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Abstract 

Docosahexaenoic acid (DHA) is the most abundant polyunsaturated omega-3 fatty acid found in mammalian neuronal cell 

membranes. Although DHA is known to modify the physicochemical properties of plasma membranes, potentially 

influencing their function, little is known about how this interaction with phospholipid bilayers happens. This study 

presents a detailed electrochemical impedance spectroscopy (EIS) analysis of the interaction between free DHA with 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) supported lipid bilayer (SLB) and POPC mixed with anionic 

phospholipids, such as phosphatidylinositol (PI) and phosphatidylserine (PS)-SLBs. Combination of EIS data with those of 

quartz crystal microbalance with dissipation monitoring for the same SLB, made possible the predictions of changes in 

the dielectric constant (Δεm) of the different SLBs after treatment with different DHA concentrations. The POPC SLBs Δεm 

was estimated to increase with increasing DHA concentration. However, the response of POPC-PI and POPC-PS SLBs 

showed a completely different response after the addition of DHA, suggesting the presence of a substitution/exchange 

process occurring after the DHA addition. Furthermore, the Δεm of PS-containing SLBs formed in the presence of Ca2+ was 

also studied, and the results compared to those obtained with PS-containing SLBs formed in the absence of Ca2+. The 

results indicated that the incorporation of DHA in the POPC-PS SLBs is function of the concentration of PS and presence of 

calcium ions in the mentioned SLB. 
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Abbreviations: DHA: Docosahexaenoic Acid; EIS: 
Electrochemical Impedance Spectroscopy; POPC: 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; SLB: 
Supported Lipid Bilayer; PI: Phosphatidylinositol; PS: 
Phosphatidylserine; PUFA: Polyunsaturated Fatty Acid; 
PC: Phosphatidylcholine; QCM-D: Quartz Crystal 
Microbalance; TBS: Tris Buffered Saline; SUV: Small 
Unilamellar Vesicles; CPEs: Constant Phase Elements; 
CMC: Critical Micellar Concentration. 
 

Introduction 

The omega-3 fatty acid docosahexaenoic acid (DHA) is 
an essential polyunsaturated fatty acid (PUFA) for the 
development and function of the mammalian brain [1,2]. 
Studies have shown that DHA supplementation improves 
early childhood brain development including increased 
attention span, processing speed and cognitive ability in 
humans [3]. DHA supplements also improves cognitive 
function and memory in ageing subjects compared to non-
supplemented controls the mechanisms by which DHA 
improves cognitive ability is unclear but is thought to be 
linked to the effect of DHA on the physicochemical 
properties of the neuronal plasma membrane [4,5]. 

 
Outside of the brain, changes to the membrane lipid 

composition caused by PUFAs have been reported to 
result in changes to membrane properties that may 
provide many therapeutic advantages. Reports have 
highlighted the clinical application of DHA as an 
immunosuppressive agent due to its ability to rapidly 
alter phospholipid composition without an associated 
production of inflammatory eicosanoids, known to occur 
with omega-6 fatty acids [6]. PUFAs can inhibit T cell 
activation in Jurcat T cells, speculated to be a consequence 
of the PUFAs selectively altering detergent resistant 
membrane domains within the lipid bilayer [7]. 
Furthermore, several studies demonstrated that altering 
the lipid fatty acid composition of tumors cells enhanced 
sensitivity to anti-cancer treatments, where incubation of 
L-1210 murine leukemia cells with DHA improved the 
sensitivity of cells to the cytotoxic effects of 
chemotherapy drug, adrenomycin [8,9]. This was later 
shown to be true in P388 cells, to the chemotherapy drug, 
doxorubicin [10]. Electron spin resonance showed that 
modifying the membrane fatty acid composition of L1210 
cells, caused altered physical properties of the tumor 
cells, including reduced lipid order and increased fluidity, 
accounting for the increased sensitivity to chemotherapy 
drugs [11]. The evidence of these DHA-linked responses 
emphasizes the importance of understanding the 

molecular mechanisms of DHA on lipid properties within 
the plasma membrane, and ultimately cell function. 

 
Previous studies show that the presence of DHA-

esterified phospholipids within model membranes causes 
changes in membrane curvature, [12,13] lipid packing, 
[1,2] lipid flip-flop, [12] transition temperatures [2,14] 
and lipid distribution and domain formation [15]. 
However, there are fewer studies reporting the effect of 
free-DHA on model membrane properties. 
Phosphatidylcholine (PC)-containing vesicles have been 
used to show that free-DHA treatment produced a more 
disordered and fluid PC membrane [16,17]. This was 
consistent with another study of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) SLBs on a quartz 
crystal microbalance with dissipation monitoring (QCM-
D) which reported worm-like protrusions from the SLB 
following high concentration DHA treatment [18]. Our 
previous studies, which also used the QCM-D technique, 
were the first reports to show that DHA incorporation 
into supported lipid bilayers (using various phospholipid 
compositions) depends on the DHA concentration, the 
SLB composition (including the presence of flurecent 
probes) and the presence of calcium ions [19,20]. 

 
Previous studies have utilized electrochemical 

impedance spectroscopy (EIS) to study the formation of 
SLBs and their interaction with biomolecules [21-23]. EIS 
is a sensitive technique able to monitor in real-time the 
membrane integrity and its changes as a consequence of 
its interaction with different molecules by monitoring the 
SLBs electrical properties changes. For example, it is the 
preferred technique to investigate the interaction of pore-
forming toxin, gramicidin D in model membranes, 
reporting alterted POPC membrane properties dependent 
on the gramicidin D concentrations [21]. In addition, the 
relative activity of formed gramicidin D channels in 
dihexadecyl dimethyl ammonium bromide/cholesterol 
membranes based on measured conductance and ion 
selectivity was also measured [22]. Another study used 
EIS to show the changes in membranes capacitance and 
resistance following exposure with antimicrobial peptides 
[23]. EIS allowed the two peptides modes of actions 
(carpet or detergent models) to be identified, and 
provided additional information about the different 
kinetics and the degree of peptide disruption. 

 
In this work we utilize EIS to investigate the changes 

in capacitance and resistance of POPC SLBs and POPC 
mixed with phosphatidylinositol (PI) or 
phosphatidylserine (PS)-SLBs in the presence and 
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absence of DHA. These EIS data are used together with 
the thickness of the SLBs to enable a comprehensive 
analysis of the changes in physicochemical properties of 
SLBs following DHA treatment. The mentioned thickness 
is predicted in this work by applying the Voigt-based 
model to the QCM-D data previously published for the 
same systems [19,20]. 
 

Materials and Methods 

Reagents 

Tris (hydroxymethyl)amino methane (Tris, 99.9%), 
sodium chloride (NaCl, 99.5%), hydrochloric acid (HCl, 
37%), sodium hydroxide (NaOH, 98%), chloroform 
(99%), ethanol (70%), docosahexaenoic acid (DHA, 99%), 
and calcium chloride (CaCl2, 99%) were purchased from 
Sigma-Aldrich. 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), L––phosphatidylserine (PS) 
and L––phosphatidylinositol-4-phosphate (PI), at 99% 
purity were purchased from Avanti Polar Lipids, USA. All 
these reagents were used as received without further 
purification. 
 

Solutions 

A 10 mM Tris buffered saline (TBS), containing 100 m 
M NaCl was prepared using Milli-Q quality water 
(Millipore, USA). The pH of these buffer solutions was 
monitored with a pH meter (Thermo Scientific Orion Dual 
Star, Australia) and adjusted to pH 8 using either HCl or 
NaOH. This pH value is required to correlate the 
impedance results with the quartz crystal microbalance 
data previously reported, [19,20] which is essential to 
calculate the membrane thickness. An alternative TBS 
solution was prepared as described before, but with the 
addition of 2 mmol CaCl2. These buffer solutions were also 
used as the supporting electrolyte for the electrochemical 
experiments. 

 
DHA was prepared as a 50 mg ml-1 stock solution in 

chloroform, and stored in a glass bulb vessel in the dark at 
4°C. The required volume was then aliquoted into a glass 
vial, the chloroform was evaporated under a nitrogen 
stream and the vial placed under vacuum atmosphere for 
24 hours to evaporate any residue of chloroform. Finally, 
the dried DHA was dissolved in ethanol to prepare a 
10 mg ml-1 DHA solution. This was stored in the dark at 
4°C. All DHA solutions were prepared and stored under 
nitrogen and the quality of DHA stock solutions were 
periodically tested for oxidation products using Liquid 
Chromatography Mass Spectroscopy (Shimadzu, Japan). 

The solution was replaced when M+ ions different to 
m/z=327 was detected. Solutions of 50 M, 100 M and 
200 M DHA were prepared immediately before 
experiments by taking the DHA from the 10 mg ml-1 
ethanolic solution with the use of micropipettes (Bio-Rad, 
USA) and diluting it with TBS (or TBS + CaCl2) to the right 
concentration. These concentrations were selected as 
they are typical concentrations used in in-vitro studies 
[18,24-26]. These concentrations are also consistent with 
concentrations detected in human plasma following DHA 
supplementation [27]. Due to the presence of 0.2–0.6% 
v/v ethanol in the solvent system, the effect of ethanol on 
the SLB was evaluated. It was observed that ethanol does 
not affect the SLB structure at this low concentration 
range, which is consistent with previous reports [21]. 

 
Phospholipids solutions of 0.2 mg ml-1, POPC, PI and 

PS, were prepared by dissolving the phospholipids in 
chloroform. These solutions were dried out under a 
stream of nitrogen in a fume cupboard. The vial 
containing the phospholipids was then placed under 
vacuum for 24 hours to ensure removal of any traces of 
chloroform. Dried phospholipid was diluted to 0.2 mg ml-1 
in TBS, followed by sonication for 40 minutes. The 
multilamellar vesicles formed during this process were 
then manually extruded through an Avanti Polar Lipid 
mini extruder 10-12 times containing a 50 nm 
polycarbonate membrane and filter to create small 
unilamellar vesicles (SUV), with a diameter ≤ 70 nm [28]. 
This technique is commonly used for the preparation of 
SUVs suitable for the formation of SLBs on silicon dioxide 
(SiO2) surface [28,29]. 
 

Electrochemical Impedance Spectroscopy 

Impedance experiments were performed at room 
temperature (22±1°C) with a Gamry Interface1000 
potentiostat (Gamry, USA). The mentioned temperature 
was selected as it is well above phase transition 
temperature of all phospholipids, ensuring all 
phospholipids were in the liquid-crystalline phase [30-
32]. The electrochemical data were obtained using a 
conventional three-electrode arrangement, consisting in a 
SiO2/gold (Au)-coated quartz crystal working electrode 
(area = 1.54 cm2, Q-sense, Sweden), a platinum mesh as 
the counter electrode, and Ag/AgCl, 3M NaCl (ALS, Japan) 
as the reference electrode. The three electrodes were 
housed in a homemade batch cell designed to use the 
QCM-D crystals as the EIS working surface. The SiO2/Au-
coated quartz crystal working electrode was selected for 
this study because it is the same surface used during the 
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QCM-D study previously reported by our group [19,20]. 
The impedance spectra were recorded between 0.1 and 
105 Hz with an AC perturbation of 40 mV and a DC bias 
E = 0 V (vs Ag/AgCl, 3M NaCl). 
 

Formation of Supported Lipid Bilayers 

Supported lipid bilayers were formed by the 
adsorption and fusion of SUVs onto a SiO2/Au-coated 
quartz crystal following the procedure previously 
describe by Flynn, et al. [19]. TBS was pipetted into the 
batch cell and a potentiostatic EIS measurement was 
taken of the bare electrode. Then, the TBS was replaced 
with SUV phospholipid solution and a potentiostatic EIS 
measurement was taken every 5 minutes for 30 minutes 
until consistent values associated with those of a stable 
SLB were measured. The formed SLB was washed with 
TBS to remove any partially or weakly bound vesicles. 
 

Data Analysis 

The EIS data was analysed using Gamry Echem Analyst 
software (Gamry, USA) and the data was modeled using 
the electrical circuits shown in Figure 1. This circuit was 
used in a previous EIS study and proved to be a suitable 
model for the study of SLBs SiO2/Au-coated quartz crystal 
sensors [21]. Constant phase elements (CPEs) are used in 
this circuit to account for any in homogeneity of both the 
SiO2 surface and SLBs [21]. The CPE is an electric element, 
in which impedance is defined: 

 
 

 

1
CPEZ

Q j




 
 

      (1) 

 
Where Q is the parameter related to the electrode 
capacitance (F sα−1 cm−2), ω is the cyclic frequency, jα is a 
complex number = cos(απ/2) − j sin(απ/2), and α is the 
constant phase exponent (0 < α< 1) related to the 
deviation of the straight capacitive line from 90° by an 
angle = 90° (1 − α). This constant phase exponent can be 
used as an indicator of the membrane heterogeneity. 
When α is equal to 0.5, it corresponds to a purely diffusive 
process, and when α = 1, the CPE corresponds to an ideal 
capacitor [21]. 
 

Following the formation of the SLB on top of the SiO2 
surface, an additional impedance element was added 

between the resistance of the electrolyte solution (Rs) and 
the impedance of the SiO2-electrolyte interface in the 
circuit represented in Figure 1, to account for the 
impedance of the formed SLB. This impedance element 
consists of a resistance element representing the 
membrane resistance (Rm) in parallel to the constant 
phase element of the membrane (CPEm). 
 
 

 

Figure 1: Equivalent circuit employed to fit EIS results. 
The circuit represents the SiO2-coated gold electrode 
before the formation of a SLB. It consists of three 
impedance elements connected in series, representing 
the resistance of the electrolyte solution (Rs), 
impedance of the SiO2-electrolyte interface (Ri in 
parallel with CPEi) and impedance of the SiO2 coating 
on the electrode surface (RSiO2 in parallel with CPESiO2). 

 
 

Results and Discussion 

Figure 2 shows Bode plots recorded for SiO2/Au-
coated quartz crystal working electrodes before and after 
modification with POPC SLB or POPC mixed with anionic 
phospholipids SLBs. Prior to the formation of the SLBs, 
the impedance spectra of the bare SiO2/Au electrode was 
measured (n=10) to determine the baseline values of both 
the SiO2 coating and its interface resistance and 
capacitance. Following SLB formation, the CPEi parameter 
was fixed to determine the Rm and CPEm. Following DHA 
treatment parameters, CPEi, Ri, CPESiO2 and RSiO2 were all 
fixed to see the changes in Rm and CPEm as a consequence 
of DHA incorporation. The experimental CPEm, αm, and Rm 
values were introduced in the EChem Analyst® software 
to calculate the true membrane capacitance, Cm, and the 
obtained values are reported in the different tables below 
(n = 4). 
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Figure 2: Impedance spectra in 10 mM TBS over a frequency range of 0.1 – 105 Hz for the SiO2/Au working electrode 
before (red) and after formation of POPC (blue), POPC-PI (9:1) (orange), and POPC-PS (9:1) (green) SLBs. The 
symbols represent the impedance (open circles) and the phase angle (open triangle). The solid lines are the results of 
a fitting procedure using the equivalent circuit shown in Figure 1.  

 

SLB  
DHA Conc. 

 
50 μM 100 μM 200 μM 

POPC b hi(nm) 10±1 10±2 9.8±1 

 
hf(nm) 10±1 96±33 82±22 

POPC:PI (9:1) hi(nm) 10±6.3 9.9±2.9 10±3.1 

 
hf(nm) 7.1±2.1 7.2±3.8 7.2±3.7 

POPC:PS (8:2) hi(nm) 6.8±0.76 5.7±0.73 5.1±2.3 

 
hf(nm) 9.4±2.9 21±6.8 21.9±14 

POPC:PS (9:1) hi(nm) 4.7±0.90 7.8±1.5 6.2±1.6 

 
hf(nm) 10.0±6.5 18.9±5.9 53.4±22.6 

POPC:PS (8:2) (CaCl2)c hi(nm) 13±4.7 13±4.3 12.9±2.4 

 
hf(nm) 23.6±5.13 51.4±14.5 59.1±11.0 

POPC:PS (9:1) (CaCl2)c hi(nm) 9.1±3.6 9.9±2.4 8.0±2.2 

 
hf(nm) 14.2±2.0 16.6±1.47 9.41±1.2 

Table 1: Thickness of the SLBs in the presence and absence of DHAa. 
aData obtained from viscoelastic modeling (Voigt-based modeling) using QTools® (Q-sense) software (mean ± SEM) in the 
absence (hi) and presence (hf) of DHA(n = 4). b Data obtained from reference 20. cValues obtained in the presence of 2 
mmol CaCl2. 
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The SiO2/Au-QCM sensor surfaces are commonly used 
for SLBs formation and evaluation with a QCM 
instrument, as reported previously for our group [19,20]. 
Therefore, the use of the same surface as the working 
electrode in this work provides certainty about the 
formation and stability of the SLBs. In addition, it permits 
the comparison of the EIS results with those previously 
obtain with the use of QCM-D. It is worth notice that 
although the membrane thickness (h) values were 
previously presented, they were recalculated in this work 
to account for a final rinsing step with TBS, which is 
mandatory after the addition of DHA. To this end, the 
Voigt-based model was used to determine the thickness of 
the SLBs and the values are reported in Table 1. For this 

calculation, the fluid density and viscosity were fixed at 
1.0×103 kg m-3 and 1.0×10−3 kg ms-1, respectively, as all 
experiments were conducted in aqueous solutions. The 
density of the lipid bilayer was fixed at 1.1×103 kg m-3, 
which is concurrent with previous studies [20,33]. 

 
Table 2 shows the Cm and resistance Rm of POPC, 

POPC-PI 9:1, POPC-PS 8:2 and POPC-PS 9:1 SLBs, readily 
formed by vesicle adsorption, fusion and rupture on the 
SiO2/Au working electode. Despite the small differences 
observed in Figure 2, all SLBs formed showed a similar 
and highly reproducible Cm value of ≈ 0.7 μF cm-2, which is 
consistent with values previously reported in literature 
for similar systems [21,22,34-36]. 

 
SLB Rm (MΩ cm2) Cm (µF cm-2) 

POPC 5.82±2.95 0.69±0.01 
POPC-PI 9:1 9.43±0.48 0.62±0.03 
POPC-PS 8:2 1.67±0.85 0.69±0.04 
POPC-PS 9:1 4.85±1.85 0.74±0.02 

POPC-PS 8:2 (CaCl2)a 9.60±3.09 0.81±0.06 

POPC-PS 9:1 (CaCl2)a 14.3±5.62 0.81±0.04 

Table 2: Experimental resistance and capacitance values obtained for the different SLBs studied in this work (n=10). 
a resistance and capacitance values obtained in the presence of 2 mmol CaCl2. 
 

Following SLB formation, 50, 100 and 200 μM DHA 
was added into the electrochemical cell and left to 
interact with the SLBs for 2 hours. Then, the 
electrochemical cell was washed with TBS to remove any 
partially or weakly bound DHA molecules. Finally, the 
changes in the Cm and Rm of SLBs were monitored. It is 
important to note that the critical micellar concentration 
(CMC) of DHA is between 60-90 μM [37]. Therefore, at 50 
μM DHA concentration, DHA exists as single lipid species. 
At 100 μM, the single lipid species will still predominantly 
exist, whilst at 200μM, micellar DHA will be in excess [37]. 

 
The POPC SLB had an increase in Cm following DHA 

treatments, with no significant difference between the 
three DHA concentrations (Table 3). This may be seen as a 
similar intake at all three DHA concentrations. However, 
the Voigt-based modeling to determine thickness (Table 

1) showed no changes in the SLB thickness after the 
addition of 50 μM DHA. However, a change was observed 
with larger DHA concentration. By using the equation 2 it 
is possible to calculate the change in the SLB dielectric 
properties (Δεm): 
 

 o
mC

h


    (2) 

 
Where ε is the dielectric constant of the bilayer 

(function of the frequency and membrane composition 
and structure), ε0 is the dielectric permittivity of a 
vacuum (9.8542 × 10−14 F cm-1), and h is the thickness of 
the dielectric sheet. From this equation it is apparent that 
the capacitance of the membrane will be affected by 
changes in both h and ε [38]. 
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SLB 
 

DHA Conc. 

  
50 μM 100 μM 200 μM 

POPC 
ΔRm(kΩ cm2) -99.0±27.0 -743±162 -120±77.0 

ΔCm(nF cm-2) 21.4±7.83 14.5±6.15 12.6±4.39 

POPC-PI (9:1) 
ΔRm(kΩ cm2) -970±190 -1250±368 -1000±193 
ΔCm(nF cm-2) 8.94±4.59 8.86±2.49 13.7±4.09 

POPC-PS (8:2) 
ΔRm(kΩ cm2) -197±83.9 -225±24.0 -60.2±33.4 
ΔCm(nF cm-2) 13.8±9.86 48.8±12.4 -7.43±1.01 

POPC-PS (9:1) 
ΔRm(kΩ cm2) -1400±667 -195±109 -612±213 
ΔCm(nF cm-2) 59.5±6.08 1.66±1.44 18.9±9.00 

POPC-PS (8:2) (CaCl2)a 
ΔRm(kΩ cm-2) -100±33.8 478±322 1000±466 

ΔCm(nF cm-2) 13.0±0.33 20.7±4.45 20.3±0.95 

POPC-PS (9:1) (CaCl2)a 
ΔRm(kΩ cm-2) -546±248 -1000±586 -314±47.0 

ΔCm(nF cm-2) 24.4±9.65 5.37±2.03 3.44±1.11 

Table 3: Resistance and true capacitance changes of the SLBs in the presence of DHA. 
a resistance and capacitance values obtained in the presence of 2 mmol CaCl2. 
 

The increase in Cm after the three DHA treatments 
could signify a decrease in thickness (moving the 
dielectric plates closer together). However, from Table 1 
we can observe that the DHA treatments caused no 
modifications to the membrane thickness at 50 µM DHA, 
but a more thick SLB at higher DHA concentrations. 
Therefore, using the equation 2 we hypothesize that this 
increase in Cm is a consequence of an increase in the εm of 
the POPC SLB, consequence of an increase in charged DHA 
molecules inside the POPC SLB. 

 
At 50 μM, the increase in εm may be a consequence of 

single lipid DHA being incorporated. This, in conjuction 
with the absence of change in the SLB Δh at 50μM, as 
estimated by the Voigt-based modelling, suggests the least 
incorporation of DHA (of the three DHA concentrations), 
and was supported by our previous work that reported 
the lowest increase in mass and reduction in visco 
elasticity following 50 μM DHA. At 100 and 200 μM DHA, 
the further increases in Δεm may be a consequence of the 
further incorporation of DHA via single lipid species, 
micelles or both within the POPC SLB. Thid, et al. 
predicted that single lipid DHA was incorporated into 
POPC SLB at all three DHA concentrations (also 50, 100 
and 200 μM), however, above CMC the process was 
predicted to be facilitated by micelles. 

  
The changes in Rm may provide further insights into 

the electrochemical changes occurring inside the POPC 
SLB, following DHA treatment. The POPC SLBs resistance 
decreased following treatment with all three DHA 

concentrations. The changes in resistance differed with 
DHA concentrations, with the largest change seen at 100 
μM DHA and smaller and similar changes seen at 50 and 
200 μM DHA (Table 3). A reduction in resistance may 
indicate a disruption of the lipid order of the SLB, 
allowing more ions to pass through. It is known that DHA 
is able to change the viscoelastic properties (including 
increased fluidity) of the POPC SLB, a likely consequence 
of DHA ability to exist in multiple configurations as a 
consequence of its six double bonds [2,39]. This is 
supported by studies that reported how the presence of 
DHA in the sn-2 position of PC molecules increased the 
molecular area by 11 and 13 per cent when compared to 
16:0-18:1 PC and 18:0-18:1 PC, respectively [40,41]. 
Therefore, we can hypothesise that DHA may be able to 
produces pacers between the POPC molecules or even 
nano-pores via DHA-rich domains, [15,42,43] allowing for 
the easier movements of ions across the bilayer, that may 
result in the observed reduction in resistance. However, 
from this study alone, the exact mechanism cannot be 
predicted. The unexpected lower ΔRm at 200 μM may be a 
consequence of POPC (rich in DHA) SLB lipid protrusions. 
This idea is further supported by the largest increase in h 
and decreases in visco elasticity of the mentioned SLB 
previously reported. 

 
The properties of POPC-PI9:1 SLB following DHA 

treatment was also evaluated (Table 3). This molar per 
cent of PI was chosen on the basis that neuronal plasma 
membranes contain approximately 10% PI. The POPC-PI 
9:1 SLB shows no significant changes in Cm and Rm 
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following DHA treatment. This result, together with the no 
significant variation in the SLB h (Table 1), may indicate 
that the membrane εm remains constant and independent 
on the DHA concentration present in the solution. This 
observation can only indicate a saturation effect, which 
indicates that our previous assumption of DHA-
phospholipid substitution/rearrangement process may be 
inaccurate. 

  
Two POPC-PS SLBs were formed (8:2 and 9:1 mol per 

cent ratios) and ΔCm and ΔRm responses to DHA treatment 
measured (Table 3). These two ratios were selected as it 
is known that PS accounts for between 12 and 22% of the 
phospholipid content of nervous tissue [44]. The POPC-PS 
8:2 SLB ΔCm differed between the three DHA treatments, 
with the largest ΔCm seen at 100 μM, followed by 50 μM, 
and a negative ΔCm seen following the addition of 200 μM 
DHA. The ∆h values for the POPC-PS 8:2 SLB were similar 
and independent to the DHA concentration above 100 µM 
DHA, with a lower ∆h at 50 µM DHA concentration. 
Therefore, using equation 2, we can estimate that the Δεm 
at 100 μM will be the largest. We can also predict the 
negative ΔCm at 200 μM is not only a consequence of the 
increase in h, but also a net decrease in εm. Based on the 
∆h we can assume the smallest Δεm occurred at 50µM, 
which is supported by our previous QCM-D study that 
showed the lowest DHA incorporation at 50 µM, of the 
three concentrations. 

  
Our previous QCM-D study reported reduced DHA 

incorporation at all DHA concentrations, for both POPC-
PS SLBs, compared to the POPC SLB. A consequence of the 
PS molecules, which are reported to distribute evenly 
throughout the POPC bilayer, is to provide a negatively 
charged to the SLB surface, which would exhibit repulsive 
forces with the anionic DHA [19,45]. It was reported that 
the POPC-PS 8:2 SLB reached an increase in mass of only 
7% (to that of the POPC SLB, respectively) following 50 
μM DHA. This supports the theory that a negatively 
charged SLB results in repulsion with anionic DHA species 
and justifies the lowest Δεm at 50 μM DHA observed. The 
largest Δεm occurs following the addition of 100 μM DHA. 
This Δεm mirrored our previous study that also reported 
the largest mass increase following the addition of the 
same DHA concentration. Meanwhile, the POPC-PS 8:2 
SLBs tight lipid packing (due to PS’s condensing effect) 
supports the hypothesis of an exchange process at high 
DHA concentrations. Our previous work showed that the 
POPC-PS 8:2 SLB following 200 μM resulted in a more 
pronounced rearrangement event and a lower overall 
mass increase, compared to 100 μM. Therefore, the Δεm 

value (as estimated by ΔCm and Δh) gives further insights 
into the different exchange or rearrangement mechanism 
that occurred to the POPC-PS 8:2 SLB at 200 μM, when 
micelles were present in excess. Potentially additional 
transfer between the POPC-PS 8:2 SLB and DHA micelles 
may have resulted in the significant loss of phospholipid 
species, accounting for an overall lower Δεm yet similar 
Δh, compared to 100 μM. 

 
The POPC-PS 8:2 SLB resulted in a reduction in 

resistance following 50, 100 and 200 μM DHA with the 
largest changes seen at 50 and 100 μM DHA and a 
significantly smaller change seen following 200 μM (Table 
3). Therefore, the largest resistance changes occurred 
when the single lipid DHA species existed alone (50 μM) 
or in excess (100 μM), whilst when micellar DHA existed 
in excess (200 μM) the resistance changes were less 
pronounced and in the same order of magnitude as that 
observed with POPC. 

 
The POPC-PS 9:1 SLB resulted in significantly different 

ΔCm values at all three DHA concentrations, with the 
largest change at 50 μM followed by 200 μM and the 
lowest ΔCm value at 100 μM (Table 3). The POPC-PS 9:1 
SLBs h increased with increasing DHA concentration 
(Table 1). This data allows us to estimate the Δεm values 
following DHA treatment and therefore the changes 
occurring in the SLB. Based on these data it could be 
speculated that more DHA was incorporated at 50 μM 
DHA than initially predicted, however the QCM-D changes 
in frequency did not demonstrate this alone. Our previous 
QCM-D study showed that the POPC-PS 9:1 SLB had a 
slight decrease in mass value following the addition of 50 
μM, which was assumed to represent a small or zero 
incorporation of single lipid DHA. However, in light of the 
impedance data, it is more likely that the POPC-PS 9:1 SLB 
incorporates DHA molecules following 50 μM DHA 
treatment. The calculated increase in εm after the addition 
of 50 µM DHA, is thought to be not only a consequence of 
the incorporation of this free fatty acid into the SLB but 
also from the increase in SLB thickness after the 
mentioned addition. Therefore, the small decrease in 
mass value may be the result of a small substitution event 
and the subsequent removal of phospholipid species in 
exchange for DHA molecules. 

 
We can predict that the smaller changes in Cm with the 

addition of 100 µM DHA are not only a consequence of the 
increase in h but also a reduced increase in εm, compared 
to 50 µM DHA. Meanwhile, based on the second largest 
∆Cm and largest reported ∆h at 200 µM DHA, we can 
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predict the largest ∆εm at this concentration. At 100 µM 
DHA we had previously reported an equal change in 
frequency and dissipation to 200 µM DHA, however, the 
change in Cm and then calculated change in εm is not 
mirroring this. It was previously predicted the largest 
rearrangement process occurred at 200 µM DHA, 
indicating a larger incorporation of DHA at 200 µM, which 
is supported by this impedance data. 

 
The lower PS content of the POPC-PS 9:1 SLB would 

reduce the negative SLB surface charge and the 
condensing effect. This could mean two things, i) less 
repulsion between the negatively charged SLB and 
anionic DHA and ii) the reduced condensing effect could 
allow for more incorporation of DHA. Interestingly, when 
comparing the two POPC-PS SLBs following 100 μM, we 
can predict a different Δεm, as they both have a similar Δh 
(with the exception of POPC-PS 9:1 at 200 μM) yet their 
ΔCm values were significantly different. It is predicted that 
the POPC-PS 9:1 SLB would have increased DHA 
incorporation due to the reduced PS content and the 
reasons mentioned above. This theory was not reflected 
by larger ΔCm and Δεm values at 100 μM for the POPC-PS 
9:1 SLB. As stated earlier, a more pronounced 
rearrangement process was reported in the POPC-PS 9:1 
SLB, following 100 μM DHA treatment. This could indicate 
that the POPC-PS 9:1 SLB had a larger loss of 
phospholipid species, accounting for the POPC-PS 9:1 SLB 
smaller calculated Δεm at 100 μM (when compared to the 
8:2 molar ratio). In contrast, the estimated Δεm at 200 μM 
was higher in the 9:1 SLB, compared to the 8:2 SLB. The 
reduced condensing effect may allow the POPC-PS 9:1 SLB 
to incorporate a larger amount of DHA when micelles are 
in excess. 

 
Additional POPC-PS SLBs were formed in the presence 

of Ca2+. Calcium ions play an important role in the 
membrane stability and function in an in vivo membrane 
system. Studies have revealed that Ca2+ bridge the 
negatively charged carboxyl groups of neighboring PS 
molecules or phosphate moieties of PS or PC molecules, 
displacing water to form anhydrous PS- Ca2+ domains in 
the bilayer [46-49]. The Ca2+ also assists the formation of 
a stable POPC-PS SLB on the crystal surface, by providing 
a bridge between the PS head group and the negatively 
charged SiO2 surface [50]. The POPC-PS SLBs formed in 
the presence of Ca2+produced similar final Cm values to 
those formed in the absence of Ca2+ (Table 2). 

 
The ΔCm and ΔRm responses of the two POPC-PS (Ca2+) 

SLBs, following DHA treatment were also monitored 

(Table 3). The POPC-PS 8:2 (Ca2+) SLBs ΔCm increased 
following all three DHA treatments. Results from Table 1 
shows that the POPC-PS 8:2 (Ca2+) SLB resulted in large 
increases in h following DHA treatment above 100 µM 
DHA (closer to those Δh of the POPC SLB), which also 
increase with DHA concentration. This implies that the 
Δεm should also increases with increasing DHA 
concentration. Due to the similarity in the ΔCm values to 
those observed for POPC SLB (Table 3), this result may 
indicate that a larger amount of DHA was incorporated 
into the POPC-PS 8:2 SLB (Ca2+), compared to the POPC-
PS 8:2 SLB formed in the absence of Ca2+; and that the 
presence of Ca2+ caused a greater amount of DHA to be 
incorporated, more similar to the POPC SLB. This is 
consistent with previous QCM-D study, which reported 
that the POPC-PS 8:2 (Ca2+) SLB had a significantly larger 
mass uptake and decrease in viscoelastic properties at all 
DHA concentrations, compared to the POPC-PS 8:2 SLB 
formed in the absence of Ca2+. As stated earlier, the 
presence of Ca2+ assists interactions between neighboring 
PS and PC molecules, and it leads to the formation of rigid 
PS-Ca2+ domains with reduced lateral diffusion of 
molecules and ions, and fluidic POPC phases. Therefore, 
the formation of these fluidic POPC phases within the 
POPC-PS 8:2 (Ca2+) SLB may allow the increased 
incorporation of DHA, compared to the POPC-PS 8:2 SLB 
(formed in the absence of Ca2+) when the PS is distributed 
throughout the SLB causing a net negative charge. This 
provides further support to why the POPC-PS 8:2 (Ca2+) 
SLB presents ΔCm values that resemble those of the POPC 
SLB. However, our previous QCM-D study showed that a 
different mechanism of incorporation was occurring in 
the POPC-PS 8:2 (Ca2+) SLB (above CMC), involving a 
rearrangement/substitution event, which was not 
reported to occur to the POPC SLB following DHA 
treatment. 

  
The POPC-PS 8:2 (Ca2+) SLB ΔRm responses supported 

the theory of a different mechanism of DHA incorporation 
occurring, above CMC, with no significant difference to the 
ΔRm following 50 μM DHA treatment, compared to the 
POPC SLB or POPC-PS 8:2 SLB formed in the absence of 
Ca2+ (Table 3). However, following 100 and 200 μM DHA 
the opposite pattern was observed to the other SLBs 
formed, with a resistance increase. This was the only SLB 
to respond in a resistance increase following DHA 
incorporation, which may indicate that the DHA is 
changing the lipid dynamics to produce a more resistive 
SLB. These ΔRm responses in conjunction with the 
estimated Δεm and ∆h, may indicate that the large DHA 
incorporation is resulting in a tighter and more ordered 
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POPC-PS (Ca2+) 8:2 SLB. The increase in resistance may 
indicate that Ca2+ inhibits single lipid DHA to form wedges 
or spaces between phospholipids within the SLB. 
Alternatively, the incorporation of DHA may be 
dissociating the PS-Ca2+ domains, due to multiple DHA 
monomers or micelles ability to interact with Ca2+ via 
calcium coordination. If true, the PS molecules would 
move out of the domains and distribute across the SLB, 
resulting in a ‘condensing’ effect, as reported to occur in 
the POPC-PS SLBs formed in the absence of Ca2+. This 
would account for the increase in Rm whilst also the 
increase in εm following 100 and 200 μM DHA treatment. 
It is worth noting the dissociation of these anhydrous PS-
Ca2+ domains could allow an increase in water and solute 
into the POPC-PS (Ca2+) 8:2 SLB, and therefore the 
increase in εm may not be related to DHA incorporation 
alone. 

 
The POPC-PS 9:1 (Ca2+) SLB also showed an increase 

in Cm following all DHA treatments. The ΔCm was the 
highest following 50 μM DHA, with significantly lower 
ΔCm reported at 100 μM and 200 μM DHA (Table 3). The 
∆h following DHA treatment had no significant difference 
between 50 and 100 μM and 50 and 200 μM, however, 
there was a significant difference between 100 and 200 
μM DHA. Therefore, we can estimate the Δεm of the POPC-
PS 9:1 (Ca2+) SLB, to be the largest at 50 μM DHA, 
respective to the largest ΔCm response. Based on the 
changes in h and Cm it is also predicted that the Δεm 
decreases with increasing DHA concentration. The higher 
Δεm predicted to occur at 50 μM DHA provides further 
insights to understand previous QCM-D results. Our 
previous QCM-D study reported a small loss of mass 
following 50 µM DHA treatment, which did not indicate an 
incorporation of DHA; instead, it suggested a small loss of 
phospholipid species. Similar to the POPC-PS 9:1 SLB 
formed in the absence of Ca2+, the impedance data 
provides evidence that single DHA molecules were 
effectively incorporated and are responsible for the 
increase of the εm value of the POPC-PS 9:1 (Ca2+) SLB. 
Therefore, the loss of mass may be a consequence of a 
small rearrangement process. 

 
Our previous QCM-D data also showed a significant 

difference in the POPC-PS 9:1 (Ca2+) SLB mass uptake at 
all DHA concentrations. It was predicted that this could be 
due to an overall larger incorporation of DHA at the 
expense of phospholipid species, to form a DHA-rich SLB. 
Therefore, at 200 μM, the lower Δεm may indicate the 
significant loss of phospholipid species of the POPC-PS 9:1 
(Ca2+) SLB as a consequence of a substitution event 

between DHA micelles in solution and DHA-rich SLB. A 
similar behavior was previously hypothesised to occur to 
the POPC-PI 9:1 SLB. It is important to note, that the PS-
Ca2+ complexes, as reported to occur in the POPC-PS 8:2 
(Ca2+) SLB, do not form in the POPC-PS 9:1(Ca2+) SLB. 
Literature states that these PS-Ca2+ complexes do not 
form to a significant extent unless the PS fraction is above 
17%. Therefore, this SLB would behave more similar to 
those SLB formed in the absence of Ca2+, with the PS 
distributed evenly throughout the bilayer. In addition, the 
Ca2+ may interact with single lipid and micellar DHA in 
solution further reducing incorporation into the POPC-PS 
9:1 (Ca2+) SLB. 

 
The addition of Ca2+ did not cause any significant 

difference to the POPC-PS 9:1 SLBs ΔRm following DHA 
treatment compared to the POPC-PS 9:1 SLB formed in 
the absence of Ca2+. This indicates that a similar amount 
of lipid disruption, responsible for the decreases in 
resistance, occurred at all three DHA concentrations, and 
further supports the theory that the two POPC-PS 9:1 
SLBs (formed in the presence and absence of Ca2+) behave 
similarly. 
 

Conclusion 

This study describes a detailed analysis of EIS 
measurements performed on POPC or POPC-PI and POPC-
PS mixed SLBs. By calculating the SLB h, a more detailed 
analysis of the electrochemical responses following DHA 
treatment was possible. Importantly, the interpretation of 
the EIS data allowed us to gain a more detailed 
understanding about the changes in dielectric properties 
of the SLBs following DHA treatment. It also highlights 
how the interpretation of the EIS data alone may lead to 
limited insights and conclusions, specifically in reference 
to changes in capacitance. For instance, using the ΔCm and 
Δh of the POPC SLBs it was possible to estimate that the 
Δεm increased with increasing DHA concentration, similar 
to the increasing mass uptake observed in our previous 
QCM-D studies. The POPC SLBs ΔRm did not mirror the 
ΔCm and Δεm, with a smaller ΔRm seen at 200 μM DHA 
(compared to 100 μM), which may provide evidence to 
support the theory that 200 μM DHA treatment results in 
the formation of worm-like protrusions, as previously 
reported. 

  
The presence of PI or PS in the POPC SLB resulted in 

significantly different EIS responses. From the analysis of 
the POPC-PI 9:1 SLBs ΔCm and Δh a smaller estimated Δεm 
following DHA treatment (above CMC) was predicted, and 
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supports the hypothesis of a rearrangement process 
previously reported to occur. This rearrangement or 
exchange process is thought to be associated with the 
removal of phospholipid species that contain many dipole 
moments and interacting water molecules, in exchange 
for DHA molecules. The POPC-PI 9:1 SLB also presented 
the largest decreases in resistance following DHA 
treatment (of all SLBs formed) indicating that the 
presence of phosphatidylinositol-4-phosphate may assist 
lipid disruption responsible for reduced resistance, 
potentially a consequence of hydrophobic interactions 
between the polyunsaturated DHA molecules and sn-2 
acyl chain of PI molecules. A rearrangement process was 
also predicted to occur in the POPC-PS SLBs following 
DHA treatment, above CMC. Interestingly, it was 
estimated the POPC-PS 8:2 SLB largest Δεm occurred 
following 100 μM DHA, with a lower Δεm at 200 μM DHA. 
This result highlights the need to consider to what extent 
DHA incorporation increases SLB capacitance, in relation 
to the decreases associated from the loss of phospholipid 
species. The POPC-PS 9:1 SLBs Δεm was estimated to 
increase with DHA concentration, interestingly, the ΔCm at 
50μM DHA provided potential evidence of a slight 
rearrangement process occurring below CMC, which was 
not possible to determine from our previous QCM-D data 
alone. 

 
The POPC-PS 8:2 SLB formed in the presence of Ca2+ 

resulted in comparable ΔCm and Δh to the POPC SLB, 
allowing us to estimate a similar Δεm for both SLBs. This 
may imply a similar amount of DHA was incorporated into 
the POPC-PS 8:2 (Ca2+) SLB as in the POPC SLB. Our 
previous QCM-D study showed similar mass uptakes for 
the two SLBs; however, the POPC-PS 8:2 (Ca2+) SLB was 
shown to involve a rearrangement process, which was not 
reported to occur in the POPC SLB. The POPC-PS 8:2 
(Ca2+) SLB was the only SLB to show an increase in Rm 
following 100 and 200 μM DHA, indicating a dramatic 
lipid restructure within the SLB. We hypothesize that it 
may be a consequence of breaking the PS-Ca2+ complexes, 
and increasing the condensing affect that accompanies PS 
when it is distributed more evenly throughout the SLB. 
The POPC-PS 9:1 (Ca2+) SLB resulted in more similar 
electrochemical behavior to that of the POPC-PI 9:1 SLB 
as is suspected to be a result of the PS-Ca2+ complexes not 
forming when a lower mol per cent of PS exists. 

 
The study of model membranes will lead to a better 

understanding of the complex properties of plasma 
membranes. Understanding the unique properties of DHA 
within the plasma membrane and its functional 

consequence is of particular interest as DHA has been 
highlighted to have therapeutic potential to treat DHA-
related brain deficiencies, such as depression, bipolar, 
[51] and attention deficient hyperactivity disorder 
[52,53]. Investigating the behaviour of DHA within the 
plasma membrane may also have critical importance in 
understanding the neuronal cell death by apoptosis 
associated with neurodegeneration, [54,55] and may also 
provide insights into improving treatment for tumors by 
increasing cell susceptibility to drugs such as 
chemotherapy. 
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