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Oleic acid is known to interactwith saturated lipidmolecules and increase thefluidity of gel phase lipidmembranes.
In this work, the thermodynamic properties of mixedmonolayers of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and oleic acid at the air-water interfacewere determined using Langmuir isotherms. The isotherm study re-
vealed an attractive interaction between oleic acid and DPPC. The incorporation of oleic acid alsomonotonically de-
creased the elastic modulus of the monolayer indicative of higher fluidity with increasing oleic acid content. Using
the surface force apparatus, intermembrane force–distance profiles were obtained for substrate supported DPPC
membranes containing 30mol% oleic acid at pH 5.8 and 7.4. Three different preparation conditions resulted in dis-
tinct force profiles. Membranes prepared in pH 5.8 subphase had a low number of nanoscopic defects ≤1% and an
adhesionmagnitude of ~0.6mN/m. A slightly higher defect density of 1–4%was found formembranes prepared in a
physiological pH 7.4 subphase. The presence of the exposed hydrophobic moieties resulted in a higher adhesion
magnitude of 2.9mN/m. Importantly, at pH 7.4, some oleic acid deprotonates resulting in a long-range electrostatic
repulsion. Even though oleic acid increased the DPPC bilayer fluidity and the number of defects, no membrane
restructuring was observed indicating that the system maintained a stable configuration.

© 2016 Published by Elsevier B.V.
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1. Introduction

Biologically occurring fatty acids have been extensively studied due
to their strong link to numerous health benefits [1,2]. Fatty acids, which
are found in foods such as fruits, seeds, nuts, vegetable oils, animal fats,
and fish oils, can be categorized into saturated, monounsaturated,
polyunsaturated, and trans fats. Both saturated and trans fatty acids
has been shown to increase the risk of cardiovascular diseases [3–6].
In contrast, unsaturated fatty acids have been shown to have a poten-
tially therapeutic benefit for patients with type-2 diabetes [7], dementia
[8], cystic fibrosis [9], and arguably to reduce the risk of coronary heart
diseases [10–13]. In particular, polyunsaturated fatty acids (PUFAs)
such as α-linolenic acid (omega-3) and linoleic acid (omega-6) have
received the most attention as humans cannot synthesize either of
these molecules. As a result, the importance of the monounsaturated
fatty acids (MUFAs) has been somewhat overshadowed.
ngineering, Osaka University,
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Oleic acid is an example ofmonounsaturated omega-9 free fatty acid
and is a major constituent in vegetable oil derived from olive, rapeseed,
and sesame seeds. Free fatty acids, such as oleic acid can intercalate into
lipid membranes and alter their physicochemical properties [14,15].
Specifically, due to the kinked cis-double bond structure, oleic acid has
been shown to alter the structure,fluidity, and permeability of saturated
phospholipid monolayers and bilayers [16–18]. Based on monolayer
studies, Gonçalves et al. reported attractive lateral interactions between
oleic acid andDPPC based on a decrease in the area permolecule in their
mixtures at the air-water interface [19]. Thermodynamic analysis using
differential scanning calorimetry (DSC) revealed the melting tempera-
ture of DPPC-oleic acid mixtures decreased up to ~50 mol% oleic acid
content [20]. Additional measurements indicated that the fluidity of
DPPC membranes concomitantly increased with the presence of oleic
acid [21]. The miscibility of oleic acid in DPPC membranes and fluidiza-
tion of the membrane was corroborated by molecular dynamics
simulation studies performed by Cerezo and coworkers [22]. Their sim-
ulations also found an increase in lateral diffusivity in themixed system
and enhancement in membrane permeability. The interaction between
oleic acid and DPPC molecules is also likely to affect the deprotonation
of the oleic acid's carboxyl headgroup. The pKa of an isolated carboxyl
group in water is ~4.8 [23], while the apparent pKa of oleic acid's
carboxyl headgroup tends to be higher depending on the type of co-
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existing molecules in the mixture and structure of the assembly (i.e.,
pKa of ~6.1 in the hexagonal phase of oleic acid andmonooleinmixtures
[24]; pKa of ~6.5 in 4:6 oleic acid-DPPE vesicles [25]; pKa of ~8.0–8.5 in
pure oleic acid vesicles [23]; and, an even higher pKa of ~9.85 for oleic
acid monolayers at air-water interface [26]). The deprotonation of
oleic acid in the system consequently altersmolecular level lateral inter-
actions and phase behavior of the mixture [23,27]. Likewise, deproton-
ation would significantly impact the interaction between membranes
and oleic acid can be used to induce pH-dependent membrane fusion
or membrane repulsion in model systems [25,28,29]. The ability to
alter the charge of oleic acid through pH enables switching between at-
tractive, null and repulsive electrostatic interactions in membranes. For
example, positively charged vesicles will spontaneously fuse with neg-
atively charged vesicles containing oleic acid under alkaline conditions.
Beyond the ability to tailor the charge of membranes containing oleic
acid through pH, incorporation of oleic acid may alter membrane struc-
ture, fluidity, permeability as well as water of hydration and entropic
motion such as membrane protrusions and undulations.

In this work, the lateral interaction between oleic acid and DPPC
molecules in monolayers was examined using Langmuir isotherms at
the air-water interface as a function of oleic acid concentration. The
isotherm studies were used to determine the Gibbs free energy of
mixing and changes in monolayer compressibility, which are indicative
of constituent molecule interactions and membrane fluidity. The
interaction forces between 7:3 DPPC-oleic acid membranes were
investigated at different pH conditions using the surface force apparatus
(SFA) technique [30]. Force profiles were measured and compared at
physiological pH 7.4, where full deprotonation is expected, and at
pH 5.8. The force profile measurements also enabled the membrane
thickness, adhesive minimum and surface charge density to be directly
determined.
2. Materials and methods

2.1. Chemicals

1,2-Dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DPPE,
melting point, TM = 63 °C) and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC, TM = 41 °C) were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL) and used as received. Oleic acid
(cis-9-octadecanoic acid, TM = 13–14 °C), monosodium phosphate
(NaH2PO4 99.999%), disodium phosphate (Na2HPO4 99.95%) and
sodium nitrate (NaNO3 99.995%) were purchased from Sigma-
Aldrich (St. Louis, MO). Water was purified with a MilliQ gradient
water purification system to a resistivity of 18 MΩ·cm.
2.2. Isotherm of DPPC-oleic acid at the air-water interface

Pressure-area isotherms (Π-A) of various DPPC-oleic acid mixtures
were obtained on a pure water subphase at 25 °C under an inert
environment, depleted of oxygen, which inhibits oxidation of carbon-
carbon double bonds. The isotherms were obtained without prior com-
pression cycles with a compression ratio of about 17 cm2/min, which
corresponds to a compression rate of 2–3 Å2 per molecule per min.
The lateral interaction between DPPC and oleic acid molecules such as
the monolayer elastic modulus, Cs−1, excess area, Aex and Gibbs excess
free energy of mixing, ΔGmix were calculated from the isotherm data.
The elastic modulus is defined as the product of the average area per
molecule (A) and the slope of the Π-A isotherm at a specific surface
pressure.

C−1
s ¼ −A

dΠ
dA

ð1Þ
Excess areawas calculated using the area permolecule data from the
pure component and mixture isotherms given by

Aex ¼ A12− x1A1 þ x2A2ð Þ ð2Þ

where A12, A1, A2 are area per molecule of the DPPC-oleic acid mixture,
DPPC, and oleic acid, respectively, and x1 and x2 are molar fractions of
DPPC and oleic acid, respectively. The total Gibbs excess free energy of
mixing is defined as

ΔGmix ¼ ΔGex þ ΔGideal ð3Þ

where the excess Gibbs free energy, ΔGex, was obtained by integrating
Aex with respect to the surface pressure, ΔGex= ∫AexdΠ, and the ideal
Gibbs free energy of mixing was calculated by

ΔGideal ¼ kT x1 ln x1ð Þ þ x2 ln x2ð Þð Þ ð4Þ

where k is the Boltzmann constant and T is absolute temperature.

2.3. Membrane preparation

Mica substrate supported lipid membranes were used in SFA and
AFM studies. The membranes were constructed using Langmuir-
Blodgett (LB) deposition (Nima Coventry, U.K.). The inner monolayer
for all the experiments was DPPE deposited using Langmuir-Blodgett
(LB) method at 45mN/m and dipping speed of 1 mm/minwith aMilliQ
water subphase (pH=5.8). Previous studies have shown that LBdepos-
ited DPPE forms an almost defect free, robust and strongly physisorbed
monolayer on mica with transfer ratios of 0.997 ± 0.004 [31] and a
thickness of 2.56 ± 0.05 nm under these conditions [32]. As the under-
lying mica support is negatively charged, this near perfect DPPE inner
monolayer minimizes any charge originating from the substrate. In
addition, the tight packing and stability of the gel phase DPPE inner
monolayer minimizes molecular exchange between the two leaflets.
The outer monolayer was 7:3 DPPC-oleic acid LB deposited at
35 mN/m and dipping speed of 1 mm/min on MilliQ water (pH = 5.8)
or 0.5mM phosphate buffer (pH= 7.4) subphase. The averagemolecu-
lar areas for the 7:3DPPC-oleic acid outermonolayerwere 34.2±1.0Å2

at pH 5.8 and 33.7 ± 1.5 Å2 at pH 7.4.

2.4. Surface force apparatus measurements (SFA)

The SFA technique has been used extensively to measure the
interaction forces between surfaces and details of the technique can
be found in the following references [30–34]. Based on multiple-beam
interferometry (MBI) [35], the SFA provides a definitive reference for
the surface separation (±0.2 nm in this work). Briefly, one of themem-
brane coated mica surfaces wasmounted on a fixed stage and the other
on a vertically displaceable double cantilever spring of known stiffness
(2.6 × 105 mN/m). The back of the mica substrates was coated with a
55 nm thick, evaporated silver layer. The silver layer on each disk
partially transmits light directed normally through the surfaces which
constructively interferes producing fringes of equal chromatic order
(FECO). The distances between the surfaces can be measured by
observation of the position and displacement of FECO peakwavelengths
within a spectrometer. A custom automated SFA Mark-II was used for
data collection. The system enables constant and/or variable surface
displacements via a computer-controlled motor system. A sensitive
CCD camera (Princeton SPEC-10:2K Roper Scientific, Trenton, NJ) was
interfaced with the spectrometer and computer acquisition system to
allow automated FECO wavelength determination.

After membrane deposition, the surfaces were transferred and
mounted in the SFA. SFA force profile measurements were done in
either 0.5 mM NaNO3 solution at pH 5.8 or 0.5 mM phosphate buffer
at pH 7.4. In both cases the solution was saturated with lipids to
minimize desorption from the surface during the course of the
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measurements. After the surfaces were mounted, the SFAwas placed in
a temperature-controlled room at 25.0 °C for at least two hours to allow
equilibration. Themembrane thickness was determined using the FECO
wavelength shift from membrane contact relative to bare mica
substrates after completing each experiment. As the membranes were
asymmetric with inner leaflets of DPPE and outer leaflets of DPPC-
oleic acid mixtures, we treated the two outer leaflets, which we are
primarily interested in, as an equivalent membrane of the mixture
composition. Force profiles shown in the results section are representa-
tive force-distance profiles of three independent experiments at three
different experimental conditions. The experimental conditions were
(i) both the inner and outer monolayers LB deposited on MilliQ water
subphase at pH 5.8 and the force profiles measured in 0.5 mM NaNO3

solution at pH 5.8; (ii) membrane deposited on MilliQ water subphase
at pH 5.8, but with the force profiles measured in 0.5 mM phosphate
buffer at pH 7.4; (iii) outer membrane leaflet deposition and force
measured in 0.5 mMphosphate buffer at pH 7.4. At least five repeatable
force measurements were taken for each experimental condition and
the reported error propagation in the results section was based on the
average of the five force runs for each condition. Force-distance profiles
which include multiple data sets for each experimental condition are
included in the Supplementary material.

2.5. Atomic force microscopy (AFM)

AFM images were acquired using a MFP3D-SA system (Asylum
Research, Santa Barbara, CA). A silicon cantilever (model MSNL-10,
Bruker, Santa Barbara, CA) with force constant of 0.6 N/m was used
for imaging. All the images were acquired in contact mode with a
force of 12 nN. AFM images were analyzed using Gwyddion Version
2.31 (http://gwyddion.net/).

3. Results

3.1. Monolayer properties of DPPC-oleic acid mixtures

Pressure-area (Π-A) isotherms of DPPC-oleic acid mixtures were
measured on a pure water subphase (Fig. 1A). In general, the area per
molecule at each pressure decreased with increasing oleic acid molar
ratio [19]. Isotherm data were used to calculate the elastic moduli and
excess Gibbs free energy of mixing of themixtures (Eq. (1)). The elastic
moduli of pure DPPC plateaued at a surface pressure range of 28–
37 mN/m (Fig. 1B). Due to the noise in the data, a moving average
value was used to obtain the average elastic moduli. As shown in Fig.
1C, a trend of decreasing elastic moduli with increasing oleic acid was
observed. To estimate the miscibility of oleic acid in DPPC, the excess
Gibbs free energy of mixing was determined (Eq. (3)) [36,37]. The
excess Gibbs free energy of mixing values was negative for all DPPC-
oleic acid mixtures which indicates a favorable interaction between
DPPC and oleic acid (Fig. 1D). It has been reported that hydrogen
bonding between oleic acid molecules and DPPC could alter the appar-
ent pKa value of oleic acid [38]. To further elucidate the impact of lateral
interactions and embedding of oleic acid in a phospholipids membrane
on deprotonation, membrane thickness, and adhesion, the interaction
force profiles between 7:3 DPPC-oleic acid membranes were directly
measured with an SFA under the various deposition and solution
conditions listed previously.

3.2. Force–distance profile of 7:3 DPPC-oleic acid at different pH

Fig. 2 shows the measured force profiles between opposing
membranes with 7:3 DPPC-oleic acid as the outer monolayer at three
different experimental conditions. When both the inner and outer
monolayers were LB deposited on MilliQ water subphase at pH 5.8
and the force profiles measured in 0.5 mM NaNO3 solution at pH 5.8,
the thickness of the equivalent of 7:3 DPPC-oleic acid membrane was
7.8 ± 0.2 nm. This equivalent thickness is defined as the thickness of
the two outer monolayers including the water of hydration between
the bilayers. The magnitude of adhesion between the membranes was
0.6 ± 0.1 mN/m and no electrostatic repulsion was observed. The lack
of electrostatic repulsion is consistent with a very low-degree of
deprotonated oleic acid at pH of 5.8 (pKa of oleic acid N6.1) [24].

Using the same membrane preparation method (where the
membranewas LB deposited inMilliQwater at pH 5.8), but force profile
measurementswere done in 0.5mMpH7.4 phosphate buffer subphase,
the thickness of the equivalent 7:3 DPPC-oleic acid membrane was
7.4±0.2 nm. The force profiles clearly showed a long-range electrostat-
ic repulsion with decay length consistent with the electrolyte concen-
tration and a short-range attraction. The electrostatic contribution was
fitted using the non-linearized Poisson–Boltzmann equation with
constant charge approximation. A constant surface charge density of
1.3 ± 0.3 mC/m2 or surface potential of −25 ± 3 mV was obtained
with the origin of charge at the membrane surface. The thickness and
adhesion of the equivalent 7:3 DPPC-oleic acid membranes at pH 5.8
and 7.4 were similar due to the identical deposition conditions. As the
electrostatic and van der Waals attraction should be additive, the
electrostatic interaction was subtracted from the total force profile to
extract the attractive contribution to the membrane-membrane
interaction. After removing the electrostatic contribution, the mem-
brane adhesion magnitude was 0.7 ± 0.1 mN/m (Fig. 2C).

When both the deposition of the outer monolayer and the force
measurement were done in 0.5 mM pH 7.4 phosphate buffer, a signifi-
cantly thinner 7:3DPPC-oleic acidmembranewith equivalent thickness
of 6.0 ± 0.2 nmwas obtained. Again, because of the higher pH, the oleic
acid molecules were partially deprotonated resulting in a long-range
electrostatic repulsion. The surface charge density was slightly higher
than the case of depositing the membrane at pH 5.8 and measuring
the force profiles at pH 7.4. At pH 7.4 conditions, a constant surface
charge density of 2.1 ± 0.4 mC/m2 or surface potential of −38 ±
6 mV was obtained. After subtracting the electrostatic contribution,
the magnitude of the membrane adhesion was substantially greater at
2.9 ± 0.1 mN/m (Fig. 2C). Results for the SFA measurements are
summarized in Table 1.

In order to corroborate the resulting force profiles with membrane
structure under different preparation conditions, high-resolution AFM
topography scans were done on LB deposited 7:3 DPPC-oleic acid
membranes at pH 5.8 and 7.4 (Fig. 3). No phase separated domains
were observed, but the AFM scans revealed topological membrane
defects that extended down to the inner DPPE monolayer in both
cases. When 7:3 DPPC-oleic acid was prepared in MilliQ water at
pH 5.8, more uniform, well-packed membranes were obtained. Based
on image analysis of four independent samples with at least five
different regions scanned per sample, the average defect depth was
2.0 ± 0.7 nm with coverage area between 0 and 1% of the supported
membrane [39]. In one case, multiple membrane spanning holes that
penetrated the DPPE inner monolayer were detected (Fig. 3). When
the outer membrane leaflet was deposited from an 0.5 mM phosphate
buffer at pH 7.4, significantly more topological defects were found.
Based on analysis of two independent samples with at least five
different regions scanned per sample, the surface coverage of the
defects ranged between 1 and 4% [39] with an average defect depth of
2.3 ± 0.8 nm.

4. Discussion

4.1. Langmuir monolayer analysis of DPPC-oleic acid lateral interaction

Isotherms of variousDPPC-oleic acidmixtures revealed that thefluid
to gel phase transition of DPPC was maintained in DPPC-oleic acid
mixtures, indicating that DPPC still formed the continuous phase. The
absence of phase separation in the 7:3 DPPC-oleic acid membranes
was corroborated by the high resolution AFM topography scan

http://gwyddion.net
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(Fig. 3). The isotherm of theDPPC-oleic acidmixtures also indicated sta-
bilization of oleic acid by the lateral interaction with DPPC lipids. For all
oleic acid concentrations studied, the DPPC-oleic acid monolayer was
able to compress beyond the collapse pressure of a pure oleic acid
monolayer (~30 mN/m) and there was no indication of oleic acid
squeezing out from the air-water interface at a surface pressure of
35 mN/m. These results demonstrate that DPPC and oleic acid are
miscible with each other, and the interaction between DPPC and oleic
acid molecules is favorable under the experimental conditions studied.
Additionally, one of the roles of unsaturated fatty acid in membranes
is to destabilize ordered structures such as raft domains. Onuki et al.
reported that 30% of oleic acid significantly fluidized DPPC membranes,
resulting in a decrease of detergent-insolubility [40]. The monolayer
elastic modulus is a measure of the membrane stiffness and correlated
to the fluidity of the membrane. The experimental data showed that
incorporation of oleic acid into DPPC monolayers decreased the film
stiffness (Fig. 1C). Although the differences of elastic modulus in DPPC
and DPPC-oleic acid mixture were small, the averaged values show a
decreasing trend with increasing oleic acid in the monolayer. Thus,
incorporation of oleic acid decreases the stiffness of DPPC monolayers
and correspondingly increases monolayer fluidity [21].

4.2. Adhesion between 7:3 DPPC-oleic membranes

When themembranes were deposited in MilliQ water at pH 5.8, the
effective membrane adhesion due to attractive van der Waals interac-
tions was consistent and matched well with the measured adhesion
between pure fluid phase PC membranes of 0.6 ± 0.1 mN/m reported
by Marra and Israelachvili [34]. In addition, the fluidization effect of
oleic acid incorporation into DPPC membrane observed by Langmuir
monolayer analysis is consistent with the lower adhesion compared to
gel phase DPPC [34]. However, the mixed oleic acid-DPPC membrane
was thicker at 7.4–7.8 nm compared to the thickness of gel phase
DPPC presumably deposited on DPPE of 5.5 ± 0.3 nm [34] and our
own measurements of DPPC on DPPE membrane thickness of 6.0 ±
0.2 nmusing the SFA. Similar valueswere obtained fromX-ray reflectiv-
ity measurements of supported DPPC membranes on quartz [39].
Possible, even coexisting, reasons for the increase in apparent
membrane thickness include (i) a larger hydration shell of charged
oleic acid in the DPPC membrane, (ii) greater protrusions of the single
acyl chain fatty acid out of the membrane plane and/or (iii) a decrease
in tilt of the DPPC lipids from surface normal. Further studies such as
high-resolution X-ray scattering and NMR hydration studies could
help quantify these different contributions. In contrast, the higher
level of defects on the 7:3 DPPC-oleic acid membranes deposited at
pH 7.4 led to a thinner membrane and significantly higher adhesion.
The difference in the adhesion magnitude of about 2 mN/m was
attributed to hydrophobic attraction due to the higher amount of
exposed inner monolayer acyl chains or hydrophobic moieties in the
contact regions [41].

4.3. Dissociation of oleic acid in mixed 7:3 DPPC-oleic acid membranes

Fatty acid molecules self-assemble into micelles, vesicles, and other
closed structures in aqueous media. Their deprotonation depends on
the surrounding pH and the type of any associated lipids or molecules
in the assembled structure. Previous studies have shown that the appar-
ent pKa of oleic acid in different surfactant and lipid mixtures ranges
from 6.0 to 9.5. For example, the pKa of pure oleic acid vesicles is 8.0–
Fig. 1. (A)Π-A isotherms of DPPC-oleic acid onMilliQ water. (B) Elastic moduli (Cs−1) as a
function of surface pressure during compression of DPPC monolayers. Line indicates raw
data while the circles with error bars are the moving average of 10 data points.
(C) Comparison of average elastic modulus values over the surface pressure range of
28–37 mN/m. (D) Gibbs free energy of mixing (ΔGmix) of DPPC-oleic acid membranes at
various surface pressures. All measurements were carried out at room temperature.



Fig. 2. (A) Force–distance profiles between 7:3 DPPC-oleic acid membranes under three
different experimental conditions. The pH during the membrane deposition is shown as
the first value and the pH during force profile measurements is shown as the second
value, where diamonds pH 5.8/5.8, squares pH 5.8/7.4, and circles pH 7.4/7.4. Open and
filled symbols indicate approach and separation respectively. (B) Semi-logarithmic plot
of the force profile of 7:3 DPPC-oleic acid membranes prepared and measured in
0.5 mM pH 7.4 phosphate buffer (pH 7.4/7.4). The solid line is the fitted electrostatic
contribution with the origin of charge at the membrane surface. D = 0 is defined as the
contact between bare mica–mica surfaces. (C) Subtraction of the electrostatic
contribution and corresponding attractive contribution to the force profile.

Table 1
Summary of SFA results at three different experimental conditions.

pH during
deposition

pH for
force run

Equivalent
thickness (nm)a

σ
(mC/m2)

Ψ
(mV)

|Fad/R|VdW
(mN/m)

5.8 5.8 7.8 ± 0.2 N/A N/A 0.6 ± 0.1
5.8 7.4 7.4 ± 0.2 −1.3 ± 0.3 −25 ± 3 0.7 ± 0.1
7.4 7.4 6.0 ± 0.2 −2.1 ± 0.4 −38 ± 6 2.9 ± 0.1

a The equivalent thickness is the thickness of the two outer monolayers including their
hydration layer.
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9.5 [27,42,43]. While whenmixedwithmonoolein, the pKa was 6.0–7.0
[24]. A similar pKa of 6.5was found for 4:6 oleic acid-DPPE vesicles [25].

The force profile measurements and determination of the surface
charge density of 7:3 DPPC-oleic acid SLBs under various pH conditions
enable the deprotonation level of oleic acid in DPPC membranes to be
extracted precisely. At pH 5.8, no electrostatic repulsion was measured
indicating that oleic acid does not dissociate (deprotonate) under
these conditions. At pH 7.4, regardless of the deposition being at
pH 5.8 or 7.4, a long-range electrostatic repulsion was observed. The
electrostatic repulsion is clearly due to partially dissociated (negatively
charged) oleic acid molecules in themembrane. The level of charge was
lower in the case of themixedmonolayer being deposited from a water
subphase (pH 5.8) than in a buffered subphase (pH 7.4). Under the
former conditions, a constant surface charge density of 1.3 mC/m2 was
obtained, which corresponds to 0.9% of the oleic acid molecules dissoci-
ating. The degree of oleic acid dissociation was calculated using average
the area per molecule of 34.2 Å2 at 35 mN/m (see Supplementary
material). The apparent pKa value of oleic acid in the 7:3 DPPC-oleic
acid membrane was estimated to be pKa = 9.4 ± 0.2 using the
Henderson-Hasselbalch equation. In comparison, when the 7:3 DPPC-
oleic acid outer layer was deposited on a pH 7.4 subphase, a higher
surface charge density of 2.1 mC/m2 was measured. The deprotonation
degree of oleic acid under this experimental condition corresponds to
1.5% deprotonation, and an apparent pKa value of 9.2 ± 0.1. These
apparent pKa values should be an upper bound as the pH of the environ-
ment precisely at the membrane surface and oleic acid molecules is
slightly reduced by the stationary buffer layer above the membrane.
Based on previous work by Kramer et al., the pH at the membrane
surface was estimated to be 7.0 [44] and thus the lower bound of the
apparent pKa of oleic acid would be 0.4 pH units lower than the upper
bound values provided above.

The pKa of isolated carboxylic groups in water is much lower at 4.8
[23]. Clearly, the fatty acid chain length and structure of the self-
assembled system are key factors in shifting the apparent pKa to higher
(more alkaline) values [45]. In particular, our work demonstrates that
the apparent pKa of oleic acid in 7:3 DPPC-oleic acid ranges between
8.8 and 9.4 ± 0.2. By their very definition, self-assembled structures of
amphiphilic molecules require close proximity of the low dielectric
environment of the acyl region and hydrophilic potentially charged
headgroup region. Low dielectric media greatly reduce charge dissocia-
tion and this is themain reason for the lowdeprotonation of oleic acid in
mixed DPPC membranes. In addition, the measured negative excess
Gibbs free energy of mixing, ΔGmix, for mixed DPPC and oleic acid
monolayers demonstrates favorable interactions between DPPC and
oleic acid on a pure water subphase [19]. Favorable lateral association
between and with lipid molecules and surfactants is also consistent
with inhibition of oleic acid deprotonation.

The results further demonstrate that deprotonation of oleic acid in
mixed monolayers decreases the quality of monolayer transfer during
LB deposition. The 7:3 DPPC-oleic acid membrane prepared in pH 7.4
was thinner due tomore defects andhad a higher surface charge density
than the membrane prepared in pH 5.8. The thinner membrane and
presence of defects lower the lateral packing density and thus increased
the spacing between headgroups. The lower lateral packing density
enables greater deprotonation primarily due to increasing the effective
dielectric in the headgroup region. The change in packing would also
result in a larger spacing between molecules further aiding deproton-
ation as well as changes in the lateral interactions between headgroups
such as hydrogen bond formation.

The alteration in the membrane surface charge density in conjunc-
tion with the increase in membrane fluidity should reduce the barrier



Fig. 3. 20 × 20 μm AFM scan of 7:3 DPPC-oleic acid on DPPE membrane LB deposited on mica in pH 5.8 MilliQ water [A] and in 0.5 mM pH 7.4 phosphate buffer [B]. [C] Histogram of the
defect depth for 7:3 DPPC-oleic acid on DPPEmembrane in pH 5.8 MilliQ water (orange) and histogram of defects + holes that reached the underlying mica substrate found in one scan
(red). [D] Histogram of the defect depth for 7:3 DPPC-oleic acid on DPPE membrane in 0.5 mM pH 7.4 phosphate buffer. The histograms were constructed based on 2–4 independent
samples with at least 5 different regions scanned per sample yielding 10–20 analyzed images. The average depths and defect density area were statistically analyzed with error bars as
standard deviation: in pure water, depth = 2.0 ± 0.7 nm, defect area = 0.6 ± 0.4%; in pH 7.4 buffer, depth = 2.3 ± 0.8 nm, defect area = 1.5 ± 0.7%.

216 J. Kurniawan et al. / Biochimica et Biophysica Acta 1859 (2017) 211–217
function of the membrane towards external molecules, which would
enhance insertion of external molecules into the membrane and
increase cellular uptake efficiency of drugs. As membrane properties
can be a key factor in membrane-associated interactions [46], these
changes in membrane properties could also affect the localization of
membrane associated enzymes or proteins and thereby impact
metabolic pathways. For example, oleic acid has been shown to modify
G-protein-mediated signaling cascades that regulate adenylyl cyclase
and phospholipase C [47]. Lastly, the properties of oleic acid are also
modified by membrane composition and structure leading to changes
in the apparent pKa. These findings enhance our understanding of the
potential biological significance of free fatty acids.

5. Conclusion

Membrane interactions and the deprotonation behavior of oleic acid
in a DPPC membrane at physiological pH were determined in this work.
The interaction between 7:3 DPPC-oleic acid membranes was repulsive
at pH7.4, due to electrostatic interactions consistentwithpH induceddis-
sociation of oleic acid in themembrane. The apparent pKa of oleic acid in
a DPPC membrane was 8.8–9.4 ± 0.2, wherein oleic acid does not
deprotonate at pH 5.8. More broadly, the deprotonation of oleic acid as
a function of the pH is also relevant to non-biological applications such
as stabilization of nanoparticles by oleic acids [48] and emulsion stabiliza-
tion in lipid droplets [49], drug delivery systems, as well as food applica-
tions. The fluidization of saturated DPPC lipid membranes by oleic acid
was apparent from the magnitude of adhesion between 7:3 DPPC-oleic
acid membranes. The magnitude of adhesion was lower compared to
the adhesion of gel phase DPPCmembranes andwas consistentwith pre-
viously established value for adhesion between fluid phase PC mem-
branes. The ability of oleic acid to interact with lipids and alter the
interaction between membranes is important especially in the latest
field of molecular therapy for the pharmaceutical industry. Oleic acid is
able to regulate the localization and activity of membrane proteins in
lipid rafts, which is important due to membrane proteins ability to con-
trol cell signaling and gene expression. In summary, the findings clearly
demonstrate that oleic acid interacts favorably with saturated DPPC and
that oleic acid's degree of deprotonation can be tailored by the solution
pH enabling the interaction between oleic acid containing membranes,
which have not previously studied, to be controlled. Additional studies,
such as high resolution X-ray and neutron scattering measurements
and other techniques, would help further characterize how oleic acid al-
ters membrane structure and properties.
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