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1. Scope of the thesis 

Cell membranes are of great importance in numerous biological processes, and have been 

widely studied in the field of biochemistry and biophysics. That is the reason why it is crucial 

to understand the membrane properties in terms of morphology and architecture, together with 

the functions of each membrane component. For this purpose, artificial membranes have been 

developed and amphiphilic block copolymers represent ideal candidates for preparing these 

membranes. Polymeric membranes provide robustness and stability, and can mimic biological 

membranes, because they self-assemble in bilayers in aqueous environment. Thus, they have 

been employed for industrial and biomedical applications, such as catalysis, drug screening, 

biosensing, etc.  

In this thesis, we design and create solid-supported membranes by combining different diblock 

and triblock amphiphilic block copolymers, specifically PDMS-b-PMOXA, by using different 

membrane preparation methods. Membrane properties were characterized by surface analytical 

techniques: isotherms of the monolayer at air-water interface were recorded; morphology, 

homogeneity and thickness of the different membranes were analyzed by AFM and force 

spectroscopy was employed for the mechanical properties of the polymer membranes; QCM-

D was employed for quantifying the amount of biomolecules combined with membranes and 

the viscoelastic properties of the platform before and after the biomolecule recombination; the 

functionality of the combined biomolecules was monitored with the fluorimetry.  

In the first part of the thesis, we investigate the field of hybrid membranes: the combination of 

copolymers and phospholipids led to a new generation of biomimetic materials that combines 

the mechanical resistance and chemical tunability of the polymers with the fluidity and 

biocompatibility of the lipids. Interestingly, when the physical state of polymer and lipids is 

not miscible, they separate in the membrane and form phase domains, which are similar to lipid 

raft found in biological membranes and are responsible for key functions in the cell (e.g. 

signalling, receptor trafficking). For the hybrid membrane preparation we deposited polymer-

lipid monolayers onto silica supports by the controllable Langmuir-Blodgett transfer technique. 

Then we investigated the effect of different combination strategies on the accessibility of the 

model protein cyt c: either spontaneous insertion or covalent attachment through EDC/sNHS 

chemistry. Finally, we evaluated the peroxidase-like activity of cyt c after combining it with 

the membrane. We found that the phase domain separation was crucial for facilitating and 

controlling the protein recombination into a specific membrane domain (polymeric or lipidic). 
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The attachment strategy revealed to be better in terms of protein accessibility and also enhanced 

the cyt c activity.  

In the second part of the thesis we explored the solvent-assisted method. This method was 

previously employed for preparing lipid membranes and we applied it on amphiphilic block 

copolymers here for the first time. We optimized the experimental conditions (e.g. polymer 

characteristics, solvent flow rate) and we combined the obtained membranes with different 

biomolecules. The combination was performed through the specific biotin-avidin interaction 

and was used to bind enzymes and DNA strands onto the membrane, preserving their 

functionality also in this case.  

In the third part of the thesis, we added a fundamental research which was focused on 

combining the two main concepts of this thesis: we employed the SA method to prepare hybrid 

membranes composed of block copolymers and phospholipids in a fast and easy way.  
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2. Introduction 

2.1. Biological membranes 

Cell membranes are biological complex structures essential for all living organisms. Apart from 

compartmentalizing and protecting cells and cell organelles from their environment, they are 

involved in a multitude of biochemical processes: passive and active transport of ions through 

the membrane in order to maintain electrochemical gradients across the membrane; molecular 

recognition of specific molecules; enzymatic catalysis; cell signalling for control and 

coordinate activities of cell; and cell adhesion, which regulates cell migration and tissue 

development.  

Cell membranes consist of proteins and oligosaccharides and phospholipids, and their content 

in the membrane influences critically their functions. Cell membranes are represented with the 

fluid mosaic model which consists of a self- assembled phospholipid bilayer, with the 

hydrophilic head groups oriented towards intracellular and extracellular spaces, while the 

hydrophobic chains face each other in order to isolate them from the environment. The 

formation of the bilayer is driven by hydrophobic interactions between the fatty acid chains. 

The structure of a cell membrane can be described by the “fluid mosaic model” proposed by 

Singer and Nicolson in 1972 (Figure 2.1-1). 1 

 

Figure 2.1-1. Fluid mosaic model of cell membrane. 
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In order to understand the functions of membrane proteins and individual membrane-related 

processes, biological membranes are widely studied. Artificial membranes have been 

employed as a simplified version of biological membranes for facilitating the investigation of 

membrane-related processes. Such artificial membranes can also find industrial applications, 

in the field of medicine or bio-engineering.  

2.2. Biomimetic membranes 

2.2.1. Phospholipids versus amphiphilic block copolymers 

For obtaining a biocompatible and non-toxic membranes, phospholipids were mainly used for 

bio-mimicry, since they are natural components of biological membranes.2 However, 

phospholipids present drawbacks, such as low mechanical stability, which facilitates chemical 

functionalization.2,3 Amphiphilic block copolymers are able to overcome these constraints. Due 

to the higher molecular weights, block copolymers allow the formation of membranes with 

higher thickness and thus more resistance, even though less fluidity and less permeability 

(Figure 2.2-1). Lipid bilayers are relatively unstable compared to polymer membranes, which 

present improved physicochemical properties, namely high mechanical stability,4–12 low 

permeability,13 tunability,14–16 biomimetic properties.17 

 

Figure 2.2-1. Schematic representation of membrane properties versus molecular weight of the 

amphiphile.18 

Moreover, another advantage of amphiphilic blockcopolymers is their possibility to be 

designed and tuned with a different chain length and a variety of different functional ending 

group, in order to take control over the membrane assemblies, and the stimuli-responsiveness 
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of the system.19,20 Amphiphilic diblock (AB) or triblock (ABA or ABC) copolymers have been 

already reported for their biomimetic properties21. Artificial membranes are formed by diblock 

and triblock copolymers,18,20 which possess a phospholipid-like structure. Among these, 

PMOXA-b-PDMS copolymer is a good candidate to mimic biological membranes, due to its 

biocompatible properties. Also, PMOXA-b-PDMS-b-PMOXA triblock copolymers possess 

the required structure to form membranes.22–24 Due to its biocompatibility, non-toxicity, and 

high flexibility, the hydrophobic PDMS block is suitable for development of biomaterials.25,26 

Furthermore, the presence of the tertiary amine in the backbone chain, makes it almost no 

detectable by enzymes and thus increasing its stability in biological environments.27 Formation 

of membranes is possible by self-assembly process in aqueous media.  

At a specific concentration, defined as critical micellar concentration (CMC) which is 

characteristic for every amphiphile, self-assebly process takes place. Micelles, vesicles, or 

worm-like structures, are formed in these process in order to reach thermodynamic equilibrium 

and minimize the free energy of the system.6,28 The self-assembly process is driven by the so-

called hydrophobic effect, which force the amphiphiles to withdraw their hydrophobic part in 

order to reduce contact with the aqueous solution. Several factors influence the self-assembly: 

the geometry and chemical composition; the polydispersity index of the amphiphile, the 

preparation method adopted, and external factors, e.g. pH, solvent or temperature.29 The 

resulting structures can be predicted from the molecular packing parameter (P), related to the 

hydrophilic / hydrophobic ratio of the amphiphile.23,30,31 P is a dimensionless value and it is 

defined as:  

P = vp / al p (1) 

Where v and l are the volume and the length of the hydrophobic tail, and a is the area occupied 

by the hydrophilic head group.32,33 P characterize the morphology of the self-assemblies: 

spherical micelle (0 < P ≤ 1/3), cylindrical micelle (1/3 < P ≤ 1/2), or bilayer structure, such as 

vesicle (1/2 < P ≤ 1).33,34 

2.2.2. Polymer self-assembly 

Amphiphiles can undergo two main categories of self-assembly: planar membranes and 

spherical compartments. These different structures presents their advantages and drawbacks, 

and can find different applications. Planar membranes have a 2D architecture and include: i) 

Langmuir monolayers at the air-water interface,14 ii) freestanding membranes,35 and iii) solid-

supported membranes (Figure 2.2-2).18 
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Figure 2.2-2. Models of planar membranes: (a) Langmuir monolayer, (b) freestanding 

membrane, and (c) solid-supported membrane.36 

Freestanding membranes have been widely used for understanding the membrane interaction 

with proteins in terms of insertion mechanism and functionality after the combination. By 

monitoring the change in the conductance of the system, for example, it was possible to observe 

the membrane protein insertion.37,38 However, the low stability of free-standing membranes 

due to the limited lateral tension makes them of scarce interest for technological 

applications.39,40 Langmuir monolayers and solid-supported membranes will be described in 

detail in the following sections. 

2.2.3. Micelles and vesicles 

Vesicles and micelles represent 3D spherical compartments (Figure 2.2-3), which can 

encapsulate and transport compounds like proteins, drugs or enzymes.41,42 The encapsulated 

molecules are this way protected by external stimuli and this make vesicles particularly 

appealing for bio-medical applications.43  
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Figure 2.2-3. Models of spherical compartments: (a) micelle and (b) vesicle.6 

By controlling the hydrophilic/hydrophobic ratio or the molecular weight of the hydrophobic 

block of the polymer used, it is possible to tune the dimensions of the vesicles formed.29 For 

example, when a PDMS-b-PMOXA diblock copolymer with low molecular weight of the 

PDMS block was employed, it self-assembled into micelle and nanoparticles instead of 

vesicle.29 Most of polymer membranes are symmetric and are obtained by self-assembling AB 

or ABA amphiphilic block copolymers. However, asymmetric ABC triblock copolymers are 

interesting candidates to achieve a directional protein combination with membranes or to create 

membranes with different properties at each surface.  

Micelles have a 3D architecture, with a hydrophobic core and a hydrophilic shell. Micelles do 

not possess a membrane’s structure, nevertheless they are employed in application such as drug 

delivery.44 In this case, the encapsulation works with drugs which are water insoluble and 

which can be entrapped in the hydrophobic core of the micelle, and then delivered and released 

in a specified area of the body through induced stimuli like change of pH and temperature, or 

by conjugation with some antibody. The great advantage of micelle relies in their small size (< 

100 nm) which allows them to circulate in the organism for a long time without being 

recognized, keeping the cargo protected by proteins or phagocytic cells. 

2.3. Langmuir monolayers 

2.3.1. Langmuir technique 

The Langmuir technique allows the investigation of amphihilic molecules at the air-water 

interface, this way enabling the investigation of their behaviour and interactions at the interface. 

Langmuir monolayers consists in a single membrane leaflet and were widely studied as a 

membrane model.45 The self-assembly of molecules at the air-water interface to form a 

monolayer has been discovered by Irving Langmuir,46 and it employs an apparatus called 

Langmuir trough. This instrument consists of: i) a hydrophobic Teflon trough, filled with an 

aqueous subphase (water or buffer); ii) two movable hydrophilic barriers; iii) a surface pressure 

sensor, called Wilhelmy plate. The procedure consists in spreading a solution of amphiphile, 

prepared in an organic and volatile solvent, such as chloroform, on the aqueous surface. Then 

the movable barriers close, inducing the packing of the amphiphiles to form a monolayer. The 

monolayer compression is recorded and represented as a surface pressure-area isotherm (Figure 

2.3-1). Initially, the surface pressure value of 0 mN m-1 is representative of no interactions 

between amphiphile molecules occur and that the molecules are in the gaseous state. During 
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the compression, the molecules start to interact with each other and to form consequently, a 

monolayer in the LE, LC and solid states.47 A further compression results in the collapse of the 

monolayer.48 The Langmuir isotherm gives information about, stability, self-assemble and 

physical state of the monolayer.49 

 

Figure 2.3-1. Langmuir isotherm of DPPC and the monolayer conformation during the 

compression (blue and red colours represent respectively the hydrophilic and the hydrophobic 

part of the molecule).45 

2.3.2. Properties of the monolayers at the air-water interface 

The shape of the isotherm depends from the monolayer characteristics and it can be influenced 

by different factors, like temperature, pH, size and structure of the molecules that are forming 

the monolayer. For example, fatty acids become ionized by inducing a change in pH, resulting 

in repulsive interactions between the molecules and a lower stability of the monolayer.50 

Length of the chain and degree of saturation are other parameters that influence monolayer 

formation.51 The presence of the double bond in the hydrocarbon chain of the amphiphile 

hinder the flexibility of the chain and the adhesion between molecules.52,53 Most important, the 

isotherms provide information about phase transitions of the monolayer at the air-water 

interface,49 which are expressed by the change of the isotherm’s slope.54 Also for molecules 

with high molecular weight, such as amphiphilic block copolymers, it is possible to observe a 

change in the slope during the compression, until a plateau is reached. This plateau forms 

because of the rearrangement of the molecules during the monolayer compression, until the 
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formation of a densely packed film.55 The hydrophobic and hydrophilic blocks’ lengths, can 

also influence the shape of this plateau, as it was shown in previous works.56 The two-

component lipid-polymer monolayers typically exhibit intermediate characteristics between 

the polymers and lipids monolayers in terms of breaking point and phase transition value. 

2.4. Solid-supported planar membranes 

Amphiphilic molecules can form planar membranes on solid supports, so-called supported 

bilayer membranes. The solid support provides an improved stability of the membrane.57 One 

great advantage of planar membranes on solid supports is in their possibility to be characterized 

by a variety of analytical methods, which is not possible for three dimensional membrane 

assemblies, allowing the quantification of membrane associated processes based on membrane-

protein and protein-protein interactions. On the other hand, biomolecules combined with 

supported membranes may lose part of their functionality or denaturate after the combination, 

due to the interaction with the solid support.58 In order to overcome this limitation and avoid 

contact between the combined biomolecule and solid support, supported membranes were 

optimized by introducing improvements based on electrostatic interaction (physisorption) such 

as polymer cushions or polyelectrolyte films, 36,57–59 and covalent bond between the amphiphile 

end-group and the surface (chemisorption), such as anchor as spacers groups,58 which involves 

molecules like peptides, oligomers, or polymers.57,60–63  

To date, different strategies have been applied to prepare planar membranes on solid supports, 

which will be explained in details in the following paragraphs. Common preparation techniques 

for such membranes are Langmuir film transfers,64 vesicle spreading,64,65 and vesicle 

fusion.66,67 An emerging approach, called SALB method, consists of the deposition of a lipid 

dissolved in an organic solvent on a solid support, followed by an exchange of the solvent with 

an aqueous buffer.68 This method can be applied also to polymer mixtures with proper adaption. 

The SALB method overcomes the limitation of vesicle fusion to form bilayers onto a limited 

number of substrates. Among the covalent attachment, two main strategies for preparation of 

the solid-supported films are the grafting from and the grafting to approaches (Figure 2.4-1). 

The “grafting from” strategy involves surface-initiated polymerization. This method provides 

good control over the brush thickness and homogeneity.69 The “grafting to” strategy consists 

of the deposition of the prefabricated polymer onto the surface either by physisorption or by 

chemisorption.70 The advantage consists in the simplicity of the method.71 On the other hand, 

this strategy suffers some limitations, like the difficulty to obtain a densely packed film due to 

the steric repulsions between the polymer chains.72 
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Figure 2.4-1. Strategies for preparation of solid-supported membranes: (a) surface-initiated 

polymerization (grafting from approach), (b) vesicles spreading (grafting to approach), and (c) 

LB and LS transfers (grafting to approach).72 

2.4.1. Membranes prepared by surface-initiated polymerization 

This approach involves of grafting amphiphilic molecules directly from the solid support. For 

this purpose, triblock copolymers are good candidates, since they possess a structure with a 

middle hydrophobic block and peripheral hydrophilic blocks. Such polymeric membranes can 

be prepared, by surface-initiated atom transfer radical polymerization.70,73 For example, a 

previous work reported the synthesis of a biomimetic membrane, composed of PHEMA-b-

PBMA-b-PHEMA triblock copolymer.74 Even though this technique provides a good control 

over the brush density and thickness of the polymer and enables obtaining membranes with a 

biological-like architecture, the polymer chains are attached covalently to the surface. This 

affects the membrane lateral mobility and consequently reduces the possibility of protein 

insertion.75 In order to overcome this limitation, non-covalent techniques (vesicle fusion, 

Langmuir transfer) have been applied for biomimetic membrane preparation. 

2.4.2. Membranes prepared by vesicle fusion 
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Vesicle fusion is a straightforward method to obtain solid-supported membranes and it is 

commonly applied on lipids.76–79 However, few studies concerning polymer vesicles spreading 

on solid supports are reported in literature.15,80 In addition, real-time formation of the 

membrane can be monitored by SPR,80 or by QCM-D.81 Different parameters are influencing 

the membrane formation by vesicle fusion method, namely vesicle size, temperature, osmotic 

pressure, charge of the molecule and choice of solid support.79 For example, it was observed 

that vesicles from different charged phospholipids interact differently with the slightly anionic 

silica support and the deposition pathway is also affected (Figure 2.4-3).78 Depending on 

substrate properties, different assemblies can be obtained, and when the electrostatic 

interactions between the amphiphile and the support are strong, solid-supported planar 

membrane is successfully produced. 

 

Figure 2.4-2. QCM-D data presenting deposition of SUVs onto silica substrate. The SUVs 

were formed by: (a) positively charged phospholipid, DOTAP, (b) 50% zwitterionic DOPC 

and 50% negatively charged DOPS, and (c) 80% DOPC and 20% DOPS.82 

In the case of polymers, some factors have to be overcome in order to achieve the fusion of 

vesicles: the higher mechanical stability compared to lipids, the unfavourable thermodynamic 

conditions, and the loss of conformational freedom from the membrane packing. In another 

study, vesicles formed by lipoic acid-functionalized PB-b-PEO diblock copolymer were 

successfully fused onto a gold substrate.80 It was observed that the bottom layer was covalently 

attached to the substrate, whereas the second layer was attached by hydrophobic interactions. 

Such a system is more similar to the biological membrane and improves the membrane fluidity, 
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compared to the one obtained with the surface-initiated polymerization (see previous 

paragraph). A quick rinsing with salt solution, a drying step, and a consecutive rehydration, 

increases the homogeneity of the bilayer, however some additional polymer aggregates 

attached to the bilayer surface could be still observed. The SPR and force spectroscopy 

measurements are techniques commonly used to evaluate the thickness of the obtained bilayer 

membranes.83 

2.4.3. Membranes prepared by Langmuir transfer  

Transfers of monolayers from the air-water interface onto solid support form membranes 

homogeneous and free of major defects. The advantage of this method is a control over the 

surface pressure to apply for the monolayer transfer, which directly affects the density of the 

monolayer. Moreover, the method can be applied to a variety of different substrates. The LB 

technique enables the deposition of more than one layer onto a solid support. Depending on the 

deposition strategy, different multilayer structure can be obtained: X-, Y-, and Z- type (Figure 

2.4-6). Consecutive emersion and immersion of the substrate (Y-type deposition), results in the 

formation of a head-to-head and tail-to-tail multilayer.49 Different strategies consist of multiple 

immersions (X-type) or emersions (Z-type) of the substrate. An important drawback of this 

method is related to a weak interaction between two monolayers, which can result in an 

incomplete monolayer transfer. In order to overcome this limitation, LS deposition technique 

can be applied. 

 

Figure 2.4-3. Strategies for multilayer transfer onto a hydrophilic substrate by LB technique.49 

 

A bilayer membrane formation involves two processes: LB and LS transfers (Figure 2.4-7). 

During the LB transfer the substrate is dipped out from the water allowing attachment of the 

monolayer from the air-water interface onto the substrate with the hydrophilic part of the 

molecule.84 The LS transfer allows the building of the second layer of the membrane through 
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hydrophobic interactions, by dipping a horizontally placed substrate, with a previously 

deposited first layer, into the sub-phase. Combination of LB and LS techniques allow the 

construction of asymmetric bilayers with mimicry properties, 88 separated from the solid 

support only by an ultrathin (1-2 nm) water film.36 

 

Figure 2.4-4. (a) Langmuir-Blodgett (LB) and (b) Langmuir-Schaefer (LS) deposition of 

monolayers and (c) the resulting solid-supported membrane.85 

It has been observed that polymer bilayers were stable in air for approximately 2 hours, which 

is advantageous when comparing with solid-supported lipid membranes which are known to 

disrupt during the drying process. After 12 h of exposure to air polymer bilayers can 

disassemble and rearrange to form aggregates. LB method provides supported membranes with 

a defined architecture and fewer defects than those obtained with the vesicle fusion method. 

Unfortunately, this method shows some intrinsic difficulties, such as long time for performing 

the experiment and a high level of cleanliness required.57,58 

2.4.4. Membrane prepared by solvent-assisted method 

SALB's basic working principle is the deposition of lipids which are dissolved in an appropriate 

organic solvent. The following step involves the exchange of the organic solvent with an 

aqueous buffer, which induces the self-assembly of lipids into a supported bilayer membrane.68 

The SALB method can be successfully applied on a greater number of solid support, such as 

silicon dioxide, aluminum oxide and gold (Figure 2.4-5). In comparison to vesicle fusion 

method, it does not require lipid vesicles and it is simply based on the deposition of lipid 

molecules onto a surface.272 Additionally, the SALB approach has the capability to prepare 

supported membranes containing high cholesterol concentrations compared to vesicle fusion 

method. This is of great interest for the understanding of how cholesterol affects the membrane 

biophysical properties, including membrane fluidity and  organization into domain structures 

such as lipid rafts.273 In principle, the approach should also enable characterization of 



36 
 

cholesterol bilayer domains This method has been extensively applied to prepare lipid bilayer 

membranes and could be applied with proper adaption also to polymer and polymer-lipid 

mixtures for the preparation of polymer and hybrid membranes. The further characterization 

of those membranes with surface-sensitive analytical techniques (e.g. QCM-D, AFM or SPR) 

allows to explore those artificial cell membranes by taking advantage of a robust experimental 

protocol. Overall, SALB is a fast and straightforward method, however it presents the 

limitation of a required solubility of the chemical compound in an organic solvent and 

sometimes produce porous membranes. 272 

 

Figure 2.4-5. QCM-D monitoring of vesicle fusion and SALB methods on three different 

substrates: (A) vesicle fusion method; (B) SALB formation method. The dashed curve in figure 

B represents the control experiment in which lipid is not injected. The schematics show the 

proposed assembled lipid structures.86 

2.5 Hybrid membranes 

This chapter contains parts adapted from the review Agata Krywko-Cendrowska, Stefano di 

Leone, Maryame Bina, Saziye Yorulmaz-Avsar, Cornelia G. Palivanand Wolfgang Meier, 

“Recent Advances in Hybrid Biomimetic Polymer-Based Films: from Assembly to 

Applications”, Polymers 2020, 12(5), 1003. 

2.5.1. Hybrid polymer-lipid membranes 

Hybrid materials are considered as another type of biomimetic platforms.87 Membrane domains 

play an important role in the process of biomolecule-membrane combination, making hybrid 

membranes of great interest for understanding the mechanisms behind membrane related 

processes or for developing active platforms for several biomimetic applications. By 

combining amphiphilic block copolymers and phospholipids it is possible to obtain hybrid 
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membranes, which represent a promising class of materials to be employed for the preparation 

of artificial membranes. Those membranes have intermediate characteristics between pure 

copolymer and pure lipid membranes16. Through this combination it is possible to obtain either 

homogeneous or heterogeneous membranes, which depends on the miscibility of the two 

compounds. If they are not miscible, the membrane will undergo phase domain separation. By 

modulating the composition of the polymer-lipid mixtures, it is possible to obtain hybrid 

materials with desired properties and to control the interactions between these materials and 

biomolecules.3 These interactions are strictly related to the hybrid composition in a way that it 

allows the control over the location and concentration of the proteins, in order to obtain 

biocompatible materials with specific properties and functions.87,88 The most important 

application for hybrid membranes is the biomimicry of “lipid raft”, namely membrane phase 

domains found in biological membranes, which are involved in important biological processes, 

such as lateral protein organization, cell signaling, membrane tension regulation, etc.89 It was 

observed in previous works, that the polymer-lipid molar composition influences the 

morphology of hybrid membranes.90–92 For example, by mixing PEG-g-PEO diblock 

copolymer with saturated DPPC and unsaturated POPC (Figure 2.5-1).89 Phase domain 

separation could be observed, for a certain polymer content. When the polymer content was 

mixed with POPC and higher than 60%, lipid was homogeneously distributed within the 

vesicle, whereas when lipid content was higher, the hybrid vesicles underwent the formation 

of separated polymersomes and liposomes within few hours. 
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Figure 2.5-1. Schematic of hybrid vesicles, formed by PEG-g-PEO mixed with DPPC (gel 

state) or POPC (fluid state), according to the molar composition and fluidity of the lipid at 

room temperature.89 

The mixture composition is fundamental for driving the binding of proteins to a hybrid 

membrane and can be used as a model for studying receptor/ligand recognition.93 For example, 

the interactions between a binary mixture of PMOXA-b-PDMS-b-PMOXA and DPPC with 

the protein OmpF was investigated, showing its preferential distribution in the polymer-rich 

phase.94 However no further systematic investigation was performed on this process.  

2.5.2. Solid-supported membranes based on polymers and lipids 

Copolymer-lipid-based hybrid supported membranes have been prepared in a membrane-like 

architecture (i.e., mono-, bi-, or multi-layers) using different deposition methods.74,81,86,95–97 

Regardless of the ratio of polymer and lipid in the mixture, it was possible to produce hybrid 

membranes which possess at the same time enhanced mechanical stability and mobility, when 

compared to one-component membranes,98 possibly related to a synergic activity of both the 

polymer and the lipid within the membrane. The method employed to produce hybrid supported 

membranes can be the same used for lipid and polymer membranes with proper adaption: 

Langmuir transfer, vesicle fusion and solvent-assisted method. 
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Recently, by blending the PBD and DOPC in specific chemical composition (molar ratio 3:7) 

it was possible to obtain a hybrid membrane with improved viscoelastic properties and 

permeability onto a protein layer.78 The hybrid membrane behaved as a barrier for the protein 

layer against the attack of an enzyme.99 Polymer-lipid hybrid membranes can be characterized 

in terms of viscoelastic properties and membrane coverage by QCM-D, using its sensor chip 

as the solid support. Sessile droplet method and ellipsometry can be further employed to 

determine the hydrophobicity/hydrophilicity of the membrane and its thickness, respectively. 

2.5.3. Properties of polymer-lipid membranes 

The advantages provided by copolymers in terms of mechanical resistance,3,100 together with 

the ones provided by lipids in terms of enhanced mobility and specific interaction with 

membrane proteins,81 allows to design and develop hybrid platforms with advanced 

features.87,101,102 It has been observed that the physical state of the hybrid components, either 

gel or liquid phase, influences the protein distribution within the membrane.87 In fact, the 

combination of copolymers and lipids in hybrid membranes revealed cutting-edge properties, 

such as an improved membrane fluidity and an assisted insertion of biomolecules. Recently, 

PDMS-b-PMOXA diblock copolymers have been blended in different molar ratio with various 

phospholipids (i.e. DPPC, DOPC, and DPPE), for understanding how factors like surface 

pressure or the hydrophobic chain length mismatch affecting the domain separation in hybrid 

monolayers in terms of shape and size.96,103 Also, the structure and the Tg of polymers, and the 

Tm of lipids influence the formation of heterogeneous membranes.87,88,104,105 It must be 

specified that polymer-lipid phase separation is never complete, rather we refers to either a 

lipid- or polymer-enriched domain.103 This domain enrichment, due to polymer/lipid diffusion 

within the membrane, was for example investigated in hybrid monolayers composed of PIB, 

PEO, and DMPC,104 or PGMA-b-PPO-b-PGMA triblock copolymer with DPPC and DMPC.106 

It has been found that an efficient phase domain separation in polymer-lipid hybrid membranes 

resembles the lipid rafts found in cell membranes, where they are involved in crucial biological 

processes, such as protein lateral organization or signal transduction.107 By controlling the 

phase domain separation it is possible to control the incorporation of biomolecules into the 

membrane to create platforms with desired functions.103  

They can also be used for the reconstitution of biomolecules.108–110 Biomolecules can be 

combined with a polymer-lipid membrane by specific binding (e.g., receptor/ligand 

recognition),111 where the variety of functional groups for the polymers allows the covalent 

bonding of a chosen biomolecule with great versatility.86 Alternatively, biomolecules can be 
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inserted,93,112 as it is the case of the potassium channel from MloK1, which has been inserted 

into hybrid membranes composed of PDMS-b-PMOXA and different lipids (POPC, DPPC or 

POPE). According to the physical state of the combined lipid, the protein could be inserted 

spontaneous into a specific phase domain (Figure 2.5-2).103 In another study has been observed 

that solid-supported hybrid membrane composed of diblock copolymer poly(butadiene-b-

ethylene oxide) (PBD-b-PEO) and DPPC presents better permeability of a drug compared to 

single-component membranes.113  

 

Figure 2.5-2. CLSM micrographs showing the protein distribution in films consisting of 

mixtures of PDMS65-b-PMOXA12 and (a) DPPC (xDPPC = 0.75), (b) DPPC (xDPPC = 0.5), 

(c) DPPE (xDPPE = 0.25), (d) DOPC (xDPPC = 0.25), and (e) POPE (xDPPC = 0.25). (f) 

PDMS37-b-PMOXA9 mixed with DPPE (xDPPE = 0.5).103 

2.6. Combination of biomolecules into polymeric membranes 

2.6.1. Polymersomes decorated with biomolecules 

The choice of polymer composition and the decoration of the vesicle surface with specific 

biomolecules allows to tune the properties of the vesicles. For example, it was possible to 

encapsulate enzymes into the vesicles, this way allowing the development of nanoreactors for 

the production of active compounds in situ.114 The advantage of this strategy involves in the 

production of the active compound in a controlled way and on demand.24,115 Different 

membrane proteins have been successfully inserted into the membrane of polymeric vesicles, 
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such as Complex I,23 OmpF,24,116–118 or gramicidin.119,120 For instance, vesicles formed with the 

triblock copolymer PMOXA-b-PDMS-b-PMOXA with incorporated OmpF were used to 

encapsulate a penicillin acylase enzyme. The presence of pores in the membranes allowed the 

substrates (7-ADCA and PGME) to enter the nanoreactors and to produce cephalexin.24 When 

the PEO-b-PDMS-b-PMOXA triblock copolymer was used for preparing vesicles, it was 

possible to control the orientation of the two different hydrophilic block by tuning the chain 

length of PEO and PMOXA.121 The asymmetry of the polymer membrane played a key role in 

the functionality of Aquaporin, which was able to insert with the desired orientation.122 Another 

approach consisted in the covalent attachment of nanoreactors onto a solid support, resulting 

in antimicrobial surface (Figure 2.6-1).120 

 

Figure 2.6-1. Scheme of enzymatically active, immobilized nanoreactors for the synthesis of 

antibiotics.44 

2.6.2. Solid-supported planar membranes equipped with biomolecules 

The main purpose of preparing artificial membranes is the mimetic of biological membranes 

in order to obtain functional surfaces. Enzyme’s immobilization can be achieved with different 

methods: i) physical adsorption onto the membrane surface, ii) insertion into the membrane, 

iii) specific coupling with the membrane surface (e.g. biotin-streptavidin, metal-His-tag 

protein)123 and iv) entrapment in matrices, such as polymer networks or channels.14,42,124,125 

The membrane should also possess appropriate composition and properties, namely thickness 

and fluidity, which will facilitate the combination with the biomolecules.72 Immobilization of 
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biomolecules is a straightforward method for the development of active surfaces for 

applications in the field of medicine and bioengineering.126–128 For example, immobilization of 

enzymes onto a membrane surfaces allows its continuous catalytic activity.129–131 Among those, 

artificial metalloenzymes are hybrid molecules which combines the organometallic and 

enzymatic catalysys.239-240 They hold many potential applications in the industrial field, such 

as asymmetric synthesis or chemomimetic biocatalysis.240 In order to increase the quantity of 

enzyme combined, the immobilization is frequently performed on porous material,132–134 which 

however suffer the main drawbacks of diffusional limitations. On the other side, non-porous 

materials present better diffusion, but low enzyme encapsulation efficiency. Additionally, there 

is the risk of protein denaturation when entering in contact with the solid support.135 To avoid 

protein denaturation, the solid support has to be covered with lipid- or polymer-based soft 

layers.125,136,137 The higher stability of polymer membranes compared to lipid ones, make them 

more reliable for potential applications as active surfaces. Among these combination approach, 

the biggest challenge remains the insertion of transmembrane proteins, in such a way that the 

protein keeps its native structure and functionality. To avoid the contact of the protein with the 

support and a consequent protein denaturation,57,136 an ultra thin (nm range) polymer layer, 

called “cushion”, has been introduced between the solid support and the artificial membrane 

(Figure 2.6-2). The cushion should be thermodynamically and mechanically stable, and need 

to interact in the repulsive way with the membrane.123 Commonly used types of polymers 

employed as membrane cushions are: cellulose, dextran, chitosan, polyelectrolytes or lipo-

polymers tethers.136,138,139 Additionally, they have been frequently used for protein insertion, 

for example ATPase,140 outer membrane proteins (OmpF and OmpA),141 or α-He.142 

Alternatively, the adsorption and fusion of proteo-liposomes has been widely adopted as 

method for preparing solid-supported lipid membrane with inserted proteins.143 
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Figure 2.6-2. Transmembrane protein inserted into (a) lipid membrane deposited directly onto 

the solid support, (b) lipid membrane onto polymer cushion, and (c) lipopolymer-tethered 

membrane.123 

Polymeric membrane possess higher thickness (3 – 40 nm) compared to lipid membranes (3 – 

4 nm),144 and this reduces the interactions between the incorporated protein and the solid 

support, which prevents the protein denaturation.72 A successful attempt consisted in the 

insertion of α-He into a solid-supported PB-b-PEO membrane upon applied electrical 

current.145 The protein was inserted successfully and it preserved its functions. However this 

method have some limitations, such as the need of a conductive material as solid support and 

the risk of protein denaturation or membrane disruption due to the current applied. 

2.7. Applications of solid-supported membranes 

2.7.1. Membranes composed of copolymers  

Potential applications of solid-supported membranes as sensors, for example, may require the 

incorporation of membrane proteins. Membranes obtained either by vesicle spreading or by 

grafting method may hamper the functional incorporation of biomolecules, for reasons related 

to the surface charge or the chain packing density of the membrane. To control these properties 

and creating systems with improved performances in terms of protein-membrane combination, 

self-assembly of amphiphilic polymers was applied in place of surface chemistry or 

electrostatics. Additionally, polymers with various chemical compositions can be employed,29 

which allows a great versatility of the system, with application in the field of biophysical 

studies, sensor developments and nanotechnology. For example, it was found that the 

adsorption of cyt c on electrodes (e.g., Pt, Hg, Au, and Ag) induced large conformational 

changes and protein denaturation.114,115,119,146 The attempt to use different electrodes based on 

nanomaterials (e.g., carbon nanotubes, graphene, and nanoparticles) might not be enough to 

preserve the cyt c functionality.87,89,121,122,147,148 In this case, the formation of solid-supported 

polymer membrane as a mean of electrode surface modification, resulted in a biocompatible 

system for the cyt c−substrate interaction. Such a dynamic platform can be also used to host 

biomolecules and to develop efficient biosensors due to the enhanced 

protein−membrane−substrate communication achieved.91,92  

2.7.2. Hybrid membranes composed of polymers and lipids  

Hybrid polymer-lipid membranes have the property to rearrange their architectures in response 

to external stimuli, like the contact with a biomolecule or a cell membrane. That is why they 
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can serve as robust model for understanding bio-chemical processes within cells or 

investigating the interactions between cell membranes and biomolecules, such as the case of 

monolayers at air–water interface composed of PHA and DOPC, as a model to analyse the 

mixing properties between synthetic and biological membranes.149 Due to their mimicry 

capability, polymer-lipid hybrid membranes can be used for a broad range of surface-specific 

applications in the field of biotechnology and nanomedicine.103,108,150 In the field of bio-

sensing, polymer-lipid hybrid membranes have been employed as taste sensors in 

substances,151–154 for example by using a membrane composed of PVC and TDAB, with a lipid 

concentration chosen for the detection of a specific taste.151,153,155 
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3. Results and Discussion 

In the first part of this chapter (3.1), we present how polymer-lipid hybrid membranes provide 

a  favourable environment for the selective and functional attachment of a model redox protein, 

cyt c, with both covalent attachment and insertion. It was possible to selectively drive the 

insertion of cyt c into the lipid domain or the covalent conjugation onto the functionalized 

polymer domain of hybrid membranes. Moreover, we found that the protein accessibility and 

its functionality were dependent on the combination strategy: the conjugation promoted higher 

accessibility and supported higher peroxidase-like activity. This model system can be 

modulated for improving the accessibility of the biomolecules and their functionality after 

recombination with membranes for the development of novel active surfaces.  

The SALB method has been recently used for the fabrication of lipid supported membranes. In 

the second part of this chapter (3.2), we applied for the first time this method on different di- 

and triblock copolymers. In this part of the thesis, we employed PDMS-b-PMOXA of different 

block ratios to create solid-supported polymer membranes to be employed for biomolecule 

reconstitution based on the biotin-SAV specific interaction. We chose a biotin-functionalized 

copolymer for preparing a solid supported polymer membrane.  Two biomolecules were chosen 

as candidates for the membrane decoration: a DNA strand with its complementary strand and 

an artificial ADAse. Additionally, we quantified the catalytic activity of the ADAse after the 

membrane recombination. The systematic characterization of the solid supported polymer 

membranes obtained via SA method combined with the study of the interactions between the 

membranes and model biomolecules provides a useful insight on functional surfaces. 

After a deep study on the characterization of lipid-polymer hybrid membranes and after we 

expanded the SA method for the preparation of polymer planar membranes, we combined the 

two concepts. The last part of this chapter (3.3) is a preliminary study concerning the formation, 

characterization and optimization of solid-supported hybrid membranes by SA method. Here 

we combined amphiphilic di-block copolymers such as PDMS-PMOXA and PEO-PG with 

various phospholipids commonly found in bio-membranes (e.g. DPPC, POPE, SM). The 

advantageous properties of hybrid materials, together with the application of the 

straightforward membrane deposition method is of great interest for medical and bio-engineer 

fields of application. 
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3.1. Hybrid Supported Membranes equipped with a model protein to enhance the protein 

activity  

This chapter contains parts adapted from the paper Stefano di Leone, Saziye Yorulmaz Avsar, 

Andrea Belluati, Riccardo Wehr, Cornelia G. Palivan, and Wolfgang Meier, “Polymer- Lipid 

Hybrid Membranes as a Model Platform to Drive Membrane-Cytochrome c Interaction and 

Peroxidase-like Activity”, J. Phys. Chem. B 2020, 124, 22, 4454-4465. 

ABSTRACT 

Controllable attachment of proteins to material surfaces is very attractive for many applications 

including biosensors, bioengineered scaffolds or drug screening. Especially, redox proteins 

have received considerable attention as a model system not only to understand the mechanism 

of electron transfer in biological systems, but also the development of novel biosensors. 

However, current research attempts suffer from denaturation of the protein after its attachment 

to solid substrates. Here, we present how lipid, polymer and hybrid membranes based on 

mixtures of lipids and copolymers on a solid support provide a more favorable environment to 

drive selective and functional attachment of a model redox protein, cytochrome c (cyt c). 

Polymer membranes provided chemical versatility to support covalent attachment of cyt c, 

whereas lipid membranes provided flexibility and biocompatibility to support insertion of cyt 

c through its hydrophobic part. Hybrid membranes combine the most promising characteristics 

of both lipids and polymers and allowed attachment of cyt c with both covalent attachment and 

insertion driven by hydrophobic interactions. We then investigated the effect of different 

attachment strategies on the accessibility and peroxidase-like activity of cyt c, in the presence 

of different membranes. The real-time combination of cyt c with the planar membranes was 

investigated by quartz crystal microbalance with dissipation. It was possible to selectively drive 

the insertion of cyt c into a specific lipid domain of hybrid membranes. In addition, protein 

accessibility and its functionality were dependent on the specificity of the combination 

strategy: covalent conjugation of cyt c to polymer and hybrid membranes promoted higher 

accessibility and supported higher peroxidase-like activity. Taking together, the combination 

of biomolecules with planar membranes can be modulated in such a way to improve the 

accessibility of the biomolecules and their resulting functionality for the development of 

efficient “active surfaces”. 

INTRODUCTION 
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Cell membranes consist of phospholipids, glycolipids, and a large variety of proteins 

responsible for active or passive transport and signalling.156 One strategy to understand how 

biological membranes are associated with proteins, to support biological processes, is to utilize 

model membrane platforms. To date, naturally occurring or synthetic phospholipids and 

amphiphilic block copolymers have been used to create model membrane platforms157–159 in 

combination with a variety of different biomolecules including proteins, peptides, and 

receptors. So far, synthetic membranes have been characterized in a three-dimensional 

assembly (e.g., liposomes, polymersomes, and giant vesicles), which has been not always 

straightforward because of the challenges associated with characterization of vesicular model 

systems. Therefore, supported membrane formation by a single component (e.g., lipids or 

polymers) emerged.36,136,160–162 Deposition of the planar membrane on the solid support 

presents many advantages compared to vesicular membranes:163 (i) a higher amenability for 

characterization by surface sensitive analytical tools (e.g., atomic force microscopy(AFM), 

quartz crystal microbalance with dissipation (QCM-D), and surface plasmon resonance), and 

thus, the investigation of protein-membrane interaction kinetics in real-time, in situ, and label-

free format164 and (ii) the possibility to pattern the surface to monitor membrane phase 

separation103 and selective molecular binding.165 

In addition to single component membrane platforms, phospholipids and block copolymers 

have been mixed to form hybrid membranes.103,136,160 Within hybrid membranes, amphiphilic 

block copolymers provide improved mechanical and structural stability while phospholipids 

can provide a better environment for integration of biomolecules.93,103,166,167 Depending on how 

lipid and polymer chains are distributed within hybrid membranes, an enhanced control of 

membrane functionalization with different biomolecules (e.g., proteins) can be 

achieved.18,86,110,113 In fact, hybrid membranes can undergo phase domain separation when the 

fluid-phase polymer and gel-phase lipids are used to prepare them and this significantly affects 

protein–membrane interaction.149 Additionally, phase domains in hybrid membranes have been 

created by changing the molar ratio of each component and molecular parameters of lipids and 

block copolymers, such as phase transition temperature and composition.87,103,106,168 The 

control over the membrane–protein combination is essential for the development of “active 

surfaces” with desired properties. Although most of the hybrid membrane studies have been 

focused on the mixing of lipids and block copolymers in vesicles, only a few studies have 

explored the properties of the hybrid membranes on solid supports and their combinations with 

proteins (e.g., P-glycoprotein) and peptides (e.g. gramicidin A and valynomicyn).55,149,169,170 
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Planar membranes on the solid support are obtained either by substrate-mediated vesicle 

fusion78,171 or Langmuir Blodgett transfer method,86,171 while their characterization is achieved 

by a combination of surface methods including QCM-D, AFM, and ellipsometry.103 Because 

of the capability of lipids and copolymers to re-arrange the membrane architecture and generate 

domains, hybrid membranes represent ideal candidates for understanding protein–membrane 

interactions.172 These domains facilitate the interaction with proteins, in a way similar to the 

so-called “lipid-rafts” found in cell membranes.167,172 For example, when the DPPC lipids 

(phase transition temperature of 41 °C) were mixed with the poly(dimethyl siloxane)90-block-

poly(2-methyl-2-oxazoline)10 (PMOXA-PDMS) block copolymer at room temperature, 

proteins were selectively inserted only into the polymer domains because the lipid domains 

were in the gel phase, and they did not support insertion of the proteins.103 The advantage of 

combining proteins with synthetic planar membranes is based on preserving protein activity, 

which can be prohibited when a protein is directly attached to a bare substrate surface, such as 

gold, silica, or glass.173–177 Attachment of proteins with different solid substrates is mainly 

based on noncovalent interactions, such as ionic or hydrogen bonds and often induces protein 

denaturation. For example, it is well known that functional properties of cytochrome c (cyt c) 

were hampered because it adsorbed strongly on electrodes (e.g., Pt, Hg, Au, and Ag) because 

this adsorption caused large conformational changes and denaturation.178–180 Moreover, direct 

electron transfer between cyt c and unmodified electrode surface is slow due to undesired 

contact between the prosthetic group and the electrode.181 So far, in order to provide a better 

environment for cyt c to function, different electrodes which are mainly based on nanomaterials 

(e.g., carbon nanotubes, graphene, and nanoparticles) have been used.182–187 Nevertheless, 

these attempts might not be sufficient to preserve the whole cyt c activity. By forming planar 

membranes on solid support as a mean of electrode surface modification, (i) a natural 

biocompatible means of cyt c–substrate interactions and (ii) effective, highly dynamic platform 

to host biomolecules can be achieved.188,189 Such a system improves the protein–membrane–

substrate communication for the development of highly sensitive and efficient biosensors. 

Here, we combine different solid-supported membranes based on lipids, copolymers, and 

mixtures of lipids and copolymers with cyt c, a model protein in order to understand which 

molecular factors play a crucial role in its accessibility and functionality. We attached cyt c 

using two different approaches, one based on insertion mediated by hydrophobic interactions 

and a second one by covalent conjugation of cyt c with specific functional groups of the 

copolymer. More specifically, cyt c is a critical signaling molecule, leading to activation of 
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enzymes in the intrinsic pathway of apoptosis upon permeabilization of the upper layer of the 

mitochondrial membrane.190–193 It has a relatively small size of 12 kDa with a globular shape, 

and it is known that its binding to the membranes can be driven by either ionic interactions or 

small hydrophobic domains which drives the spontaneous insertion.193,194 Moreover, the 

presence of amine groups of two specific external lysines (Lys72 and Lys73) supports cyt c to 

be covalently conjugated to the carboxylic groups of the copolymer in the membranes. To date, 

the combination of cyt c with the biologic membranes mainly takes places through electrostatic 

interaction with negatively charged surfaces because of two residual lysines, partial insertion 

via hydrophobic interaction, or complete incorporation into the membrane.194,195 Both 

electrostatic and hydrophobic interactions played a role on cyt c combination with membranes 

based on anionic lipids.196–198 The contribution of the hydrophobic interaction on cyt c insertion 

has been studied using zwitterionic lipid membranes, and the results indicated that cyt c 

induced the disruption of the membrane.199 To preserve membrane integrity, another approach 

to combine cyt c with membranes has to be taken into account. In this respect, the covalent 

conjugation of cyt c to carboxylated nanoparticles provides strong binding, leading to an 

improved stability for bio-sensing applications.200 However, up to now, there is no report 

regarding the effect of combination strategies of cyt c with planar membranes to distinguish its 

accessibility and the resulting peroxidase-like activity at different membranes. 

Toward this goal, we first explored the formation of lipid, polymer, and hybrid monolayers at 

the air–water interface to determine the surface pressure at which densely packed films were 

formed, before transferring them onto silica wafers with the Langmuir–Blodgett method. Then, 

we characterized integrity, topography, and morphology of the resulting supported membranes 

before and after the combination with cyt c by AFM and confocal laser scanning microscopy 

(CLSM), respectively. QCM-D was used to quantify the amount of cyt c combined with each 

type of planar membrane and how it affected the viscoelastic properties, thus providing insights 

into the accessibility of cyt c. After combination with different membranes, we assessed 

indirectly the peroxidase-like activity of cyt c by an Amplex red (AR)-based fluorimetric assay. 

These different approaches to combine a protein with planar membranes together with the 

differences in the composition, morphology, and properties of these planar membranes serve 

to indicate which are the essential factors for equipping different membranes with proteins in 

order to produce efficient “active surfaces”. 

3.1.1. Polymer-Lipid Hybrid Membranes Preparation 
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We selected the functionalized diblock PDMS90-b-PMOXA10-COOH as copolymer and 

DPPC as phospholipid and we acquired the Langmuir isotherm of the single components and 

their mixture (weight ratio 50:50 wt. %) as a function of the mean molecular area occupied by 

a molecule to compare the differences between the monolayers at air-water interface (Figure 

3.1-1). Above the surface pressure of 15 mN/m, all isotherms showed a transition from liquid 

expanded to liquid condensed phase, irrespective of the composition. Isotherm of PDMS-b-

PMOXA-COOH copolymer showed a lift-off around 1750 Å, a larger plateau and a breaking 

point higher than 40 mN/m, indicating highly flexible monolayers at the air-water interface, 

already observed for other PMOXA-PDMS copolymers183. Isotherm of the DPPC lipid 

exhibited a lift-off at circa 100 Å with a steep slope and a breaking point at 60 mN/m. Isotherm 

of the mixture of the DPPC lipid and PDMS-b-PMOXA-COOH copolymer displayed an 

intermediate profile compared to the isotherms obtained from single components, with a lift-

off lower than 1000 Å and a breaking point at 49 mN/m.  During the recording of the Langmuir 

isotherms at air-water interface, the changes in morphology of the lipid, copolymer and hybrid 

monolayers were real-time monitored by BAM (Figure 3.1-1 B) for copolymers (a-c), lipids 

(d-f) and copolymer-lipid mixtures (g-i) at three representative surface pressure (0, 9 and 35 

mN/m, respectively). Initially, when no surface pressure was applied, no film was observed. 

At the surface pressure of 15 mN/m, the copolymers formed micelles at the air-water interface 

and then they changed their micellar architecture to a homogenous copolymer monolayer at the 

surface pressure of 35 mN/m (b-c), in agreement to previous reports for block copolymersIn 

the case of lipids, flower like assemblies with sizes of approximately 10 µm were observed at 

a surface pressure of 9 mN/m, which transformed to planar lipid monolayers at air water 

interface for a surface pressure of 35 mN/m (e-f). The lipid-copolymer mixture did not show 

any assemblies at the intermediate surface pressure of 9 mN/m, and micron sized domains were 

observed at the surface pressure of 35 mN/m due to separation of lipids from the copolymers 

(h-i). It is important to mention that polymer-lipid phase separation does not completely occur, 

and each domain is not pure. The lipid domains were found to be embedded into the continuous 

polymer rich phase, as already observed elsewhere.103  
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Figure 3.1-1. Langmuir isotherms of lipid, copolymer and hybrid (50:50 wt.%) (A) and BAM 

images of lipid, polymer and hybrid (B) at surface pressure of 0, 9 and 35 mN/m. 

 

3.1.2. Formation of different model membranes on solid support 

Monolayers of polymer, lipid and hybrid mixture were transferred to solid support using LB 

method, to create supported polymer, lipid and hybrid bilayer membranes, respectively.  First, 

the monolayers at the air-water interface were deposited to the solid support through an 

upstroke at a constant surface pressure of 35 mN/m,9,18,55,162 resulting in solid-supported 

monolayers. AFM images showed that the solid-supported polymer monolayer was not 

homogenous and self-assembled into micellar structures with sizes of 20 nm on solid support, 

which is in agreement with literature reports.190,201 In contrast, the hybrid monolayer was 

uniform on solid support, with lipid and polymer domains, which had a height difference of 6-

8 nm (Figure 3.1-2).  
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Figure 3.1-2. AFM height profile of polymer monolayer showing micelles 20 nm high (A) and 

height profile of hybrid monolayer (B). 

 

This difference was caused by the molecular mismatch between lipids and block copolymers. 

The supported bilayer membranes were prepared by LB transferring, on a silica support, of two 

consecutive monolayers, one deposited via an upstroke and a following via a down-stroke.100  

The surface morphology and topography of the resulting bilayer membranes were analyzed by 

AFM height (Figure 3.1-3) and phase (Figure 3.1-4) imaging. Phase profile was necessary to 

observe the domain separation, whereas the height profile showed the mismatch between the 

polymer and the lipid phase domains in the hybrid membranes. Surface topography of 

supported polymer membrane was planar and homogenous, indicating that the deposition of a 

second layer induced the formation of a stable planar architecture.  
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Figure 3.1-3. AFM characterization of solid supported bilayers. Height profiles of polymer 

(A), lipid (B) and hybrid (C). 

 

After drying, there were no micellar structures on the supported polymer membranes, in 

contrast to the polymer monolayer. As confirmed by AFM profiles, the supported DPPC lipid 

membranes contained several defects (Figure 3.1-4 B), due to the possible overturning 

mechanism that occurred during the depositionMoreover, supported hybrid membranes 

showed clear separation of lipid and polymer domains (Figure 3.1-4 C).  

 

Figure 3.1-4. AFM characterization of solid-supported bilayers. Phase profile (up) and cross 

section (down) of polymer (A), lipid (B) and hybrid (C) membranes.  
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The height difference between lipid and polymer domains in hybrid membrane was 

approximately of 11 ± 1 nm. The AFM phase image shows dark that represent the lipid domains 

and bright spots that represent the polymer domains. Domain enrichment was also observed: 

small polymer clusters were present in lipid-rich phase while small lipid clusters were present 

in polymer-rich domains. As the size of the lipid or polymer domains are tens of micron, there 

is no limit for size of proteins, which are either inserted or conjugated to the membranes as 

long as they have specific characteristics (e.g. surface charge or hydrophobic part for insertion, 

functional group for conjugation). Therefore, any hydrophilic peripheral proteins can be 

inserted or conjugated to hybrid membranes after necessary adjustments of the membrane 

composition. For example, ECM proteins (e.g. collagen with molecular weight of 

approximately 300 kDa or fibronectin with molecular weight of approximately 220 kDa) have 

been attached to the polymer domains through covalent conjugation and their effect on cell 

adhesion, proliferation and function have been investigated for development of cell-based 

diagnostics, tissue engineering, medical implants and biosensors 

3.1.3. Investigation of the supported membrane quality 

We then investigated the presence of lipid-rich or polymer-rich domains in hybrid bilayers, 

by CLSM (Figure 3.1-5). 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl) lipid was added (1 wt. %) into the solution of the hybrid mixture before 

deposition onto silica support. The Rhodamine B lipid diffused only into the polymer-rich 

domains, as indicated by red colour, because they are both in a fluid phase.  

 

Figure 3.1-5. CLSM image of hybrid bilayer rinsed with PB buffer. 
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The blend of a small fraction of lipids with polymers into hybrid bilayers was due to similarity 

of the phases of the labelled lipid with the polymer. On the contrary, dark domains are specific 

for DPPC lipids, and are similar in shape and size when compared to BAM images.100,104 To 

further explore the uniformity of supported model membranes, we evaluated the adsorption of 

BSA, a globular protein which has been previously used to determine membrane surface 

coverage95,100,104,201 BSA adsorption was appreciable on silicon dioxide compared to the planar 

bilayer membranes made of DPPC lipids or PMOXA-PDMS copolymers.95 In principle, BSA 

adsorption is expected to be negligible on the defect-free membranes deposited on silicon 

dioxide, whereas it increases with increasing amount of defects found in a membrane, e.g. the 

availability of bare silicon oxide for BSA. We quantified the BSA adsorption onto polymer, 

lipid and hybrid membranes by QCM-D and compared them with bare silicon dioxide support 

(Figure 3.1-6). A solution of BSA (C = 500 µg mL-1) was injected onto bare silica or supported 

membranes after baselines were established in PB. BSA adsorption on silicon dioxide led to a 

frequency shift of -24 ± 1 Hz whereas on supported polymer membrane of −2 ± 1 Hz which 

resulted in an appreciable reduction in amount of BSA adsorbed. We calculated a membrane 

surface coverage higher than 92 ± 4 %, indicating that the polymer membrane did not contain 

major defects. By contrast, the frequency shift was −6 ± 2 Hz for the BSA adsorption on 

supported lipid membranes, leading to a reduction of membrane coverage to 75 ± 3 %. Thus, 

there were more defects in supported lipid membranes compared to hybrid or polymer 

counterparts. These results were in agreement with AFM data. In the case of BSA adsorption 

onto supported hybrid membranes, the frequency shift to −4 ± 2 Hz, was associated with a 

membrane surface coverage of 83 ± 4 %. The presence of defects on the membranes on silica 

was also compensated by covering the defects with BSA adsorption, which is expected to 

prevent nonspecific interactions of cyt c with bare silicon oxide. 
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Figure 3.1-6. QCM-D of BSA adsorption comparison onto different membranes in order to 

evaluate major defects. Silicon oxide was used as control. BSA solution in PB has a 

concentration of 500 μg/ml. 

 

3.1.4. Combination of cytochrome c with supported model membranes 

After depositing the membranes, we monitored the real-time combination of cyt c with the 

lipid, polymer and hybrid membranes. We employed two different strategies: i) cyt c insertion 

into the membrane through hydrophobic interactions, and ii) covalent conjugation (Figure 3.1-

7)  of cyt c to the membranes by binding the accessible lysine of cyt c to COOH functionalized 

polymer through EDS/sNHS coupling chemistry.194,202,203 The conjugation provides stability 

to cyt c, preventing the loss of its heme or denaturation. Because cyt c is normally found in the 

inner cell membranes, the covalent bond provides the needed stability for cyt c when located 

on the outer membrane. 203,204 
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Figure 3.1-7. Schematic representation of hybrid supported bilayer and their combination with 

model protein cytochrome c through (A) insertion and (B) covalent conjugation by EDC/sNHS 

coupling. 

 

We compared the insertion of cyt c into solid supported membranes by QCM-D. The QCM-

D measurement baseline signals were stabilized in phosphate buffer. After 5 min of baseline 

stabilization, a solution of 500 µg/ml of cyt c was injected. First, we monitored cyt c 

combination onto silica surface (see Figure 7-2), resulting in a frequency shift of -16.4 ± 5.8 

Hz and a cyt c mass of 290 ± 103 ng/cm2. The combination here consisted in an irreversible 

and not selective process, since it was driven by either attractive electrostatic interaction 

between positively charged cyt c and negatively charged silica and, which could result in 

protein denaturation. Moreover, cyt c insertion into supported polymer and hybrid membranes 

led to a similar frequency shift of -8.0 ± 0.9 Hz and -7.5± 2.1 Hz, respectively, while it led to 

small frequency shift of -2.4± 2.3 Hz for the supported lipid membranes.  The mass of the 

inserted cyt c was estimated by using the Sauerbrey equation (Table 3.1-1). The mass of 

inserted cyt c on the supported polymer bilayer was 142 ± 16 ng/cm2, 133 ± 38 ng/cm2 for 

hybrid bilayer and only 42 ± 40 ng/cm2 for lipid bilayer. The frequency shifts obtained from 

cyt c adsorption in the presence of polymer-, lipid- and hybrid-based layers were lower than 

the one obtained from bare silica substrate because PMOXA-PDMS block copolymer has 

antifouling characteristics and cyt c combination was driven by specific interactions.205 
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To gain more insight into the viscoelastic properties of the combined cyt c on the different 

supported membranes, we used the correlation between dissipation and frequency (Figure 3.1-

4), which can be linked to accessibility of the protein on the membrane surface.206 The 

dissipation value for the lipid membrane was around 0.1*10-6 and lower than the value 

determined for the polymer and hybrid membranes (0.7*10-6 and 0.5*10-6, respectively). The 

values for dissipation also indicate the difference in the overall flexibility of the different 

membranes: polymer and hybrid membranes present a higher degree of mobility due to their 

molecular structure and the resulting membrane packing, compared to lipid membrane.103 This 

is in agreement with the fact that the lipid is in the gel phase. Secondly, the cyt c was covalently 

conjugated to supported polymer bilayer and hybrid bilayer, based on the formation of a 

peptidic bond between the ending functional group of the functionalized polymer and the outer 

lysine of the cyt c (see Figure 7-3).194  

The conjugation reaction was performed before the addition of cyt c to the bilayers. The 

carboxylic groups of the polymers were activated by injecting EDC/sNHS solution (C = 10 

mg/ml) (see Table 7-1) and then rinsed with buffer, before the injection of cyt c solution (C = 

500 µg/ml). Nevertheless, during the conjugation reaction a small amount of cyt c may have 

also inserted into the membrane. The conjugation of cyt c to the supported polymer bilayer led 

to a frequency shift of -7.4 ± 0.8 resulting in a mass of 132 ± 18 ng/cm2, while the conjugation 

of cyt c to the supported hybrid bilayer induced a frequency shift of -2.5 ± 0.7 Hz, resulting in 

a mass of 44 ± 13 ng/cm2 (see Table 7-2). The lower amount of cyt c conjugated to the hybrid 

membrane is mainly due to the lower number of carboxylic groups available compared to the 

polymer membrane, according to the molar ratio of 50% in the hybrid. No conjugation was 

performed for the lipid membrane, due to the absence of the carboxylic functionalization. When 

we compared the two combination strategies of cyt c for the supported hybrid bilayers, the 

frequency shifts for the insertion method was higher than for the conjugation , while the 

dissipation shifts revealed to be higher for the conjugation, with the highest value of 1.0*10-6 

(Figure 3.1-8). The differences in the frequency/dissipation ratio suggest that cyt c has a 

different conformation when it is combined with the hybrid bilayers by using different 

combination strategies. The explanation relies on the higher degree of freedom cyt c has when 

it is conjugated to the membrane, standing away from it, instead of partially penetrating it with 

its hydrophobic part. Moreover, cyt c preferred a combination with the hybrid membrane 

through insertion rather than conjugation. However, neutral DPPC lipid cannot establish a 

strong attractive electrostatic interaction with the positive-charged cyt c. Instead, the presence 
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of anionic lipids in the hybrid membrane may increase the insertion of the protein.190,207–210 The 

isoelectric point (pI) of cyt c is in the range of 10.0-10.5 and in condition of neutrality it presents 

a positive charge,194 so by increasing the pH over this value it would be possible to inhibit the 

spontaneous insertion due to repulsive interactions between the membrane and the protein.194 

We kept here the system at neutral pH condition. 

 

Figure 3.1-8. QCM-D plots of protein combination with supported membranes: protein 

insertion (A); comparison of protein combination methods with hybrid membrane (C) and their 

corresponding ΔD vs Δf plots (B and D). Solutions used are cytochrome c in PB (500 μg/ml) 

and pure PB for rinsing steps. 

 

3.1.5. Membrane stability after the protein recombination  

After insertion of cyt c within the different membranes, we also monitored the changes in 

membrane integrity by analysing AFM height and phase profiles. Because of the small size of 

cyt c (approximately 3 nm) compared to the domain sizes, we assume that each domain can 

accommodate more than one cyt c. After the protein insertion, we observed that, in general, the 

protein aggregates in clusters (white spots) of different sizes and average height of 5 ± 2 nm. 

No modification of the polymer membrane architecture was observed after cyt c insertion: the 
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synthetic membranes preserved their planarity and homogeneity, probably due to their 

robustness (see Figure 3.1-9).  

 

Figure 3.1-9. AFM height profile of different membranes after protein combination: lipid 

bilayer (A), showing membrane removal; polymer bilayers (B). 

 

The low cyt c height (2 ± 1 nm) found in polymer membrane, might be due to a deeper 

penetration of the protein into the bilayer, as compared to lipid and hybrid membranes (Figure 

3.1-10). As the lipid bilayer was removed from the silica support, similarly to other 

reports,190,199 it resulted in a discontinuous membrane with cyt c clusters mainly located on the 

silica dark background. Desorption of lipid bilayers from the silica after addition of cyt c was 

also confirmed by QCM-D (see before): the decrease in mass observed before the buffer-

rinsing step indicated the removal of the membrane from the support. Interestingly, the 

interaction of the cyt c with the hybrid bilayer indicated no bilayer removal, as expected for 

the lipid phase, rather a bilayer reorganization took place, where the lipids self-assembled in 

the polymer matrix and constituted rafts accommodating the protein (Figure 3.1-10 C and 3.1-
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11 in detail). The copolymer preserved the bilayer integrity due to its mechanical resistance 

while the lipid phase allowed the cyt c to insert due to its fluidity.106,211 Therefore, the hybrid 

bilayer was suitable for achieving a selective combination of the protein with a specific bilayer 

domain: the lipid domain allowed the insertion while the polymer one served for the 

conjugation.  

 

Figure 3.1-10. AFM height profile of different membranes after protein insertion: polymer 

(A), lipid (B) and hybrid bilayers (C). 
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Figure 3.1-11. AFM images of hybrid membrane after protein combination: height (A) and 

phase profile (B) of hybrid membrane. Lipid rafts are clearly visible in the phase image. 

 

3.1.6. Assessment of peroxidase-like activity of cyt c on supported hybrid membranes 

Cyt c plays an important role in the elimination of hydrogen peroxide (H2O2) from 

mitochondria and respiratory chain, leading to exhibited peroxidise-like activity.212 The 

activity of cyt c is based on the reaction of its iron (III) porphyrin, which, in the presence of a 

cofactor, turns to an oxo-iron species that rapidly oxidize different substrates.213 We evaluated 

the peroxidase-like activity of cyt c when combined with supported polymer and hybrid 

bilayers either by two different combination approaches: i) insertion or ii) conjugation. We did 

not evaluated solid-supported lipid membranes due to their instability after insertion of cyt c. 

We assessed indirectly the cyt c activity in the presence of the cofactor H2O2, with an AR based 

fluorimetric assay. This colorless, non-fluorescent substrate can be oxidized by the OH˙ 

radicals, produced by cyt c, to the colored and fluorescent resorufin. A first indication of a 

successful reaction was the color change of the solution (see Figure 7-4). Time-dependent 

kinetics of resorufin fluorescence intensity (in a.u.) induced by the addition of H2O2 to cyt c 

serves to evaluate the peroxidase-like activity of cyt c after its combination with supported 

polymer and hybrid membranes (Figure 3.1-12). In order to eliminate the effects of AR auto-

oxidation from the spontaneous dissociation of H2O2 and avoid overestimating the peroxidase-
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like activity of cyt c, we used the AR auto-oxidation for background correction. We did not 

expect a degradation of hybrid membranes by the presence of H2O2, as experiments in similar 

conditions have been already tested for PDMS-b-PMOXA polymers, resulting that no 

significant membrane disturbance by H2O2 were observed.214,215 Moreover, a negligible 

oxidation of AR by H2O2 was observed by the fluorometric measurements and AR here served 

as a scavenger and prevented a possible degradation of lipid domains. The activity of cyt c 

when combined with polymer or hybrid membranes, was always preserved in different degrees 

as compared with the free protein (Figure 3.1-12 A), regardless from the combination method 

adopted. As expected, cyt c has a lower activity, which can be explained by two factors: i) a 

reduced conformational freedom of cyt c due to its interaction with the membrane, and ii) the 

fact that the enzyme only covers a bidimensional space, to which the substrates must diffuse, 

instead of occupying the entire volume, underlying that diffusion is a fundamental 

parameter.215 Besides, the presence of molecules nearby the bilayer interface, might cause 

further oxidation of the produced resorufin, before it diffuses back into the bulk of the solution, 

to non-fluorescent dihydroresazurin,216,217 inducing a drop in the fluorescence signal detected 

in the initial non-linear kinetics. When the cyt c was covalently bound to supported polymer or 

hybrid membranes, a higher peroxidase-like activity was determined, compared to cyt c 

inserted into the membranes. This is due to a higher accessibility of the protein for the 

substrates when it is conjugated. When cyt c is inserted, a greater density of cyt c on the 

membrane than the previous case (per QCM-D measurements) does not translate into higher 

activity, likely because such technique does not ensure an easy accessibility of the enzyme’s 

active site, which can end up buried towards the membrane, whereas the anchoring of cyt c 

prevents it from inserting with a wrong orientation.218 Moreover, QCM-D overestimates the 

density of cyt c on the membranes since bound water was also taken into account when 

calculating the protein density. Therefore, when the bound water is subtracted, actual density 

of cyt c on the membranes might be smaller and directly correlated with activity. In order to 

obtain a rough estimation of the average activity of the protein, inserted and conjugated into 

polymer and hybrid membranes, the intensity of fluorescence after 10 minutes was normalized 

by the number of cyt c molecules. It was found that cyt c inserted into the polymer membrane 

exhibits a low activity, with a fluorescence intensity of 30 a.u. The value slightly increased for 

the cyt c inserted into the hybrid membrane (50 a.u.). A high activity was instead found for the 

cyt c conjugated to the hybrid membrane, with the highest value of circa 300 a.u.. Remarkably, 

in both cases the activity was increased if the protein was associated to a hybrid membrane, 

rather than the purely polymeric one, in this case the presence of lipid rafts might play an 
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important role, increasing the flexibility of the protein and the mobility within the membrane 

and, consequently, improving its accessibility. To study the long-term activity of our hybrid 

membranes, we followed the enzymatic oxidation of AR for 12 h, for inserted and conjugated 

cyt c (Figure 3.1-12 B). Even though the intensity profile is similar within the first 200 minutes, 

afterwards the activity of the conjugated cyt c drifts to higher values than the inserted cyt c, 

confirming the sustained and long-lasting activity of the protein with a proper accessibility. 

Further studies will evaluate in more details cyt c after insertion or conjugation with the hybrid 

membrane. 

 

Figure 3.1-12. Qualitative comparison of protein activity by fluorimetric assay after the 

combination with different membranes for 10 minutes (A), and with hybrid membrane through 

different methods for 12 hours (B). 
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3.2. Expanding the Potential of Solvent-Assisted Membrane Preparation to Create Bio-

Interfaces From Amphiphilic Block Copolymers 

This chapter contains parts adapted from the paper Stefano di Leone, Jaicy Vallapurackal, 

Saziye Yorulmaz Avsar, Myrto Kyropolou, Thomas R. Ward, Cornelia G. Palivan, Wolfgang 

Meier, “Expanding the Potential of Solvent-Assisted Method to Create Bio-Interfaces From 

Amphiphilic Block Copolymers”, Biomacromolecules 2021. 

ABSTRACT 

Artificial membranes, as materials with biomimetic properties, can be applied in various fields, 

such as drug screening or bio-sensing. The solvent-assisted method (SA) represents a 

straightforward method to prepare lipid solid-supported membranes. It overcomes the main 

limitations of established membrane preparation methods, such as Langmuir-Blodgett (LB) or 

vesicle fusion. However, it has not yet been applied to create artificial membranes based on 

amphiphilic block-copolymers, despite their enhanced mechanical stability compared to lipid-

based membranes and bio-compatible properties. Here, we applied the SA method on different 

amphiphilic di- and triblock poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline) 

(PDMS-b-PMOXA) copolymers and optimized the conditions to prepare artificial membranes 

on a solid support.  The real-time membrane formation, the morphology and the mechanical 

properties have been evaluated by a combination of atomic force microscopy and quartz crystal 

microbalance. Then selected biomolecules including complementary DNA strands and an 

artificial deallylase metalloenzyme (ADAse), were incorporated to these membranes relying 

on the biotin-streptavidin technology.  DNA anchoring onto membranes is of great interest for 

applications such as drug delivery, development of biosensors and assembly of materials. In 

this specific case, the anchoring of DNA strands served to establish the capability of these 

synthetic membranes to interact with biomolecules by preserving their correct conformation. 

The catalytic activity of the ADAse following its membrane anchoring induced the 

functionality of the biomimetic platform. Polymer membranes on solid support as prepared by 

the SA method open new opportunities for the creation of artificial membranes with tailored 

biomimetic properties and functionality. 

 

INTRODUCTION 
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Amphiphilic block copolymers and phospholipids that self-assemble into membranes in 

aqueous conditions are utilized as models for natural biological membranes.86,219 Those 

membranes can synthetically reproduce natural processes and reveal details about the 

interactions between a membrane and biomolecules (e.g. enzymes,215,220 proteins,163,221 pore-

forming peptides163). Moreover, they can also be applied as fundamental component of 

biosensors,222 water purification systems,223 bio-screening and surface coating.224–226 In 

particular, planar membranes based on amphihilic copolymers are robust when fixed or 

adsorbed on a solid substrate (e.g. silica97,100,227,228 or gold229), which make them attractive 

candidates for biomedical and industrial applications.227,230 Additionally, the polymer chemical 

functionalization make them versatile and attractive candidates for biomedical and industrial 

applications.86,219,227,230 So far, the preparation of solid-supported polymer membranes is 

achieved via Langmuir Blodgett (LB) and Langmuir Schaeffer (LS)100,161–163 or by vesicle 

fusion.80,231 However, these methods have important drawbacks, such as: i) they can be applied 

to limited copolymer types and solid supports232 ii) require long optimization conditions219,230 

and iii) the insertion of biomolecules in a synthetic membrane is a delicate task because it is 

difficult to reproduce the physiological environment necessary for the preservation of the 

biomolecule’s functionality.233  

Recently, a new method called solvent-assisted lipid bilayer formation (SA) was introduced 

for phospholipid-based systems as an alternative to the previously mentioned methods.232 The 

SA method involves three basic steps: i) the deposition of lipid molecules dissolved in a water-

miscible organic solvent (e.g. ethanol, isopropanol) onto a solid surface, ii) the exchange of the 

organic phase into aqueous phase, which triggers the self-assembly process and iii) the planar 

membrane formation once the system reaches equilibrium. This method is fast and the lipid 

membrane formation can be monitored in real-time. In addition, this method is also versatile 

as it allows the use of a wide range of lipid membrane-types and various substrates.233,234 

However, the SA method has not yet been used to generate polymer solid-supported planar 

membranes as well as scrutinize the conditions which promote their formation. 

Here we introduce the SA method for the development of polymer solid-supported membranes 

and combine the resulting membranes with biomolecules to explore whether such hybrid 

interfaces allow biomolecules to be accessible and fulfill their bio-functionality. In this work 

we use for simplicity the term ‘membrane’ to describe and include all the ‘membrane-like’ 

solid-supported polymer assemblies we obtained by SA. 
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First, we systematically evaluated the formation of solid-supported polymer membranes and 

optimized the conditions for the solvent assisted method (SA). We selected a small library of 

three PMOXA-PDMS diblock copolymers and one PMOXA-PDMS-PMOXA triblock 

copolymer, proven to allow functional insertion of biomolecules, to test and optimize the planar 

membrane formation by SA method.  

Second, we used the diblock copolymer which formed the most uniform and defect-free planar 

membrane and mixed it with biotinylated PDMS-PMOXA in various weight ratios in order 

obtain solid supported planar membranes exposing increasing amounts of biotin. Accessible 

biotin molecules serve for attachment of avidin- or streptavidin-bearing molecules. The biotin-

streptavidin25 or biotin-avidin235,236 couples are well known molecular recognition pairs 

forming strong and highly specific noncovalent bonds. These remain functional under various 

environmental conditions. We evaluated the biotin content of the resulting planar membranes 

and the accessibility for binding avidin- or streptavidin- bound biomolecules by biotin-avidin 

and biotin-streptavidin coupling assays.235,237 

Planar polymer membranes obtained with the SA method have been characterized by quartz 

crystal microbalance with dissipation monitoring (QCM-D) to detect the real-time membranes 

formation and the quality in terms of membrane coverage. In addition, Atomic force 

microscopy (AFM) and force spectroscopy were used to investigate the membranes’ 

morphology and mechanical properties. Finally, we evaluated the noncovalent attachment of 

bioactive molecules to the biotinylated planar polymer membranes. Functional insertion or 

attachment of bio-active molecules within polymer membranes is a delicate task because it 

requires special conditions which allow the biomolecules to maintain their intrinsic 

functionality.220 As a model biomolecule, we first selected biotinylated DNA strands for 

verifying their attachment in the correct conformation. We then explored the attachment of an 

artificial metalloenzyme to the biotinylated synthetic membranes on solid support. Created by 

the combination of an active organometallic complex and a selective host protein, artificial 

metalloenzymes display great potential for synthetic biology (e.g. in vivo catalysis), 

nanotechnology (e.g. proteins with customized properties) and biotechnology (e.g. 

enantioselective catalysis).238–240 Specifically, we studied the interaction of biotinylated planar 

polymer membranes formed by the SA method with an artificial deallylase (ADAse).241 The 

ADAse was obtained by the anchoring of a biotinylated ruthenium complex into the binding 

pocket of Sav31. We investigated whether the functionalized polymer membrane exposes the 
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biotin groups properly to facilitate the attachment of the ADAse. An essential point was to find 

out the differences in terms of activity and functionality between the ADAse free in solution 

and when anchored to the synthetic membrane. In particular, we determined whether the 

binding between the ADAse and the polymer membrane affects its catalytic activity QCM-D 

was used to monitor and quantify the attachment of DNA and ADAse on the planar polymer 

membranes. The activity and functionality of free ADAse in solution and when coupled to the 

membrane was evaluated by fluorescence spectroscopy thanks to the generation of a 

fluorescent product as result of ADAse activity. The functional attachment of DNA, and most 

importantly, ADAse to polymer membranes produced by the SA method opens up new 

perspectives on biohybrid membranes for the development of synthetic membrane-based 

biosensors and biocatalytic platforms.  

3.2.1. Solid-supported polymer membrane formation by SA method 

While the SA method has been employed for preparing lipid planar membranes onto silica or 

gold solid supports,95,242–246 here we aim to use it for amphiphilic copolymers. We used 

PDMSm-b-PMOXAn diblock copolymers with different hydrophobic block lengths (roughly n 

= 10, m = 30, 60 and 90) and a PMOXA6-b-PDMS36-b-PMOXA6 triblock copolymers (Figure 

3.2-1). First, we investigated the real-time membrane formation onto a silica solid substrate at 

different hydrophilic/hydrophobic block ratios of the copolymers. Next, we evaluated how the 

molecular structure of the copolymers affected the membrane-assembly process. We monitored 

the membrane formation by using QCM-D (Figure 3.2-1 C and D). 
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Figure 3.2-1 Polymer membrane formation for different di- and tri-block copolymers: 

schematic representation (A); bar chart of membrane thicknesses (B); QCM-D generic 

frequency (C) and dissipation (D) profiles for polymer membrane-formation: buffer (1), 

solvent exchange (2), polymer solution (3) buffer rinsing (4), BSA (5), buffer rinsing (6).  

 

The frequency and dissipation values obtained with the QCM-D measurements for the 

different polymer membranes were used to calculate their thickness (Figure 1B and Table 7.3). 

The thickness calculated for the different polymer membranes varied between 7 ± 1 and 19 ± 

2 nm for the diblock copolymers (30 up to 89 PDMS units) and it was of 13 ± 2 nm for B6A36B6 

triblock. In general, the thickness of the membranes increased proportionally with the increase 

in the PDMS block length, in accordance with previous reports for PDMS-PMOXA 

membranes as reported by Itel and coworkers41. In contrast, it was not possible to obtain a 

homogeneous membrane for A89B10 polymer.  
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In order to evaluate the quality of the solid-supported polymer membranes, we used the BSA 

protein established assay: BSA adsorbs onto silica substrates, minimizing interactions with the 

membrane95,201,247 and thus highlighting the uniformity of the formed membrane. A frequency 

shift in QCM-D indicates an adsorption of BSA onto the silica substrate is associated to defects 

in the polymer membranes. It reveals a direct interaction between the BSA and the substrate 

(Table 7.3). The values of the frequency shift between −4 and -6 Hz indicates a degree of 

defects comparable to that resulting when polymer membranes were produced via the 

Langmuir-Blodgett method.241 The calculated membrane coverage was of 80 ± 6% for the 

monolayer obtained with the B6A36B6. For this membrane we expected a monolayer assembly, 

according to the triblock polymer structure.104,201,247,248 In the case of bilayers obtained with the 

PDMS-b-PMOXA diblocks (respectively of 30, 61 and 89 PDMS units), the calculated 

membrane coverage was 84 ± 4%, 76 ± 6% and of 48 ± 5%. As expected, planar membranes 

were easier to form by the SA method for lower hydrophilic/hydrophobic polymer chain ratio. 

Apparently, due to its long PDMS chain, diblock A89B10 did not form a homogeneous 

membrane. Instead of a planar assembly, this polymer favored the formation of structures with 

hydrophobic properties (e.g. inverted micelles, according to the packing parameter249) that 

detached from the hydrophilic silica.  

As all the membranes obtained by the SA method showed good membrane coverage with 

minor defects. The use of SA method provides membranes with good quality in terms of 

homogeneity together with a rapid preparation procedure.  

 

3.2.2. Morphology and characterization of solid-supported membranes 

The morphology of the solid-supported polymer membranes and their mechanical properties 

were evaluated by a combination of AFM and force spectroscopy. AFM phase and height 

imaging modes in air were used to characterize the polymer membranes in terms of surface 

morphology. By comparing polymer membranes obtained with different PDMS-b-PMOXA 

copolymers, it was possible to observe the formation of protrusions with an island shape 

(Figure 3.2-2). We consider that these islands presumably derive from polymer self-assembling 

into vesicles during the SA process and their incomplete fusion onto the silica surface. The 

length of the PDMS block plays a key role in the island formation regardless of the polymer 

functionalization. Islands with diameter in the range of few nm were found for the membranes 

based on PMOXA-PDMS copolymer with the hydrophobic block of 30 and 35 repeating units 

(Figure 3.2-2 A and B). The diameter of these islands increased up to hundreds of nm for the 

membranes resulting from the copolymer with a PDMS block of 61 repeating units (Figure 3.2-
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2 C). The presence of such islands significantly increases the surface area and therefore will 

favour the interaction with biomolecules. The different phase contrast for the islands and the 

membrane is representative of a different interaction with the AFM tip. This different 

interaction is related to higher elasticity of the islands compared to planar polymer membrane. 

When the copolymer with the highest number of PDMS units (i.e. 89) was scrutinized, no 

formation of polymer islands was visible. Instead, a planar assembly was observed and 

confirmed by the difference in the phase of only 2 deg (Figure 3.2-2 D). Nevertheless, the 

membrane presented high non-homogeneity due to the long hydrophobic block length of this 

polymer in accordance to the performed BSA test. When the solvent-exchange method was 

applied to the triblock B6A36B6, only few vesicles (or vesicle-like architectures) were found 

onto the silica support. The drying process for this triblock copolymer apparently resulted in 

the polymer detachment from the support. Triblock copolymers have been reported to form 

solid supported monolayers and adopt the ‘U’ shape conformation.250 This is related to the low 

stability of the planar assembly based on the triblock copolymer tested in this study. 

Consequently, this leads to the polymer’s detachment from the solid substrate. A table to 

summarize the polymer membrane characteristics is here reported (Table 3.2-1). 

 

Figure 3.2-2 AFM phase images of different polymer membranes obtained from diblock 

copolymers: biotin-A35B12 (A), A30B10 (B), A61B9 (C), A89B10 (D), and triblock copolymer 

B6A36B6 (E). 
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Table 3.2-1. Polymer membranes characteristics: thickness and membrane coverage obtained 

by QCM-D in liquid; roughness and elasticity obtained by AFM in air. 

 

3.2.3. Biotinylated polymer membranes on solid support: formation by SA method 

To enable coupling of biomolecules with the solid-supported planar membranes, we mixed 

the copolymer A61B9 with biotin-A35B12 copolymers and then used the SA method to assemble 

the membranes (Figure 3.2-3 A). The biotin-functionalized diblock copolymer facilitated the 

selective and strong avidin-biotin assembly251 and consequently enabled the selective 

anchoring of biomolecules to the membrane. We were interested in studying how the 

membrane composition affects the biotin-accessibility for the targeting avidin attachment. 

With QCM-D, we monitored the membrane formation for different weight ratio A61B9/ biotin-

A35B12 composition: 100:0, 80:20, 50:50, 20:80 and 0:100 (Figure 3.2-3 C and D). The 

calculated thicknesses of the polymer membranes were in a range varying between 19 ± 1 and 

14 ± 1 nm depending of the ratio between the two copolymers in the mixtures (see Appendix). 

Additionally, we determined the masses of different membranes (Figure 3.2-3 B) providing a 

more detailed comparison of the membranes for different polymer compositions relying on the 

Composite Sauerbrey model. These values are in agreement with those obtained for other 

PDMS-b-PMOXA planar polymer membranes.163 
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Figure 3.2-3 Functionalized polymer membrane formation for biotin-A35B12 and A61B9 

polymers: schematic representation of membrane formation (A); bar chart of thicknesses for 

membranes at different polymer composition (B); QCM-D frequency (C) and dissipation (D) 

plots for membrane formation, buffer (1), solvent exchange (2), polymer solution (3) buffer 

rinsing (4), BSA (5), buffer rinsing (6).  

 

The membrane quality was evaluated with BSA in terms of percentage of membrane 

coverage as described above. The frequency shift observed by QCM-D varied between -5 and 

-6 Hz (Table 7.4) which is representative of a low amount of membrane defects with a 

calculated average membrane coverage over all membranes of 75 %.  

To determine the influence of different PDMS block lengths on biotin-exposing polymer 

membranes, we mixed A30B10 instead of A61B9 with biotin-A35B12 (80:20 w/w ratio). We relied 

on QCM-D to characterize the formation of a membrane from copolymers with almost no 

PDMS length mismatch (Figure 3.2-4 and Table 7.5). An average membrane thickness of 12 ± 
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4 nm was observed as expected for a shorter polymer length. We expect a higher accessibility 

to the biotin functional groups of the membrane when composed of copolymers with 

comparable block length. 

 

Figure 3.2-4. QCM-D plots of a SAPB experiment for biotin-A35B12 and A30B10 polymers at 

different weight/ratio: buffer (1), solvent exchange (2), polymer solution (3) buffer rinsing 

(4), BSA step (5), buffer rinsing (6). Frequency (A) and Dissipation (B) graphs are reported. 

 

Additionally, the conditions were optimized in terms of copolymer concentration to obtain 

reproducible and robust polymer membranes. A concentration of 0.5 mg/ml provided the best 

membrane coverage without forming additional structures (Figure 3.2-5 and Table 7.6). 

 

Figure 3.2-5. QCM-D plots of a SAPB experiment for biotin-A35B12 and A61B9 polymers 

(20:80 w/w) at different concentrations: buffer (1), solvent exchange (2), polymer solution (3) 

buffer rinsing (4), BSA (5), buffer rinsing (6). Frequency (A) and Dissipation (B) graphs are 

reported. Bar chart of two-component membranes for different polymer concentration is 

reported (C). 
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3.2.4. Physico-chemical properties of biotinylated membranes 

We used the functionalized polymer biotin-A35B12 mixed with two non-functionalized 

polymers of different PDMS length (A61B9 and A30B10) and formed functionalized polymer 

membranes by the SA method. We used AFM to characterize the mechanical properties and 

morphology of membranes based on biotin-A35B12/A61B9 and biotin-A35B12/A30B10 copolymer 

mixtures (20:80 weight ratio). The AFM height profile revealed main differences in dimensions 

of the islands and on the membrane elasticity. The roughness of the surface was comparable to 

that of the polymer membranes (Figure 3.2-6 and Table 7.7). The cross-section revealed a 

height of 20 ± 1 nm for big islands, compared to 8 ± 2 nm obtained for small islands (Figure 

3.2-6 A and B respectively). These are related to the polymer PDMS block lengths. In general, 

these islands have the shape of semi-fused vesicles (Figure 3.2-6 C), as reported for lipid 

membranes prepared with the SA method46 and for similar PDMS-b-PMOXA membranes 

obtained with the film hydration method.252  

 

Figure 3.2-6. AFM height profile of two component polymeric membranes (20:80 w/w) 

composed of biotin-A35B12/A61B9 (A) and biotin-A35B12/A30B10 (B). Schematic representation 

of A61B9 polymer islands (C). 

 

Force spectroscopy measurements provided information about the mechanical properties of 

the biotin-exposing polymer membranes. Phase, Young´s modulus and adhesion images 

(Figures 3.2-7 and 3.2-8) together with force-distance curves (Figure 3.2-9) were used for the 

characterization of the functionalized polymer biotin-A35B12/ A61B9 and biotin-A35B12/ A30B10 

membranes (20:80 weight ratio).  Young´s modulus provided information about the stiffness 

of the membrane with an average value of 24 MPa. This is in the range of what was reported 

for similar PDMS-b-PMOXA membranes with solution spreading.252 The values of the Young 

modulus indicate that different PDMS block lengths do not affect the overall membrane 

stiffness. Inside islands there is a lower stiffness than the planar membrane bulk assembly, in 
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accordance with what is expected for a vesicle-like structure (black spots in Figure 3.2-7 B).253 

The Young´s modulus obtained for polymer membrane was not remarkably different from what 

found for gel phase lipid membranes: functional polymer membranes composed of biotin-

A35B12-A30B10 and biotin-A35B12-A61B9 showed an average value of 24 MPa, compared to a 

value of 28 MPa found for pure DPPC membranes.254 The adhesion image of the biotin-

A35B12/A61B9 membrane allows the calculation of a maximum value of 185 pN (Figure 3.2-7 

C). This is slightly higher than that of the biotin-A35B12/ A30B10 membrane (Figure 3.2-8 C) 

where a value of 164 pN has been obtained.255 The higher adhesion value for the biotin-

A35B12/A61B9 membrane indicates a higher elasticity for membranes composed of polymers 

with longer chains and bigger islands. The polymer mixture formed a worm-like assembly 

within the islands, visible in the adhesion image (Figure 3.2-7 C).  

 

Figure 3.2-7. AFM characterization of membrane composed of biotin-A35B12 and A61B9 

polymers (20:80 w/w): phase image (A), Young´s modulus (B) and adhesion (C). 

 

 

Figure 3.2-8. AFM characterization of membrane composed of biotin-A35B12 and A30B10 

polymers (20:80 w/w): phase image (A), Young´s modulus (B) and adhesion (C). 

 

Roughness and elasticity values of all polymer membranes were compared (Table 7-7). The 

average roughness was similar for all the polymers and the functionalized polymer membranes 
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ranging from 1.23 to 1.61 nm, whereas the bare silica measured a roughness of 120 pm. We 

compared the force-distance curves of both biotin-exposing membranes biotin-A35B12/ A61B9 

and biotin-A35B12/A30B10 respectively (20:80 w/w) with a silica substrate (Figure 3.2-9). A 

narrow slope in the curve is typical of a stiff material whereas a broad slope represents stronger 

interaction between the tip and the material, which is characteristic of an elastic material.256 As 

expected, the silica support (Figure 3.2-9 C) had higher stiffness compared to the polymer 

membranes. Biotin-A35B12/A61B9 (Figure 3.2-9 A) revealed even higher elasticity than biotin-

A35B12/A30B10 (Figure 3.2-9 B). None of the biotin-exposing membranes presented a 

discontinuity point in the curve, which indicates membrane breaking. As expected, the 

synthetic membranes have a higher membrane resistance when compared to lipid 

membranes.253 The almost complete overlap of the “approach” and “retract” curves for the 

biotin-A35B12/A61B9 membrane (Figure 3.2-9 A) revealed that there is no change in volume of 

the investigated polymer islands when they enter into contact with the tip.252 Therefore, the 

biotin-exposing membranes preserved their initial structure. Polymer islands in both biotin-

exposing membranes revealed a value of the bending modulus higher than gel phase lipids, 

presumably due to their significantly higher thickness of polymer membrane (18-20 nm) 

compared to lipid membranes (4-5 nm).252  

 

Figure 3.2-9. Comparisons of force-distance curves obtained from the biotin-A35B12/A61B9 

mixture (20:80 w/w) (A), biotin-A35B12/A30B10 (20:80 w/w) (B) and silica substrate (C). 

 

The SA method applied  for the first time on polymers can compete with established methods 

frequently employed for preparing lipid and polymer-based supported membranes(refs). The 

main advantages of this strategy are: i) It does not requirethe preliminary formation of vesicles, 

as for vesicle fusion, ii) it is fast and user friendly without requiring special equipment in 

contrast to LB. However, the optimization of SA for polymer membranes still remains a 

challenge. 
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To establish that the SA method drove the polymer self-assembly into a membrane-like 

architecture suitable for attaching biomolecules (e.g protein, enzymes), an important aspect is 

the accessibility of biotin for interaction with biomolecules by biotin-avidin and biotin-

streptavidin interactions respectively. Avidin and streptavidin are tetrameric proteins: after 

binding one of the four pockets of either protein, two-to-three biotin-binding sites remain 

available for the attachment of other biotinylated biomolecules (Figure 3.2-10 A). 

By combining biotin-A35B12 and A61B9 copolymers at different weight ratios, we created 

biotinylated-supported membranes. Next, we added avidin and quantified its attachment by 

QCM-D (Figure 3.2-10 C and D). In the absence of the biotinylated polymer in the mixture, a 

small amount of avidin weakly adsorbed onto the membrane and was removed in the rinsing 

step. By increasing the percentage of biotin-A35B12, a higher quantity of avidin attached to the 

membrane (Figure 3.2-10 B). The highest observed frequency shift was -29 ± 1 Hz for the 

biotin-A35B12/A61B9 80:20 composition corresponding to a mass of 513 ± 18 ng (Table 7-8). 

The membrane composed of 100% of biotin-A35B12 presented a frequency shift of only -26 ± 

2 Hz, which is a lower value compared to what was obtained from the biotin-exposing 

membranes. This low value for the membrane composed only of the biotin-functionalized 

copolymer biotin-A35B12 can be related in this specific case to a better accessibility of the biotin 

displayed on the surface. Therefore, this involves the binding of more than one biotin-binding 

site present in homotetrameric avidin. By comparing the dissipation values before and after the 

avidin attachment (Figure 3.2-10 B), the values displayed negligible differences (Table 7-8). 

This suggests that no significant change in the viscoelastic properties of membranes after the 

protein attachment occurs. A table to summarize the functional polymer membrane 

characteristics and the amount of attached avidin is below reported (Table 3.2-2). 
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Figure 3.2-10. Avidin attachment onto functionalized membrane formed by biotin-A35B12 and 

A61B9 polymers at different weight ratio: schematic representation (A); bar chart of quantified 

attachment (B); QCM-D frequency (C) and dissipation (D) plots, buffer (1), avidin (2) and 

buffer rinsing (3).  
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Table 3.2-2. Functional polymer membranes characteristics obtained by QCM-D in liquid 

(thickness, membrane coverage and amount of avidin attached). 

 

Based on the results obtained so far, we selected the ratio of biotin-copolymer/non-

functionalized copolymer 20:80 w/w as best composition in terms of protein attached/ratio of 

functionalized polymer. Next, we investigated the effect of the hydrophobic block length 

mismatch on the membrane-protein attachment. We added avidin to biotin-A35B12/A30B10 

20:80 w:w membranes (Figure 3.2-11 and Table 7-9). Since only 247 ± 35 ng of avidin was 

anchored, we conclude that biotin-A35B12/A61B9 is a more efficient membrane than biotin-

A35B12/A30B10 to anchor avidin. Our results suggest that bigger islands, observed when the 

A61B9 polymer was used, affect the membrane capability to bind biomolecules since they 

provide a greater surface area available for the attachment without limiting the biomolecule’s 

accessibility.  

 

Figure 3.2-11. QCM-D plots of avidin attachment onto membrane formed by biotin-A35B12 

and A30B10 polymers at different weight ratio: buffer (1), avidin (2) and buffer rinsing (3). 

Frequency (A) and Dissipation (B) graphs are reported. 

 

We also evaluated the quantity of avidin anchore on polymer membranes with different 

biotin-A35B12/A61B9 (20:80 w:w) concentrations. The optimal biotin-A35B12/A61B9 

concentration for forming a complete membrane suitable for the higher avidin attachment was 

found to be 0.5 mg/ml with an amount of avidin of 354 ± 25 ng (Figure 3.2-12 and Table 7-9). 
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Figure 3.2-12. QCM-D plots of avidin attachment onto membrane formed by biotin-A35B12 

and A61B9 polymers (20:80 w/w) at different concentrations: buffer (1), avidin (2)and buffer 

rinsing (3). Frequency (A) and Dissipation (B) graphs, together with the bar chart of mass of 

avidin attached (C) are reported. 

 

We also monitored the attachment of steptavidin (Sav) to biotin-exposing membranes 

generated by the SA method.251  QCM-D experiments revealed a frequency shift of -18 ± 3 Hz 

and a mass of 310 ± 47 ng for the biotin-A35B12/A61B9 20:80 w:w mixture (Table 7-10).  

Both avidin and Sav binding to biotin-exposing membranes highlight the accessibility of 

biotin for molecular recognition interactions even in different conditions (weight ratio of the 

mixture, chain mismatch, concentration). Moreover, these conditions were optimized for 

obtaining the best protein attachment and limiting the hindrance: A61B9 membranes provided 

higher attachment than A30B10 both for avidin and Sav attachment. 

   

3.2.5. Bio-active molecules anchoring on polymer membrane 

The functionalized biotin-A35B12/A61B9 membrane was selected for binding of two 

biomolecules: i) DNA strand and its complementary strand; ii) the artificial metalloenzyme 

ADAse (Figure 3.2-13 A and Table 7-10). The attachment of biomolecules was monitored by 

QCM-D (Figures 3.2-13 B and C) and quantified in terms of mass of biomolecules attached 

(Figure 3.2-13 D). 

In the first case, we set out to demonstrate that the biotin-exposing polymer membrane allows 

the attachment of biotinylated DNA strands in the proper conformation (biotDNA). For this, 

the first strand has to bind the membrane and remain accessible for the complementary strand 

(DNAcs). First, the biotin-equipped polymer membrane was functionalized with Sav. Then the 

biotDNA was added. The selective biotin-Sav chemistry led to the attachment of 110 ± 15 ng 

of biotinylated DNA in the presence of 310 ± 47 ng of Sav previously attached to the polymer 

membrane. Finally, 44 ± 10 ng of the complementary strand were attached (Table 7-10). 
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Despite the attachment being successful, as confirmed by the frequency values, we observed a 

drop of the biomolecule quantity in the course of this step-by-step procedure. We hypothesize 

that roughly half of the available biotin-binding sites are accessible to bind to biotDNA strand. 

In addition, only a fraction of the bound biotDNA retains a proper conformation allowing the 

attachment of its complementary strand.  

The last part of our study dealt with the anchoring of the biotin-exposing polymer membrane 

with the artificial metalloenzyme ADAse which catalyzes a deallylation reaction. This study is 

important to understand the enzyme-membrane interaction and for the preparation of an active 

biomimetic platform. This is the first time that the ADAse was combined with a polymer 

membrane onto a solid support. The structure of the ADAse consists of ruthenium coordinated 

to a biotinylated cofactor (1) bound to Sav31. We evaluated both polymer membranes biotin-

A35B12/A61B9 and biotin-A35B12/A30B10 (80:20 composition) towards their ability to bind the 

ADAse (Figure 3.2-13 C). To anchor the ADAse onto the membrane, it was first combined 

with homotetrameric Sav in solution, in a 1:1 molar ratio, thus leaving on average 3 three free 

biotin binding sites per Sav. By comparing the attachment of ADAse complex on biotin-

A35B12/A61B9 and biotin-A35B12/A30B10 membranes, we observed a small difference in the 

amount of protein attached, 301 ± 47 ng and 283 ± 47 ng respectively (Table 7-10). A larger 

hydrophobic block length lead to an increase in the amount of ADAse anchored to the 

membrane (i.e. 20 ng). This highlights again the enhanced capability of hosting biomolecules 

due to higher membrane greater porosity and surface area. By maintaining a membrane-like 

architecture with the biotin end group exposed, its accessibility towards biomolecule 

attachment was at the same time preserved. 
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Figure 3.2-13. Schematic representation of biomimetic membrane formation (A); QCM-D 

plots of biomolecules combination with functionalized polymer membranes: DNA strands (B), 

Sav (1), buffer rinsing (2, 4, 6), biotDNA (3) DNAcs  (5); ADAse (C), ADAse (1), buffer 

rinsing (2); bar chart of quantified attachment (D). 

 

3.2.6. Evaluation of ADAse functionality within the polymer membrane 

We monitored the catalytic activity of the artificial metalloenzyme following the attachment 

to the biotin-exposing polymer A35B12/A61B9 membrane. ADAse based on Sav and the 

biotinylated cofactor (1) [CpRu(Biot-Quinoline)(H2O)] catalyzes the deallylation of an alloc-

protected coumarin (2) converting it into aminocoumarin (3) (Figure 3.2-14 A and B). The 

latter product is readily detected by fluorescence spectroscopy.241 Prior work by Heinisch and 

Schwizer et al241 revealed that ADAse activity is maintained when Sav was displayed on the 

surface of E. coli. This strategy was used to genetically optimize the ADAse activity. The 

double mutant Sav S112Y-K121R was identified as a significantly improved variant compared 

to WT Sav. Based on this work, we selected these two variants (wild-type (WT) and S112Y-

K121R (YR)) for immobilization studies. An essential point was to find out the differences in 

terms of activity and functionality between the ADAse free in solution and when anchored to 

the synthetic membrane. In particular, we determined whether the binding between the ADAse 

and the polymer membrane affects its catalytic activity. The QCM-D sensor coated with the 

biotin-A35B12/A61B9 membrane-ADAse was treated with a solution of the N-
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(allyloxycarbonyl)-aminocoumarin (2, 20 µM in PBS). Catalysis was monitored by 

fluorescence spectroscopy over two days. In this specific case, we evaluated and compared the 

activity of two different ADAses: the wild type (WT) and the mutant (YR). Although it proved 

challenging to determine the amount of ADAse immobilized on the polymeric membrane, the 

fluorescence that was detected for either WT or YR correlated well with the trends observed in 

solution.241 ADAse bearing the double mutation S112Y-K121R had significantly higher 

activity in solution compared to the wild type enzyme (Figure 7-12). We compared the activity 

of the enzyme in solution and when attached to the biotin-exposing membranes for both 

ADAses (Figure 3.2-14 C and D). YR displayed a higher catalytic activity compared to wild 

type both in solution and when attached to the membrane. The values of the converted substrate 

(in ng) after 48 hours for the experiments reported was estimated at 5 and 7 ng for the YR 

mutant (for the membrane- and in solution-ADAse respectively) compared to 2 and 4 ng for 

the wild type ADAse (Table 7-11). The enzyme had a higher activity in solution compared to 

the membrane-anchored ADAse. That may be traced back to substrate diffusion as well as to 

the limited amount of ADAse attached to the membrane compared to the solution-phase 

ADAse. In general, we observed slower reaction rates for the membrane-bound ADAses 

resulting in overall lower yields after 48 hours. Figure 3.2-14 D represents the trend of the 

enzyme activity over time, which showed an increase of the product formation for all the 

samples evaluated, with the reaching of a plateau in the specific case of the YR mutant in bulk, 

whereas Figure 6C shows the same values in a bar chart for better visualization. The 

accessibility to the active site of the ADAse after the membrane attachment is crucial for the 

enzyme to perform its catalysis. Here the catalytic activity for both variants revealed that the 

accessibility was preserved after the enzyme immobilization, thus highlighting the assembly of 

a functional biomimetic platform. 



85 
 

 

Figure 3.2-14. Schematic representation of the ruthenium-cofactor (A) and deallylation 

reaction (B); bar chart of the substrate converted with the catalysis performed by the ADAse. 

Wild type (WT) and mutant (YR) ADAse over time comparison in bulk or attached onto 

functional membrane (C and D). 
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3.3. Tailoring solvent assisted method for solid-supported lipid-polymer hybrid 

membranes 

ABSTRACT 

The combination of amphiphilic block copolymers and phospholipids opens new perspectives 

for the preparation of artificial membranes. The chemical versatility and mechanical resistance 

of the polymers, together with the fluidity and bio-compatibility of the lipids provides hybrid 

membranes with unique properties, which are of great interest in the field of bio-engineering. 

So far, hybrid membranes have usually been deposited onto solid support with established 

preparation methods such as Langmuir-Blodgett or vesicle fusion. In general, the preparation 

of this kind of platforms is time consuming and requires high precision and extreme clean 

conditions. The solvent-assisted method (SA) represents an easy and quick alternative to 

prepare solid-supported membranes. Initially developed for lipids, it has recently been ex-

tended with proper adaption to amphiphilic block copolymers. Here we applied for the first 

time the SA method to prepare polymer-lipid hybrid membranes. A small library of 

amphiphilic diblock copolymers was chosen: poly(dimethyl siloxane)-block-poly(2-methyl-2-

oxazoline) (PDMS-b-PMOXA) and poly(butylene oxide)-block-poly(glycidol) (PBO-b-PG). 

We combined those polymers with phospholipids commonly found in cell membranes. While 

optimizing the conditions to prepare hybrid membranes, their real-time formation and 

morphology were evaluated by using a combination of atomic force micros-copy and quartz 

crystal microbalance. Significant differences regarding membrane coverage, formation of 

domains and the quality of the membranes were found depending on the type of polymer-lipid 

combination was used. This preliminary study on solid-supported hybrid membranes prepared 

by an optimized SA method put the basis for the development of a new and straightforward 

way to prepare artificial membranes.  

INTRODUCTION 

 The design of synthetic membranes which are able to mimic the structure and function of 

natural cell membranes has become the subject of multidisciplinary research during the last 

decade.40,72,257,258 This is due to the fact that such membranes have a great potential for both 

research and nanotechnology;5,259 some of the most important application fields are molecular 

recognition and sequencing,93,260 biosensing,257,257 surface coating261 and 

microelectronics.262,263 Among the various types of synthetic membranes, the hybrid ones, 



87 
 

consisting of amphiphilic block copolymers and phospholipids are particularly 

attractive.87,89,111 They combine the key advantages of each component: the chemical stability 

and versatility of block copolymers19,252,264 and the bio-functionality of lipids.265 Especially 

when the amphiphilic membrane is fixed on a solid substrate (e.g. solid supported hybrid 

membranes) the system obtains enhanced stability.57,79,136 When polymer-based part of the 

membrane interacts with lipid-based part, the final morphology is governed by the charge, size, 

and molar ratio of the involved components.87,89,103,266 In general, a mixture of polymers with 

lipids represents a hybrid structure where (im)miscibility effects are present:  polymer with 

polymer and polymer with the hydrophobic lipid tail or with the hydrophilic lipid head 

group.103,267,268 All those interactions together with the method of formation of such hybrid 

membranes determine the final structure.87,89 

There are three main methods to create solid supported (polymer, lipid or hybrid) membranes: 

i) Langmuir-Blodgett,9 ii) vesicle fusion269–271 and iii) the recently reported solvent assisted 

(SA) method.68,95,243 With all of them having their particular advantages and limitations, SA 

has emerged because it is quick, efficient and it requires no particular equipment or 

sophisticated sample preparation conditions.95,272,273 The main step is to dissolve the 

amphiphilic molecules in an organic solvent and then expose it to an aqueous phase: the latter 

triggers the self-assembly process and the membrane formation. SA is therefore ideal for 

creating membranes in a fast and reproducible manner. 

In our study we used SA to form solid supported hybrid membranes (Figure 3.3-1). Our aim is 

to further understand and ultimately optimize hybrid systems for future biomedical applications 

by testing various polymer-lipid compositions. For lipids, we chose among those commonly 

found in cell membranes and are established components of synthetic solid supported lipid 

membranes reported in literature:274 DPPC, POPC, POPE, SM, DOPE and N-GPE. For 

polymers, together with PDMS-b-PMOXA of different PDMS block lengths, we also included 

(PBO-b-PG) (NMR in Appendix). We investigated how hydrophobic/hydrophilic effects 

influences the different hybrid membrane assembly. The asymmetry between phospholipids 

and copolymers, called hydrophobic mismatch, could induce a rearrangement to optimize the 

membrane structure, influencing properties such us thickness.275 PBO-b-PG can be used as an 

alternative for the well-established PDMS-b-PMOXA.276 Both copolymers are biocompatible 

and non-toxic.277 They form highly flexible and fluid membranes because of their low glass 

transition temperatures and fully amorphous character and have been shown to self-assemble 

into planar membranes in high control and reproducibility.100,224,260 In contrast to PDMS-b-
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PMOXA, PBO-b-PG can be easily functionalized within the backbone of the hydrophilic block 

because of the hydroxy moieties throughout. Because of the reduced hydrophobility of PBO 

compared to PDMS, membranes composed of PBO-b-PG are more likely to be permeable for 

specific hydrophilic compounds.  

First, we monitored the real-time formation of different hybrid membranes at different 

polymer-lipid weight ratio composition via QCM-D. Average thickness, mass and 

homogeneity were quantified for each hybrid membrane (see Table 7-12 in Appendix). 

Emphasis was put on their morphology characterization and the specific interaction between 

the polymer and lipid part, with a focus on their capability to phase separate: the morphology 

of diverse hybrid membranes and the presence of lipid rafts was characterized by atomic force 

microscopy (AFM). In this way, we could evaluate how the SA method affects the membrane 

self-assembly, the physicochemical properties and the phase domain separation. Moreover, by 

systematically testing various polymer-lipid compositions we were able to optimize hybrid 

membrane formation by adjusting the concentration and the sample composition.  

 

Figure 3.3-1. Schematic representation of a polymer-lipid hybrid membrane assembly induced 

by solved - assisted method. 

 

3.3.1. Real-time membrane formation monitoring 

As first step, we evaluated the polymer to lipid weight ratio which leads to the hybrid 

membrane with negligible defects and well-defined phase separation between the polymer and 

the lipid domain. We based this optimization step on combining PDMS-b-PMOXA polymer 
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with a PDMS block length of 61 repeating units (A61B9) and DPPC (Figure 3.3-2). We 

compared three different polymer-lipid compositions: i) A61B9-DPPC 20:80, ii) A61B9-DPPC 

50:50 and iii) A61B9-DPPC 80:20. The membrane thickness calculated and reported here is an 

average value of the polymer and lipid thicknesses, since they have a remarkable length 

mismatch. By increasing the amount of polymer, the average thickness showed an increment 

from 9 nm, measured for the polymer-lipid 20:80, to 15 nm for the 50:50, up to 18 nm for the 

80:20. After determining the mass and thickness for each deposited membrane, we evaluated 

their quality in terms of membrane coverage via BSA test.266 BSA is an established method 

which enables the determination of the relative area of the QCM silica sensor covered by the 

membrane. In particular, BSA undergoes an unspecific adsorption onto the silica substrate. 

Therefore, the higher the amount of BSA we detect on the substrate the larger the area where 

our membrane failed to cover the substrate. The membrane coverage calculation was performed 

by comparing the BSA attachment onto a bare silica sensor and onto the deposited membranes. 

As the values for the membrane coverage were more than 80% for different polymer-lipid 

compositions, a good membrane quality was achieved, as reported in previous studies.95,266 

Specifically, for the latter case, the great amount of polymer in the mixture resulted in a 

coverage of 113±12%. In general, an amount higher than 100% stands for the full coverage of 

the QCM sensor and the formation of a complete monolayer with the partial formation of an 

additional layer, which increased the membrane porosity. The 50:50 composition was in most 

of the cases optimal for providing membranes with clear phase domain separation and 

consistent thickness. Thus, for the other polymers used we kept the polymer to lipid ratio 50:50 

as constant. As a comparison to the established PDMS-b-PMOXA membranes, we combined 

also PBO-b-PG and DPPC at 50:50 weight/ratio (Figure 2) with the established protocol, which 

resulted in a hybrid membrane with an average thickness of 8 nm and a membrane coverage of 

83±12%. The membrane thickness was affected by the mean molecular area occupied by the 

copolymer and by the membrane coverage. We found that a membrane coverage lower than 

50% could significantly bias the membrane thickness with an error up to 2 nm, as observed for 

the NGPE lipid. 

The hybrid membrane formation was expanded to the following phospholipids in combination 

with A61B9 and PBO-b-PG: POPC, SM, DOPE, POPE and NGPE. Those lipids belongs to the 

class of choline and ethanolamine and have been chosen for their different charge of the 

hydrophilic head and the different length and saturation of the hydrophobic chains. By varying 
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the polymer-lipid combinations we aim to a deeper understanding of the conditions that govern 

the hybrid planar membrane formation. 

We combined PBO-PG copolymer and DPPC lipid at 50:50 weight/ratio (Figure 3.3-2) with 

the established protocol, which resulted in a hybrid membrane with an average thickness of 8 

nm and a membrane coverage of 83±12%. The membrane thickness is affected by the mean 

molecular area occupied by the copolymer and by the membrane coverage. We found that a 

membrane coverage lower than 50% could significantly bias the membrane thickness with an 

error up to 2 nm, as observed for the NGPE lipid (see below). 

The hybrid membrane formation was expanded to the following phospholipid in combination 

with A61B9 and PBO-PG polymers: POPC (Figure 3.3-3), SM (Figure 3.3-4), DOPE (Figure 

3.3-5), POPE (Figure 3.3-6) and NGPE (Figure 3.3-7). POPE lipid was combined with different 

PDMS-PMOXA: A89B10, A61B9 and A30B12, hydrophobic block length respectively of 89, 61 

and 30. By systematically varying the length of the hydrophobic block we opt for  important 

information about the influence of hydrophobicity on the planar membrane assemblies275. In 

this specific case, the low hydrophobic mismatch between the A30B12 polymer and the lipid 

allowed the best membrane coverage of 96%, with the lowest standard deviation (below 1%) 

and an average thickness comparable to other membranes obtained with this lipid (10 nm 

against 12 nm). The low standard deviation can also be dependent from the polymer dispersity 

and is representative of higher reproducibility in the membrane formation. 

DOPE and NGPE provided in both case defected membranes when combined with PBO50-b-

PG18 (Figure 3.3-6 and 3.3-7) whit a coverage of only 8±0% and 50±2% respectively, as also 

confirmed by AFM in the latter case. 
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Figure 3.3-2. QCM-D plots of hybrid membrane formation: frequency (A) and dissipation (B) 

comparisons for different A61B9-DPPC mixtures and PBO50-PG18-DPPC at 50:50 weight ratio 

(↓1,4,6 = PBS, ↓2 = EtOH, ↓3 = polymer-DPPC solution, ↓5 =BSA); schematic representation 

of DPPC lipid. 
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Figure 3.3-3. QCM-D plots of hybrid membrane formation: frequency (A) and dissipation (B) 

comparisons for A61B9-POPC and PBO50-PG18 -POPC mixtures at 50:50 weight ratios (↓1,4,6 

= PBS, ↓2 = EtOH, ↓3 = polymer-POPC solution, ↓5 =BSA); schematic representation of 

POPC lipid. 

 

Figure 3.3-4. QCM-D plots of hybrid membrane formation: frequency (A) and dissipation 

(B) comparisons for A61B9-SM and PBO50-PG18 -SM mixtures at 50:50 weight ratios (↓1,4,6 = 

PBS, ↓2 = EtOH, ↓3 = polymer-SM solution, ↓5 =BSA); schematic representation of SM lipid. 
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Figure 3.3-5. QCM-D plots of hybrid membrane formation: frequency (A) and dissipation 

(B) comparisons for A61B9-DOPE and PBO50-PG18 -DOPE mixtures at 50:50 weight ratios 

(↓1,4,6 = PBS, ↓2 = EtOH, ↓3 = polymer-DOPE solution, ↓5 =BSA); schematic representation 

of DOPE lipid. 

 

Figure 3.3-6. QCM-D plots of hybrid membrane formation: frequency (A) and dissipation 

(B) comparisons for AxBy-POPE at different PDMS block length and PBO50-PG18 -POPE 
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mixtures at 50:50 weight ratios (↓1,4,6 = PBS, ↓2 = EtOH, ↓3 = polymer-POPE solution, ↓5 

=BSA); schematic representation of POPE lipid. 

 

Figure 3.3-7. QCM-D plots of hybrid membrane formation: frequency (A) and dissipation 

(B) comparisons for A61B9-NGPE and PBO50-PG18 -NGPE mixtures at 50:50 weight ratios 

(↓1,4,6 = PBS, ↓2 = EtOH, ↓3 = polymer-NGPE solution, ↓5 =BSA); schematic representation 

of NGPE lipid. 

 

Frequency shifts for membrane formation and BSA step obtained with QCM-D experiments, 

together with calculated average thickness and membrane coverage, are reported in Table 7-11 

(see Appendix). Overall, we observed that the higher length of the polymer block compared to 

lipid, was a determining factor for the membrane thickness and the influence of the lipids was 

negligible in this regard.278 

To analyse the influence of the polymer-lipid composition on the quality of the obtained solid-

supported membrane we, we compared the membrane coverage for the different lipids when 

combined with PDMS-PMOXA polymers (Figure 3.3-8 A and B). Moreover, we constructed 

a contour plot to associatetthe  hydrophobicity, provided  both by the polymer and lipid chains 

(Figure 3.3-8 C), to the membrane coverage. As observed, a longer lipid chain decreases the 



95 
 

chain mismatch and contributes to the formation of a planar assembly with better membrane 

coverage.258 On the other side, a long hydrophobic polymer blocks may have favoured different 

membrane assembly according to the curvature and packing parameter, which resulted in the 

formation of inverted micelles instead of a planar membrane, or in the rearrangement of the 

membrane architecture when the membrane was dried.279–281 The best membrane quality for 

the membrane obtained by this library of polymer was found for intermediate values of 

hydrophobic block length (circa 60 units)..258 On the other side, a high hydrophobic polymer 

block length may have favoured a three dimensional rather than a bi-dimensional assembly 

according to the curvature and packing parameter.279–281 The best membrane quality for the 

membrane obtained by this library of polymer was found for intermediate values of 

hydrophobic block length (circa 60 units). The average thickness of hybrid membrane is 

reported in function of lipid and PDMS-PMOXA polymer (Figure 7-14 A in Appendix): the 

higher values found for middle length polymer chain are supported by the membrane coverage 

data, which clarifies that the lower average thickness is related to the incomplete membrane 

formation rather than a mere polymer assembly. When PDMS-b-PMOXA was used, the hgher 

membrane thickness was recorded when 60 PDMS units and 36 chain units were combined. 

When PEO-b-PG was used, we obtained in general membranes with lower quality. The 

coverage resulted high for the longest lipid chain. In the latter case polymer hydrophobicity 

was kept constant (50 PEO block units). A different lipid hydrophobic tails drastically affected 

the membrane thickness. We believe this is not the only factor affecting the membrane 

architecture, which can be the aim of complementary study for the optimization of the 

membrane formation (Figure 7-14 B in Appendix). Higher hydrophilicity of PEO-PG when 

compared to PDMS-PMOXA, was a second parameter to take in account for the membrane 

assembly, and we would expected a better coverage for a shorter lipid chain. Nevertheless, the 

length mismatch between and polymers was a more determining factor in this regard: a longer 

lipid tails lead to the formation of membranes with higher coverage. 
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Figure 3.3-8. Scatter plot for different hybrid membranes composed of lipids and PDMS-

PMOXA (A) or PEO-PG (B) polymers; contour plot reporting the membrane coverage in 

function of PDMS-PMOXA polymers and lipids hydrophobicity (C). 

 

Despite the different lipid or polymer used, the SA method facilitated the successful 

preparation of hybrid membranes deposited onto silica support. The membrane coverage of 

polymer-lipid hybrid membranes obtained in this way was slightly lower than the one obtained 

with LB method.266 This is due to the difference in the forces applied to induce the planar 

architecture that is the compression in LB method, instead of a self-assembly induced my the 

solvent exchange in SA method. This finding is of crucial importance for the application of SA 

method, considering the remarkable saving in time and quantity of sample gained at the 

expense of a small reduction of the membrane quality. Other structural and chemical 

parameters, such as glass transition temperature of the polymers276,282 and melting temperature 
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and saturation of the lipids283 may have influenced the polymer attachment onto the silica 

surface.  

3.3.2. Characterization of membrane morphology 

To obtain information about the hybrid membrane morphology, we analysed the hybrid 

membraned by AFM. Height and phase images of hybrid membranes were acquired with the 

purpose of: i) observe the phase domain separation; ii) evaluate the thickness mismatch 

between the membrane domains; iii) measure the height of polymer islands formed with SA 

method. Phase domain separation in polymer-lipid hybrid membranes is the key to create 

biomimetic materials, which replicates the functions of lipid rafts in cell membranes. The 

selective anchoring of biomolecules onto the lipid or polymer domain allows the development 

of versatile membranes with specific properties.103,266 

First, we investigated the representative hybrid membranes previously obtained and monitored 

by QCM-D. Then, we expanded this study to other hybrid membranes obtained with a 

homemade device. This device was composed of two chambers and allowed the simultaneous 

preparation of two membranes per experiment, under the established SA protocol. We 

combined DPPC lipid with PDMS-b-PMOXA polymer of different hydrophobic chain lengths. 

When 89 PDMS repeating units were used, the hybrid membrane presented a planar assembly 

and a clear phase domain separation. The AFM height mismatch observed for the phase 

domains was of 4-6 nm (Figure 3.3-9). Additionally, the domain separation obtained in dry 

conditions was very similar to the one of the same hybrid membrane obtained with a different 

preparation method.266 The presence of polymer islands typical of membranes obtained with 

SA method, were found only in the dry membrane. This suggested a partial reassemble of the 

hybrid membrane in dry conditions. Additionally, the domain separation obtained in dry 

conditions was very similar to the one of the same hybrid membrane obtained with a different 

preparation method (LB, see chapter 3.1). 
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Figure 3.3-9. AFM characterization of membrane composed of A89B10 polymer and DPPC 

lipid (50:50 w/w): height image and phase image (A in air, C in water); cross section (B in air, 

D in water). 

 

The combination of DPPC with PDMS-b-PMOXA (PDMS of 61 repeating units) and PBO50-

b-PG18 copolymers resulted in hybrid membranes with a defined phase membrane separation 

(Figure 7-15 in Appendix), and this facilitates a further biomolecule combination  toward a 

specific membrane domain. The membrane architecture was found here also planar with the 

presence in both cases of polymer islands. According to the polymer conformation and 

hydrophobic/hydrophilic properties, the domain mismatch was different: 7±3 nm for PDMS-

b-PMOXA, less than 1 nm for PBO-b-PG, a smooth membrane in the latter case. 

SM was blended to PDMS-b-PMOXA at different PDMS block length, and PBO-b-PG, 

successfully forming planar membranes with phase domain separation (Figure 7-17, 7-18 and 

7-19 in Appendix). The domain thickness mismatch measured was of 6±2 nm when A61B9 

polymer was used, with defined lipid domains (Figure 3.3-10). 
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Figure 3.3-10. AFM characterization of membrane composed of A61B9 polymer and SM lipid 

(50:50 w/w): height image and phase image (A); cross section (B). 

 

Hybrid membranes were also obtained for other mixture of PDMS-PMOXA and PBO-PG 

copolymer and SM, and showed phase domain separation in most cases, except for the polymer 

A89B10 (Figure 7-16 Appendix). We found out that also for hybrid mixtures, the number of 

polymer hydrophobic repeating units influences the membrane architecture and the domain 

mismatch is useful for predicting the behaviour of lipid domains. These domains are embedded 

into a polymer matrix, as the darker colour in the height profile showed. According to the 

hydrophobic/hydrophilic ratio of the polymer, the lipid inserts at different depths into the 

polymer bulk, determining the mismatch. We found out that also for hybrid mixtures, the 

number of polymer hydrophobic repeating units influences the membrane architecture 

SA method applied on PDMS-b-PMOXA (PDMS blocks of 89 and 61) and NGPE lipid 

resulted also to be successful in terms of hybrid membrane formation and phase domain 

separation, with greater islands formation for shorter hydrophobic polymer chain (Figure 3.3-

11). Instead, when NGPE was blended with PBO-PG, the images provided by dry AFM showed 

no membrane formation, rather the attachment of 3-4 nm height micelles onto the silica support 

(Figure 7-20 Appendix). 
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Figure 3.3-11. AFM characterization of membrane composed of A89B10 polymer and NGPE 

lipid (50:50 w/w): height image and phase image (A); cross section (B); phase image of A61B9-

NGPE membrane (50:50 w/w) (C). 

 

A limitation has been observed when POPE phospholipid was chosen for the hybrid mixture: 

the formation of membranes composed of POPE and both PDMS-PMOXA or PBO-PG 

copolymers was in both cases not possible (Figure 3.3-12 and Figure 7-21). The reason behind 

this could be related to the combination of factor such as the charge and saturation of the 

lipid,284,285 in addition to the asymmetry derived from the polymer-lipid hydrophobic 

mismatch.275 Characterized by AFM, phase and height images acquired showed that, regardless 

the length of the PDMS block (89, 61 and 30), the drying process lead to incomplete membrane 

formation and to the presence of several islands or fused vesicles with height values between 

15 and 30 nm. The absence of phase domain separation together with the instability in air of 

hybrid membranes formed with POPE, made this lipid not a good candidate for the preparation 

of biomimetic platforms via SA method.  
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Figure 3.3-12. AFM characterization of membrane composed of A30B10-POPE (A and B) and 

A89B10-POPE (C and D) at 50:50 w/w. Height image and phase image are reported.  

 

The morphology information regarding the phase domain separation and island formation are 

reported for the different hybrid membranes obtained and characterized by AFM (Figure 3.3-

1). AFM images confirmed the formation of island, which were found as a probable 

consequence of the drying process and assumed different sizes according to the lipid used. 

DPPC and POPE formed big islands, whereas SM and NGPE small ones. We obtained a clear 

phase domain separation for all the polymer-lipid combination except for the POPE lipid. It is 

well known that the asymmetric distribution of lipids between the leaflets of biological 

membranes contributes to their curvature stress, and we believe that the same principle applies 

for polymer-lipid hybrid membranes. Accordingly, this can be extended to our study: for the 

membrane that could not keep a planar assembly resulting in a membrane detachment from the 

support (poor coverage, defected) as well as in the formation of island.286–288 

An AFM comparison between a good quality membrane (high membrane coverage) and a poor 

quality, defective membrane are reported in Figure 3.3-13. There are major differences in the 

morphological characteristics and assembly for the two polymer-lipid mixtures: in A89B10-

NGPE hybrid (Figure 3.3-13 A) a clear phase domain separation is visible, where the darker 

“stains” represents clusters of lipids entrapped in a polymer matrix, as observed for other hybrid 

membranes deposited with LB method.266 The planar assembly is also clear for this 

combination, with a domain mismatch of 4-6 nm, in opposition to the 15-30 nm high vesicles 
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assembly found for the hybrid A30B10-POPE (Figure 3.3-13 B). No phase separation was 

observed for this hybrid combination. 

 

Figure 3.3-13. AFM height image comparisons between membranes with good and bad quality 

in terms of coverage and phase separation (A) and defected membranes (B) obtained with SA 

method. 

 

 

Hybrid mixture (50:50 w/w) Membrane coverage (%) 
Phase domain 

separation 

Islands 

presence 

DPPC-A89B10 n.a. yes big 

DPPC-A89B10 (in water) n.a. yes no 

DPPC-A61B9  72 ± 22 yes big 

DPPC-PBO50PG18 83 ± 19 yes small 

POPE-A61B9 88 ± 12 no big 

POPE-A89B10 80 ± 6 no big 

POPE-A30B10 96 ± 0 no big 

POPE-PBO50PG18  60 ± 5 not clear big 
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SM-A61B9 103 ± 0 yes small 

SM-A89B10 n.a. no small 

SM-A30B10 n.a. yes small 

SM-PBO50PG18 94 ± 7 yes small 

NGPE-A89B10 n.a. yes no 

NGPE-A61B9 52 ± 4 not clear small 

NGPE-PBO50PG18 8 ± 0 no small 

 Table 3.3-1. Evaluation of the morphology properties of different polymer-lipid membranes 

obtained by AFM height and phase characterization and comparison with the membrane 

coverage. 

 

Information regarding the stability of hybrid membranes in dry conditions are reported in 

Appendix (Figure 7-13). Due to the mechanical resistance of polymers, the membranes were 

in most cases able to preserve their planar assembly in dry conditions, except when the POPE 

lipid was used in the hybrid mixture.  Despite the different lipid or polymer used, the SA 

method facilitated the successful preparation of hybrid membranes deposited onto silica 

support. 

In this part of the thesis we demonstrated that SA method applied on hybrid mixtures of 

polymer and lipids was in most of the cases successful for creating hybrid membranes onto 

solid support with a planar assembly, a good membrane coverage with a low amount of defects, 

and an evident phase domain separation.  
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4. Conclusions and outlooks 

The combination of artificial membranes with biomolecules has high potential for the 

development of bio-interfaces with desired properties, given by the specificity of the 

biomolecules. In the first part of this thesis, we used two strategies (insertion and conjugation) 

for the selective combination of cyt c with a hybrid membrane composed of PDMS-b-PMOXA 

copolymers and DPPC lipid. It was possible to control the protein recombination into a specific 

phase membrane domain of hybrid membrane: by behaving similarly to rafts in cell 

membranes, lipid domains in the hybrid preferentially induced the cyt c insertion into 

themselves, whereas the carboxylic functionalization promoted the cyt c conjugation onto 

polymer domains. It was also found that the protein activity was higher in hybrid membranes 

because of the synergic properties of lipids and polymers. Moreover, the conjugation strategy 

revealed to be the best approach for increasing the cyt c accessibility, and thus its activity.  

In the second part of this thesis, we applied for the first time the solvent-assisted method to 

PDMS-b-PMOXA diblock and triblock copolymers to form polymer porous membranes highly 

reproducible, regardless of the hydrophobic block length or the structure of the polymer used. 

Polymer membranes obtained in this way present biocompatibility and good mechanical 

resistance, and can be employed as biomimetic platforms in different fields of application. In 

this specific case, the biotin functionalization of the polymer increased the versatility of the 

system. We investigated the interaction between our polymer membranes and DNA strands 

and the ADAse throught the well established biotin-streptavidin chemistry. Also in this case, 

biomolecules were able to perform their activity after the recombination with the membrane.  

In the third part of the thesis, we studied the creation of multiple solid supported hybrid 

membranes, based on the advantages that SA offers (e.g. straightforward, versatility, low costs 

and small quantity of sample needed). Various compositions of polymers and lipids have been 

tested, and the hybrid membrane formation conditions were optimized. The physico-chemical 

membrane characteristics were studied by a combination of QCM-D and AFM. The goal of 

this study was to reveal the influence of physical characteristics such as: lipid to polymer ratio, 

hydrophobic to hydrophilic block polymer ratio and length of polymer and lipid chains on the 

resulting quality and morphology of hybrid membranes. Particularly, we looked at lipid-

polymer domain separation, average thickness and characteristic assemblies (such as “vesicle-

like” structures or “islands”) of the hybrid membrane. This takes us one-step further towards 

the understanding of the molecular parameters and the appropriate conditions for the 
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fabrication of solid supported hybrid membranes matching the current requirements of 

biomedical applications regarding nano-sized materials.  Our main findings suggest that SA 

method is a valid alternative to other preparation methods for the development of solid-

supported membranes. This work puts the basis for the development of novel polymer-lipid 

hybrid platforms benefitting from the best properties of both components: mechanical 

resistance from the polymers and enhanced fluidity from lipids. A possible next step requires 

more information about mechanical and viscoelastic properties for hybrid membranes. By 

expanding the libraries of copolymer and lipid employed and by changing the experimental 

conditions (e.g. pH, temperature), a prediction model for the preparation of planar hybrid 

supported membranes free o major defects can be established.  

To summarize, the main goals of the thesis achieved were the following: i) self-assembly of 

polymers and hybrids into membranes with exposed functional groups, accessible for further 

biomolecule combination, ii) optimization of the novel solvent-assisted method to be applied 

onto polymer and hybrid membranes, iii) control over the biomolecule-membrane combination 

through spontaneous insertion or covalent bond formation and iv) evaluation of the preserved 

functionality of the biomolecules after the membrane recombination. 

Taken together, these results support further development of the complex and versatile polymer 

and hybrid bio-interfaces by indicating the molecular factors that are relevant when 

biomolecules are combined with artificial membranes, especially when they are hybrid, 

containing lipid and polymer domains. Moreover, the use of the novel solvent-assisted 

approach opens the possibility for an easy and quick pathway to produce solid-supported 

membranes and to combine them with several different biomolecules.  
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5. Materials and Methods 

5.1. Materials 

Phospholipids POPE, SM, NGPE, DOPE POPE, DPPC, Liss Rhod DOPE and Rhodamine B-

labeled DPPC were purchased from Avanti Polar Lipids (Alabaster, AL). Cyt c from bovine 

heart (≥95%) was obtained from Sigma-Aldrich and reconstituted to a concentration of 500 

μg/mL with PB solution. PB was prepared using Na2HPO4·7H2O and NaH2PO4 which were 

purchased from Sigma-Aldrich. The phosphate buffer saline (PBS), BSA and ethanol were purchased 

from Sigma-Aldrich. EDC, sNHS, and all reported organic solvents were obtained from Sigma-

Aldrich. Sav and avidin were purchased from Sigma and DNA strands from IDT. The silica slides 

(Ultrapak 100 mm thin wafer box) were purchased from Entegris Inc. (Germany) and used for 

layer deposition. All the diblock and triblock copolymers were provided by this group. 

 

5.2. Preparation 

5.2.1. Polymer Synthesis 

PDMS-OH was activated with trifluoromethanesulfonic anhydride and chain-extended by 

cationic ring-opening polymerization with the 2-methyl-2-oxazoline monomer and quenched 

with triethylamine/water in order to obtain hydroxy-functionalized PDMS-b-PMOXA-OH. 

The amphiphilic diblock copolymer PDMS-b-PMOXA-COOH was synthesized according to 

the following protocol: PDMS-OH was activated with trifluoromethanesulfonic anhydride and 

chain-extended by cationic ring-opening polymerization with the MOXA monomer. 

Quenching with triethylamine/water in order to obtain hydroxy-functionalized PDMS-b-

PMOXA-OH was followed by end-group modification with succinic anhydride, leading to the 

final carboxy-functionalized PDMS-b-PMOXA-COOH. The dispersity of the copolymer was 

2.09 according to gel permeation chromatography (GPC). In order to confirm the presence of 

the COOH end groups, FTIR was performed. 

The amphiphilic triblock copolymer PMOXA-PDMS-PMOXA was synthesized according 

to an established protocol:289 Potassium tert-butoxide solution (KOtBu, 0.25 mol L−1 in 1,4-

dioxane, 6.44 mL, 1.61 mmol, 1 eq.) was transferred into a 20 mL microwave vial with a 

magnetic stirrer in a glovebox. Then, 1,4-dioxane (0.66 mL) and a solution of 18-crown-6 (0.50 
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mol L−1 in dioxane, 1.61 mL, 0.804 mmol, 0.5 eq.) was added. The vial was closed and 

unloaded together with a syringe filled with 1,2-butylene oxide (BO, 7.00 mL, 80.4 mmol, 50 

eq.). BO was added to the reaction mixture through the septum of the lid and the microwave-

assisted reaction was immediately started. The first heating step for two minutes at 50 °C was 

followed by the second step of two minutes at 60 °C and finally 30 min at 70 °C. After cooling 

to room temperature, the polymerisation was quenched by adding methanol (2 mL). After 

stirring overnight, the solvents and unreacted monomer were evaporated using a rotary 

evaporator. The crude polymer was dissolved in n-hexane (100 mL) and washed with methanol 

(100 mL) in order to remove all polar side products. The bottom methanol enriched phase was 

extracted three times with n-hexane (each 100 mL), the four hexane phases were combined and 

the solvent evaporated on a rotary evaporator. After drying overnight in high vacuum (0.05 

mbar) the polymer was stored in a glovebox under argon. 4.69 g (Mn(NMR) = 3100 g mol−1, 

1.51 mmol, Đ(SEC) = 1.05) of colourless, viscous poly(butylene oxide)42 (PBO42) were 

obtained. 

PBO-PG was synthesized according to an established protocol:276 potassium tert-butoxide 

solution was transferred into a 20 mL microwave vial with a magnetic stirrer in a glovebox. 

Then, 1,4-dioxane and a solution of 18-crown-6 was added. The vial was closed and unloaded 

together with a syringe filled with 1,2-butylene oxide. BO was added to the reaction mixture 

and the microwave-assisted reaction was immediately started. After the heating step and 

cooling to room temperature, the polymerization was quenched by adding methanol. After 

stirring overnight, the solvents and unreacted monomer were evaporated using a rotary 

evaporator. The crude polymer was dissolved in n-hexane and washed with methanol in order 

to remove all polar side products. The bottom methanol enriched phase was extracted three 

times with n-hexane, the four hexane phases were combined and the solvent evaporated on a 

rotary evaporator. After drying overnight in high vacuum the polymer was stored in a glovebox 

under argon. PBO42 was obtained. PBO42 was transferred into a microwave vial with a 

magnetic stirrer. 1,4-Dioxane was added and the vial was closed. A solution of potassium 

naphthalenide was added to the solution dropwise under shaking through the septum of the lid, 

until the equivalent point was reached. Then was added to quench the reaction. After stirring, 

and solvents evaporation, the cleavage of the protecting groups was performed. The copolymer 

solution was then dialysed for two days and PBO42-b-PG21 was obtained. 

All the polymers used were characterized by NMR (see Appendix). 
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5.2.2. Activation of the carboxylic end group of copolymers in the membranes by 

EDC/sNHS 

For the covalent combination of cyt c to the copolymers in the solid-supported membranes, the 

functional carboxylic end groups were first activated to amine-reactive sNHS esters by 

submerging the membranes in 3 mL of EDC solution (10 mg/mL in PB) for 10 min under 

gentle agitation. After washing with PB for 30 min to remove the unbound molecules, the 

membranes were submerged into sNHS solution (10 mg/mL in PB) for 10 min and washed 

again with buffer. 

5.2.3. Preparation of ADAse 

Catalyst precursor [CpRu(CH3CN)3]PF6 (4 mM in DMF) and ligand (4 mM in DMF) were 

mixed in a 1:1 ration to afford the ADAse stock solution (2 mM in DMF). 1.20 uL of ADAse 

solution (77 nM final concentration; 1 eq. to SAV) was added to the SAV solution (5 ug/mL = 

77 nM final concentration in PBS). 

5.2.4. Catalysis on the membrane using ADAse 

The Ru-SAV complex was directly bound to the membrane with the same procedure: a 

solution of Ru-SAV in PBS (C = 77 nM) was injected for 15 minutes at a flow rate of 

25 uL/min. After a rinsing step with PBS, the QCM sensor was submerged in fresh PBS 

(2 mL) and the fluorescent substrate (20 μM final concentration) was added for the 

fluorimetry measurement. The reaction was incubated at 30 °C and measurements were 

taken at time 0, 4, 24 and 48 hours. To determine the background fluorescence, PBS and 

a substrate solution (20 µM in PBS) were also measured. Additionally the free artificial 

metalloenzyme in solution (77 nM, non-membrane bound) was also analysed by adding 

it to a substrate solution (20 µM).  

5.2.5. Preparation of silica wafers 

Silica wafers were cut into slides of 1 cm2 that were rinsed with ethanol and dried. 

Before using, slides were placed in a UV ozone cleaner (Jelight Company Inc, Irvine, 

USA) for 20 min to remove contaminants from the surface. The cleaned slides were 

immediately used for layer deposition. 

5.2.6. Membrane preparation with the solvent-assisted polymer bilayer method 
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The formation of the polymer membrane was performed directly onto QCM silica sensors and 

monitored using a QCM-D device. The QCM sensors were rinsed with water and ethanol and 

placed in a UV ozone cleaner (Jelight Company Inc, Irvine, USA) for 20 min to remove 

contaminants from the surface. The resulting sensors were immediately used for layer 

deposition: i) water was used for the baseline for 5 min; ii) ethanol was injected for 10 min, till 

the new stabilization of the baseline; the sample solution was added for 15 min; water was used 

for 10 min to induce the membrane assembly. For evaluating the membrane quality, a BSA 

solution (C = 0.5 mg/L) was added for 15 min, directly after the membrane formation , followed 

by the water rinsing for 10 min. All the biomolecules anchoring were performed after the BSA 

test by injecting the solution for 15-20 min; then, the water rinsing was performed to remove 

the molecules adsorbed. Solutions of polymer and of lipid-polymer hybrid mixture at different 

molar ratios were prepared by dissolving the samples in ethanol (C = 0.5 mg/L). The flow rate 

was kept at a constant value of 100 μL/min during the SAPB experiment or 50 μL/min during 

the protein attachment. 

5.2.7. Polymer membrane decoration with biomolecules 

The avidin attachment was performed according to the following procedure: PBS rinsing of 

the membrane (step 1); injection of the avidin solution (C = 50 ug/ml in PBS) for 20 minutes 

at a constant flow rate of 50 µl/min (step 2); final PBS rinsing for an additional 10 minutes to 

remove the unbound avidin (step 3).  

Streptavidin (Sav) was bound to the membrane as follows: a solution of Sav in PBS (C = 5 

μg/mL) was injected for 15 minutes at a flow rate of 50 uL/min. 

A solution of a biotinylated DNA strand with the sequence 

5BiosG/TTTTTTTTTTTTAACAGGATTAGCAGAGCGAGG (C = 100 nM) followd by its 

complementary sequence CCTCGCTCTGCTAATCCTGTT (C = 100 nM) were attached to 

the membrane Sav through the biotin/Sav chemistry. The DNA solutions were injected for 15 

minutes at a flow rate of 50 uL/min. The rinsing step with PBS was performed at 50 uL/min 

for 10 minutes after each attachment in order to remove the unbound biomolecules. The 

attachment of each biomolecule was performed in the QCM device and monitored in situ.  

5.2.8. Catalysis on the membrane using the ADAse 

The ADAse was bound to the functionalized membrane as follows: a solution of ADAse in 

PBS (C = 80 nM) was injected for 15 minutes at a flow rate of 25 uL/min. After a rinsing step 
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with PBS, the QCM sensor was dipped into fresh PBS (2 mL) and the fluorescent substrate N-

(allyloxycarbonyl)-aminocoumarin (2, 20 μM final concentration) was added for the 

fluorimetry measurement. The reaction was incubated at 30 °C and the measurements were 

performed at the following times: 0h (hours), 4h, 24h and 48h. To determine the background 

fluorescence, PBS and solution of the coumarin substrate (2, 20 µM in PBS) were also 

measured. Additionally, the free artificial metalloenzyme in solution (77 nM, non-membrane 

bound) was also analysed by adding it to a substrate solution (20 µM).  

The fluorescence was determined by analysing 200 µL of each sample at λex = 395 nm and 

λem = 470 nm. All measurements were carried out in triplicate. The conversion was determined 

by fluorescence using a calibration curve, which was prepared using aqueous solutions.   

5.2.9. AFM Sample preparation  

All the hybrid membranes for AFM measurements were obtained with a homemade device. 

The device consisted of a chamber with two compartments (1 cm2 each) for hosting the cut 

silica wafer and allowed the simultaneous preparation of two membranes per experiment, under 

the established SA protocol. The chamber was connected to a digital peristaltic pump (Ismatec, 

Glattbrugg, Switzerland) and sealed. The solutions were injected at constant flow, following 

the same procedures adopted for the QCM-D measurements. 

 

5.3. Methods 

5.3.1. Area-surface pressure isotherms 

The area-dependent surface pressure isotherms of lipid, copolymer, and mixtures of lipid and 

copolymer were measured by Langmuir Teflon mini-trough (KSV Instruments, Finland). The 

trough was equipped with two movable computer-controlled Delrin barriers for variation of the 

area per molecule and a Wilhelmy plate made of filter paper for measuring the surface pressure. 

The trough and barriers were cleaned with high-purity chloroform (HPLC grade, Sigma-

Aldrich) and ethanol (≤99.8%, Fluka) before each measurement, and the trough was filled with 

ultrapure water. A fresh Wilhelmy paper was mounted and fully wetted with ultrapure water 

every time. The copolymer, lipid, and hybrid mixtures in chloroform were diluted with 

chloroform to a concentration of 1 mg/mL. An aliquot was spread onto the ultraclean water 

subphase with a glass Hamilton microsyringe and left untouched for 10 min to allow for 
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chloroform evaporation. Then, the lipid, copolymer, or hybrid monolayers at the air–water 

interface were compressed with a constant rate of 10 mm min–1. During all measurements, a 

constant temperature of 23 °C was maintained. All reported data represent triplicate 

measurements. 

5.3.2. Brewster angle microscopy 

BAM experiments were performed with the EP3SW system (Nanofilm Technologie GmbH, 

Göttingen, Germany) equipped with a Nd:YAG laser (λ = 532 nm), a long distance objective 

(Nikon, 20×), and a monochrome CCD camera. The size of the BAM image corresponds to 

220 × 250 μm2, with a resolution of 1 μm. The microscope was installed over the KSV 

Langmuir trough equipped with two movable barriers that lead to symmetrical compression. 

The BAM measurements were done in triplicate in order to obtain the best representation of 

the images. 

5.3.3. Langmuir–Blodgett transfer 

The Langmuir monolayers formed at the air–water interface were deposited on the solid 

substrate (silica wafer or silicon dioxide sensor QSX 303 SiO2) using a vertical dipping 

method. The dipping speed was 0.5 mm/min for downstroke and upstroke, maintaining the 

surface pressure at 35 mN/m. The bilayer films were transferred to the silica substrate by 

immersing the dipper downstroke for deposition of the first layer and lifting it upstroke for 

deposition of the second layer. 

5.3.4. Confocal laser scanning microscopy 

For CLSM, 1–2 volume % of Liss Rhod PE was added to the lipid/copolymer mixture before 

the LB transfer to the solid support. The supported hybrid bilayer was transferred to a glass 

slide and imaged within 1 h after the LB deposition. CLSM images were recorded on a Zeiss 

880 LSM equipped with a 40x water-immersion objective (C-Apochromat 40×/1.2 W Korr 

FCS M27). A DBSS 561–10 laser (λ = 561 nm) with laser power at 2% was used for the 

excitation of Liss Rhod PE. The fluorescence intensities of the images were analyzed by ImageJ 

(v. 1.52r). 

5.3.5. Atomic force microscopy 
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AFM was performed with a JPK NanoWizard 3 AFM (JPK Instruments AG). AC mode 

topography images were obtained in air, using silicon cantilevers (Tap150 Al-G, Budget 

Sensors) with a nominal spring constant of 10–130 Nm–1 and a resonance frequency of 150 

kHz. Images were analyzed with the data analysis software JPK Data Processing (v. 5.0). 

5.3.6. Quartz crystal microbalance with dissipation 

QCM-D with Q-Sense E1 (Biolin Scientific, Sweden) set up was employed to characterize the 

combination of cyt c to the membrane on silicon dioxide sensors. Changes in the resonance 

frequency (ΔF) and energy dissipation (ΔD) of the oscillating sensor chip (QSX 303 SiO2) as 

a function of time were simultaneously recorded at multiple odd overtones (3rd, 5th, 7th, 9th, 

and 11th). All data shown represent recordings at the 7th overtone. In order to estimate the 

mass of protein attached to the different membranes, the Sauerbrey equation was applied. This 

equation converts the frequency shift into mass using a simple relation; Δm = −CΔf, where Δm 

is the mass, C is the proportionality constant (17.7 ng cm–2 Hz–1), and Δf is the frequency 

shift. After establishing a baseline in aqueous buffer solution, QCM-D measurements were 

conducted under continuous flow conditions. A flow rate of 50 μL/min for the process of 

protein addition and washing was delivered using a Reglo Digital peristaltic pump (Ismatec, 

Glattbrugg, Switzerland). The temperature of the flow cell was fixed at 24.0 ± 0.5 °C. 

5.3.7. Fluorimetry 

Fluorimetry was performed with a Spectramax M5e microplate and cuvette reader (Molecular 

Devices, USA) using a 10 mm light path quartz cuvette (Hellma, Germany), an excitation 

wavelength of 570 nm, and an emission wavelength of 595 nm. All specimens were measured 

immediately after QCM-D. The silica substrate was placed standing upright in the cuvette, 

facing the light source. AR and H2O2 were added to a final concentration of 3.3 and 0.66 mM, 

respectively, and the final volume was adjusted to 3 mL with 100 mM PB. 
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7. Appendix 

7.1 Figures 

 

Figure 7-1. Polymer characterisation: NMR (A), FT-IR (B) and GPC (C). 

 

 

Figure 7-2. QCM-D of cyt c adsorption onto bare silica substrate. The numbers at the top of 

figure denote as follows; 1 injection of PB solution, 2 Injection of 0.5 mg/mL cyt c and 3 

injection of PB solution. 
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Figure 7-3. Schematic representation of polymer - cyt c conjugation through EDC/NHS 

chemistry.   

 

 

Figure 7-4. schematic representation of AR oxidation into high fluorescent species (A); change 

in colour of the PB solution over time in the presence of cyt c conjugated onto hybrid membrane 

after 30 minutes (B) and12 hours (C). 
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Figure 7-5. NMR spectra of A61B9. 

 

 

Figure 7-6. NMR spectra of A30B10. 
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Figure 7-7. NMR spectra of biotin-A35B12. 

 

 

Figure 7-8. NMR spectra of A89B10. 
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Figure 7-9. NMR spectra of B6A36B6. 

 

 

 

 

 

 

 

 

 

Figure 7-10. QCM-D plots of BSA attachment onto bare silica.  
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Figure 7-11. Calibration curves for determining the concentration of the product obtained by 

the enzymatic activity at different times by fluorimetry. 

 

 

Figure 7-12. Comparison of the catalytic activity of Sav-based artificial metalloenzymes to the 

free cofactor in solution. Allylic deallylation of N-(allyloxycarbonyl)-aminocoumarin substrate 

leads to the fluorescent product aminocouamarin which was observed by TECAN 

measurements. Conditions: 500 μM substrate N-(allyloxycarbonyl)-aminocoumarin, 5 μM 

ruthenium cofactor, 10 μM Sav, 25°C, 16 h. 
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Figure 7-13. GPC and NMR spectra of PBO50-PG18. 

 

 

Figure 7-14. Contour plot reporting the membrane thickness in function of the PDMS-

PMOXA polymers and lipids hydrophobicity (A) and membrane coverage and thickness in 

function of lipid hydrophobicity for membrane composed of PEO-PG polymer (B). 
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Figure 7-15. AFM characterization of membrane composed of A61B9 polymer and DPPC lipid 

(50:50 w/w): height image and phase image (A); cross section (B).  
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Figure 7-16. AFM characterization of membrane composed of PBO50PG18 polymer and DPPC 

lipid (50:50 w/w): height image and phase image (A); cross section (B).  

 

 

Figure 7-17. AFM characterization of membrane composed of A89B10 polymer and SM lipid 

(50:50 w/w): height image (A); cross section (B).  

 

 

Figure 7-18. AFM characterization of membrane composed of A30B10 polymer and SM lipid 

(50:50 w/w): height image and phase image (A); cross section (B). 
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Figure 7-19. AFM characterization of membrane composed of PBO50PG18 polymer and SM 

lipid (50:50 w/w): height image and phase image (A); cross section (B).  
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Figure 7-20. AFM characterization of membrane composed of PBO50PG18 polymer and NGPE 

lipid (50:50 w/w): height image and phase image (A); cross section (B).  

 

 

Figure 7-21. AFM characterization of membrane composed of PBO50PG18 polymer and POPE 

lipid (50:50 w/w): height image and phase image (A); cross section (B); phase image of A61B9-

POPE membrane (50:50 w/w). 
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7.2. Tables 

 

Table 7-1. QCM-D quantifications of EDC/NHS and cytochrome c combination with polymer 

and hybrid membranes. 

 

 

Membrane type 

Frequency Shift Mass Molecules of cyt c 

Insertion Conjugation Insertion Conjugation Insertion Conjugation 

Polymer -8.0 ± 0.9 -7.4 ± 0.8 142 ± 16 132 ± 18 7.1 ± 0.8 6.6 ± 0.7 

Hybrid -7.5 ± 2.1 -2.5 ± 0.7 133 ± 38 44 ± 13 6.7 ± 1.9 2.2 ± 0.6 

Lipid -2.4 ± 2.3 n.a. 42 ± 40 n.a. 2.1 ± 2.0 n.a. 

Table 7-2. Quantification of cytochrome c combined with polymer and hybrid membranes. 

aThe Frequency is reported in Hz, the mass is reported in ng/cm2, the molecules of cyt c have 

to be multiplied by 1012. bNot available, the conjugation was not performed for the lipid because 

it has no carboxylic end group. The quantity of cyt c combined with the two strategies are 

compared.  

 

 

 

 

 

 

 

 

XMembrane type 

Frequency Shift (Hz) Mass (ng/cm2) 

Polymer 

membrane 

Hybrid 

membrane 

Polymer 

membrane 

Hybrid 

membrane 

EDC/NHS -8.6 ± 1.3 -5.7 ± 1.2 153 ± 24 101 ± 23 

Insertion  (with BSA step) -8.1 ± 1.3 -8.4 ± 3.3 144 ± 28 148 ± 62 

Insertion  (without BSA step) -8.0 ± 0.9 -7.5 ± 2.1 142 ± 16 133 ± 38 
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Polymer 
Membrane formation (4) BSA step (6) 

Δf (Hz) ΔD (10-6) Δf (Hz) ΔD (10-6) 

A30B10 -42 ± 6 0.8 ± 0.6 

-46 ± 6      

(-4 ± 6) 0.9 ± 0.6 

A61B9 -115 ± 1 5.5 ± 0.1 

-121 ± 4    

(-6 ± 4) 4.9 ± 0.1 

A89B10 -80 ± 10 11.5 ± 2.7 

-94 ± 11    

(-14 ± 11) 9.3 ± 2.9 

B6A36B6 -72 ± 4 1.3 ± 0.1 

-76 ± 4      

(-4 ± 4) 1.1 ± 0.9 

Polymer Mass (ng) Thickness (nm) 

  

A30B10 696 ± 154 7 ± 1   

A61B9 1777 ± 422 19 ± 2   

A89B10 1424 ± 192 16 ± 1   

B6A36B6 1269 ± 65 13 ± 2     

 

Table 7-3. frequency and dissipation shift values for different one-component diblock and 

triblock polymer membranes. Mass and thickness of the membranes were calculated with the 

composite Sauerbrey model. 

 

Biotin-A35B12 A61B9  

w/w 

Membrane formation (4) BSA step (6) 

Mass (ng) 
Thickness 

(nm) 
Δf (Hz) ΔD (10-6) Δf (Hz) 

ΔD 

(10-6) 

0-100 -115 ± 1 5.5 ± 0.1 

-121 ± 4          

(-6 ± 4) 

4.9 ± 

0.1 

1777 ± 

422 19 ± 1 

20-80 -90 ± 1 2.8 ± 0.1 

-95 ± 1           

(-5 ± 1) 

3.6 ± 

0.5 1675 ± 50 17 ± 1 

50-50 -72 ± 1 2.3 ± 0.5 

-78 ± 1           

(-6 ± 1) 

1.9 ± 

0.3 1415 ± 21 15 ± 2 

80-20 -80 ± 2 3.2 ± 0.5 

-86 ± 3          

 (-6 ± 4) 

2.1 ± 

0.3 1509 ± 63 15 ± 2 

100-0 -70 ± 1 2.5 ± 0.3 

-76 ± 1           

(-6 ± 1) 

2.1 ± 

0.2 1353 ± 4 14 ± 1 
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Table 7-4. Frequency and dissipation shift values for the reported QCM-D graphs. Mass and 

thickness of the membranes were calculated with the composite Sauerbrey model. 

 

Biotin-A35B12 A30B10  w/w 

Membrane formation BSA step 

Δf (Hz) ΔD (10-6) Δf (Hz) ΔD (10-6) 

0-100 -42 ± 6 0.8 ± 0.6 

-46 ± 6           

(-4 ± 6) 0.9 ± 0.6 

20-80 -56 ± 4 0.8 ± 0.1 

-59 ± 4           

(-3 ± 4) 0.3 ± 0.1 

Biotin-A35B12 A30B10  w/w Mass (ng) Thickness (nm) 

  

0-100 696 ± 154 7 ± 1   

20-80 1230 ± 438 12 ± 4     

 

Table 7-5. Frequency and dissipation shift values for one- and two-components membranes. 

Mass and thickness of the membranes and mass of attached biomolecules were calculated with 

the composite Sauerbrey model. 
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Biotin-A35B12 A61B9  20:80 Membrane formation (4) BSA step (6) 

Concentration Δf (Hz) ΔD (10-6) Δf (Hz) ΔD (10-6) 

0.1 mg/mL -57 ± 4 3.5  ± 0.7 

-65 ± 1           

(- 10 ± 4) 2.2 ± 0.4    

0.5 mg/mL -90 ± 1 2.8 ± 0.1 

-95 ± 1           

(-5 ± 1) 3.6 ± 0.5 

1 mg/mL -113 ± 0.7 3.6 ± 1.3 

-117 ± 3         

(-4 ± 3)  3.1 ± 1.4   

Biotin-A35B12 A61B9  20:80 
Mass (ng) Thickness (nm) 

  Concentration 

0.1 mg/mL 977 ± 4  9.8 ± 0.1   

0.5 mg/mL 1675 ± 50 17 ± 1   

1 mg/mL 2030 ± 6 20.3 ± 0.1     

 

Table 7-6. Frequency and dissipation shift values for biotin-A35B12 and A61B9 polymers (20:80 

w/w) at different concentrations. Mass and thickness of the membranes were calculated with 

the composite Sauerbrey model. 

 

Membrane 
Roughness (nm) 

Elasticity 

(nN/µm) 

RMS (Rq) 

Biotin-A35B12/A61B9   20-80 1.83 16.73 

Biotin-A35B12/A30B10   20-80 2.21 6.09 

A61B9 1.76 8.85 

A30B10 1.75 3.16 

Bare silica 0.12 2.36 

 

Table 7-7. Root Mean Squared (RMS) values of roughness and elasticity for different 

polymer membranes and bare silica. 
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Biotin-A35B12 A61B9  w/w 

Avidin attachment (3) 

Δf (Hz) ΔD (10-6) Mass (ng) 

0-100 -2 ± 2 3.2 ± 2.8 0 

20-80 -20 ± 2 3.7 ± 0.5 354 ± 35 

50-50 -21 ± 1 1.9 ± 0.1 372 ± 18 

80-20 -29 ± 1 2.8 ± 0.2 513 ± 18 

100-0 -26 ± 2 1.8 ± 0.4 460 ± 35 

 

Table 7-8. Frequency and dissipation shift values for the reported QCM-D graphs. Mass of 

the avidin attached was calculated with the composite Sauerbrey model. 

 

Concentration 

Avidin attachment (3) 

Δf (Hz) ΔD (10-6) Mass (ng) 

0.1 mg/mL -10 ± 2 3.0 ± 0.4   194 ± 25 

0.5 mg/mL -20 ± 2 4.1 ± 0.6 354 ± 25 

1 mg/mL -18 ± 1 4.6 ± 1.5 327 ± 12 

 

Table 7-9. Frequency and dissipation shift values for avidin attachment onto functional 

membranes at different polymer concentrations and block lenght. Mass of the avidin attached 

was calculated with the composite Sauerbrey model. 

 

Biotin-A35B12 A30B12  

w/w 

Avidin attachment SAV-Ru attachment 

Δf (Hz) ΔD (10-6) Mass (ng) Δf (Hz) ΔD (10-6) Mass (ng) 

20-80 -14 ± 2 1.5 ± 0.3 247 ± 35 -18 ± 3 4.3 ± 0.9 310 ± 47 

Biotin-A35B12 A30B10  

w/w 

SAV attachment DNA-Biotin attachment 

Δf (Hz) ΔD (10-6) Mass (ng) Δf (Hz) ΔD (10-6) Mass (ng) 

20-80 -16 ± 3 1.5 ± 0.2 283 ± 47 -6 ± 1 1.0 ± 0.1  110 ± 15 

Biotin-A35B12 A30B10  

w/w 

Complementary strand attachment 

  Δf (Hz) ΔD (10-6) Mass (ng) 

20-80 -3 ± 1 0.1 ± 0.0  44 ± 10       
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Table 7-10. Frequency and dissipation shift values for different biomolecules attachment onto 

membranes composed of biotin-A35B12/A30B10 and biotin-A35B12/A61B9 polymers (20:80 w/w) 

at different concentrations. Mass of the biomolecules attached was calculated with the 

composite Sauerbrey model. 

 

Substrate converted (ng) 

Time (hours) WT membrane YR membrane WT bulk YR bulk PBS 

0 0.18 0.29 0.1 0.08 0.21 

4 0.89 2.48 1.58 4.1 0.02 

24 1.81 3.85 2.43 5.84 0.25 

48 2.38 5.08 3.85 6.51 0.02 

 

Table 7-11. Quantification of the substrate converted by mutant and wild type ADAse in bulk 

or onto membrane over 48 hours. PBS was used as control. 

 

Hybrid mixture 

Membrane formation (4) BSA step (6) 
Thickness 

(nm) 

Membrane 

coverage (%) 
Δf (Hz) Δf (Hz) 

DPPC-A61B9 50:50 -83 ± 23 

-90 ± 27        

(-7 ± 25) 15 ± 4 72 ± 22 

DPPC-A61B9 80:20 -54 ± 11 

-54 ± 11       

(-0 ± 11) 9 ± 2 97 ± 19 

DPPC-A61B9 20:80 -105 ± 23 

-102 ± 11      

(-3 ± 11) 18 ± 4 113 ± 12 

DPPC-PBO50PG18 

50:50 -47 ± 12 

-51 ± 12         

(-4 ± 12) 8 ± 2 83 ± 19 

POPC-A61B9 50:50 -67 ± 0 

-66 ± 1          

(-1 ± 1) 12 ± 0 105 ± 1 

POPC-PBO50PG18 

50:50 -43 ± 4 

-44 ± 5          

(-1 ± 5) 8 ± 1 97 ± 10 

SM-A61B9 50:50 -73 ± 4 

-73 ± 0          

(-0 ± 4) 13 ± 0 103 ± 0 

SM-PBO50PG18 50:50 -44 ± 3 

-45 ± 4          

(-1 ± 1) 7 ± 0 94 ± 7 
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POPE-A61B9 50:50 -70 ± 10 

-73 ± 10          

(-3 ± 10) 12 ± 2 88 ± 12 

POPE-A89B10 50:50 -68 ± 6 

-73 ± 5          

(-5 ± 8) 12 ± 1 80 ± 6 

POPE-A30B10 50:50 -57 ± 0 

-58 ± 0          

(-1 ± 0) 10 ± 0 96 ± 0 

POPE-PBO50PG18 

50:50 -57 ± 5 

-67 ± 6          

(-10 ± 8) 10 ± 1 60 ± 5 

NGPE-A61B9 50:50 -63 ± 7 

-75 ± 6          

(-12 ± 9) 11 ± 1 52 ± 4 

NGPE-PBO50PG18 

50:50 -33 ± 1 

-56 ± 1          

(-23 ± 1) 6 ± 0 8 ± 0 

DOPE-A61B9 50:50 -82 ± 21 

-84 ± 19         

(-2 ± 20) 14 ± 3 90 ± 20 

DOPE-PBO50PG18 

50:50 -53 ± 5 

-65 ± 2          

(-12 ± 5) 9 ± 0 50 ± 2 

 

Table 7-12. Frequency shift values for membrane formation and BSA step of different hybrid 

membranes composed of polymer and lipids are reported. Membrane thickness and coverage 

were calculated. 

 

Hybrid mixture (50:50 w/w) Membrane coverage (%) 
Phase domain 

separation 

Islands 

presence 

DPPC-A89B10 n.a. yes big 

DPPC-A89B10 (in water) n.a. yes no 

DPPC-A61B9  72 ± 22 yes big 

DPPC-PBO50PG18 83 ± 19 yes small 

POPE-A61B9 88 ± 12 no big 

POPE-A89B10 80 ± 6 no big 

POPE-A30B10 96 ± 0 no big 

POPE-PBO50PG18  60 ± 5 not clear big 

SM-A61B9 103 ± 0 yes small 
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SM-A89B10 n.a. no small 

SM-A30B10 n.a. yes small 

SM-PBO50PG18 94 ± 7 yes small 

NGPE-A89B10 n.a. yes no 

NGPE-A61B9 52 ± 4 not clear small 

NGPE-PBO50PG18 8 ± 0 no small 

 

Table 7-13. Evaluation of the preserved assemble of different hybrid membranes in dry 

conditions. 
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