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Abstract 

Studying various substrate interactions with the plasma membrane is difficult due to the large variety of molecules 

that compose the biological membranes. The importance of understanding plasma membrane interactions, behaviour 

and properties prompted the development of artificial membranes to recapitulate fundamental aspects of membrane 

biology. Tethered bilayer lipid membranes (t-BLM) are a versatile type of artificial membrane that enables the 

simulation of real biological membranes in a controlled, stable environment. Numerous studies have uncovered 

valuable data using t-BLMs but there are still some unknowns related to t-BLM research that has been overlooked. 

For example, the effect of unsaturation in phospholipid tails is one of these unknowns. By focusing on gaps in t-BLM 

research and Electrochemical Impedance Spectroscopy, this manuscript makes evident that further development and 

classification of t-BLMs is still required to make them a more sound biological mimic. 
 

Keywords: Plasma membrane; Tethered bilayer lipid membranes; Phospholipid tails; Electrochemical Impedance 

Spectroscopy. 

 
 

     Abbreviations: PC: Phosphotidylcholine; PE: 
Phosphatidylethanolamine; PS: Phosphatidylserine; SM: 
Sphingomyelin; ICS: Ion Channel Switch; BLM: Black 
Lipid Membrane; s-LBM: Supported Lipid Bilayer 
Membrane; h-BLM: hybrid Bilayer Lipid Membrane; t-
BLM: tethered Bilayer Lipid Membrane; SAM: Self-
Assembled Monolayer; PTE: 1,2-dipalmitoyl-sn-glycero-
3-phosphothioethanol; EIS: Electrochemical Impedance 
Spectroscopy; AMPs: Antimicrobial Peptides. 

 

Introduction 
     
     The term ‘cell’, coined by Robert Hooke in 1665, 
ignited the several century journey of studying 
prokaryotic and eukaryotic cells and their diverse 
components [1]. The phospholipid bilayer is one of the 
major components of cells that form a continuous 
barrier around cells separating the interior and exterior 

environments [2]. Figure 1 shows a cartoon of a cellular 
membrane representing some of the biological 
molecules that are embedded into the phospholipid 
bilayer, such as proteins, lipids and carbohydrates; 
making it a very complex and strictly regulated system 
[3].  
 
    Besides the imperative role of compartmentalization, 
phospholipid membranes are involved in many 
exchange processes between the internal and external 
cellular environments. Due to the integral functions of 
selective permeability, the phospholipid bilayer is the 
host site for many pharmaceuticals [4]. The excellent 
biocompatibility and amphiphilicity of the phospholipid 
bilayer makes passive diffusion through the membrane 
the most common route of pharmaceutical delivery and 
therefore a primary research target [5]. Although 
biological membranes are crucial to almost all cellular 
phenomena and have been intensively studied over the  
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Figure 1: Schematic illustration of a plasma membrane demonstrating some of the complexities embedded within 
including carbohydrates, proteins and lipids. 

 
 
last 40 years, our understanding of phospholipid 
membranes is still rudimentary [4]. A more thorough 
understanding of purely the phospholipid bilayer at a 
molecular level without its complexities still needs to 
happen [6].    
 
  Depending on the alcohols contained in the 
phospholipids they can be divided into 
glycerophospholipids and sphingolipids [7]. 
Sphingolipids are important components of neuronal 
membranes but glycerophospholipids are more 
abundant in animal cell membranes [8]. The dynamic 
amphiphilic structure that causes the phospholipids to 
aggregate and spontaneously self-assemble into 
bilayers is commonly exploited throughout membrane 
studies [9]. The hydrophilic head group and 
hydrophobic fatty acid tails are variables for different 
types of phospholipids. There are four major types of 
phospholipid heads that comprise the plasma 
membrane of mammalian cells: phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), 
phosphatidylserine (PS) and sphingomyelin (SM) [10]. 
But, PC is the most abundant glycerophospholipid in 
eukaryotic phospholipid membranes [11]. 
 
     The complexity of biological membranes and their 
interactions with the intracellular and extracellular 
networks make their direct investigation difficult and 
particularly restrict to in- situ studies of the lipid bilayer 
environment. Therefore, the direct study of just the 
phospholipid membrane as a model system of real cell 
membranes requires creation of rational models, which 
recapitulate fundamental aspects of the cell membranes 
structure and function. Artificial membranes enable 

composition tuning, making it possible to start with the 
phospholipid bilayer followed by slowly introducing 
membrane components to investigate their contribution 
to the cell. These models have vasty contributed to the 
advancement of biotechnology in the field of healthcare, 
environmental monitoring and energy storage [12]. Ion 
Channel Switch (ICS) biosensors used in pathogen 
detection [13,14], diffusion controlled drug delivery 
membranes [15,16] and dialysis membranes [17] barely 
scratch the surface of artificial membrane applications. 
 
     Various methods have been developed to form 
different types of artificial lipid membranes including 
black lipid membrane (BLM), supported lipid bilayer 
membrane (s-BLM), hybrid bilayer lipid membrane (h-
BLM) and tethered bilayer lipid membrane (t-BLM) 
[18]. BLMs were developed over 40 years ago and have 
substantially contributed to the current understanding 
of biological membranes. Unfortunately, the free-
standing planar film that constitutes the BLM causes 
such an unstable lifetime (<1 hour) making it an 
outdated method compared to the s-LBM [19]. Solid 
substrates are often used to support the s-LBM, 
providing mechanical stability to allow for vigorous 
experimentation including electrochemical techniques 
[12]. Various materials can serve as membrane 
supports such as gels, mica, ceramics, silicon or noble 
metals [6]. The primary limitation of supported bilayers 
is the extensive hydrodynamic coupling between the 
bilayer and substrate resulting in a lower diffusion 
coefficient [20]. To circumvent this problem t-BLM are 
used as they don’t encounter substrate compatibility 
limitations that affect the diffusion coefficient [21]. 
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Figure 2: Schematic representation of a tethered bilayer lipid membrane in aqueous solution. 1,2-dipalmitoyl-sn-
glycero-3-phosphothioethanol (16:0 PTE) with sulphur group bound to gold substrate causing the phospholipids to 

self-assemble around them, forming a bilayer with 16:0 PTE linkers. 
 
 
     Finally, h-BLM is more robust than s-LBM due to the 
strong interactions between the alkanethiol self-
assembled monolayer (SAM) and the substrate [19]. 
Hybrid phospholipid membranes are still only a 
monolayer, mimicking only half the phospholipid 
bilayer and limiting the applications of transmembrane 
studies. In short, ideal properties of artificial 
membranes required for most studies are stability, 
reproducibility and durability. The artificial membrane 
must tolerate vigorous experimental techniques 
without degrading, enable transmembrane studies and 
have no substrate interferences. An artificial membrane 
that meets these specifications enables the use of 
electrochemical techniques for analytical purposes. t-
BLM are the only artificial membrane that meet all these 
requirements. In this mini review, we will evaluate t-
BLMs and discuss research using this artificial 
membrane and electrochemical techniques to uncover 
any visible gaps and parameters that have been 
overlooked or misinterpreted in research over the last 
10 years. 
  

Discussion 

     Tethered bilayer lipid membranes are a class of self-
assembling biomimetic structures that provide a 
platform for a variety of biophysical experiments such 
as reconstituted membrane proteins, biosensors that 
range from the detection of biological agents to 
pharmaceutical screening [22], redox reactions [21], ion 
transport across the membrane [23], antigen/antibody 
binding [24] and more in diverse fields. Attachment to a 
conducting surface such as gold (Au) allows t-BLMs to 
be monitored via electrochemical techniques [21]. 

     Gold is commonly used as the substrate as it is 
chemically inert and can easily be modified by sulphur 
bearing reagents such as 1,2-dipalmitoyl-sn-glycero-3-
phosphothioethanol (16:0 PTE), which tethers the lipid 
bilayer to the Au substrate (Figure 2) enhancing the 
membrane stability [12,25]. Silicon based substrates are 
also commonly used and have proven useful results 
[22,26-29]. t-BLMs represent the most promising class 
of artificial membranes due to the increasing ability to 
mimic fundamental properties of natural cell 
membranes, including fluidity, electrical sealing and 
capability of hosting transmembrane proteins. The 
advantage of t-BLM is that unlike BLM and h-BLM, t-
BLM are stable for months and do not collapse when 
exposed to electrochemical techniques such as 
transmembrane potentials larger than ± 500 mV and 
robust mechanical mixing [30]. The t-BLM model also 
creates minimal interaction with the substrate, the free 
space available allows the introduction of proteins [31] 
and they exhibit a higher lipid diffusion coefficient 
relative to SAMs [21]. The compelling properties, 
diversity and capability of tethered membranes have 
caused t-BLM to be considered the closest artificial 
mimic to real biological cells. 
  
     Even though artificial membranes are a highly used 
method to gain information about the phospholipid 
bilayer, they still have some unknowns in their 
research. The lack of information about biomimetic 
membranes comes from the possible effects off double 
bonds in the phospholipid tails. 
 
     Membrane fluidity lacks a precise definition but it 
refers to the mobility of various membrane components 
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such as lateral diffusion and flexibility [32]. Fluidity of 
the phospholipid bilayer needs to be precisely regulated 
as various processes can be affected if membrane 
fluidity moves beyond its threshold level [32]. Lipid 
fluidity is heavily dependent on two factors, sterol 
content and the number of unsaturation in the fatty acid 
tails of the phospholipid molecules. Fully saturated 
phospholipids such as DMPC create a neat ‘zig-zag’ 
configuration that forms a highly ordered membrane of 
low fluidity [33]. Conversely, unsaturated phospholipids 
have a larger area per lipid molecule which forms a 
loosely packed, highly fluidic membrane [9]. The larger 
area is caused by the cis conformation creating ‘kinks’ in 

the fatty acid tails as the double bond is unable to rotate 
[9]. Even though the cis configuration is less stable it is 
still favoured by nature over trans in phospholipid 
membranes as cis ensures the ideal fluidity and 
permeability [34]. The optimal functionality of 
membranes can only be obtained by the bent structure 
of the cis configuration [34]. 
 
     Increasing the amount of unsaturation in the 
phospholipid tails increases its area, and consequently 
increases membrane fluidity [35]; Figure 3 
demonstrates this trend. 

 
 

 
 
Figure 3: Molecular structures of (from left to right) 1,2-dimyristoyl-sn-glycero-3-phosphocholine (14:0/14:0), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0/18:1), 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine 
(16:0/18:2) and 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (18:0/20:4). Increasing the number of 
double bonds in the fatty acid tails increases the severity of the kink. 
 
 
     Nature uses the number of unsaturation and sterol 
content to control fluidity of the membrane for 
environments with varied temperatures [36]. As 
temperature decreases saturated phospholipids are 
compressed together creating a dense ridged structure 
that is susceptible to solidification [37]. But, if 
unsaturated phospholipids are compressed the ‘kinks’ 
in the fatty acid tails maintain space between adjacent 
phospholipids sustaining membrane fluidity [37]. The 

temperature required to change the physical state of the 
phospholipids from ordered gel phase to disordered 
liquid phase depends on the transition temperature of 
the individual phospholipid type [38]. Sterols like 
cholesterol buffer the effects of temperature on fluidity 
by decreasing the activation energy for rotational 
diffusion [39]. A decrease in activation energy permits 
less change in fluidity per degree change in temperature 
establishing fluidic control of the membrane [40]. Both 



Medicinal & Analytical Chemistry International Journal  
 

 

Brianna D Murphy and Angel AJ Torriero. Critical Overview of the Use of Tethered 
Bilayer Lipid Membranes with Electrochemical Techniques. Med & Analy Chem Int J 
2018, 2(1): 000110. 

                     Copyright© Brianna D Murphy and Angel AJ Torriero. 

 

5 

cholesterol and unsaturation are important properties 
of a cellular membrane but these properties have not 
been simultaneously explored nor just exploration of 
unsaturation effect on the membrane behavior. 
 
     Unsaturated phospholipids are naturally occurring in 
biological membranes but the amount of saturated and 
unsaturated bonds varies depending on the type of cell 
and membrane. Approximately 35-45% of 
phospholipids are saturated and the remainders are 
unsaturated which contain between 1 and 6 cis double 
bonds [41]. Surprisingly, mostly fully saturated 
phospholipids such as 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (PC(14:0/14:0)) and 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (PC(16:0/16:0)), are used 
to prepare t-BLMs [22-24,42]. The phospholipid 1-
palmitoyl-2-oleoyl-sn-glycero-3- phosphocholine (PC 
(16:0/18:1)) has also been used to conduct t-BLM 
studies [29,43] which contains one cis double bond. The 
1,2-dioleoyl-sn-glycero-3-ethylphosphocholine(EDOPC), 
containing two cis double bonds was only used in one 
study of t-BLMs [43]. The t-BLMs created in these 
various studies (t-BLMs composed 100% by only one 
phospholipid) are not accurate representations of real 
biological membranes, as real biological membranes 
possess many types of phospholipids with varied 
amounts of cis double bonds. Therefore, what we are 
reporting may not be an accurate representation of 

what is happening in a real cell membrane. We may 
need to rethink how mimetic artificial t-BLM truly are. 
 
     Membrane composition is the primary factor that has 
been overlooked in regards to t-BLM research. Due to 
the abundant types of membranes it will be a challenge 
to produce a t-BLM that truly mimics a biological 
plasma membrane. This challenge is currently 
incomplete and in some cases completely overlooked. 
Figure 4 demonstrates some composition varieties that 
have caused this challenge of creating a true biological 
mimic. Some of the most common forms of 
phospholipid head groups found in plasma membranes 
of mammalian cells are seen in Figure 4a. Cholesterol is 
also a very abundant lipid in plasma membranes with a 
molar ratio of 1.0 [44]. Due to its overall neutral charge 
and abundance [45] phosphatidylcholine (PC) head 
groups are commonly used for the entirety of research 
[22-24,29,42,43] but what effect do the other head 
groups have on t-BLM behaviour? For example 
phosphatidylserine (PS) has an overall negative charge 
[46]; how does this affect substrate–membrane 
interaction in a t-BLM? The same principle applies to 
the variation in unsaturation levels in phospholipid tails 
and its effects on membrane behaviour. Simply using PC 
head groups and fully saturated lipid tails to build a t-
BLM is not an accurate enough biological mimic. 

 
 

 
 

Figure 4: Approximate percentage composition for mammalian cell of: A) phospholipid head groups; 
phosphatidylcholine (PC): 40%, phosphatidylethanolamine (PE): 21%, phosphatidylinositol (PI): 6%, 
phosphatidylserine (PS): 9% and sphingomyelin (SM): 24%. B) phospholipid tail unsaturation; 0 double bonds: 47%, 
1 double bond: 21%, 2 double bonds: 18% and 3-6 double bonds: 14%. Data retrieved from [44,47,48]. 
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    Electrochemical Impedance Spectroscopy (EIS) is a 
common technique used to monitor the conductivity 
and dielectric properties of t-BLM [26,43,49-52]. EIS is 
the only technique that allows the simultaneous 
visualisation of conductivity and resistance. Two 
properties that is vital to the understanding and 
creation of t-BLM. Conductivity incorporates the 
exploration of capacitance including change in height 
and investigation of dielectric properties of the 
membrane [53]. The lipid bilayer composition of cells 
can modify the capacitance and resistance values [26], 
and also alter permeation of molecules into the cells 
[54]. For one study using 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine and 1,2-dioleoyl-sn-glycero-
3- ethylphosphocholine, containing one cis double bond 
and 2 cis double bonds respectively, a slight change in 
conduction and a small amount of variation in 
capacitance was observed [43]. It was concluded that 
the main determinant for this change is the hydrogen 
bonding between the phosphate oxygen molecules on 
adjacent phospholipids when varying H3O+ 
concentration [43]. But what hasn’t been considered is 
the possible effect of double bonds on the electrical 
properties, which may account for some change 
observed in this study. By adding unsaturation into the 
phospholipid tails and possible other membrane 
components the resistance and capacitance might 
consequently change but to what degree is still 
unknown. The availability of this information is 
required to set new standards for the electrical 
properties of t-BLMs that are known today. 
 
     Unsaturation in newly synthesised tether molecules 
has been explored [22]. The study’s focus was to 
identify if the newly created tether molecules could 
support the formation of t-BLMs, which was concluded 
possible. The results from unsaturated tether molecules 
were compared to those of fully saturated tether 
molecules. However, by also using unsaturated 
phospholipids in the t-BLM setup it cannot be 
confirmed whether changes in membrane behaviour is 
the cause of the unsaturation in the tethers, the 
variation in tether lengths or the unsaturation in the 
phospholipid tails [22]. This was a successful study as 
they did achieve the initial aim but in regards to 
membrane behaviour it is inconclusive what caused the 
changes in membrane properties, as there were many 
variations in the setup. 
 
     The ever-growing frequency of multi-drug resistant 
pathogens has specifically caught the interest of t-BLM 
studies [55]. The hunt for alternative antibiotic 
treatments and antimicrobial peptides (AMPs) has 
resulted in utilization of t-BLMs to test the mechanism 
of action of new and commonly used pharmaceuticals. 
The largest problem found in majority of studies is the 

lack of similarity between a real biological membrane 
and the synthesized t-BLM [52]. The AMP Cecropin B 
has been tested on a t-BLM that was aimed to mimic a 
mammalian cell. However, one unsaturation in 
phospholipid tails and integration of cholesterol was 
used to produce the t-BLM [52]. The study states it 
relies on the changes in permeability but has not 
uncovered possible effects of unsaturation composition 
on permeability [52]. Another study testing Melittin, 
another AMP, on only fully saturated t-BLMs has also 
not considered the possible effect of unsaturation on 
membrane behaviour [56]. This is a common pattern 
seen in many studies using t-BLMs as membrane 
composition has not been considered a priority [57]. 
  

Overlook 

   Although numerous studies using t-BLMs have 
uncovered useful information, it is almost as if a critical 
step has been skipped. Jumping straight from the 
success of being able to create a t-BLM to testing 
varieties of things on or within them. Instead, perfection 
of the t-BLM should have been completed first before 
elaborate testing took place. This overlooked vital step 
has barred many studies from comparing their findings 
to real biological membranes, which one would assume 
is the ideal aim behind using artificial membranes in the 
first place. Commonly, it is stated that there is an 
advantage behind comparing a t-BLM study to other 
artificial membrane studies [58] but the overall aim is 
to compare these systems to real biological membranes 
not more artificial ones. The macrocosm idea behind an 
artificial membrane has been forgotten. Making this 
article more of a reminder that going back to basics 
strengthens the foundation of research. 
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