under a given pressure difference, the flow through the cell creates 

a streaming current. With the measured streaming current (A), dI, and the applied pressure 

difference (Pa) dp, the zeta potential (V) ζ, can be calculated according to equation 3: 

 

ζ = !"
!#
· $
%·%!

· '
(
       Equation 3. 

 
where, η is the dynamic viscosity (Pa·s) of the electrolyte, ε the dielectric constant (-) of the 

electrolyte, ε0 the permittivity of vacuum (F·m-1), L is the length (m) of the streaming channel, 

and A is the cross-section area (m2) of the streaming channel. Every membrane sample was 

measured a minimum of six times in the 5 mM KCl solution and for every measurement point 

three membrane samples were measured. From this data a standard deviation was derived.  
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5.2.5.  Membrane performance evaluation 

The performance of the prepared TFC membranes wasevaluated with a reverse osmosis testing 

setup containing six CF042P Sterlitech cross-flow cells (Sterlitech Corp., USA). Each sample 

of the prepared membrane was cut into 3 coupons of 58 mm x 112 mm to fit the CF042P 

Sterlitech cells. The solution of 500 ppm NaCl (Akzo Nobel Salt A/S, Denmark) was used as 

a feed and has been circulated through the cells on the side facing the AL of the membrane. 

The testing pressure applied was 5 bar. The feed solution at 25°C was introduced into the 

filtration cell with a flow-rate of 60 Lh-1, which corresponds to the cross-flow velocity of 20 

cm/s. Before permeate sample collection, membrane samples were compressed for 30 minutes. 

Permeate samples were collected and weighted to obtain liquid permeability (Lp) according to 

equation 4: 

 

𝐿) =
D*

D+×(×(D-.D/)
	      Equation 4. 

 

where, Lp is the water permeability of the membrane (L·m-2·h-1·bar-1), DV is the volume of the 

collected permeate sample (L), Dt is the sampling time (s), A is the active area of the membrane 

(m2), DP is the applied pressure (bar), and Dp is the osmotic pressure of the feed solution (bar). 

Conductivity of the obtained samples was measured by Ultrameter II 6PFCE (Myron L® 

Company, USA) and was applied for calculation of NaCl concentration in feed and permeate 

samples, which was later used to calculate NaCl rejection according to equation 5: 

 

𝑅	(%) = 31 − 4+	
4,
6 × 100	%     Equation 5. 

 

where, 𝑅 is the membrane salt rejection, 𝐶6 is the concentration of NaCl in the permeate, and 

𝐶( is the concentration of the NaCl in the feed solution. 
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5.3. Results and discussion 
5.3.1. Functional reconstitution of Aquaporin Z into polymersomes 

The characteristics of polymersomes are summarized in Table 1. 

Table 1. Size distribution, z-potential, pH and osmotic water permeability of PMOXA-PDMS-
PMOXA polymersomes. D10, D50 and D90 are particle size distribution intercepts of 10 %, 
50 % and 90 %, ± values indicate standard error. 

Type of 

polymersomes 

Mean 

size 

(nm) 

D10 

(nm) 

D50 

(nm) 

D90 

(nm) 

Conc. of 

polymersomes 

(particles·mL-1) 

z-

potential 

(mV) 

pH 

Osmotic 

water 

permeability 

Pf (µm·s-1) 

AQP-1 
154  

± 1 

99 

± 1 

126 

± 2 

234 

± 3 

3.26 ´ 1011 

± 7.08 ´ 109 
+ 0.9 8.03 143 ± 5 

AQP-0 
153  

± 3 

102 

± 1 

134 

± 1 

208 

± 8 

4.44 ´ 1011 

± 1.24 ´ 1010 
+ 0.4 8.10 109 ± 3 

 

The measurements obtained by NTA show that AQP-1 and AQP-0 have very comparable mean 

sizes and size distribution, namely 154 ± 1 nm for AQP-1 and 153 ± 3 nm for AQP-0. In both 

solutions concentration of polymersomes was comparable as well, 3.26 ´ 1011 ± 7.08 ´ 109 nm 

for AQP-1 and 4.44 ´ 1011 ±  1.24 ´ 1010 nm for AQP-0, respectively. This indicates that the 

presence of AqpZ in the solution does not affect the self-assembly process, and that the 

formation of polymersomes does not influence the average size nor the concentration of 

polymersomes. The z-potential of both AQP-1 and AQP-0 was similar, +0.9 mV and +0.4 mV 

respectively, confirming no difference in surface charge between AQP-1 and AQP-0 

polymersomes. Measured z-potential suggest that the electrostatic repulsion between 

polymersomes are negligible. It is suspected that the stability of the solution  

is maintained by steric stabilization induced by the presence of copolymers and surfactants 

[43]. The faster exponential coefficient obtained from the SFLS experiment (see Figure 1) was 

larger for AQP-1 (k2 = 54 ± 2 s-1) than for AQP-0 (k2 = 41 ± 1 s-1). As a result, osmotic water 

permeability calculated from the faster exponential coefficient (k2) was about 32 % larger for 

AQP-1 polymersomes than for AQP-0 polymersomes – 143 ± 5 µm·s-1 and 109 ± 3 µm·s-1, 

respectively (Table 1).  
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Figure 1. Stopped-flow light scattering readings for AQP-0 and AQP-1 polymersomes – 
measured against 0.5 M NaCl at 25°C.  The data points presented here are average values 
from 5 separate measurements for each sample, while dashed lines represent the fits made with 
double exponential equation 1. 

The increased permeability of AQP-1 compared to AQP-0 indicates a successful functional 

reconstitution of AqpZ into amphiphilic membrane of polymersomes, without influencing 

other characteristics of polymersomes such as hydrodynamic diameter and zeta potential. In 

this case, the observed difference in water permeability between AQP-0 and AQP-1 is 

significantly lower than usually reported in the literature for PMOXA-PDMS-PMOXA 

polymersomes containing aquaporins.  

 

In multiple articles, authors have reported greater increases in permeabilities of the 

polymersomes made of PMOXA-PDMS-PMOXA amphiphilic block copolymers. In the early 

work on AqpZ reconstituting polymersomes, Kumar et al. reported permeabilities of 0.8 µms-

1 for blank polymersomes that increased to 74 µms-1, 1500 µms-1 and 2500 µms-1 with increased 

AqpZ loading in the PMOXA15-PDMS110-PMOXA15 measured at 5.5°C [19]. In a paper from 

2012, Zhong et al. reported an increased permeability from 0 µms-1 for PMOXA10-PDMS70-

PMOXA10 blank to 1673 µms-1, 2049 µms-1 and 2350 µms-1, however, the temperatures at 

which the measurements were done are not specified [31]. In another article by Duong and co-

workers, no flux is reported for the control disulphide functionalized PMOXA10-PDMS75-
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PMOXA20 polymersomes, whereas the flux increase to 2595 and 4680 µms-1 when AqpZ are 

incorporated (measured at 25°C) [30]. Grzelakowski et al., using amine functionalized 

PMOXA-PDMS-PMOXA reports fluxes of 184 µms-1 for control and 4788 µms-1 for AqpZ-

loaded polymersomes, however, no block lengths are specified, and neither were the 

temperatures at which the permeabilities were measured [21].  

 

Here, a relatively low increase in permeability of the polymersomes after reconstitution of the 

AqpZ and high permeability of the blank polymersomes implies that an amphiphilic membrane 

of prepeared polymersomes is already highly permeable to water. It differs from the previously 

reported approaches, in which polymersomes show no transport or very limited transport of 

water through amphiphilic membranes. We speculate that the reason behind increased 

permeability of blank polymersomes is the effect of the surfactants on the amphiphilic 

copolymer wall of the vesicles. The surfactant molecules are known to incorporate into the 

outer leaflet of the polymeric bilayer causing its partial solubilisation [44]. This will cause an 

enhanced permeability and as the concentration of the surfactant increase, may also lead to 

disintegration of polymersomes [45]. However, this is not the case in this study, as the size 

measurement does not imply the presence of a significant population of structures below 100 

nm (Table 1).  

 

5.3.2. Membrane characterization 

Biomimetic TFC RO membranes were prepared according to the protocol described in section 

2.2. The TFC layer was doped with AQP-0 and AQP-1 polymersomes in order to investigate 

the effect of aquaporin proteins on the performance and properties of the RO membranes. 

Membranes without polymerosomes were also prepared as a control of the experiment.  

 

5.3.2.1. Scanning electron microscopy 

SEM micrographs of surface and cross-section of the control membranes, membranes with 

AQP-0, AQP-1 are presented in Figure 2. 
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Figure 2. SEM micrographs of prepared polyamide membranes - Control, AQP-1 and AQP-0. 
A - top views of the surfaces of polyamide active layer; B - top views of the surface of polyamide 
active layer; C - cross section of the membranes. 

The addition of polymersomes did not affect the thickness of the polyamide layer. For all 

membranes, the thickness of the polyamide was comparable - ranging from 200 to 350 nm. 

However, from the cross-section micrographs it can be seen that the morphology of the control 

membrane is different than for the AQP-0 and AQP-1 membranes. When polymersomes are 

introduced, there is a visible increase in the number of hollow spaces within the bulk polyamide 

layer – both for AQP-0 and AQP-1. The surface morphology of the control membrane was also 

different when compared to AQP-1 and AQP-0, whereas AQP-1 and AQP-0 are comparable. 

As polymersomes are expected to take part in the interfacial polymerization reaction through 

amino-terminated chains of A-PDMS, it is likely that the resulting polyamide layer has a 

different appearance compared to the membrane without polymersomes. Since AQP-0 and 

AQP-1 have the same characteristics and the only difference between them is the reconstitution 

of AqpZ proteins for AQP-1, the same type of TFC layer morphology is observed. The single 

polymersomes are not visible, as they become an integral part of the polymer matrix when they 
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are covered by it. Due to the size of the AqpZ protein tetramer, which only spans a few nm 

[46], the morphology difference between AQP-0 and AQP-1 cannot be observed on the SEM 

micrographs. 

 

5.3.2.2. X-ray photoelectron spectroscopy 

The XPS analysis of the selective layer was made to determine the elemental composition of 

the formed polyamide film. The concentrations of C, N, O, S and Si in the selective layer, 

obtained with XPS core spectra, are listed in Table 2. 

Table 2. X-ray photoelectron spectroscopy spectra results. Concentrations of C, N, O, S and 
Si of the support membrane, control membrane, membranes loaded with AQP-0 and AQP-1. 

Sample name C conc. (%) N conc. (%) O conc. (%) S conc. (%) Si conc. (%) 

Support membrane 77.6 ± 0.6 2.1 ± 0.2 18.1 ± 0.5 2.2 ± 0.1 - 

Control membrane 74.3 ± 0.7 11.4 ± 0.3 14.0 ± 0.5 - 0.3 ± 0.1 

AQP-0 membrane 74.6 ± 0.7 10.1 ± 0.3 15.2 ± 0.6 - 0.1 ± 0.1 

AQP-1 membrane 73.7 ± 0.7 10.1 ± 0.3 16.2 ± 0.8 - 0.1 ± 0.1 

 

In comparison to the support, the concentration of C and O dropped for the control membrane 

and AQP-0 and AQP-1 membranes, while the concentration of N increased due to the 

polyamide layer formed on top of the membrane. Regarding the spectra for the polyamide 

membranes, there is no longer a peak from S, indicating a full coverage of the support with a 

polyamide thin film for all membrane samples. Concentrations of N decreased by 1.5 %, while 

concentration of O increased by 1-2 % for both AQP-0 and AQP-1 membranes in comparison 

to the control. This indicates that the elemental composition of polyamide formed when 

polymersomes are introduced differs form the polyamide without polymersomes. We speculate 

that the elevated concentration of oxygen indicates incorporation of PMOXA-PDMS-PMOXA 

and amino-PDMS via reaction with TMC. Counterintuitively, the content of Si is the highest 

for the control membrane and drops for AQP-0 and AQP-1, where Si-containing polymers have 

been introduced. However, the content of Si is at the lower limit of detection, with a high 

standard deviation, which may be a result of sample cross contamination, as all of the samples 

were stored together overnight prior testing. 
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5.3.2.3. z-potential measurements 

The z-potential measurements of polyamide membranes and support are presented in  

Table 3. 

Table 3. z-potential of the support, control, AQP-0 and AQP-1 membranes measured  
at pH 5.5. 

Sample name 
z-potential 

(mV) 

Standard 

Deviation 

Support Membrane - 20.13 ± 1.63 

Control Membrane - 28.93 ± 0.34 

AQP-0 membrane - 36.05 ± 1.97 

AQP-1 membrane - 34.50 ± 0 .77 

 

As expected, measured z-potential for all of the polyamide coated membranes was about 9 - 

16 mV more negative than z-potential for the support membrane. Lower z-potential of 

polyamide coated membranes indicated a more negatively charged surface of the membrane 

and in fact again confirms the successful coating of the polyamide layer on top of the membrane 

support. The polyamide coated membranes had similar z-potential, but for the AQP-0 and 

AQP-1 doped membranes, the z-potential was 5.57 – 7.12 mV more negative than for the 

control membrane. Taking into account the accuracy of the measurement method and standard 

deviations, we assume that this slight change has a minor impact on the separation properties 

between control membrane and membranes doped with polymersomes: AQP-0 and AQP-1. 
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5.3.2.4. Membrane performance 

Water permeability and NaCl rejection of the control membranes, membranes doped with 

AQP-0 and membranes doped with AQP-1 polymersomes are presented in Figure 3. For each 

type of RO membrane, 9 coupons were tested. 

 
Figure 3. Water permeability and NaCl rejection of membrane samples without polymersomes, 
with AQP-0 polymersomes and AQP-1 polymersomes. The membranes were tested at 5 bars 
with 500 ppm NaCl as feed solution, at 25°C and feed flow rate of 60 Lh-1. 

 

The control membranes, which are composed of a polyamide layer without polymersomes, 

resulted in an average water permeability of 4.20 ± 0.25 Lm-2h-1bar-1 and a NaCl rejection of 

92.7 ± 3.9 %. The membranes with AQP-0 polymersomes exhibited increased water 

permeability in comparison to the control membrane: 5.59 ± 0.42 Lm-2h-1bar-1, while 

maintaining comparable rejection of NaCl: 92.2 ± 4.1 %. The highest average water 

permeability was observed for the samples prepared with AQP-1, which was  

6.38 ± 0.55 Lm-2h-1bar-1 and NaCl rejection was also maintained at 93.5 ± 3.4 %. Statistical 

analysis with One-Way ANOVA and the Tukey Test was made for each pair of membrane 

permeability datasets and confirmed that each set of prepared membranes is significantly 

different from the others (for all comparisons of the pairs, the p-value was always < 0.05, with 

an overall ANOVA p-value of 4.34 × 10-10 and an F-value of 60.33 with F-critical of 3.43) 

(Figure 4).   
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Figure 4. Tukey test means comparison plot for permeability of different membrane sets. If an 
interval does not contain 0, the corresponding means of pairs are significantly different. 

Compared to the membranes without polymersomes (control), addition of AQP-0 

polymersomes increased water permeability by 33 %, while the NaCl rejection was maintained 

at the same level. Membranes prepared with AQP-1 polymersomes resulted in a further 

increase in performance, compared to the control, with an improved water permeability of 51 

% and comparable NaCl rejection. The permeability increase with AQP-1 compared to AQP-

0 was 14 %. The increased water permeability after addition of AQP-0, clearly indicates that 

the polymersomes contribute to facilitation of water transport through the TFC active layer, 

due to high water permeability through their triblock copolymer membrane wall, confirmed by 

the SFLS.  Similarly, Qi et al. used PMOXA-PDMS-PMOXA polymersomes to improve water 

permeability [39]. Additionally, the improved water permeability can be explained by the 

incorporation of the hollow nanostructures in the polyamide layer, corresponding to the case 

recently reported by Ma et al.; in their work, the nanobubbles formed during IP reactions were 

responsible for the facilitation of water permeability [47]. Here, the AQP-0 polymersomes may 

play a similar role. Furthermore, NH2 groups from amino-modified PDMS chains within 

polymersomes,  may compete with MPD in interfacial polymerization reactions. The resulting 

membrane will be less densely cross-linked, as long PDMS chains will be introduced in the 

polyamide – the results obtained from XPS clearly indicate that the structure of the formed 

polyamide has changed (Table 2).   

 

Finally, the use of AQP-1 can increase the water permeability even further than AQP-0. This 

indicates that AqpZ activity is maintained when AQP-1 are incorporated into the active layer 

matrix of the membrane. The additional increase in water permeability suggests that the water 

p-value = 1.62 • 10-3

p-value = 1.09 • 10-6

p-value = 0
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transport is facilitated through the AqpZ channels , which have been functionally reconstituted 

to the ABA copolymer membrane of the polymersomes. We speculate that the addition of the 

amino-modified PDMS during reconstitution of the AQP-0 and AQP-1 polymersomes and the 

incorporation of those polymer chains into the vesicles allowed for covalent bonding of the 

polymersomes to the polyamide matrix. As a result, rejection of the NaCl was maintained at 

the same level for all the tested membranes, even though water permeability increased 

significantly.  

 

5.4. Conclusions 

Highly permeable NH2-functionalized triblock PMOXA-PDMS-PMOXA copolymer 

polymersomes prepared by a bulk hydration method can functionally reconstitute AqpZ 

proteins. In this study, it has been shown that such polymersomes, which can reconstitute AqpZ 

water channel proteins can be successfully used for improving the permeability of reverse 

osmosis membranes without affecting the thickness nor the surface charge of the resulting 

polyamide layer. Changed elemental composition of the polyamide layer proves that the 

triblock copolymer is being incorporated into the polyamide. Additionally, incorporation of the 

blank polymersomes improves water permeability, but an even greater increase in permeability 

can be achieved with the introduction of Aquaporin Z proteins. The approach for biomimetic 

membrane fabrication used in this study is based on industrially well-known interfacial 

polymerization synthesis of polyamide and is therefore relatively easy to upscale to full-size 

membrane production. Furthermore, since the bulk hydration self-assembly method for 

preparation of polymersomes does not require multiple steps (such as film rehydration), 

upscaling of the polymersome production process is also possible. The proposed approach 

offers great promise for water treatment technology due to the combination of improved 

membrane performance coupled with process scalability for large-scale industrial biomimetic 

membrane manufacturing. 
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Chapter 6 

Conclusions and outlook 

6.1. Conclusions 

This thesis describes the accurate framework for development of the nanoscale assemblies and 

focuses on their application as hosts for reconstituted transmembrane proteins. Such assemblies 

can be then used for preparation of biomimetic membranes. These are however not limiting 

applications for the nanoscale assemblies, as they can also be used in medicine as drug carriers, 

or in chemical engineering as nanoscale reactors [1–4]. Regardless the final application, the 

development framework of such self-assembled nanostructures will be similar, and the 

techniques proposed in this thesis are uniformly applicable. 

 

Chapter 3 presents the importance of using the proper analytical methods for evaluation of the 

morphology of the self-assembled structures. The study also raises awareness on the limitations 

of batch DLS, which is repeatedly used as the main analytical tool for characterization of 

liposomes and polymersomes applied in biomimetic membranes. The work is based on the 

analysis of four samples of self-assembled structures made of amphiphilic phospholipids and 

block copolymers. The samples were characterized with batch DLS, the results suggested that 

the analyzed particles in all three solutions were within the ideal range for vesicles, as the Dh 

and PDI were comparable to the values commonly reported in the biomimetic membrane 

studies. However, the analysis with cryoTEM and AF4-MALS/DLS unveiled, that the quality 

of these samples varied greatly, as the morphologies and concentrations of the nanoparticles 

present in the analyzed solutions differed. As these differences could not be determined solely 

with use of batch DLS, additional analysis of morphology is an absolute necessity for 

characterization of self-assembled structures. In Chapter 3 it is presented how AF4 separation 

combined with MALS/DLS may be applied as a tool for fast evaluation of the morphologies 

of self-assemblies present in a solution, also effective for polydisperse samples. The AF4-

MALS/DLS measurements were validated with cryoTEM. AF4-MALS/DLS has a higher 

analytical throughput than cryoTEM and can thus allow faster analysis of formulations of the 

nanostructures, which is desirable for industrial research applications. Additionally, AF4-

MALS/DLS provides quantitative information on particle concentration in the solution of self-

assembled structures, which appears to be a relevant parameter of formulations that are used 
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for biomimetic membrane preparation. Measured particle concentration is affected by sample 

stability and related to the extent and type of post-treatment used during sample preparation. 

CryoTEM provides information on morphological details of nanostructures, such as 

lamellarity, and bilayer thickness, and is proposed as a supplementary technique to AF4-

MALS/DLS. 

 

Chapter 4 is a study of the bilayer solubilization of PEG-PCL polymersomes by three 

detergents. It is the first thorough investigation of the detergents’ effect on polymersomes 

solubilization that combines OD and DLS measurements with detailed morphology analysis 

with cryoTEM and quantitative TRPS particle concentration analysis. The process of 

polymersome solubilization has been found to differ from the liposome solubilization in terms 

of morphological changes observed. The main difference was lack of pore formation within 

the solubilized bilayers. This is due to the specific properties of polymers, which are 

nonexistent for the lipid constituents. Polymers are not perfectly pure system, thus, allow the 

rearrangement of the polymer chains within the bilayer. Thus, polymers can accommodate 

detergent molecules without tearing of the bilayer. Additionally, it has been found that the 

morphological changes, which happen during solubilization process of PEG-PCL vesicles, will 

be different when different detergents are applied. From the three studied detergents, OG was 

solubilizing the bilayer to single micelles at the lowest fractions of CMC. Higher fraction of 

the CMC was required to solubilize the bilayer with LDAO. The TX-100 was found to be the 

least effective, solubilizing the bilayer at CMC fractions reaching 2000 %. These differences 

are linked to the structural properties and MW of the detergents. By comparing the obtained 

results with literature, it has been found that the PEG-PCL polymersomes are not necessarily 

more stable than liposomes reported in the previous studies. However, these studies did not 

include particle concentration measurements and consequently the quantitative comparison of 

the results is limited. In general, polymersomes are associated with higher physical and 

chemical resistance, due to their higher MW than liposomes, however it has been found that 

higher MW does not necessarily signify higher resistance towards e.g. detergent attack of the 

vesicular bilayer. The information obtained from the study can be used as a base for 

transmembrane protein reconstitution into the PEG-PCL bilayer or to tune the PEG-PCL 

system for drug delivery applications. 

 

Chapter 5 describes preparation of highly permeable polymersomes from PMOXA-PDMS-

PMOXA triblock copolymer and their application for reconstitution of AqpZ protein. It also 
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describes the integration of such polymersomes into the polyamide AL of the TFC biomimetic 

membrane. Both preparation of the polymersomes, as well as the AL synthesis are fully 

scalable processes, as the first is based on direct hydration and the latter on widely used IP 

process. Integration of blank polymersomes into the AL layer resulted in a membrane of 

improved permeability. Further increase in permeability was achieved with polymersomes 

having AqpZ reconstituted into the bilayer. The rejection of the membrane was not 

compromised when polymersomes were integrated into the AL, additionally the thickness and 

the surface charge of the resulting AL were not affected. The integration of polymersomes into 

the AL was confirmed by changed elemental composition of the polyamide. The proposed 

fabrication methods offer a great promise for water treatment technology, as the proposed 

membrane with improved performance is made via processes which can be upscaled to 

industrial levels. 

  

6.2. Outlook 

The work presented in the thesis finds itself most useful if the produced knowledge is applied 

for the further development of nanostructures and biomimetic membranes. Below I propose an 

outlook for the continued work to be undertaken as a continuation of this project. The outlook 

of the proposed research continuation is separated into two sections: recommended 

continuation of the development of nanoscale assemblies, and development of biomimetic 

membranes. 

 
6.2.1. Development of nanoscale assemblies 

Nanoscale assemblies based on polymers, thanks to virtually unlimited versality of the 

material, offer a great promise for various applications, for example in medicine as drug 

carriers, in biological research as cell mimicking systems or in various technological 

applications, such as water treatment as constituents of biomimetic membrane devices [1–3,5–

7]. Two different polymer-based systems are presented in this thesis, namely PEG-PCL and 

PMOXA-PDMS based systems. The research on such self-assemblies is by no means 

completed. A most natural follow up on the PEG-PCL based system would be to evaluate the 

self-assembly of PEG-PCL block copolymers with different block lengths (but maintained 

hydrophilic to total mass ratio), including the analysis with use of PEG-PCL-PEG triblock. 

Tuning of the block copolymer system is suspected to have the effect on the physico-chemical 
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stability, resulting bilayer thickness, the reconstitution efficiency of the transmembrane protein 

and its activity [2,3,8–10]. Thus, further research should combine the morphological analysis, 

physico-chemical stability studies (e.g. pH, temperature, detergent effects), and finally trials of 

the protein reconstitution into the bilayer. Another polymer system presented in the thesis is 

PMOXA-PDMS, which is most commonly reported polymer system for transmembrane 

protein reconstitution [11–14]. While the choice of PDMS as a hydrophobic block is 

understood since, it offers high flexibility to accommodate transmembrane proteins [8,9], the 

PMOXA block could be replaced with PEG block, which is much easier to manufacture. The 

PMOXA part of the polymer is difficult to synthesize, as the synthetic pathway is based on 

cationic ring opening polymerization, that requires strict inert atmosphere, due to the reaction 

sensitivity to oxygen and water [15,16]. Evaluation of such PEG-PDMS based system should, 

similarly to proposed development for PEG-PCL, consist of evaluation of different block 

lengths, morphological analysis and stability studies, as well as protein reconstitution 

experiments. The above-mentioned polymer systems are not limiting options for further 

development. They are rather tip of the iceberg that can be explored, as the combinations of 

amphiphilic copolymers are vast. Virtually limitless block copolymer material modifications 

allow fine tuning of the membrane properties or equipping the self-assemblies with active 

groups. Such can allow cross-linking either within the assembled shape or to an external matrix 

[13,14,17,18]. 

 

Despite a wide range of possibilities available when using polymers, research with use of lipids 

as self-assembly components is far from being exhausted and should not be disregarded. 

Lipids, having lower MW than polymers, results in a bilayer that has lower hydrophobic 

mismatch with the reconstituted protein and higher fluidity, thus provide most optimal 

environment for reconstituted transmembrane protein. On one hand, MW of polymeric 

counterparts should ensure higher stability of the polymersomes in comparison to the 

liposomes [1,2,19]. On the other hand, as presented in this work, the PEG-PCL system did not 

show higher stability towards the detergent solubilization than some of the reported lipid-based 

systems, despite significantly higher MW of the polymers in comparison to the lipids. Thus, 

for the applications where high activity of protein is crucial, use of liposomes may be 

beneficial, and the self-assemblies physico-chemical stability should always be tested. Hybrid 

vesicles, made of mixed polymers and lipids can also contribute to the future biomimetic 

membrane technology, as the resulting assemblies can combine both polymer and lipid 

properties [19–22]. Thus, the hybrid vesicles create an opportunity for obtaining a bilayer that 
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is very stable and at the same time provides environment in which the activity of 

transmembrane protein is not suppressed. 

 

The activity of AqpZ in the vesicles can be measured by SFLS assays. However, SFLS is an 

indirect method that measures changes in light scattering intensity. These changes occur due 

to the vesicles’ shrinkage, that is caused by the water efflux through the bilayer, upon 

exposition to an hyperosmolite. The faster shrinkage occurs – the higher is water permeability 

through the analyzed vesicular bilayer. Since the measurements are affected by the water 

permeability of the whole bilayer, the method is prone to errors that arise due to the changes in 

bilayer – such as detergent insertion, which is known to cause the bilayer permeability increase. 

Thus, SFLS cannot be used as a stand-alone method for quantification of AqpZ reconstitution. 

 

Typically, fluorescence correlation spectroscopy (FCS) is used for determination of protein-

to-vesicle ratio [8,9,11,23]. FCS however requires laborious sample preparation with use of 

fluorescent hydrophobic dyes, and fluorescent tagged proteins are required to perform the 

analysis. However, the fluorescent tag of the protein may affect the reconstitution, thus the 

results may not be completely relatable to the proteins without the tag. Reconstitution of the 

proteins without the fluorescent tag may be analyzed with use of small angle x-ray scattering 

(SAXS) or small angle neutron scattering (SANS) [11,24]. SAXS/SANS is an analytical 

technique that measures the intensities of X-rays scattered by a sample as a function of the 

scattering angle, thus a specialized instrument is required to perform the analysis [11,21,24,25]. 

A versatile analytical system, described in Chapter 2, AF4-MALS/DLS was evaluated as a tool 

to analyze the size, morphology and concentration of the complex solution of self-assemblies.  

AF4-MALS/DLS may be also applied for evaluation of reconstitution efficiency. The 

instrument allows analysis of the MW of the particles [26,27], which be expected to increase 

when transmembrane proteins are reconstituted in the bilayer, in comparison to blank self-

assemblies. Thus, further research should include the evaluation of the AF4/MALS-DLS for 

such applications, so it can serve as a highly versatile system for evaluation of the biomimetic 

self-assemblies.  

 

A major drawback of all the mentioned above methods is that they all require a specialized 

equipment and experienced user to perform the analysis. Thus, an evaluation of protein 

reconstitution into vesicles that is based on an uncomplicated methodology, and uses more 

commonly available laboratory instruments, would be advantageous for most of the membrane 
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research centers that are not equipped with the FCS or SANS/SAXS equipment. A method for 

evaluation of protein reconstitution into lipid vesicles was developed by National University 

of Singapore (NUS) and National Environmental Research Institute of Singapore (NERI) [28]. 

The method is based on the nickel-labelling of the AqpZ via his-tag of the protein. Nickel 

labelled AqpZ (Ni-AqpZ) are firstly reconstituted into the liposomes, then, to quantify the 

reconstitution efficiency, the liposome solution is separated via ultracentrifugation. The pellet 

material are lipids with reconstituted proteins, while the non-reconstituted AqpZ proteins stay 

in the supernatant with the buffer. The nickel content in the samples is defined by the 

inductively coupled plasma-mass spectrometry (ICPMS) and converted into the Ni-AqpZ 

concentrations. The method runs under assumption that after ultracentrifugation all the 

reconstituted proteins stay within the lipids, and non-reconstituted within the buffer. Six 

months of this PhD project were spent to learn the method and apply it to the proteins purified 

by Aquaporin A/S and quantification of proteins in the polymersomes. Though, the method has 

to be verified if it is applicable for various polymer materials and thus further investigation is 

ongoing. 

 
6.2.2. Development of biomimetic membranes 

Biomimetic membranes are far from being optimized, nevertheless, given the promise of the 

technology, further research is necessary to unlock the full potential that lies in the water 

transport capabilities of the aquaporin transmembrane channel. One of the major limitations 

for improving the biomimetic membrane performance is still a very limited understanding of 

the integration of the vesicles into the membrane AL. Thus, development of both qualitative 

and quantitative methods for evaluation of their integration on the membrane is one of the 

essential steps to advance the biomimetic membrane development. Some of the research 

suggests that SEM can be used to verify the vesicle loading on the polyamide membrane layer 

[24,29,30]. However, while the SEM can be used for characterization of the morphology and 

topology of the AL, it is difficult to visualize the integration of the lipid and polymer vesicles. 

That is due to the very complex ridge and valley microscopic morphology of the polyamide 

AL which can vary in thickness from 20 nm to 500 nm [31,32]. Additionally, the atomic density 

of vesicles is similar to the atomic density of the polyamide, as both the nanostructures and 

polyamide are made of soft matter. It results in lack of contrast on SEM between the vesicles 

and rest of the polyamide [33,34], and makes the vesicular shapes impossible to distinguish 

within the complex structure of AL. Thus incorporation of the heavy metals as labels into the 
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bilayer of the vesicle could be one of the options for gaining the contrast between the vesicular 

structures and polyamide on the SEM micrographs [35]. 

 

The membrane active layer is most commonly made of the polyamide [7,36,37]. Polyamide 

matrices are widely applied and robust films which and can be prepared by easily upscalable 

process of interfacial polymerization, allowing full scale production of membranes [7,36,38]. 

Nevertheless, further development of the biomimetic layer of the membrane, should not be 

only limited to the polyamide materials. It is difficult to understand, how vesicles are 

incorporated within such densely crosslinked layer and how aquaporin proteins are able to 

function in the final polyamide membrane environment – even when firstly stabilized in a 

bilayer [11,39]. Other membrane layers were (though to a lesser extent than polyamide) 

researched for incorporation of the aquaporins, such as polyelectrolytes [40,41], or supported 

planar bilayers [30,42,43]. However, no studies of AqpZ reconstitution were made on the 

polymer tethered bilayers. Tethered lipid based bilayer membranes are known to have 

increased stability in comparison to the planar bilayer or even solid-supported planar bilayers 

[44]. Additionally, a successful reconstitution of transmembrane proteins such as α-Hemolysin, 

into tethered lipid based bilayer membranes were reported [45], and they can be prepared via 

fusion of the self-assembled vesicles [46]. It has to be taken into account that, in contrast to 

classic thin film composite polyamide membranes, the newly developed material of the layer 

– no matter if it is a modified polyamide, or a novel bilayer – may not possess the stability and 

long-term performance when applied in industrial applications. Thus, whenever a new or 

modified layer is studied, its stability needs to be evaluated, to understand the material 

performance in the industrial application. Additionally, to gain the understanding of the optimal 

process parameters and lifetime of the final product, a prototype should be evaluated in a 

targeted membrane module. Depending on the configuration or module properties, such as 

gluing or use of spacers, the membrane performance may be expected to differ from the flat 

sheet material tested in the flow cell [47]. 
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Table S1. Characteristics of vesicles reported in biomimetic membrane studies: material; protein incorporation; polydispersity index 
(PDI); hydrodynamic diameter (Dh); exponential coefficient (k) obtained from Stopped Flow Light Scattering Experiments (SFLS); vesicle 
membrane permeability (Pf); inclusion of transmission electron microscope (TEM) characterization - negative stain (NS), cryogenic (cryo) 
or cryofracture; used protein to lipid/polymer ratio (PLR/PPR); used osmolyte and temperature for SFLS experiments. 

Publication Material 
AqpZ 

incorporated PDI Dh (nm) k (s-1) Pf 
(um/s) TEM 

PLR / 
PPR 

Osmolyte used for 
SFLS 

Temperature 
used for  SFLS 

Zhao et al. 2012 [1] DOPC No 0.13 ± 
0.02 

157 ± 
0.6 

19.3 ± 
0.2 74 No PLR 

1:200 
Sucrose (Dosm = 
356 mosmol/L) 23°C 

Zhao et al. 2012 [1] DOPC Yes - Mutant 0.15 ± 
0.03 141 ± 1 21 ± 

0.2 88 No PLR 
1:200 

Sucrose (Dosm = 
356 mosmol/L) 23°C 

Zhao et al. 2012 [1] DOPC Yes 0.11 ± 
0.02 

117 ± 
0.5 

188 ± 
20 600 No PLR 

1:200 
Sucrose (Dosm = 
356 mosmol/L) 23°C 

Zhao et al. 2013 [2] E. coli No 0.0413 145 k not 
rep. 50 No - Sucrose (Dosm = 

365 mosmol/L) 23°C 

Zhao et al. 2013 [2] E. coli Yes 0.033 182 k not 
rep. 1650 No PLR 

1:200 
Sucrose (Dosm = 
365 mosmol/L) 23°C 

Zhao et al. 2013 [2] DOPC No 0.0395 152 k not 
rep. 60 No - Sucrose (Dosm = 

356 mosmol/L) 23°C 

Zhao et al. 2013 [2] DOPC Yes 0.0474 127 k not 
rep. 600 No PLR 

1:200 
Sucrose (Dosm = 
356 mosmol/L) 23°C 

Zhao et al. 2013 [2] DPHPC No 0.0328 183 k not 
rep. 60 No - Sucrose (Dosm = 

365 mosmol/L) 23°C 

Zhao et al. 2013 [2] DPHPC Yes 0.0575 104 k not 
rep. 400 No PLR 

1:200 
Sucrose (Dosm = 
365 mosmol/L) 23°C 

Zhao et al. 2013 [2] DOPG No 0.0447 134 k not 
rep. 60 No - Sucrose (Dosm = 

365 mosmol/L) 23°C 

Zhao et al. 2013 [2] DOPG Yes 0.0778 77.1 k not 
rep. 70 No PLR 

1:200 
Sucrose (Dosm = 
365 mosmol/L) 23°C 

Zhao et al. 2013 [2] DOTAP No 0.0422 142 k not 
rep. 60 No - Sucrose (Dosm = 

365 mosmol/L) 23°C 

Zhao et al. 2013 [2] DOTAP Yes 0.0409 146 k not 
rep. 80 No PLR 

1:200 
Sucrose (Dosm = 
365 mosmol/L) 23°C 

Gan et al. 2017 [3] E. coli No 0.08  ± 
0.01 

170 ± 
10 

4.5 ± 
0.6 24 ± 2 Yes NS - Sucrose osm = 0.6 

osmol/L Temp not rep. 

Gan et al. 2017 [3] E. coli Yes 0.10 ± 
0.02 166 ± 8 150 ± 

40 
800 ± 
200 Yes NS  Sucrose osm = 0.6 

osmol/L Temp not rep. 
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Gan et al. 2019 
(sup. info.) [4] E. coli No 0.08 ± 

0.06 
148 ± 

15 
9.7 ± 
1.3 

Pf not 
rep. No - Sucrose osm = 0.6 

osmol/L 25°C 

Gan et al. 2019 
(sup. info.) [4] E. coli No 0.12 ± 

0.01 
153 ± 

15 
9.9 ± 
1.9 

Pf not 
rep. No - Sucrose osm = 0.6 

osmol/L 25°C 

Gan et al. 2019 
(sup. info.) [4] E. coli No 0.11 ± 

0.01 
150 ± 

14 
9.2 ± 
2.4 

Pf not 
rep. No - Sucrose osm = 0.6 

osmol/L 25°C 

Gan et al. 2019 
(sup. info.) [4] E. coli No 0.14 ± 

0.04 
163 ± 

14 
8.9 ± 
2.4 

Pf not 
rep. No - Sucrose osm = 0.6 

osmol/L 25°C 

Gan et al. 2019 
(sup. info.) [4] E. coli No 0.14 ± 

0.02 167 ± 4 8.4 ± 
0.6 

Pf not 
rep. No - Sucrose osm = 0.6 

osmol/L 25°C 

Gan et al. 2019 
(sup. info.) [4] E. coli Yes 0.11 ± 

0.3 
149 ± 

15 
104.3 ± 

54.5 340.24 No PLR 
1:400 

Sucrose osm = 0.6 
osmol/L 25°C 

Gan et al. 2019 
(sup. info.) [4] E. coli Yes 0.12 ± 

0.04 158 ± 6 109.7 ± 
26.5 530.48 No PLR 

1:200 
Sucrose osm = 0.6 

osmol/L 25°C 

Gan et al. 2019 
(sup. info.) [4] E. coli Yes 0.08 ± 

0.06 156 ± 7 170.5 ± 
51.4 821.22 No PLR 

1:100 
Sucrose osm = 0.6 

osmol/L 25°C 

Gan et al. 2019 
(sup. info.) [4] E. coli Yes 0.13 ± 

0.01 161 ± 4 238.2 ± 
91.4 

1191.2
6 No PLR 

1:50 
Sucrose osm = 0.6 

osmol/L 25°C 

Gan et al. 2019 
(sup. info.) [4] E. coli Yes 0.13 ± 

0.01 164 ± 7 565.6 ± 
131.4 

2344.0
5 No PLR 

1:25 
Sucrose osm = 0.6 

osmol/L 25°C 

Gan et al. 2019  [4] E. coli No 0.13 ± 
0.03 131 ± 2 10.11 ± 

1.21 
40.8 ± 

5.4 No - Sucrose osm = 0.6 
osmol/L 25°C 

Qi et al. 2016 [5] E. coli No 0.198 114.3 k not 
rep. 90 No - Sucrose 0.6 M 25°C 

Qi et al. 2016 [5] E. coli Yes 0.186 79.3 k not 
rep. 1000 No 

PLR 
not 
rep. 

Sucrose 0.6 M 25°C 

Qi et al. 2016 [5] E. coli Yes - Mutant 0.154 94.7 k not 
rep. 60 No 

PLR 
not 
rep. 

Sucrose 0.6 M 25°C 

Grzelakowski et al. 
2015 (sup. info.) [6] E. coli No PDI not 

rep. 86 9.68 188.7 Yes Cryo - 0.0375 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] E. coli No PDI not 

rep. 86 9.53 142.3 Yes Cryo - 0.075 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] E. coli No PDI not 

rep. 86 13.22 90.1 Yes Cryo - 0.15 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] E. coli No PDI not 

rep. 86 24.58 69.7 Yes Cryo - 0.3 M NaCl Temp not rep. 



 S5 

Grzelakowski et al. 
2015 (sup. info.) [6] E. coli No PDI not 

rep. 86 42.59 60.4 Yes Cryo - 0.6 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] 

amine funct. 
PMOXA-
PMDS-

PMOXA ABA 

No PDI not 
rep. 171 24.92 525.6 Yes Cryo - 0.075 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] 

amine funct. 
PMOXA-
PMDS-

PMOXA ABA 

No PDI not 
rep. 171 21 221.5 Yes Cryo - 0.15 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] 

amine funct. 
PMOXA-
PMDS-

PMOXA ABA 

No PDI not 
rep. 171 30.56 161.2 Yes Cryo - 0.3 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] 

amine funct. 
PMOXA-
PMDS-

PMOXA ABA 

No PDI not 
rep. 171 53.76 141.8 Yes Cryo - 0.6 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] 

amine funct. 
PMOXA-
PMDS-

PMOXA ABA 

No PDI not 
rep. 171 83.61 132.3 Yes Cryo - 1 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] 

amine funct. 
PMOXA-
PMDS-

PMOXA ABA 

No PDI not 
rep. 157 29 141 Yes Cryo - 0.3 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] 

amine funct. 
PMOXA-
PMDS-

PMOXA ABA 

No PDI not 
rep. 199 19 122 Yes Cryo - 0.3 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] 

amine funct. 
PMOXA-
PMDS-

PMOXA ABA 

No PDI not 
rep. 425 6 76 Yes Cryo - 0.3 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] 

amine funct. 
PMOXA-
PMDS-

PMOXA ABA 

No PDI not 
rep. 1126 3 112 Yes Cryo - 0.3 M NaCl Temp not rep. 
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Grzelakowski et al. 
2015 (sup. info.) [6] 

amine funct. 
PMOXA-
PMDS-

PMOXA ABA 

No PDI not 
rep. 207 28.85 184 Yes Cryo - 0.3 M NaCl Temp not rep. 

Grzelakowski et al. 
2015 (sup. info.) [6] 

amine funct. 
PMOXA-
PMDS-

PMOXA ABA 

Yes PDI not 
rep. 166 934.6 4788 Yes Cryo PPR 

1:300 0.3 M NaCl Temp not rep. 

Sun et al. 2013 a [7] POPC/POPG 
mol8%/Chol Unknown PDI < 2 137 ± 6 - - Yes NS - - - 

Sun et al. 2013 a [7] POPC/POPG 
mol15%/Chol Unknown PDI < 2 140 ± 3 - - Yes NS - - - 

Sun et al. 2013 a [7] POPC/POPG 
mol30%/Chol Unknown PDI < 2 142 ± 4 - - Yes NS - - - 

Sun et al. 2013 a [7] POPC/POPG 
mol30%/Chol No PDI < 2 142 ± 4 k not 

rep. 0 Yes NS - 0.6 M sucrose 8°C 

Sun et al. 2013 a [7] POPC/POPG 
mol30%/Chol Yes PDI < 2 142 ± 4 k not 

rep. 220 Yes NS PLR 
1:200 0.6 M sucrose 8°C 

Sun et al. 2013 a [7] POPC/POPG 
mol30%/Chol Yes PDI < 2 142 ± 4 k not 

rep. 500 Yes NS PLR 
1:100 0.6 M sucrose 8°C 

Sun et al. 2013 a [7] POPC/POPG 
mol30%/Chol Yes PDI < 2 142 ± 4 k not 

rep. 850 Yes NS PLR 
1:50 0.6 M sucrose 8°C 

Sun et al. 2013 a [7] POPC/POPG 
mol30%/Chol Yes PDI < 2 142 ± 4 k not 

rep. 790 Yes NS PLR 
1:25 0.6 M sucrose 8°C 

Sun et al. 2013 a [7] 
POPC/POPG 
mol8%/Chol 
covered PLL 

Unknown PDI < 2 159 ± 5 - - Yes NS - - - 

Sun et al. 2013 a [7] 
POPC/POPG 
mol15%/Chol 
covered PLL 

Unknown PDI < 2 155 ± 2 - - Yes NS - - - 

Sun et al. 2013 a [7] 
POPC/POPG 
mol30%/Chol 
covered PLL 

Unknown PDI < 2 153 ± 4 - - Yes NS - - - 

Sun et al. 2013 a [7] 
POPC/POPG 
mol30%/Chol 
covered PLL 

No PDI < 2 153 ± 4 k not 
rep. 0 Yes NS - 0.6 M sucrose 8°C 

Sun et al. 2013 a [7] 
POPC/POPG 
mol30%/Chol 
covered PLL 

Yes PDI < 2 153 ± 4 k not 
rep. 220 Yes NS PLR 

1:25 0.6 M sucrose 8°C 
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Sun et al. 2013 a [7] 
POPC/POPG 
mol30%/Chol 
covered PLL 

Yes PDI < 2 153 ± 4 k not 
rep. 500 Yes NS PLR 

1:50 0.6 M sucrose 8°C 

Sun et al. 2013 a [7] 
POPC/POPG 
mol30%/Chol 
covered PLL 

Yes PDI < 2 153 ± 4 k not 
rep. 790 Yes NS PLR 

1:100 0.6 M sucrose 8°C 

Sun et al. 2013 a [7] 
POPC/POPG 
mol30%/Chol 
covered PLL 

Yes PDI < 2 153 ± 4 k not 
rep. 770 Yes NS PLR 

1:200 0.6 M sucrose 8°C 

Wu et al. 2014 (sup. 
info.) 

PMOXA10-
PDMS65 No PDI not 

rep. 260 - - Yes Cryo - - - 

Wu et al. 2014 (sup. 
info.) 

PMOXA10-
PDMS65 No PDI not 

rep. 240 - - Yes Cryo - - - 

Wu et al. 2014 (sup. 
info.) 

PMOXA10-
PDMS65 No PDI not 

rep. 130 - - Yes Cryo - - - 

Wu et al. 2014 (sup. 
info.) 

PMOXA10-
PDMS65 No PDI not 

rep. 150 - - Yes Cryo - - - 

Wu et al. 2014 (sup. 
info.) 

PMOXA10-
PDMS65 No PDI not 

rep. 196 - - Yes Cryo - - - 

Duong et al. 2012 

Disulfide-func. 
PMOXA-
PDMS-

PMOXA ABA 

No 0.094 154 k not 
rep. 0 Yes NS - 0.85 M NaCl 5.5°C 

Duong et al. 2012 

Disulfide-func. 
PMOXA-
PDMS-

PMOXA ABA 

Yes 0.096 159 k not 
rep. 2600 Yes NS PPR 

1:200 0.85 M NaCl 5.5°C 

Duong et al. 2012 

Disulfide-func. 
PMOXA-
PDMS-

PMOXA ABA 

Yes 0.196 227 k not 
rep. 4500 Yes NS PPR 

1:50 0.85 M NaCl 5.5°C 

Duong et al. 2012 

Disulfide-func. 
PMOXA-
PDMS-

PMOXA ABA 

Yes 0.195 174 k not 
rep. 3000 Yes NS PPR 

1:25 0.85 M NaCl 5.5°C 

Qi et al. 2018 

PMOXA6-
PDMS35-
PMOXA6 

ABA 

No 0.291 ± 
0.026 

205.1 ± 
0.4163 

k not 
rep. 2300 Yes NS - 0.3 M NaCl 22°C 
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Xie et al. 2013 

PMOXA-
PDMS-

PMOXA ABA 
(1300-5000-
1300) Blank 
(crosslinked) 

No 0.07 - 
0.09 130 k not 

rep. 0 Yes NS - 0.85 M NaCl Temp not rep. 

Xie et al. 2013 

PMOXA-
PDMS-

PMOXA ABA 
(1300-5000-
1300) AqpZ 

(not-
crosslinked) 

Yes 0.07 - 
0.09 130 k not 

rep. 585 Yes NS PPR 
1:200 0.85 M NaCl Temp not rep. 

Xie et al. 2013 

PMOXA-
PDMS-

PMOXA ABA 
(1300-5000-
1300) AqpZ 
(crosslinked) 

Yes 0.07 - 
0.09 130 k not 

rep. 100 Yes NS PPR 
1:200 0.85 M NaCl Temp not rep. 

Xie et al. 2013 

PMOXA-
PDMS-

PMOXA ABA 
(1300-5000-
1300) AqpZ-

OH 

Yes 0.07 - 
0.09 130 k not 

rep. 650 Yes NS PPR 
1:200 0.85 M NaCl Temp not rep. 

Xie et al. 2013 

PMOXA-
PDMS-

PMOXA ABA 
(1300-5000-
1300) UV 
AqpZ-OH 

Yes 0.07 - 
0.09 130 k not 

rep. 550 Yes NS PPR 
1:200 0.85 M NaCl Temp not rep. 

Sengur-Tasdemir et 
al. 2018 

DOPC No 0.09 ± 
0.031 

167 ± 
11 

15.6 ± 
1.9 25 No PLR 

1:100 
sucrose 926 
mOsmol/L Temp not rep. 

Sengur-Tasdemir et 
al. 2018 

DOPC Yes 0.113 ± 
0.049 

176 ± 
11 

44.1 ± 
8.5 75 No PLR 

1:100 
sucrose 926 
mOsmol/L Temp not rep. 

Sengur-Tasdemir et 
al. 2018 

DOPC Yes 0.074 ± 
0.041 

166 ± 
12 

52.8 ± 
10.8 80 No PLR 

1:100 
sucrose 926 
mOsmol/L Temp not rep. 

Sun et al. 2013 b [8] DOPC/DSPE-
PEG- No 0.066 130 13 29.4 No - 1.2 M sucrose 8°C 
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NH2/EGDMA/
Irgacure184 

Sun et al. 2013 b [8] 

DOPC/DSPE-
PEG-

NH2/EGDMA/
Irgacure184 

Yes PDI not 
rep. 

Dh not 
rep. 294 430 No PLR 

1:10 1.2 M sucrose 8°C 

Sun et al. 2013 b [8] 

DOPC/DSPE-
PEG-

NH2/EGDMA/
Irgacure184 

Yes PDI not 
rep. 

Dh not 
rep. 153 310 No PLR 

1:50 1.2 M sucrose 8°C 

Sun et al. 2013 b [8] 

DOPC/DSPE-
PEG-

NH2/EGDMA/
Irgacure184 

Yes PDI not 
rep. 

Dh not 
rep. 95 241.6 No PLR 

1:100 1.2 M sucrose 8°C 

Górecki et al. 2020 
PMOXA-

PDMS No PDI not 
rep. 153 ± 3 41 109 ± 3 No - 0.5 M NaCl 25°C 

Górecki et al. 2020 
PMOXA-

PDMS Yes PDI not 
rep. 154 ± 1 54 143 ± 5 No 

PPR 
not 
rep. 

0.5 M NaCl 25°C 

Li et al. 2015 DOPC No PDI not 
rep. 

100 - 
200 

k not 
rep. 50 No - 0.6 M sucrose 22°C 

Li et al. 2015 DOPC Yes PDI not 
rep. 

100 - 
200 

k not 
rep. 900 No PLR 

1:200 0.6 M sucrose 22°C 

Li et al. 2015 DOPC Yes PDI not 
rep. 

100 - 
200 

k not 
rep. 1700 No PLR 

1:100 0.6 M sucrose 22°C 

Li et al. 2015 DOPC Yes PDI not 
rep. 

100 - 
200 

k not 
rep. 1600 No PLR 

1:50 0.6 M sucrose 22°C 

Borgnia et al. 1999 E. coli No PDI not 
rep. 

Dh not 
rep. 

k not 
rep. 15 Cryofract

ure - Dosm = 300 
mosmol/L 6°C 

Borgnia et al. 1999 E. coli Yes PDI not 
rep. 

122 ± 
20 

k not 
rep. 150 Cryofract

ure 
PLR 
1:25 

Dosm = 300 
mosmol/L 6°C 

Borgnia et al. 1999 E. coli Yes PDI not 
rep. 

122 ± 
20 

k not 
rep. 280 Cryofract

ure 
PLR 
1:50 

Dosm = 300 
mosmol/L 6°C 

Borgnia et al. 1999 E. coli Yes PDI not 
rep. 

122 ± 
20 

k not 
rep. 430 Cryofract

ure 
PLR 
1:100 

Dosm = 300 
mosmol/L 6°C 

Borgnia et al. 1999 E. coli Yes PDI not 
rep. 

122 ± 
20 

k not 
rep. 480 Cryofract

ure 
PLR 
1:200 

Dosm = 300 
mosmol/L 6°C 
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Borgnia et al. 1999 E. coli Yes PDI not 
rep. 

122 ± 
20 

k not 
rep. 390 Cryofract

ure 
PLR 
1:400 

Dosm = 300 
mosmol/L 6°C 

 

  



 S11 

 
Figure S1. CryoTEM micrographs of DOPC sample that was used for preparation of 
histograms of particle size distribution. The raw image (left), image with counted particles 
marked with light gray lines (right).  

 
Figure S2. CryoTEM micrographs of the E. coli lipid sample that was used for preparation of 
histograms of particle size distribution. The raw image (left), image with counted particles 
marked with light gray lines (right). 
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Figure S3. CryoTEM micrographs of the PMOXA-PDMS sample that was used for preparation 
of histograms of particle size distribution. The raw image (left), image with counted particles 
marked with light gray lines (right). Three micrographs were used for particle quantification, 
to cover all particle profiles present in the solution and increase the number of counted 
particles. 
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Figure S4. CryoTEM micrographs of PEG-PCL sample that was used for preparation of 
histograms of particle size distribution. The raw image (left), image with counted particles 
marked with light gray lines (right). Three micrographs were used for particle quantification, 
to cover all particle profiles present in the solution and increase the number of counted 
particles. 
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