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Fusion of protein containing lipid vesicles (proteoliposomes) with planar membranes has been used for many 

years and is a powerful technique to incorporate membrane proteins into planar lipid bilayers12, 13. In 

particular, this method has been valuable for studies where incorporation of only a few proteins (or even 

single protein) is sufficient. However, large scale systems based on lipid bilayers will often require substantial 

amounts of incorporated proteins. It is therefore of interest to evaluate the potential of up-scaling vesicle 

based protein delivery, an issue that will be addressed in this thesis. 

A very important step in building a biomimetic membrane-based device is the demonstration of its final 

application. An artificially made lipid membrane may be a useful tool for biochemical studies of proteins and 

for the development of future sensor and separation technologies. This is the main subject of the last part of 

this thesis where a perspective application as a stochastic sensor of a protein of interest incorporated into a 

lipid bilayer will be investigated. 

To summarize, biomimetic membranes have a great potential. Artificially made membranes are powerful 

tools for the fundamental biophysical studies of membrane proteins and may be used in sensor and 

separation technologies. However, there are many challenges that must be overcome in order to build 

biomimetic membrane devices for industrial applications and this work presents some ways of solving them. 







5 

 

3. Background 

3.1. Biomimetic membranes 

The term biomimetic membrane denotes a membrane that mimics a real cell membrane. The latter acts as a 

selective barrier defining the cell and organelles and is a very complex structure (Figure 3.1)4. Almost 

everything we perceive comes to us via the cell membrane. The reason for this is that it mainly consists of a 

lipid bilayer, which has specialized proteins incorporated in it that act as receptors, ion channels or 

transporters. Therefore, the cell membrane and its constituents are responsible for our main senses like 

sight, smell, taste, touch, and hearing. The cell membrane contains, depending on the cell, a variety of 

glycolipids, carbohydrates, cholesterols and other components in different combinations and quantities, all of 

which are held together by noncovalent interactions6. The fundamental structure of the artificially made 

membrane is a lipid- or recently also a polymer14-17 bilayer with proteins embedded in it.  This simple 

membrane-protein configuration is a simpler structure than an entire cell, but can be sufficient to study the 

functions of membrane spanning proteins.   

In the following sections, the main components used to create biomimetic membranes; lipids and polymer 

bilayers and membrane proteins, will be described. Then, the strategies that are used to deliver proteins to 

the bilayer matrix will be discussed, and finally some biomimetic membrane applications will be shown.   

 

Figure 3.1. Schematic diagram of a cell membrane showing its two main components: lipid bilayer with embedded proteins and 
glycolipids and oligosaccharides. The phospholipid bilayer consists of two leaflets of phospholipid molecules whose fatty acyl tails form 
the hydrophobic interior of the bilayer; their polar, hydrophilic head groups line both surfaces. Most integral proteins span the bilayer as 
shown; a few are tethered to one leaflet by a covalently attached lipid anchor group. Peripheral proteins are primarily associated with 
the membrane by specific protein-protein interactions. Oligosaccharides bind mainly to membrane proteins; however, some bind to 
lipids, forming glycolipids. The full complexity of the cell membrane is not shown. (Picture taken from18). 
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compartments. In principle they can be established by two different methods; the Mueller-Rudin painting 

method26 and the Montal-Mueller folding method7. In the painting method, lipid26 or polymer27, 28 bilayers are 

formed by self-assembly of an initially thick lipid or polymer solvent film spread over one side of an aperture 

submerged in aqueous solution. The lipid or polymer layer gradually thins down to form a bilayer due to the 

presence of the amphiphilic moiety on the lipids or polymers. The bilayer is formed in the middle of the 

aperture while the thick lipid or polymer solvent solution is left around the edges of the aperture forming the 

so-called Plateau-Gibbs border (Figure 3.4). In the folding method, a vertical setup is used. In one 

embodiment, a lipid7 or polymer15 monolayer is spread at the air-water interface in one compartment. By first 

lowering the lipid containing aqueous solution on one side of the aperture and then raising it results in bilayer 

formation across the aperture (Figure 3.5). 

 

Figure 3.4. Schematic of the BLM and BPM formation by the painting method. (A) Lipid or polymer forming solution (in red) is applied to 
the aperture (in yellow) separated between two aqueous compartments (in blue). (B) The presence of amphiphilic components 
promotes the lipid of polymer layer thinning process. Bilayer is formed in the middle of the aperture while the thick forming solution is left 
around the edges of the aperture forming the so-called Plateau-Gibbs border. 

 

Figure 3.5. Schematic of the BLM and BPM formation by the folding method. (A) The lipid or polymer monolayer (in red and black) is 
lowered (B) and raised (C) so that a bilayer is formed along the wall and over the aperture in a hydrophobic partition (in yellow) 
separating the two aqueous compartments (in blue). 

Supported planar membranes (Figure 3.3C) are another type of biomimetic membranes and show the 

potential in applications where membrane durability plays an important role. They can be made up from 

lipids or polymers and are both formed by the Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) 

techniques29-31 or by vesicle deposition32-34. The LB and LS technology is based on the particular properties 

of amphiphilic molecules to orient themselves at an air/water interface between a gaseous and liquid phase 

to minimise their free energy, forming an insoluble monolayer called Langmuir film. It is formed by vertical 

(LB) or horizontal (LS) movement of a solid substrate through the monolayer/air interface. For vesicle 

deposition, the solid support must be hydrophilic, why silica, mica and borosilicate glass are the most 

commonly used support materials. 

3.1.2. Membrane proteins and transport 

Membrane proteins are the second component of a biomimetic membrane. Biological membranes contain 

peripheral and integral membrane proteins.  Peripheral membrane proteins interact with integral membrane 
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3.1.3. Strategies for protein delivery 

Integration of membrane proteins with lipid or polymer bilayers to form a functional biomimetic membrane is 

not a trivial process, mainly due to protein softness and membrane fragility. This is of significant importance 

in the design of novel sensor and separation technologies. In this section, the strategies that are used to 

deliver proteins to three different types of lipid or polymer bilayers, i.e., vesicular, free standing and 

supported (Figure 3.7) will be described. 

 

Figure 3.7. Integration of proteins with different types of lipid or polymer bilayers. (A) Vesicular membranes separating two aqueous 
compartments; lipid or polymer membranes (red), the intravesicular aqueous compartment (blue), incorporated transmembrane proteins 
(white squares). (B) Free-standing membrane; black lipid or polymer membranes (red) over an aperture in a hydrophobic scaffold 
(green) with an incorporated transmembrane protein (white rods). The membrane separates two aqueous compartments. The white 
triangular sections between the membrane monolayers and the scaffold contain an organic solvent.  (C) Planar supported membranes. 
Lipid or polymer membranes (red) supported on a solid support (green) with an incorporated transmembrane protein (white rods). 

A protein and lipid bilayer integration will mainly be affected by the hydrophobic interactions of the 

hydrophobic protein segment(s) with the acyl chains of the lipids. The hydrophobic thickness of the 

membrane and the length of the hydrophobic segments of the protein are expected to be matched. If there is 

a difference between them (known as hydrophobic mismatch), the protein may be hampered or even 

misfolded exposed to an unfavourable hydrophilic environment.  

There are several methods available for reconstituting membrane proteins into vesicles. They depend on the 

protein purification conditions and the majority of these involve the use of detergents, which play a dual role 

for membrane proteins in solution: they solubilise the native membrane, releasing the contained membrane 

spanning protein into solution, and maintain the proteins folded and soluble in an aqueous state36. To 

produce protein reconstituted liposomes (proteoliposomes), removal of the detergent is necessary in order to 

transfer the proteins from an aqueous detergent solubilised state into the lipid bilayer.  Conventional 

techniques for removing the detergent include dialysis, gel exclusion chromatography and adsorption onto 

polymeric materials.  

An important parameter to consider before carrying out the protein reconstitution process is the LPR. There 

is an upper limit of how much protein that physically can be incorporated into a defined amount of lipid. This 

limit depends on the surface area of the protein and the area of the lipid bimolecular structure. Based on the 

protein and lipid area values a minimum mol/mol ratio between these two biomimetic membrane components 

may be estimated. The area per lipid of phosphatidylcholines has for example been characterized by NMR 

spectroscopy37 and the various membrane proteins surfaces have been determined based on their crystal 

structures. The spinach aquaporin SoPIP2;1 is just one example38. Protein reconstitution into liposomes has 
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loaded into the planar membranes. By using ion channels that remain open after incorporation into the 

planar membrane one may asses the amount of inserted protein by detecting the increase in bilayer 

macroscopic conductance G after transfer of ion channels from the vesicle membrane to the bilayer. When 

the single-channel conductance g is known one may use the ratio G/g to estimate the total number of (ion 

channel) proteins that has been incorporated by fusion during this process (the fusion efficacy). This method 

has been demonstrated by using the voltage dependent anion channel (VDAC)52, 63. Another way of 

assessing the fusion efficacy is fluorescent tracer fusion assay. Fluorescence may be used to label the 

receiving planar lipid membrane with fluorescence label while having a different fluorescence label of the 

lipid vesicles or a labelled protein reconstituted into the fusiogenic vesicles. In this case vesicle fusion will 

result in incorporation of the fluorescent dye of the vesicles or of the labelled proteins reconstituted in the 

vesicles, respectively, into the planar fluorescently labelled membrane64.  

A novel strategy for reconstituting membrane proteins into planar membranes is by direct incorporation, 

which refers to reconstitution of membrane proteins simultaneously with establishing the planar membrane. 

Even though there are still very limited reports on this subject; it has been described for bacteriorhodopsin65 

and the nicotinic acetylcholine receptor66. A clear advantage of the direct incorporation approach is that the 

amount of protein reconstituted into the model membrane may be precisely controlled. The ability to 

incorporate large quantities of protein into model membranes may especially be important for using planar 

protein-based biomimetic membranes for separation techniques, where a high protein content is desired3. 

More information about biomimetic membrane applications will be presented in the next section of this 

thesis. However, my intention is not to review the extensive research performed in this field, but rather to 

highlight some of the applications. 

3.1.4. Biomimetic membrane applications 

Biomimetic membranes have a potential in a diverse range of applications; from biomedicine to separation 

technologies. Some examples of their biomedical applications are biosensing and platforms for high-

throughput screening in the drug discovery process. The importance of biomimetic membranes as drug-

screening platforms is rapidly growing as more and more human diseases are found to be caused by defects 

in ion channel functions. Such diseases include well-known examples like cystic fibrosis, cardiac arrhythmias 

and epilepsy. Nowadays, more than 60% of the pharmaceutical drug targets are proteins, in particular 

membrane proteins5. 

The biomimetic membrane application is determined by the format of the membrane (vesicular, free-standing 

or supported) and the effective membrane area. One example of vesicle based sensors is vesicles 

immobilized on the sensor surface67-69. Free standing membranes have been used extensively as model 

membranes6 and for analytical applications70, but have insufficient long term mechanical stability to be viable 

as portable biosensing devices. Integration of the bilayer with a solid surface provides far greater stability 

than a free-standing membrane and thus the majority of biomimetic membrane based biosensors employ 

supported BLMs71, 72. In most biomimetic membrane biosensor applications, the membrane serves as a 

passive matrix for the embedded proteins in which the protein (typically a receptor) can sense a signal and 

somehow transduce the information. This type of biosensor does not require massive flux of matter across 
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reduced dimensions lead to an increase in the surface-to-volume ratio. This has consequences and must be 

kept in mind when attempting to design microsystems. In this section some basic insight into flow behaviour 

and processes and phenomena that rule at micro scales will be given. More detailed information can be 

found in83, 84. 

The Navier-Stokes equations are used to analyze the fluid flow. These equations combine the fundamental 

laws of conservation (mass, momentum and energy) with constitutive equations for fluids (governing 

viscosity and thermal conductivity) and are expressed by Eq. 3.3, where �Q is the flow velocity, �U is the fluid 

density, p  is the pressure, T  is the (deviatoric) stress tensor, and f  represents body forces (per unit 

volume) acting on the fluid, and  �’  is the del operator.  

 fp
t

���7�˜�’�����’� �’�˜��
�w
�w

)( �Q�Q
�Q

�U  (3.3)  

If we consider an incompressible, Newtonian fluid such as water, the Navier-Stokes equations can be 

simplified and different terms in the equation can be regarded as a connection between inertial forces and 

viscous forces (Eq. 3.4) 

 fp
t

���’�����’� �’�˜��
�w
�w

�Q�P�Q�Q
�Q

�U 2)(  (3.4)  

Here f  represents "other" body forces (forces per unit volume), such as gravity or centrifugal force. The 

shear stress term T�’  becomes the useful quantity �Q�P 2�’  ( 2�’ is the vector Laplacian) when the fluid is 

assumed incompressible, homogeneous and Newtonian, where �P is the dynamic viscosity. The left hand 

site of the equation represents inertia (per volume) )( �Q�Q
�Q

�U �’�˜��
�w
�w

t
, where the right hand side divergence of 

stress �Q�P 2�’���’�� p plus other body forces ( f ). The following parts of the equation,
t�w

�w�Q
, �Q�Q�’�˜ , p�’�� ,  

and �Q�P 2�’ represent unsteady acceleration, convective acceleration, pressure gradient and viscosity, 

respectively. 

However, the Navier-Stokes equations contain more unknown parameters than equations, making complete 

analytical solution impossible. To solve them several boundary conditions are needed, for example the so-

called no-slip condition, which states that the velocities at phase boundaries must be equal. A well known 

solution to the Navier-Stokes equation is the Hagen-Poiseuille-equation, which gives a relation between a 

fluidic resistance and the viscosity of a substance. Assuming circular cross-section of the microchannel, the 

fluidic resistance R  can be described by Eq. 3.5, where L  is the length, r  the diameter of the channel, �K 

is the kinematic viscosity. As seen from that equation, the fluidic resistance increases drastically when the 

channel dimensions are reduced. As consequences, to move liquids through smaller channels higher 

pressure is necessary. 
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To get an impression what kind of flow is common to microsystems, in channels that have microdimensions, 

relations between the magnitudes of the inertial and viscous forces needs to be found. This is well described 

by the dimensionless Reynolds number, Re, which is defined by the Eq. 3.6, where �K  is the viscosity, �U 

the density, �Qthe velocity and d  describes a characteristic length scale of a microchannel. 

 
�K

�Q�Ud
� Re  (3.6)  

From empirical observation, Re  > 2300 correspond to turbulent flow, which is the typical behavior of flow in 

a macroworld. Under this regime inertial forces are dominant. The region 2000 < Re < 3000 is called the 

regime of transitional flow. The region where the Re < 2000 is referred as the laminar flow, region which is 

the dominant one in microsystems.   

The useful equations that help during the design of microfluidic system are the continuity equation and the 

Bernoulli equation. The first one describes the behavior of flow in channels with changing cross sections; the 

product of the cross-sectional area A  and the flow velocity �Q is constant, 

 .2211 constAA � � �Q�Q  (3.7)  

The latter one describes flows when pressure and high differences play a role and is a direct application of 

the law of energy conservation, relating pressure p , kinetic 2

2
1

�U�Qand potential gh�U  energies in the 

following way: 

 

 
.

2
1 2 constghp � ���� �U�U�Q  (3.8)  

Depending on the driving agent, there are two different types of transport in microfluidic system, statistical 

and direct transport.  The first one is entropy driven transport and its good example is a diffusion process. 

Directed transport is transport that is generated by external work, for example mechanically by a pump or by 

a voltage. The common situation in the microworld is that the mixed of direct and diffusion transports occur, 

where one or the other dominates or both are of equal importance. To evaluate the ratio between them a 

dimensionless Peclét number is used, eP . The number is given by the Eq. 3.9, where �Q is the velocity, d is a 

characteristic length of the microfluidic system and D  is diffusion constant. 

 
D
d
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� 
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3.2.2. Fabrication of microfluidic devices for biomimetic membranes 

As described earlier lipid or polymer membranes can be formed across apertures in a hydrophobic material 

separating two aqueous compartments. By microfluidic propulsion lipid or polymer forming solution is brought 

in close proximity of the aperture(s). The two main components of the microfluidic device, apertures and 

microfluidic channels, can be fabricated by using the full spectrum of known microtechnologies in 

combination with polymers or silicon. It will be the focus of this section of the thesis. 

The apertures used for biomimetic membranes formation have been produced in silicon10, 85, silicon nitride86, 

glass87, 88, 89 and plastics by using different techniques. For example, by using a simple hot needle in plastic 

cups90, glass pipette pushed onto the plastic sheet91, micromilling in poly(methyl methacrylate) (PMMA)92, 

eximer laser microfabrication in PMMA, polytetrafluoroethylene (PTFE), poly(ethylene terephthalate) (PET) 

and fluorinated ethylene propylene (FEP) films11 and carbon dioxide (CO2) laser ablation in ETFE partition93. 

The microfluidic channels for biomimetic membrane formation have been fabricated in silicon with poly(p-

xylylene) (parylene) coating10 and plastics: in PMMA using hot embossing11, 94 and micromilling95, 92, and in 

PDMS by casting liquid PDMS in a precision-casting mould89. 

There are several disadvantages of using silicon-based devices for biomimetic membrane formation. They 

include the low resistivity of silicon, the time consuming and expensive fabrication process of silicon based 

devices, fragility of the silicon based microfluidics and the complexity in their integration. Polymeric devices 

have the potential to overcome all of the mentioned disadvantages: they are electrically insulating, robust, 

and can be fabricated using rapid, low cost methods that are amenable to the simple production of large 

scale microfluidic systems94. Therefore the following section will cover state-of-the-art strategies for 

biomimetic membrane formation by microfluidics in polymeric devices. 

3.2.3. Strategies for biomimetic membrane formation by microfluidics 

As mentioned before, biomimetic membranes can be established by the Mueller-Rudin painting method26 

and the Montal-Mueller folding method7. In the conventional painting method, membranes are formed by 

self-assembly of an initially thick lipid-solvent film spread over one side of an aperture submerged in 

aqueous solution. The lipid layer gradually thins down to form a bilayer. However, this spontaneous process 

is rather slow and several ways to induce the thinning process have been presented, e.g. manual thinning81, 

solvent extraction96, pressure induced thinning47, 91, 92, agitation by removing and re-injection of the buffer 

solution in one of the compartment88, removing excess lipid solution91, air-exposure technique and a device 

architecture that promotes spontaneous thinning11 and finally thinning aided by microfluidics11.  

The motivation to form biomimetic membranes in a microfluidic system is that it enables rapid exchange of 

electrolytes, use of small quantities of materials, rapid transport of material to and from the lipid membranes 

and finally the possibility for automation11, 89. Automated formation of lipid bilayers in a microfluidic system 

was proposed by Malmstadt et al.96, presenting a method using solvent extraction through the walls of a 

microfluidic channel, and by Funakoshi et al.95 by contacting two lipid monolayers in a microfluidic device. In 

both cases the bilayers were formed inside the microfluidic channels perpendicular to the channel wall and 

therefore electrolyte exchange was not possible. Several studies on membrane formation in a microfluidic 
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system, enabling liquid exchange on both sides of the membrane, have been presented with a microfluidic 

channel on one side of the membrane, leaving the top compartment of the device open8, 46. Open systems 

like this may however lead to problems with solvent evaporation and limited membrane stability. Mach et al.89 

designed a microfluidic device for automated formation of a single lipid bilayer by GUV adsorption across a 

micron-sized aperture in a glass slide, sandwiched between two PDMS channels, allowing fast perfusion on 

each side of the membrane. Suzuki et al.10 and Kawano et al.97 presented an automated and closed double-

layered channel device for one micro-sized and one very stable nano-sized lipid bilayer formation, 

respectively.  Sandison et al.11 proposed a closed system fully accessible via microfluidic channels on both 

sides of the membrane and also showed that they were able to form a single lipid bilayer membrane by 

spontaneous thinning of the lipid solution, promoted by buffer agitation in both channels.  

Whereas creation of a single biomimetic membrane across an aperture is a well-established technique, 

creation of biomimetic membrane arrays is not straightforward. Microfluidic aid for this purpose was 

suggested by Suzuki et al.10, 82 and Sandison et al.11. These authors mentioned the possibility for up-scaling 

the effective membrane area by producing many apertures along the channel and arrays of apertures in 

polymer partitions, respectively. However, these approaches did not establish BLM arrays in a fully closed 

microfluidic device. This will be one of the subjects of this thesis. 

In summary, the advantages and challenges of using microfluidic techniques in building biomimetic 

membranes have been discussed. In the following chapter the techniques used for microfluidic devices 

fabrication and for biomimetic membranes characterization and investigation will be described. 
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aided design program WinMark Pro® version 4 from Synrad Inc. (Mukilteo, WA, USA) was used to set the 

movements of the laser beam, number of laser beam passes over a given design, laser beam speed and 

laser output power. The laser had a maximum output power of 65 W, which could be varied linearly. The 

laser system was equipped with a marking head containing a field lens and two swivel-mounted mirrors. The 

lens was able to focus the laser beam to a 290 µm diameter spot at a focal distance of 190 mm. The mirrors 

allowed the placement of the focused laser beam anywhere on a 110 by 110 mm large working area. The 

maximum speed of the beam was 1000 mm s-1. 

4.2. Voltage clamp 

Voltage clamp is one of the main electrophysiological techniques used for investigating artificially made lipid 

or polymer membranes. It is used to study the electric behaviour of the membrane, providing information 

about the membrane area and thickness, thus determining the membrane quality. Monitoring the ionic 

current flowing through the protein channel under voltage-clamp conditions is used to inspect insertion and 

function of transmembrane proteins. It is used to characterize the stimulus that open or close the protein 

channel (open probability of the channel versus voltage, ligand concentration or membrane tension), the 

conductance of the protein channel under specific ionic conditions and the specificity of the protein channel 

(which ions can pass). Moreover, it can be extended to a pharmacological study by looking for ions or 

molecules that can block or open the protein channel. 

The voltage clamp setup that was used for measurement of the biomimetic membrane electrical properties is 

schematically illustrated in Figure 4.3, as described in100.  

 

Figure 4.3. Schematic representation of the instrumental setup for voltage clamp measurements. Illustrated is the electrical instrumental 
voltage clamp setup consisting of an amplifier, signal generator (S.G.), combined analogue-digital converter and an oscilloscope (D.O.) 
and a personal computer. Indicated is the BNC coaxial connectors (red lines), amplifier head stage (blue box), biomimetic membrane 
system (brown box), USB cable (black lines), the amplifier head stage probe (green line) and the head stage probe (blue filled 
rectangle). All electrical components as well as the Faraday cage are electrically grounded. Figure taken form100. 

Ag/AgCl electrodes were placed in the aqueous solutions on each side of the membrane. An alternating 

voltage was applied across the membrane using a signal generator and the resulting transmembrane 

currents were recorded with a combined analogue-digital converter and an oscilloscope. A low pass filter 

was used to filter the response signals to reduce current-noise of low conductance (high sensitivity) 

measurements such as current measurements across single transmembrane ion channels. 
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resulting map of the area z = f(x,y) represents the topography of the sample. A schematic illustration of the 

AFM setup is presented in Figure 4.8. Depending on the application, the AFM can operate in many modes. 

Generally, possible imaging modes can be divided into static (contact) modes and dynamic (non-contact) 

modes where the cantilever is vibrated. In static mode, the cantilever is moved across the surface and its 

topography is measured directly using the deflection of the cantilever. In the dynamic mode, the cantilever is 

externally oscillated at or close to its fundamental resonance frequency or a harmonic. The oscillation 

amplitude, phase and resonance frequency are modified by tip-sample interaction forces. These changes in 

oscillation with respect to the external reference oscillation provide information about the sample's 

topography. 

 

Figure 4.8. A schematic illustration of the AFM setup. The main components: a cantilever ended with a sharp tip (probe) that is used to 
scan the specimen surface, the feedback system and the XYZ scanners. 

In this thesis, the designed and fabricated microfluidic AFM device was specifically used for AFM 

investigation of fluid polymeric membranes suspended over 300 µm in diameter apertures separating two 

aqueous compartments. Previously, it had been recognized that using the most prevalent tapered AFM 

probes to study fluidic systems is problematic due to a non-constant wetting. On the other hand, the 

usefulness of the nanoneedle probe in this kind of studies was shown108. Therefore the fluid biomimetic 

membranes were scanned with both types of tips, a nanoneedle probe (Nauganeedles, Louisville, KY, US) 

that was modified with a Ag2Ga crystal grown out from the end of a tetrahedral tip and a AC240TS probe 

(Olympus, Ballerup,Denmark), which has a tetrahedrally shaped tip, was used as a reference. With both 

probes, force volume maps consisting of force-distance (deflection of probe vs. the Z-distance) data were 

collected in 2D grids and analysed.  The measurements were done in contact mode and both probes were 

fully submerged in the water at all times. The use of the nanoneedle probe significantly reduced the amount 

of measurement artefacts and increased the precision of the probing comparing to the tetrahedrally shaped 

tip28. 
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5. Devices used in this thesis 

In this PhD project biomimetic membranes were formed and investigated by different methods. This required 

the use of different devices to satisfy the experimental conditions for the different performed experiments. I 

was involved in either design, fabrication or testing of four different devices as described below. A device 

roadmap (Figure 5.1) is provided to show the order in which the devices appeared in the thesis (see arrows), 

their names, illustrations and possibilities, chapters they are used in and the description of my role related to 

each device. Characteristics of these devices and formed in them biomimetic membranes are presented in 

Table 1. 

 

Figure 5.1. The PhD project roadmap related to the four devices used in this thesis. Arrows show the order in which the devices appear 
in the thesis. 
(A) Atomic force microscopy device (AFM device); the component order of assembly is from bottom to top: a PMMA plate (grey), a 
Viton® with microchannels and a small chamber (black), an ETFE partition with an array of apertures in the middle (yellow), a Viton® 
ring (black), a PMMA ring (grey). 
 (B) Vertical device; the component order of assembly into the main Teflon chamber (grey) is from right to left: a Teflon spacer (yellow), 
a Viton® ring (black), a circular cellulose sheet (blue), an ETFE partition (green), a Viton® ring (black), a Teflon spacer with a slit 
(yellow), a Viton® ring (black), a cut glass cover slip (transparent) and another Viton® ring (black). Following this, a cylindrical Teflon 
tube (grey) is placed onto to the inserted components, and a glass cover slip (transparent) is clamped between two Viton® rings (black) 
to create a window for visual inspections into the assembled chamber. Finally, an annular brass screw is used to clamp all of the 
components to ensure a tight chamber, figure taken from9. 
(C) Microfluidic device (MF device); the component order of assembly is from bottom to top: a PMMA clamping holder (blue), a 
PMMA plate (blue), a Viton® with microchannels (black), an ETFE partition with an array of apertures in the middle (yellow), a Viton® 
with microchannels (black, note that the microchannels contact the ETFE partition and are invisible in the view shown here), a PMMA 
plate (blue), and a PMMA clamping holder (blue).  
(D) Horizontal device; the chamber order of assembly is from bottom to top: an aluminium holder (grey), a MatTek 50-mm-glass-
bottom culture dish (transparent), cut Viton® ring (black), a MatTek 35-mm-diameter with a micro-structured ETFE partition (green) 
glued onto the bottom across the centre hole, an aluminium holder (gray), figure taken from81. 
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6. Microfluidic device for biomimetic polymer membrane imaging with atomic force 

microscopy 

In developing biomimetic-membrane based devices, lipid or polymer bilayers must first be formed, and 

further investigated in order to incorporate functionally active proteins. The advantages of using microfluidics 

for this purpose were presented in Chapter 3 (section 3.2). Here, the design, fabrication and utility of a 

microfluidic device for biomimetic membranes formation and investigation by AFM are presented. The 

content of this chapter is based on results described in Paper I and some unpublished material. The 

complete publication is enclosed at the end of the thesis. 

Free-standing BLMs or BPMs serve as model biomimetic membranes and characterizing their mechanical, 

optical and electrical properties has been investigated for many years6. Recently, AFM has been increasingly 

attracting interest to give topographic information of free-standing membranes where free-standing lipid 

membranes with diameters up to 250 nm have been investigated109, 110, 111. However, characterization of 

micrometer-scale biomimetic membranes is challenging due to difficulties with probing large membranes with 

commonly used AFM probes112. To investigate the probes that may be useful to study biomimetic 

membranes a microfluidic device was designed and fabricated (Figure 5.1A). The device facilitates AFM 

measurements of BPMs.  

In order to design a device for investigating biomimetic membranes by AFM, several requirements must be 

fulfilled. As mentioned in Chapter 3 (section 3.1.1), BPMs are usually formed across a perforated 

hydrophobic partition separating two aqueous compartments. In our research group an array of apertures 

was recently designed, fabricated and optimized in a hydrophobic ETFE partition with its optical image 

presented in Figure 6.1A93. Moreover, both lipid and polymer membranes were successfully formed on 

it9, 15, 81, which is why it was also used to build the AFM device. The polymer forming solution must be 

brought in close proximity to the apertures where a slow thinning process may be induced. Manual delivery 

of polymer forming solution by pipetting and thinning into bilayers with an air bubble or an inoculation loop is 

feasible and sufficient for simple electrical and optical measurements of biomimetic membranes, however, it 

is not a suitable method for biomimetic membranes characterization with AFM. Here, several limitations is 

imposed by the AFM instrument and must be considered. The device should be small enough to fit onto a 

microscope stage and should have an open access from the top in order to probe the membrane with the 

AFM tip. Therefore, the only access to apply the polymer forming solution is from the bottom. A microfluidic 

channel placed underneath the partition seemed to be the best choice; since it may deliver the polymer 

forming solution to the apertures and induce the membrane thinning process. Moreover, the dimensions of 

the top compartment should fit to the tetrahedral tip of the AFM cantilever and the device should be 

transparent in order to monitor the membrane formation process optically. The major challenge was to seal 

the device against leakage, which was a serious problem when combining the microfluidic channel with the 

highly hydrophobic ETFE partition. Figure 6.1B shows a schematic cross-sectional view of the conceptual 

device that fulfil the above mentioned requirements (Paper I)28. 
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Figure 6.3. (A) AFM device mounted on the AFM microscope stage; (B) and topographic maps of the BPM probed with the AC240TS 
probe and (C) with the nanoneedle probe. Inserts show optical images of the probed membrane systems where the red squares delimit 
the areas measured by AFM. (B) and (C) taken from Paper I28. 
















































































































































































































