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ABSTRACT: The interplay between fatty acids (FAs) and lipid membranes under varying pH conditions is important for
deciphering fundamental cellular processes and advancing the design of responsive applications. Endowed with membrane
incorporation, fatty acids (FAs) can induce curvature on membranes, resulting in alterations in fluidity, permeability, and stability.
Despite the wide amount of research on membrane effects induced by FAs, the pH effect on their interaction behaviors remained
unclear. Considering the varying pH environments in vivo, the study investigates how pH modulates the aggregation behavior of
oleic acid (OA) and its subsequent interactions with lipid membranes. First, the critical aggregation concentration (CAC) was
measured to determine the condition when aggregates formed. Less ordered aggregates with a lower zeta potential were observed
under elevated pH conditions. These aggregates were further introduced to lipid membranes to evaluate the corresponding
membrane responses using a QCM-D and fluorescence microscopy. pH shifts dramatically alter the OA protonation states of their
headgroups, driving their insertion, orientation, and aggregation within membranes. Specifically, under lower pH levels, OA
demonstrated an incorporation behavior into the membrane structure with increased membrane viscoelasticity, while disturbance of
membrane structural integrity was observed under elevated pH levels. A transition from flatter budding protrusions to elongated
tubes on the membrane was observed for incorporated OA, primarily owing to the increasing deprotonation degree that resulted in a
change in the packing parameter. A stronger impact on cell viability at higher pH levels verified the membrane disruption behaviors.
These findings elucidated that the protonation states of OA headgroups critically influence their membrane affinity and packing
behavior, offering new perspectives for understanding membrane biophysics and designing pH-responsive delivery systems.

Bl INTRODUCTION conditions, leading to the formation of diverse structures
: : including micelles and vesicles.'>'* FAs exhibit unique effects

Fatty acids (FAs) are fundamental molecules that serve as vital g : q

components of lipids' and play crucial roles in both health and on membranes at concentrations above their critical

disease including inflammation, vascular disorders, and aggregation concentration (CAC), where they induce mem-
—6 . . . . —

cancer.” ® They also play a pivotal role as modulators of brane protrusions, disturbances, and remodeling."*™"" These

membrane properties and as participants in signal transduction morphological changes primarily result from their incorpo-

pathways.°™® As amphiphilic molecules, FAs spontaneously
self-assemble into aggregates in aqueous solutions, driven
primarily by the hydrophobic interactions of their carbon
tails.'” Aggregation occurs when the concentration of FAs
exceeds the critical aggregation concentration (CAC), at which
point the attractive forces between hydrophobic chains
outweigh the repulsion between the polar head groups to
reach a thermodynamically favorable state.'"'* Additionally,
the aggregating behavior of FAs is highly sensitive to pH

ration into the membrane, which induces curvature stress on
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Figure 1. Schematic representation of experimental steps for investigations of membrane responses of oleic acid. Testing fatty acid solutions were
prepared by dispersing oleic acid in a buffer followed by vortexing. OA aggregates formed above CAC values. The formed particles were then
characterized by DLS and Laurdan fluorescence probes. The corresponding membrane interactions were monitored using QCM-D and

fluorescence microscopy. CAC: critical aggregation concentration.

the surrounding lipids. Curvature stress refers to the
mechanical tension arising from the geometric and composi-
tional properties of the lipid molecules. Below the CAC, FAs
exist as dispersed single molecules, leading to minimal
membrane interaction.'” Oleic acid (OA), a widely distributed
FA with excellent biocompatibility,”* is a major component of
many membrane lipids that has been widely studied.”’ OA
plays a critical role in modulating membrane structure, fluidity,
and functionality.'”***’ It also undergoes dynamic aggregation
behaviors above its CAC, transitioning in reverse between
micelles to vesicles in response to pH variations driven by
protonation states of OA molecules. The pK, of the carboxyl
group in solution is approximately 4.8, whereas in pure OA
aggregates, it tends to be higher—around 8.** As the pH
increases, deprotonation commences, resulting in a greater
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proportion of carboxylate headgroups. A deprotonated head-
group leads to an effective reduction in the packing parameter
induced by increasing electrostatic repulsion between OA

352
molecules.”™

® A detailed understanding of how OA aggregates
interact with lipid membrane under varying environmental
conditions is therefore essential to both membrane biology and
the development of responsive materials.””*”*"

Considering the different physiological pH levels, such as the
small intestine (pH 7—8.5), skin (pH 4—S5), and pancreas (pH
~8.8),””7*! the variations in pH environments have profound
impacts on membrane properties, functions, and related
biological processes.”” > Meantime, the local pH environment
profoundly influences the behavior of OA in membranes.
Variations in pH can alter the ionization state of FAs, leading
to significant changes in their amphipathic character, packing

https://doi.org/10.1021/acs.jpcb.5c00994
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parameter, and subsequent interaction with surrounding
lipids.”’~*" Investigating the membrane behavior of OA
under pH S to 9 can mimic its interplay with cell membranes
in varying tissues. Although the biophysical interactions
between FAs and lipid membranes have been extensively
studied, a comprehensive understanding of the role of pH in
molecular-level mechanistic governing FA behavior within lipid
membranes remains incomplete.

Previous studies have mainly focused on the membrane
behavior of FAs using vesicle systems together with techniques
such as microscopy, dynamic light scattering, surface force
apparatus measurements, and thermal analyses to evaluate the
membrane effects."”**~** While these approaches provide
valuable information on the treated membranes, the interplay
between environmental pH and the membrane behavior by
FA-lipid interactions is neglected, and these approaches have
frequently been limited in their ability to resolve the real-time
phenomena that occur at the interface of FAs and membranes.

To address this gap, this study aims to elucidate how pH
governs OA protonation states, their aggregating behavior, and
the corresponding membrane interactions. Supported lipid
bilayers (SLBs), designed to replicate the essential structural
characteristics of biological membranes, were employed as a
model membrane.*”*® Combined with surface-sensitive
monitoring techniques, such as quartz crystal microbalance-
dissipation (QCM-D) and time-lapse fluorescence microscopy,
both the macroscopic and microscopic alterations in structure
and dynamics of OA—membrane interplay induced by pH
variations were captured (Figure 1). Our findings reveal that a
higher pH environment resulted in higher CAC values with a
lower molecular packing order of the aggregates. Subsequently,
we conducted the QCM-D and microscopy to provide a
detailed characterization of OA insertion, aggregation, and pH-
dependent OA—membrane lipid interplay, which facilitates the
investigation on alterations in membrane properties including
viscoelasticity and curvature. Furthermore, the findings of
biophysical models were verified on in vitro cells. This work
identified a pH-triggered transition in OA—membrane
interactions, offering a mechanistic basis for pH-dependent
biological processes. pH-responsive systems are increasingly
being explored in the design of delivery systems, yet rational
design requires predictive models of pH-dependent FA-
membrane behavior. Furthermore, the dysregulated FA
metabolism underlie pathologies like nonalcoholic fatty liver
disease (NAFLD), where cellular pH homeostasis is often
compromised.”” By bridging molecular-level insights with
physiological phenomena, this work provides an understanding
for targeting FA—membrane interactions in therapeutic
contexts.

B MATERIALS AND METHODS

Materials. 1,2-Di(9Z-octadecenoyl)-sn-glycero-3-phospho-
choline (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(lissamine rhodamine B sulfonyl) (ammonium
salt) (Rh-PE) were purchased from Avanti Polar Lipids, Inc.
Oleic acid (OA) and 6-dodecanoyl-N,N-dimethyl-2-naphthyl-
amine (Laurdan) were purchased from Sigma-Aldrich (St.
Louis, MO). Phosphate-buffered saline (PBS) was purchased
from Gibco (Carlsbad, CA). Milli-Q-treated water (>18 MQ-
cm) (Millipore, Billerica, MA) was used for all solution
preparation steps. All other materials were purchased from
Sigma-Aldrich (St. Louis, MO). All solutions were prepared

5978

using deionized water treated with a Milli-Q system (>18 MQ-
cm) (Millipore, Billerica, MA).

Preparation of the OA Solution. The OA ethanol stock
solution was prepared by dissolving OA in ethanol to obtain a
concentration of 50 mM/mL. Testing solutions of OA were
prepared by diluting the stock solution in PBS with different
pH values to achieve experimental concentrations. The diluted
solution was then vortexed for 30 s to prepare the OA
aggregates in the PBS buffer at different pH values. Pure OA
was sealed and stored in a cabinet at —20 °C, and test solutions
were freshly made on the day of the experiment. To prevent
oxidation, OA was stored in the original package and used
immediately upon opening.

Determination of the Critical Aggregation Concen-
tration (CAC). Fluorescence Spectroscopy. A fluorescence
probe, 1-pyrenecarboxaldehyde, was used to determine the
CAC values. It was diluted in PBS, and the fluorescence
emission spectrum of the probe was recorded ranging from 400
to 600 nm with excitation wavelength at 365.5 nm by a
spectrophotometer (Tecan Spark, Tecan, Zurich, Switzerland).
To prepare the testing solutions, a stock solution of the probe
was first prepared at a final concentration of 10 mM in
methanol. On the day of experiment, a certain amount of the
stock solution was added into a 4 mL vial, and methanol was
evaporated for 30 min. A fatty acid testing solution was then
added and vortexed to obtain the probe-OA solution. Ten
microliters of the probe stock solution was added in 990 uL of
the OA solution to make the final concentration of the probe
to be 0.1 yM. All measurements for each sample were scanned
three times, and the results were averaged.

Light Intensity Scattering. Light intensity scattering
(Brookhaven Instruments, Holtsville, NY) was used to
determine the CMC values using the maximum incident
mode. This mode provides remarkable sensitivity during the
detection of particle intensity at low concentrations.”® When
concentrations were reached around the CMC, there is a quick
increase in the intensity reading of scattered light due to the
formation of particles. Sample solutions for DLS measurements
were prepared from OA stock solutions with PBS dilution into
expected concentrations. All measurements for each sample
were scanned three times and averaged to check the
reproducibility.

Characterizations of the OA Aggregates. The particle
size and zeta potential of the OA solution were investigated
using light intensity scattering and a zeta PALS analyzer
(Brookhaven Instruments, Holtsville, NY). For size distribu-
tion analysis, a scattering angle of 90° was applied to measure
the effective diameters. All data were measured three times and
averaged to obtain results.

Laurdan Generalized Polarization Assay. To analyze
the molecular packing conditions of the OA aggregates, the
Laurdan generalized polarization (GP) index—GP = (I35 —
Iioo)/(Is3s + Iigg)—was applied to characterize the packing
order of OA molecules, where I 5; is the fluorescence intensity
of Laurdan at 435 nm and I, is the fluorescence intensity of
Laurdan at 490 nm. Upon the preparation of OA solutions, 10
4M Laurdan was added to the solution and incubated for 1 h
in the dark at room temperature. The emission fluorescent
intensity was then measured and collected at wavelengths of
435 and 490 nm using a spectrophotometer (Tecan Spark,
Tecan, Zurich, Switzerland).

SLB Formation. Lipids for membranes in this project were
composed of DOPC lipid at a concentration of 0.5 mg/mL.

https://doi.org/10.1021/acs.jpcb.5c00994
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Similarly, 0.5 mol % of Rh-PE was added for a visible bilayer
for fluorescence microscope monitoring. The supported lipid
bilayer (SLB) was formed using a solvent-assisted lipid bilayer
(SALB) method.*® Lipid was dissolved in chloroform and then
dried under a nitrogen gas flow to obtain a dried lipid film on
the vial to remove the organic solvent. The dried lipid was then
dissolved in isopropyl alcohol before each experiment. The
lipid solution was introduced into the sensor chamber for 15
min followed by a solvent exchange with an aqueous buffer to
form the SLB.

Quartz Crystal Microbalance with Dissipation (QCM-
D) Experiments. To monitor the membrane responses under
the exposure of fatty acid, QCM-D experiments were
conducted using a Q-Sense E4 instrument (Q-Sense AB,
Gothenburg, Sweden). The QCM-D technique measures the
changes in the frequency (Af) and energy dissipation (AD) of
the oscillation of a piezoelectric quartz crystal sensor chip over
time. The shifts in frequency and dissipation reflect the
viscoelastic and mass properties of the supported bilayer on the
chip.*” The sensor chip had an intrinsic frequency of 5 MHz
and a sputter-coated, 50 nm-thick layer of silicon dioxide
(model no. QSX 303, Q-Sense AB). Before each experiment,
the sensor chip was cleaned in the sequence of water and
ethanol and dried by a nitrogen flow. The cleaned sensor was
then treated with oxygen plasma treatment for 1 min using a
plasma cleaner (model no. PDC-002, Harrick Plasma, Ithaca,
NY). The bilayers that formed using the above-mentioned
method can be verified according to our protocol.”’ After the
formation of the bilayer, the testing compound solution was
introduced at a constant flow rate of 50 yL/min. A buffer
rinsing step was then conducted to complete the procedure. A
peristaltic pump (Reglo Digital, Ismatec, Glattbrugg, Switzer-
land) was used to inject sample solutions and buffers into the
measurement chamber during experiments. The experimental
data were collected at the third (n = 3), fifth (n = S), seventh
(n=7), and ninth (n = 9) overtones using the QSoft (Q-Sense
AB) software package. In this study, the fifth (n = S) overtone
was used for the analysis of frequency and dissipation changes.

Fluorescence Microscopy. Fluorescence microscopy was
conducted to provide visible monitoring of the morphological
changes on the bilayer after the treatment of the compound.
An Eclipse TI-U inverted optical microscope (Nikon, Japan)
with a 60X magnification (NA = 1.49) oil-immersion objective
lens (Nikon) was used to measure the images of the bilayer.
The images were collected by an iXon 512 X 512 pixel
EMCCD camera (Andor Technology, Northern Ireland) with
0.267 X 0.267 uM? pixel size. The bilayer was illuminated by a
fiber-coupled mercury lamp (Intensilight C-HGFIE, Nikon)
using a TRITC filter to light the 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt) (Rh-PE). Similarly, 0.5 mol % of Rh-PE
was incorporated with DOPC lipids to fabricate the SLB using
a SALB method.”" During the test period, the buffer and
testing compound were introduced under a continuous flow
rate of 50 uL/min. The fluorescence images of the bilayer were
recorded every S s until no significant changes were observed.
The starting point t = 0 s was defined as the time when testing
compounds started to inject.

Fluorescence Recovery after Photobleaching (FRAP).
FRAP measurements were employed to assess the lateral
diffusivity of phospholipids within SLBs labeled with Rh-PE
lipids under experimental conditions. Lateral diffusivity, which
reflects membrane fluidity and corresponds to the viscosity of
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lipid membranes, is a critical parameter.”” The influence of the
pH on membrane fluidity should be systematically investigated
to validate the quality of the formed membranes. To measure,
the membrane was photobleached using a 532 nm, 100 mW
laser (Klastech Laser Technologies, Dortmund, Germany) to
create circular bleach spots applied for S s. Fluorescence
micrographs were captured every 2 s over a period of 120 s to
monitor fluorescence recovery at the bleached area. The lateral
diffusion coeflicients were then calculated from the FRAP data
by using the Hankel transform method, as implemented in
Matlab (MathWorks, USA). In short, a Hankel transformation
can be applied to solve the recovery of fluorescently labeled
molecules after photobleaching. The Fick’s law is transformed
to fi(k, t) = fi(k0)exp(—47’Dk*t), where k is the defined
spatial frequency and D; is the diffusion coeflicient for the ith
component.53

In Vitro Cell Viability Assessment. The effect of OA on
cell viability under varying pH conditions was assessed by
measuring the dehydrogenase activity in mouse fibroblast cells
(L-929, ATCC, USA) and human breast cancer cells (MCF7,
CLS Cell Lines Service, Eppelheim, Germany). Cell viability
was determined using a Cell Counting Kit-8 (CCK-8)
(Dojindo Molecular Technologies, Rockville, MD). Both cell
lines were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (Gibco)
and 1% penicillin—streptomycin (Hyclone). They were
maintained in a humidified incubator at 37 °C with 5% CO,.
L-929 and MCF7 cells were seeded at a density of 1 X 10* cells
per well in 96-well tissue culture plates. After 24 h of
incubation, the cells were washed and replenished with fresh
media adjusted to different pH values. The pH of the
experimental media was modified using hydrochloric acid
(HCI) and potassium hydroxide (KOH) before coincubation
with cells and samples. A blank group of cells that were
incubated in media with different pH levels was conducted to
measure the pH tolerance of the cells. The cells were then
treated with OA solutions and incubated under the same
conditions for an additional 24 h. Following treatment, a 10%
CCK-8 solution was added to each well, and the plates were
incubated for 2 h. Cell viability was quantified by measuring
the absorbance at 450 nm using a microplate reader (Tecan
Spark, Tecan, Zurich, Switzerland). All experiments were
performed three times to ensure reproducibility.

B RESULTS AND DISCUSSION

Determination of the Effects of pH on Critical
Aggregating Concentration (CAC) Values. First, the
CAC values of OA under varying pH conditions were
determined to assess the influence of pH on its aggregation
behavior. As single-chain lipids, OA induces disturbances in
phospholipid membranes through aggregate formation.”*>®
Therefore, the CAC values under experimental pH conditions
were investigated to confirm the formation of OA aggregates
for subsequent studies. The CAC values were determined
using fluorescence spectroscoyzr, a well-established technique
reported in previous studies.'”>">> The fluorescence behavior
of the probe (1-pyrenecarboxaldehyde) varies depending on its
embedding state in solution or aggregates, resulting in shifts in
the peak wavelength of the emission spectra.’® Additionally,
DLS was employed to verify the presence of detectable
aggregates. A decrease in peak wavelength or an increase trend
in the measured count rate is defined as indicative of the CAC
concentrations. The measured CAC values are plotted in

https://doi.org/10.1021/acs.jpcb.5c00994
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nm, respectively. Laurdan was excited at 350 nm (n = 3, mean + SD).

Figure SI1. As shown in Figure 2A, where the CAC
measurements (Figure S1) were collected, a clear increase in
CAC values was observed as the pH increased. Below CAC,
the count rate is comparable to that of the buffer solution,
suggesting the absence of adequate aggregates in the solution.
Upon the formation of aggregates, the measured CAC values
increased from 3 M at pH S to S0 uM at pH 9 (Figure 2B).
Due to the improved deprotonation degree of OA as pH
increased, the hydrophilicity of OA molecules is enhanced.
The increased hydrophilicity strengthens the electrostatic
repulsion between head groups and raises the thermodynamic
barrier to stabilize the agg1‘egates,57_59 leading to higher CAC
values.

Physical Properties of OA Aggregates. The character-
izations of the OA aggregates have shown diverse aggregating
behaviors under different pH values. The physical properties of
these aggregates will be studied in this section. To ensure that,
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under the selected concentration, the aggregations were
formed at an ideal condition based on the measured CAC
values, a testing concentration of 200 yM/mL was selected as
reported in previous studies.'®'®

Size Distribution. The effective diameter of OA aggregates
at a concentration of 200 yuM was measured by DLS. Figure 3A
illustrates the size distribution of the OA aggregates under
various pH conditions. At lower pH values of pH § and 6, the
measured diameter was 360.65 + 57.08 and 343.87 + 20.75
nm, respectively. Meanwhile, a notable increase in diameter at
pH 7.5 was observed at 755.32 + 38.28 nm, indicating that,
under physiological pH conditions, partially deprotonated OA
induced larger aggregating structures. When the environment
pH value was further increased to 8 and 9, the size of the
aggregations dropped to 421.95 + 41.8 and 321.1 + 28.8 nm.
The observed decrease in size implies that in environments
where the pH exceeds the pK,, the enhanced number of

https://doi.org/10.1021/acs.jpcb.5c00994
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Figure 4. QCM-D curves of membrane responses treated with OA solution under different pH values for the fifth overtone. (A, C) The monitoring
of Af and AD plots as a function of time of the DOPC membrane under OA exposure for the whole binding process, respectively. Time was
normalized by defining the moment when the OA solution was replaced for injection as 0% and the point at which the binding interactions end as
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washing as 0% and the ending point as 100%. The arrows in panels A and C refer to the time point when OA reaches the bilayer, and those in
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charged head§roups decreases the packing parameter of OA
molecules.'#>> Meantime, the polydispersity indices (PDIs) of
OA aggregates showed that the OA aggregates were not really
evenly distributed, suggested by the PDI values around 0.3 for
pH S, 6, 8, and 9. The recorded PDI for pH 7.5 was slightly
lower, indicating slightly lower size distributions owing to
larger particle diameters. The intensity-based size distribution
was collected from DLS shown in Figure 3B as a
complementary data for the size distributions of the OA
aggregates.

Zeta Potential. The zeta potential of prepared OA
aggregates was measured and is presented in Figure 3C.
There is a significant decrease in zeta potential observed from
—39.16 + S5.09 to —61.36 + 2.68 mV as pH increased.
Considering the pK, of pure OA aggregates (pH ~8), more
OA molecules will deprotonate as pH approaches pK,
resulting in the decrease in zeta potential of OA aggregates.

Laurdan Generalized Polarization. To further understand
the physical properties of these aggregations, a generalized
polarization (GP) assay was performed by measuring the
fluorescence emission of Laurdan incorporated into the OA
aggregates, thereby allowing the detection of molecular
packing order (Figure 3D).”” The Laurdan GP value,
calculated as GP = (Ij;s — Iyo0)/(Lizs + Lygo), reflects the
degree of lipid packing and membrane order, with higher GP
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values indicating a more tightly packed and ordered environ-
ment. The fluorescence behavior of Laurdan showed little
dependence on pH conditions (Figure S2). As pH increased,
the calculated Laurdan GP value dropped from 0.29 + 0.006 to
—0.026 + 0.008 at pH 9. A higher Laurdan GP value indicates
a denser lipid packing with a higher order.”"*> Consequently,
the degree of molecular packing order within OA aggregates
decreased as pH increased owing to the increasing electrostatic
repulsion force between OA molecules.”

The findings indicate the pH-dependent structural and
biophysical properties of OA aggregates, including size
distribution, zeta potential, and molecular packing order.
Aggregates with less packing order and lower zeta potential
were observed in an elevated pH environment.

Mass and Viscoelasticity Response Monitoring
Induced by Oleic Acid under Different pH Values. A
QCM-D monitoring was performed to investigate the
corresponding effects on membranes induced by OA by
collecting the real-time alterations in the changes of frequency
(Af) and energy dissipation (AD) signals. These measure-
ments provided insights into the mass and viscoelastic
properties of the membranes. A simplified membrane platform
using 1,2-di(9Z-octadecenoyl)-sn-glycero-3-phosphocholine
(DOPC) was prepared for experiments, which is widely used
as a representative phospholipid of cell membranes.'”** To
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avoid the interference of pH conditions on membranes, the
properties of the membranes were investigated using
fluorescence recovery after photobleaching (FRAP) analysis.
The fluorescence intensity at the bleached area was almost
fully recovered after 2 min (Figure S3A), indicating the intact
lateral diffusion of the bilayer lipids. The calculated diffusion
coefficients were 2.3 + 0.2 uM?* s ~' (Figure S3B) with an
adequate mobile fraction of over 90%, in good agreement with
the previously reported lateral diffusion of properly formed
bilayers (Figure $3C).°*%

In this experiment, the prepared membrane was exposed to
OA under a continuous flow rate of 50 #L/min followed by a
buffer rinse. The arrows in the figures indicate the point at
which the OA solution or buffer reached the bilayer chamber.
The interactions between OA and the membrane are
illustrated in Figure 4A,C. A decrease in Af corresponds to
an increase in the mass on the sensor, while an increase in AD
signifies greater membrane instability and viscoelasticity. The
viscoelasticity of the membrane can also be measured by
monitoring Af and AD at multiple overtones, where spread
harmonic overtones indicate different osculation behaviors
within the layer and higher viscoelasticity. The membrane was
exposed to OA solution under appropriate pH conditions and
followed by a washing process of the buffer.

Notably, when 200 yM OA solution under pH S reached the
membrane chamber, the frequency (Af) decreased gradually
from —25.2 + 0.1 to —77.6 + 0.1 Hz (Figure 4A), signifying an
increase in mass on the membrane system. Concurrently,
dissipation (AD) signals increased slowly to 35.9 + 0.1 X 107°
Hz, reflecting enhanced membrane viscoelasticity. These
signals stabilized at —53.9 + 0.1 Hz (Af) and 36.7 + 0.1 X
1076 Hz (AD), suggesting an increased viscoelasticity of the
membrane (Figures 4B,D). The measured f—D relations
showed a spread between different overtones, indicating
increased viscoelasticity of the membranes (Figure $4).'% A
similar response was observed at pH 6, where the frequency
changes (Af) decreased more rapidly to —124.9 + 0.2 Hz
before stabilizing at —50.3 & 0.1 Hz. The stronger dynamics
and interactions between OA and the lipid membrane are
primarily attributed to the enhanced ionic double layer
surrounding OA aggregates due to the higher deprotonation
degree. This formed ionic double layer enriched in positive
charges exhibits stronger electrostatic interplays with the
slightly negatively charged DOPC membranes.”° Following
buffer rinsing, no significant changes in Af or AD were
detected, indicating minimal membrane integrity disruption
induced by OA incorporation. The f—D relations also possess
substantial gaps between different overtones, suggesting an
increased membrane viscoelasticity (Figure S4). These results
demonstrate that under lower pH conditions, OA preferentially
incorporates into the membrane, inducing lipid rearrangement
and increasing membrane viscoelasticity.

Under pH 7.5, a distinct response was recorded. The
frequency dropped steeply to —46.2 + 0.2 Hz accompanied by
a dissipation increase to 9.5 + 0.1 X 107° Hg, indicating the
attachment of OA aggregates to the membrane. Subsequently,
the signals reversed and stabilized at —10.1 + 0.3 Hz for Af
and 6.5 + 0.1 X 107¢ Hz for AD. The increase in Af to around
—10 Hz indicated the removal of mass from the membrane.
Exposure to OA at pH 7.5 rendered the membrane with lower
viscoelasticity, as evidenced by reduced differences between
different harmonic overtones (Figure S4). After buffer rinsing,
Af was further increased to around —7 Hz, indicating a further
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removal of membrane mass by disturbance from the
incorporated OA. Meantime, AD significantly decreased to
2.5 + 0.1 X 107° Hz, contrasting with values exceeding 30 X
107° Hz for membranes exposed to pH S and 6, indicating a
more rigid system after treatment.

Membrane solubilization was observed under OA exposure
at pH 8 and 9. At these pH levels, no significant decrease in Af
was observed, suggesting the removal of the membrane upon
interaction. The high dissipation changes indicated membrane
disturbance at the same time. The following buffer washing
induced Af increases to —0.6 = 0.01 Hz (pH 8) and —2.4 +
0.4 Hz (pH 9), while AD dropped to 1.2 + 0.01 X 107° Hz
(pH 8) and 1.0 + 0.01 X 107° Hz (pH 9) (Figure 4). These
changes reflect a significant mass loss that is consistent with
membrane disruption and solubilization, as significant mass
was removed from the sensor. The observed phenomenon is
primarily attributed to increased curvature stress on the
membrane induced by the incorporation of OA molecules.’”
At elevated pH levels, deprotonated OA exhibits a smaller
packing parameter,” which induces higher curvature stress on
the membrane. This stress leads to membrane destabilization,
rupture, and disturbance, thereby damaging the structural
integrity of the membrane.®®

Membrane Response Observation under Oleic Acid
Exposure. A time-lapse fluorescence microscope was applied
to observe the real-time morphological changes on the
membrane platform induced by OA aggregates (Figure $).

pH=5

180 Min

pH=6

pH=7.5

pH=8

pH=9

Figure 5. Fluorescent time-lapse microscopic images of the
observation of membrane morphological responses induced by oleic
acid under different pH values at a concentration of 200 uM.
Representative snapshots of images depict the morphological changes
at different time points. t = 0 min refers to the time point when oleic
acid was changed for injection to the membrane channel. All scale
bars are 20 pym.

To make the membrane visible under fluorescence, 0.5 mol %
of Rh-PE was incorporated with DOPC. Following the
formation of membranes, OA solutions were injected into
the observation chamber, with ¢ = 0 min marking the starting
point of OA injection.

At lower pH values of 5 or 6, relatively flat undulations and
protrusions were observed on the membrane surface, as
evidenced by the formation of fluorescence-dense points.
Under a top perspective, a budding-like protrusion will induce
an area with higher density of fluorescent lipid as reported in

https://doi.org/10.1021/acs.jpcb.5c00994
J. Phys. Chem. B 2025, 129, 5976—-5988


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5c00994/suppl_file/jp5c00994_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5c00994/suppl_file/jp5c00994_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5c00994/suppl_file/jp5c00994_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5c00994/suppl_file/jp5c00994_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5c00994/suppl_file/jp5c00994_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5c00994/suppl_file/jp5c00994_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c00994?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c00994?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c00994?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c00994?fig=fig5&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.5c00994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

A

‘;:160-

[_]Before Treatment
After Washing

ge F. 1. (
o o oo
o N &
S o o
L.y .3

s O ©®
o © o
n X n

Normalized Average
N
(=]
n

o

75 8 9
pH Value

100 4

©
=]
-

=2
o
—
—

»
o
]
g

Remaining F.l. (%)

N
o
X

75 8 9
pH Value

pH=5

pH=6

pH=7.5

pH=8

pH=9

Figure 6. Normalized fluorescence intensity of the snapshots of fluorescence images observed before and after sample treatment and buffer rinsing.
(A) Normalized average fluorescence intensity of the membranes before and after treatment. (B) Calculated remaining fluorescence intensity. (C)
Corresponding snapshots of the images for intensity measurements under different pH values. All scale bars are 20 pm.

previous studies.”” Approximately 5 min after OA injection,
budding structures appeared under pH 6, while under pH §,
buddings first emerged at 9.5 min, aligning with QCM-D
findings showing slower interaction dynamics at lower pH
value. Under both conditions, the number of budding
protrusions increased over time and stabilized upon further
injection. Protrusions appeared more prominent under pH 6,
as evidenced by the higher fluorescence from the membrane
regions. Following PBS buffer rinsing, the budding structures
remained intact, suggesting that the structural integrity of the
membrane was not damaged.

At pH 7.5, close to physiological pH, both tubular and
budding protrusions appeared on the membrane around 3.35
min after OA injection. The appearance of tubular protrusions
is due to the increased deprotonation degree of OA, resulting
in a greater difference between the packing parameters of OA
and DOPC that induced a larger curvature stress surrounding
the incorporated OA molecules.”” As displayed in the snapshot
image at 10 min after injection, elongated tubular and budding
protrusions were observed on the membrane. After the
elongated tubes were removed with continuous solution
flow, budding-like protrusions were left on the membrane.
After buffer rinsing, an uneven background fluorescence
intensity was recorded, suggesting a partial membrane
disruption caused by the incorporated OA.

When pH value increased to 8, more tubular protrusions
were observed forming on the membrane from 3.1 min. Upon
further rinsing, the observed budding structures deformed with
twisting and elongating (Video S4), indicating a further
increased curvature stress induced by incorporation of OA.
Similar to what was observed under pH 7.5, the elongated
structures were later transformed into buddings and then
further decreased in intensity, indicating the continuous
removal of membrane structures. Upon buffer rinsing, a
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significant decrease in fluorescence intensity was observed,
indicating that the membrane disruption behavior correlated
with the QCM-D observations.

A stronger membrane disrupting behavior was observed
under a pH value of 9 where tubule structures were formed
from 2.25 min after OA injection. The tubules were
subsequently elongated during sample rinsing, indicating a
bilayer solubilization behavior similar to the membrane
interactions observed during SDS exposure.”’ The formed
tubular structures were then removed, and a decrease in
fluorescence intensity was observed upon treatment. Budding
structures later appeared on the membrane that were elongated
and rolled on the membrane (Video SS). The observation
indicates the formation of DOPC-OA micelles due to higher
lateral curvature stress that damages the structure of the
membrane. After the buffer was washed, the detected
fluorescence intensity was dramatically decreased, suggesting
the disruption of the structural integrity of the membrane.

Taken together, the observed results showed a trans-
formation in membrane responses as pH increases, which
indicates the dynamic morphological effects of packing
parameters of OA. Combined with the observations of
membrane viscoelasticity from QCM-D, less membrane
disturbance was observed under lower pH conditions, while
under elevated pH conditions, a membrane disruption on
structural integrity was observed.

To quantitatively investigate the membrane condition after
OA exposure, the fluorescence intensity of the observed area of
the membranes was investigated as shown in Figure 6. The
measured intensity was normalized by setting the fluorescence
intensity of 0 min for each condition at 100 au. The
fluorescence intensity right after bilayer formation and after
buffer rinsing was measured for comparison. After OA
exposure under pH S and 6, the remaining intensity is 72.33
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and 68.86% compared to their original intensity, indicating that
although budding-like undulations were formed on the
membrane, the structural integrity of the membrane remained.
On the contrary, the fluorescence intensities of the treated
membrane dropped significantly with only 22.9% left for pH 8
and 27.4% left for pH 9. This significant drop in intensity
indicates damage to the structural integrity of the membrane
under elevated pH conditions. The results verified the
observed transformation of membrane morphological behavior
from incorporation to disruption as the pH increases.

Dynamic Membrane Morphological Changes under
Diverse pH Levels after Oleic Acid Incorporation. The
morphological behaviors of incorporated OA were further
studied by rinsing the OA-incorporated membrane with buffers
at varying pH values. The pixel-intensity profiles of one
selected protrusion were plotted at the end of the rinsing
process (900 s) or at a certain point during rinsing (272.02 s
under pH 8). The intensity plots provide insights into the
morphological changes of structures formed on the membrane,
which can alter the distribution and density of lipids including
fluorescently labeled lipids. By evaluation of the fluorescence
intensity of these morphological changes, their structural
transformations can be monitored.

As shown in Figure 7, no significant morphology change was
observed after washing with PBS buffer at pH S, 6, and 7.5.

A B
H=5
pH 5rinse 900 s P
pH 6 rinse 900 s
——pH 7.5 rinse 900 s
——pH 8rinse 272.02 s pH=6
—— pH 8 rinse 900 s
——pH 9rinse 900 s
2505
200 2 pH=7.5
150«2
100 §
50 %
b ¢ pH=8
pH=9
0 1 2 3 4 5

Distance (um)

Figure 7. Evaluation of the morphology changes under different pH
values after OA exposure. (A) The pixel intensity profile of one
selected budding-like protrusion during the rinsing process to
quantitatively analyze the intensity change. (B) Membrane morphol-
ogy snapchats after OA exposure and rinsing with the PBS buffer from
pH 5 to 9. The time on images refers to the time after the membrane
was rinsed by the buffer under corresponding pH conditions. The
white dash refers to the measuring path for intensity. All scale bars are
10 pm.

However, the peak intensity increased from 142.633 to
254.699 au, suggesting a higher density of fluorescent lipid.
This increase in density indicates a growth in protrusion from
the membrane surface. When the membrane was further rinsed
by the buffer under pH 8, after approximately 272.02 s,
elongated structures were observed growing from the buddings
as evidenced by a shift in peak intensity point (see Figure 7B
pH 8 at 272.02 s). The peak position was shifted from 2.97 to
1.89 pm, suggesting that the elongated structure has a length of
1.08 um. Upon further rinsing, the elongated structure
detached from the protrusions, as evidenced by changes in
the peak position. When the environmental pH increased to 9,
the peak disappeared, with the maximum fluorescence intensity
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reducing to 44.517 au, indicating the removal of the budding
structures. Similarly, as the pH increased, more OA molecules
became deprotonated, leading to a decrease in the OA packing
parameter. This change created a larger disparity in packing
parameters between DOPC and OA, resulting in higher
curvature stress around the incorporated OA molecules.
Consequently, a more pronounced disruption of the
membrane was observed under elevated pH conditions.

The observation here supports the previous findings on the
different interacting behaviors of OA when treated to
membranes. Incorporated OA showed a similar transformation
in membrane interaction behaviors from forming protrusions
to membrane disruption as pH increases.

In Vitro Cell Viability Assessment. In addition to the
observed membrane effects of OA at different pH values, its
interactions with cell membranes were further investigated to
corroborate the biophysical findings on model membranes.
Healthy mouse fibroblast cells (L-929) and human breast
cancer cells (MCF7) were exposed to OA under different pH
environments with concentration gradient. First, the pH
tolerance of L-929 and MCF7 was analyzed as depicted in
Figure 8C,D (0 uM OA) where pH 7.5 was selected to be the
control condition. No major effects on viabilities were
observed among L-929 and MCF7 cultured within the range
of pH 6 to 9, indicating that the relative alkaline or acidic
environments were comparable to normal growing conditions.
After 24 h incubation, both MCF-7 and L-929 cells present
good resistance to the experimental testing pH conditions, and
the pH is expected to be 5 with more than 90% viability. The
concentration effects of OA on viabilities were then measured
as shown in Figure 8A,B. Overall, the viability decreased as the
OA concentration increased. When cocultured with 1-929, no
significant drop in viability was observed under pH 6 and 7.5
even under 400 uM/mL OA exposure. Meanwhile, under
higher pH levels, the viability dropped quickly to around 70%
when exposed to 25 uM/mL OA, indicating a potential
disturbance on cell membranes. The cell viability fell to 33.56
+ 6.01% for pH 8 and 49.53 + 4.28% for pH 9 under 400 M/
mL OA exposure. Similar trends were observed on MCF7
where the cell viability dropped significantly under elevated pH
conditions. Notably, the effects of 200 uM/mL OA were
compared to the control conditions as shown in Figure 8C,D
to find correlations with biophysical findings. On L-929, there
is a significant drop of viability from 100.65 + 11.53 to 36.04 +
5.03% under pH 8 and from 94.50 + 16.06 to 49.39 + 3.16%
under pH 9. Compared to more than 80% viability under pH 6
and 7.5, the significant drop in viability indicates a stronger
cytotoxicity on the cell potential due to the enhanced
membrane disturbance. Similar results were found on MCF7
cell lines, where a significant drop in viability was observed
under 200 yM/mL OA treatment. The summary of viabilities
treated with 200 and 400 uM OA is listed in Table 1.

This significant difference in cell viability under different pH
conditions indicates the potentially increased membrane
disturbance at higher pH levels, reinforcing the biophysical
findings that OA has a higher membrane disruption under
elevated pH levels.

B CONCLUSIONS

In summary, this study explored the dynamic interactions
between OA aggregates and lipid membranes under different
pH conditions, addressing a critical gap in understanding how
environmental acidity governs the physicochemical dynamics
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Figure 8. In vitro cell viability analysis on (A) mouse fibroblast cells (L-929)

B MCF7-0A Concentration Gradient

£100-
£ 75 11,
L S i
8 251
ot

0 100 200 300 400
Concentration(uM)

MCF7-viability compare

-
[=
o

a
o

Cell Viability (%)

N
o O\

OuMOA  200uM OA

and (B) human breast cancer cells (MCF7) incubated with OA under

different pH values. Cell viability of (C) L-929 and (D) MCEF?7 for the tolerance test under different pH levels and corresponding cell viabilities
under 200 4M OA treatment (n = 3, mean + SD). The graphs show the percentage of cell viability compared to the control group (cultured under

pH 7.5) after 24 h of incubation.

Table 1. Summary of Cell Viability for L-929 and MCE-7
Treated with 200 and 400 uM OA under Different pH
Levels

L-929 MCE-7

pH level 200 uM 400 uM 200 uM 400 uM
6 80 + 4% 77 + 6% 86 + 2% 78 + 2%
7.5 93 + 2% 86 + 1% 86 + 2% 82 + 3%

8 36 + 5% 34 + 6% 60 + 5% 46 + 6%

9 49 + 3% 50 + 4% 58 + 2% 49 + 3%

of amphiphilic biomolecules. Through a combination of QCM-
D and time-lapse fluorescence microscopy, the real-time
membrane responses of OA were elucidated, demonstrating
pH-dependent behaviors from undulations and buddings to
tubular protrusions and membrane solubilization. The changes
in packing parameters induced by different degrees of
deprotonation would significantly impact the interaction with
membranes,®” as a larger curvature stress was generated and
induced stronger membrane disruptions under elevated pH
conditions. As observed from the fluorescence microscope,
budding-like protrusions were observed on the membrane
under lower pH levels, while tubular protrusions, membrane
solubilization, and damage on membrane integrity were
observed at elevated pH levels. The observations from cell
tests align with the findings on biophysical membranes,
reinforcing the conclusion that the membrane interactions
were relevant to the dynamic packing parameters of OA
molecules under different protonation states. The findings
highlight the vital role of pH as a regulator of FA—membrane
lipid interactions, with broader implications for developing pH-
stimulated delivery systems and biological processes such as
membrane fusion and biological processes in non-neutral
microenvironments like endosomes.
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