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Abstract—In this work we investigate the electrical properties
of phospholipid bilayer membranes (LBMs) formed from
phosphatidylserine by analyzing two experimental setups. The
Electrochemical Impedance Spectra (EIS) of phosphatidylserine
show that a lipid bilayer membrane formed from this
phospholipid has an average specific electrical resistance of 3.466
k Q.cm? and an average capacitance of 0.385 pF/cm?. Some of the
major factors that affect the LBM resistance include
electroporation, the method of deposition, and the surface tension
in microchannels for supported LBMs. Therefore, wide apertures
remain the most accurate method for supporting LBMs.
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I. INTRODUCTION

Phospholipid Bilayer Membranes (LBMs) play a crucial
role in human cells, and constitute the cellular membranes as
well as the boundaries that encapsule many cellular organelles
such as the Golgi Apparatus, mitochondria, and endoplasmic
reticulum. The remarkably high flexibility of LBMs allows
them to form very complex conformations that can be seen in
the immense tubular network in the Golgi apparatus and
extensive endoplasmic reticulum networks, the dynamics of
which are the subject of active research [1] [2].

The  phosphoglycerolipid  phosphatidylserine  (PS)
comprises about 8.5% of the cellular phospholipid content [3] as
well as about 25 to 35% of the inner leaflet of the membrane [4]
in mammalian cells, and the major negatively-charged
phospholipid in the membranes. In addition to
phosphatidylserine, the phospholipid phosphatidylethanolamine
(PE), is another major constituent of biological membranes.
Both lipids comprise 25% of the plasma membrane of red blood
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cells and more than 70% of that of the Escherichia coli (E. Coli)
bacteria [S]. As in other phosphoglycerides, the three-carbon
glycerol constitutes the backbone of PS, with the phosphate
group attached to the sn-3 position of the glycerol while the sn-
1 and sn-2 carbon atoms are connected through ester bonds to
two fatty acid chains.

To reduce the rigidity of the head group of
Phosphatidylserine, and thereby control the fluidity of the lipid
bilayer membranes in Eukaryotic cell membranes, PE is found
abundantly with PS in the inner leaflets. PE also reduces the
negative charge concentration due to PS [6]. In laboratory
settings, PS is mixed with phosphatidylcholine (PC) to reduce
rigidity [3]. The two enzymes responsible for the synthesis of
PS are PS Synthase-1, which replaces the choline headgroup
with serine in phosphatidylcholine, and the PS Synthase-2
enzyme which works by replacing ethanolamine by serine in
phosphatidylethanolamine [7] [8].

Ever since the cellular lipid bilayer membrane (LBM) was
first described in 1925 [9] by Gorter and Grendel, it was
modeled numerous times, such as the Fluid Mosaic model in
1972 [10], and the Classic Bilayer Mechanics Theory
developed in the 1970’s [11] [12] [13] (also known as the
Canham—Helfrich-Evans model), the Area Difference
Elasticity Model in the 1990’s [14] [15] [16] which described
the energy due to the monolayer curvature, that was simplified
in the previous models.

A comparison in the physical properties between
phosphatidylserine and phosphatidylethanolamine is shown in
Table 1.



TABLE L. PHYSICAL PROPERTIES OF TWO PHOSPHOLIPIDS

Phosphoglycerolipids
i i Ph p I ",Jyla,t T,
Phosphatidylserine [17] 18]
Chemical
Formiln CaHNOjoP CsHsNOsP
Molecular
Weight 792.1 299.21
Polar Surface 172 AO2 134 AO2
Area
Physiological
Charge -1 Neutral

In this work, we investigate the electrical properties of lipid
bilayers formed from phosphatidylseine and compare the results
achieved to those of other research groups conducted on
phospholipids.

II. EXPERIMENT AND METHOD

A. Formation of the Lipid Bilayer Membrane

Several methods can be found in literature for lipid bilayer
membrane deposition, such as lipid vesicle spreading [19],
Langmuir- Blodgett and Langmuir- Schaefer techniques [20]
[21] [22] [23] [24], which offer the advantage of tight packing
of the lipid molecules, spin coating [25] [26], and the Montel-
Mueller method [27]. In this work the Montal-Mueller
techniques has been used to form the lipid bilayer as
demonstrated in our work in reference [28]. The synthetic
phospholipid 1,2-diphytanoyl-sn-glycero-3-phosphoserine
(C46HsoNOoPNa) was purchased from Avanti Polar Lipids, Inc
and was used to form the LBM due to its long fatty acid chain in
order to spontaneously favor the formation of bilayer
membranes over micelles [29] [30].

Two different apparatuses were constructed for the
experiment, one of which was 3D printed from thermoplastic
polyster PolyLactic Acid (PLA) and one apparatus was
constructed from glass. Each of the two apparatuses consisted of
two chambers separated by a wall with an aperture of 1mm
diameter for the PLA apparatus and 1.29 mm for the glass
apparatus.

A stock solution of 10 mM NaCl was prepared by dissolving
0.35 grams of NaCl in 600 mL of distilled water. Each chamber
of the glass apparatus had a surface area of W x L =105 mm x
82.5 mm resulting in a total surface area of 17,325 mm?.

The apparatus was initially filled with the electrolyte
solution up to the bottom boundary of the aperture, and then the
phospholipid was added to the electrolyte surface, and was left
for two hours to stabilize and to form a monolayer on the water
surface.  The electrolyte was then added slowly via tubes
inserted on the far ends of each chamber so that approximately
a 2 mm height increase is achieved to cover the top boundary of
the aperture as demonstrated in Fig. 2. The EIS spectra were
then collected for the system.

The gradual addition of the electrolyte through the two tubes
is necessary to avoid turbulence in the water that may cause the
lipid bilayer that form to rupture. In addition to that, the
electrolyte is added almost simultaneously in both chambers so
that the water heights in both chambers increase concurrently

This work is funded by the National Science Foundation Award 2000685

Diameter
Length:1.294mm

Fig. 1. The aperture that separates the two chambers was laser cut in a 0.5
mm thick glass and with an average diameter of 1.29 mm.

with each other to avoid exerting pressure on the delicate lipid
bilayer that forms across the aperture.

In order to calculate the amount of lipids needed, the total
surface area that would be exposed to the lipid includes the
surface area of the two chambers, as well as the surface area of
the sidewalls (including the aperture) that will have contact with
the lipid monolayers after filling in the electrolyte. Therefore
the total surface area exposed to the lipid monolayer is
calculated as follows:

Surface Area =2(WxL + (Wxhx2+Lxhx2)) )

Resulting in a total surface area exposed to the lipid monolayer
of 18,825 mm?.

With 5 million phospholipid molecules occupying a square of 1
pm x 1 pm [5], and a molar mass of 870.16 g/mole of the
phospholipid, it can be shown that the amount needed of the
CasHsoNOoPNa phospholipid to cover the entire surface area
exposed to it is approximately 0.14 mg.

B. Electrochemical Impedance Spectra (EIS) and Electrical
Impedance Model

Several methods have been described for measuring the
dielectric properties of biological membranes such as
dielectrophoresis (DEP) and Traveling Wave dielectrophoresis
(TWDEP). However, EIS stands out as a commonly used non-
invasive technique that does not require the use of labels for

Fig. 2. Formation of the lipid bilayer membrane across the aperture that separates

two chambers in a glass apparatus.




measuring the dielectric properties of both the surface and the
internal content of the biological membranes.

The system composed of an electrolyte solution in two
chambers with an aperture that connects the two chambers is
modeled as a pure resistance Rejecironie in series with a parallel
combination of a resistance and a capacitance since the entire
current must pass through the electrolyte [31] [32] [23][33] [34]
[35].

Depending on the thickness of the biological membrane, it
can be modeled as a capacitor and a negligible resistance [36]
for biological membranes that have a thickness of about 5 nm.
However, in this work the lipid bilayer has longer fatty acid
chains than is normally found in biological membranes for an
increased stability as pointed earlier, therefore, it is modeled as
a resistance and a capacitor in parallel [34] [23] [32].

By modeling the biological membrane as a capacitor, the
membrane will prevent conduction at low frequencies due to
the high impedance. However, the experimental results that
describe a measurable impedance at low frequencies for
artificial bilayer membranes [32] [33] [37] [28] confirm that a
more accurate model of the biological membrane is that which
includes a resistance and capacitance in parallel.  The
electrode—electrolyte interface impedance (also called the
electrical double layer) is modeled as a capacitor in parallel
with a resistance. The ion flow will have to pass through the
LBM and the aperture, therefore, the LBM and aperture
imedances are in series. The resulting electrical impedance
model is shown in fig. 3.

III. ANALYSIS AND DISCUSSION

The Electrohemical Impedance Spectra of the system in each
of the two experiments were collected for an input voltage of 10
mV RMS from 100 kHz to 0.1 Hz at 2 second intervals. The
EIS spectra of the LBM on the aperture and for the aperture
before the deposition of the LBM in both the PLA and the glass
apparatus are shown in fig. 4. It can be noticed from the figure
that the value of the impedance consistently increases for both
cases when the LBM is deposited across an aperture in a PLA
apparatus and in a glass apparatus.

The values of the capacitance and resistance of the lipid
bilayer were numerically calculated and shown in Table 2. It
can be seen in Table 2 that the resistance of phosphatidylserine
with the PLA apparatus was measured to be about one order of
magnitude larger than in the glass apparatus, and vice versa for
the capacitance. This is attributed to phase separation and loss
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Fig. 3. The Electrical Impedance Model of the system composed of the
aperture with a phosphatidylserine LBM across it in a 10 mM NaCl solution.
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of continuity in the PLA apparatus due to the high
hydrophobicity of the PLA walls which may affect the
electrolyte continuity in the aperture. However, both
measurements are close to each other when compared to
measurements reported by other groups for similar
phospholipids.  Furthermore, if the LBM thickness of
approximately 5 nm is taken into account, then the resistivity of
phosphatidylserine is on average 69 x10° Q.m.

One of the major challenges associated with forming lipid
bilayer membranes across wide apertures is the limited stability
of the lipid bilayers. To overcome this difficulty, researchers
relied on supporting structures for the lipid bilayers such as
porous silicon and porous alumina [38] [39]. However, the fluid
dynamics in pores and microchannels are significantly different
than in wide apertures. The surface tension becomes the
dominant force, pressure gradients and shear stresses become
enormously higher in microchannels. In addition to that,
electrokinetic effects along the walls of the microchannels cause
a charge distribution in the fluid along the pore walls and
channels. Therefore, wide apertures remain the most accurate
choice for studying lipid bilayer membranes [40].

The development of pores in the LBMs when an external electric
field is applied (known as electroporation) is another factor that
can contributes to differences in measurements.



TABLE II. PHYSICAL PROPERTIES OF TWO PHOSPHOLIPIDS

Phosphatidylserine Electrical Impedance
Resistance Resistivity Capacitance
PLA 6,280 Q.cm? 125.6 x10° Q.m | 0.0051 pF/cm?
Apparatus
Glass 653 Q.om? 13x10° Qm | 0.765 pF/em?
pparatus
Average: 3.466 k Q.cm? 69 x10° Q.m 0.385 pF/cm?

IV. CONCLUSION

In this work we investigated the electrochemical impedance
spectra for lipid bilayer membranes of phosphatidylserine
formed across an aperture in a 3D printed apparatus made in
PLA, and in a glass apparatus. Both apparatuses resulted in a
specific resistance and capacitance values about close to each
other when compared to results reported for other similar
phospholipids.

Recently, wide apertures have regained attention as the preferred
choice for studying lipid bilayer membranes due to the
difficulties associated with porous support materials and
microchannel array-based support materials, primarily, the high
surface tensions, pressure gradients in the microchannels, and
the electrokinetic effects along the walls of the microchannels
which cause a charge distribution in the fluid along the pore
walls and channels. FElectroporation is one of the major
contributors of variations in the reported specific resistance
values of phospholipids in literature.

Future perspectives include using an intelligent robot [41] to
perform the lipid bilayer formation and deposition to improve
accuracy (Fig. 5). Collaborative robots constitute a major
element in Smart Manufacturing [42], they are compact in size,
light weight, and equipped with vision systems that can process
data, and can move payloads with a positioning repeatability in
the range of 20 micrometers while carrying payloads and
moving them at a Tool Center Point (TCP) speed of up to 1,500
mm/s. Consequently, significant improvements can be achieved
in LBM deposition and formation over conventional methods.

ARA Robots

Fig. 5. Intelligent robots are compact in size, light weight, and equipped with
machine vision systems and can move payloads with high precision and
accuracy.
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