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ABSTRACT Polyunsaturated fatty acids (PUFAs) modify the activity of a wide range of membrane proteins and are increas-
ingly hypothesized to modulate protein activity by indirectly altering membrane physical properties. Among the various physical
properties affected by PUFAs, the membrane area expansion modulus (Ka), which measures membrane strain in response to
applied force, is expected to be a significant controller of channel activity. Yet, the impact of PUFAs on membrane Ka has not
been measured previously. Through a series of micropipette aspiration studies, we measured the apparent Ka (Kapp) of phos-
pholipid model membranes containing nonesterified fatty acids. First, we measured membrane Kapp as a function of the location
of the unsaturated bonds and degree of unsaturation in the incorporated fatty acids and found that Kapp generally decreases in
the presence of fatty acids with three or more unsaturated bonds. Next, we assessed how select u-3 PUFAs, eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), affect the Kapp of membranes containing cholesterol. In vesicles prepared with
high amounts of cholesterol, which should increase the propensity of the membrane to phase segregate, we found that inclusion
of DHA decreases the Kapp in comparison to EPA. We also measured how these u-3 PUFAs affect membrane fluidity and
bending rigidity to determine how membrane Kapp changes in relation to these other physical properties. Our study shows
that PUFAs generally decrease the Kapp of membranes and that EPA and DHA have differential effects on Kapp when mem-
branes contain higher levels of cholesterol. Our results suggest membrane phase behavior and the distribution of mem-
brane-elasticizing amphiphiles impact the ability of a membrane to stretch.
SIGNIFICANCE Polyunsaturated fatty acids (PUFAs) have been shown to have both cardioprotective and
neuroprotective effects. Although the mechanism is not well understood, the ability of PUFAs to rapidly integrate into
biological membranes and change their mechanical properties may play an important role in biological functions. In this
work, micropipette aspiration of vesicle membranes was used to study the effect of several PUFAs on physical properties
of DOPC model membranes. Specifically, we showed that EPA and DHA have different effects on membrane elasticity in
membranes prepared in the presence of high amounts of cholesterol or nanodomain-forming membranes. This knowledge
helps to explain the effects PUFAs may have on cellular membrane elasticity and provides new insight into the role of lipid
phase segregation in modulating force transmission.
INTRODUCTION

Polyunsaturated fatty acids (PUFAs) are known to affect
many biological processes in diverse cell types, from
T cells and endothelial cells to deep-sea bacteria (1,2).
Mounting evidence supports the beneficial effects of certain
u-3 PUFAs, in particular, on cardiovascular and neurolog-
ical systems (3,4). Interestingly, PUFAs have been shown
to alter cellular and tissue function by altering the activity
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of a diverse set of membrane proteins ranging from G-pro-
tein coupled receptors (GPCRs) and sodium-potassium
pumps to mechanosensitive channels (5,6). The mode of ac-
tion of PUFAs is still unclear and may be driven through
direct interactions of the fatty acids with a site on the mem-
brane protein of interest or through indirect effects achieved
through physical changes to membrane structure and prop-
erties (6–8).

PUFAs have the ability to change membrane composition
and, in effect, membrane properties. Studies of both syn-
thetic and model membranes have shown that PUFAs can
rapidly insert into membranes at very fast timescales to alter
membrane composition (9) and affect a variety of
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membrane properties (10–12). In particular, the u-3 PUFAs,
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), are two fatty acids that have been shown to affect
the stability of phase-segregated domains (13–17), mem-
brane fluidity (18), bending rigidity (19), and hydrophobic
thickness (13,18,20) of membranes. Accordingly, PUFAs
may impact a variety of biological functions through the
modulation of these membrane properties.

Despite the chemical similarities of EPA and DHA, they
have been shown to dissimilarly alter the activity of certain
membrane proteins. In particular, PUFAs have been shown
to differentially affect mechanosensitive channel protein
activity (19). Many of these proteins follow the force-
from-lipids principle, which suggests that alterations in
membrane forces influence the energy needed to drive
conformational rearrangements required for protein activity,
thus affecting protein function (21). Accordingly, changes in
membrane properties that affect how a membrane deforms
or transmits forces are likely to affect the activity of
embedded mechanosensitive proteins (22). Proteins like
Piezo1, TRPV4, and MscL, in addition to others, have
been shown be affected by u-3 PUFAs, becoming activated
or inhibited depending on fatty acid identity (5,19,23). Pre-
vious studies on membrane physical characterization
focused on the impact of EPA and DHA on bending rigidity,
fluidity, and hydrophobic thickness (13,18–20,24,25) and
had yet to uncover major differences in membrane proper-
ties that could be driving these PUFA-induced alterations
in protein activity.

One membrane property that is important for membrane
protein function is the ability of the membrane to stretch
in response to tension. The area expansion modulus (Ka) de-
scribes the energy associated with a change in effective
spacing between molecules in a lipid bilayer (26). Mem-
brane Ka is likely an important property for mechanosensi-
tive channel activity because it determines the extent of
membrane deformation in the same plane upon which chan-
nel opening occurs (27,28). However, the direct impact of
PUFAs on Ka and the resulting impact on a wide class of
mechanosensitive channels has not yet been characterized.
To narrow this knowledge gap, it is important to first eluci-
date how various PUFAs affect membrane area expansion.

In our study, we measure the apparent area expansion
modulus (Kapp) of model membranes containing PUFAs
like EPA and DHA. Membrane Kapp is similar to Ka but
does not account for the contribution of residual thermal un-
dulations as the bilayer stretches and is a more accurate term
to use when reporting uncorrected micropipette aspiration
area expansion data taken in the high-tension regime
(29,30). Using micropipette aspiration of model membranes
composed of phospholipids, cholesterol, and nonesterified
fatty acids, we demonstrate the impact of several PUFAs
on membrane Kapp. In particular, we take a closer look at
how PUFAs affect membrane Kapp in the presence and
absence of cholesterol, which affects the propensity of
2318 Biophysical Journal 120, 2317–2329, June 1, 2021
membranes to phase segregate. Our study suggests that
membrane phase-segregation behavior and the resulting dis-
tribution of membrane amphiphiles may impact the global
mechanical properties of membranes, such as Kapp. We pro-
pose that, in turn, these changes in membrane properties
may be felt by a wide range of force-sensitive membrane
proteins.
MATERIALS AND METHODS

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol, and 18:1

1,2-dioleoyl-sn-glycero-3-phosphoethanoamine-N-(lissamine rhodamine

B sufonyl) ammonium salt were purchased from Avanti Polar Lipids,

(Alabaster, AL). NBD-phosphoethanolamine, triethylammonium salt was

obtained from Thermo Fisher Scientific (Waltham, MA). Oleic acid

(OA), a-linoleic acid (ALA), g-linoleic acid (GLA), stearidonic acid

(SDA), DHA, EPA, phosphate-buffered saline (PBS), b-casein, and D-su-

crose were purchased from Millipore Sigma (St. Louis, MO). Fatty acid

integrity was preserved to the best of our abilities via nitrogen treatment

of buffers, storing fatty acids on ice, and limiting aspiration times at

room temperature to 1 h immediately after vesicle preparation. Aspiration

measurements were conducted on the same day as vesicle preparation.
Thin film hydration

Small unilamellar vesicles (SUVs) were prepared using thin film hydration

techniques as described previously (31). Phospholipid-fatty-acid-blended

vesicles were prepared by mixing amphiphiles in a chloroform stock solu-

tion (32). Briefly, lipid stocks in chloroform were prepared with the indi-

cated mol% of lipids and fatty acids. Samples were dried under nitrogen,

then vacuum, for 4 h. To help maintain the integrity of the fatty acids, sam-

ples were rehydrated to 10 mM final total lipid in 300 mOsm PBS at 4�C
overnight, then brought to 60�C for 5 min. Vesicles were vortexed and

extruded seven passes to 100 nm and used immediately.
Electroformation

Giant unilamellar vesicles were prepared using electroformation tech-

niques. A Vesicle Prep-Pro (Nanion Technologies, Munich, Germany)

was used to generate giant unilamellar vesicles (GUVs) as described previ-

ously. Briefly, 0.05 mmol lipid dissolved in chloroform was dotted onto an

indium tin oxide (ITO) slide (Nanion Technologies). Chloroform was dried

under vacuum for 20 min. Films were hydrated with 250 mL of 300 mOsm

sucrose to a final concentration of 200 mM total lipid and were electro-

formed using the standard setting (2:18:00 h/min/s, 3 V, 5 Hz, 45�C). After
electroformation, samples were diluted in equiosmolar PBS for microscopy

studies to both allow vesicles to sink to the surface of the glass slide and

ensure fatty acid concentration is below the critical micelle concentration.
Micropipette aspiration

Apparent membrane area expansion modulus (Kapp) was measured using

micropipette aspiration techniques (33,34). Briefly, borosilicate glass capil-

laries (World Precision Instruments, Sarasota, FL) were pulled to form long,

thin tips with minimal change in thickness on the length scale visible during

microscopy. Tips were further broken with a microforge to create a blunt

end with a diameter of 5–8 mm. Pipettes and sample chambers were incu-

bated in a blocking solution of 5 mg/mL b-casein for 1 h. The pipette

was filled with 300 mOsm PBS (pH 7.4). An imaging chamber was assem-

bled using two pieces of 50 � 25 no 1.5 coverglass spaced with vacuum

grease. Blocked surfaces were rinsed with 1 mL of 300 mOsm PBS (pH

7.4) three times, and 1 mL was used to fill the imaging chamber. 200 mM



Micropipette aspiration of PUFA vesicles
total lipid was used to form GUVs. 1 mL of GUV solution was added to the

chamber to an estimated final concentration of 0.2 mM lipid.

The total fatty acid concentration of vesicles in sample conditions used

for micropipette aspiration was estimated to be no more than 0.05 mM fatty

acid, which is below the critical micelle concentration of OA. Below the

critical micelle concentration, fatty acid is expected to favor partitioning

into the bilayer (9,35,36). Notably, it appears that there is a significant

reduction in the amount of fatty acid that actually resides in the membrane

(�5 mol%) relative to the amount included in the original chloroform stock

solution used to prepare lipid films (25 mol%), indicating fatty acid is lost to

the surrounding solution during vesicle formation. Micropipette aspiration

measurements were performed on two to five independent GUV samples,

and the total number of aspirated vesicles per composition is included in

tabular results. Sucrose is known to affect membrane properties (37) but im-

proves membrane contrast and decreases vesicle mobility in the imaging

chamber. For these reasons, sucrose was required for micropipette aspira-

tion to easily capture the vesicles and visualize the membrane within the

glass micropipette. It is important to note that changing the salt and sugar

conditions of micropipette aspiration conditions will alter the measured me-

chanical properties of bilayers. Our measurements of bending rigidity via

fluctuation spectroscopy used sucrose-free conditions. These measurements

match the bending rigidity values extracted from micropipette aspiration

conducted with sucrose-containing vesicles, indicating the particular sol-

vents used had little effect on the bending rigidity of vesicles relative to

one another.

Using a Nikon inverted microscope (Nikon, Melville, NY), connected to

a Validyne pressure transducer and digital manometer (model DP 15-32;

Validyne Engineering, Northridge, CA) and a micromanipulator (model

WR-6; Narishige International USA, Amityville, NY), vesicles free of

visible defects between 10 and 60 mm were gently aspirated with a micro-

pipette prepared as described above. Membranes were carefully prestressed

(29) for 30 s to approximately half-maximal tension (around 2–4% areal

strain) before bursting to remove any invisible membrane folds. Samples

with visible membrane folds or other defects were not used because they

tend to exhibit different responses to membrane stretching because of mem-

brane reservoirs, resulting in artificially low Ka-values. After prestress, suc-

tion pressure was reduced to baseline. If large amounts of hysteresis

occurred, vesicles were prestressed again or discarded because this indi-

cates large amounts of excess membrane. Vesicles were then aspirated at

2 cm H2O increments and imaged every 10 s. Images were analyzed using

Fiji (38) to measure pipette diameter, vesicle area, and change in vesicle

area within the pipette. Membrane Kapp was calculated for each composi-

tion from the slope of the percent area dilation within the pipette

ðDA =AoÞ and membrane tension (t).

Kapp ¼ t
DA
Ao

; (1)

where DA is the change in area of membrane within the micropipette and Ao

is the initial area of the aspirated vesicle within the pipette. The average

Kapp from at least 10 vesicles was used to calculate mean Kapp-values,

and the actual N is reported with each mean Kapp. Ordinary one-way

ANOVA multiple comparisons tests were used to determine significance

between compositions.
Fluctuation spectroscopy

GUVs formed using electroformation were analyzed using the flickering

spectroscopy method (39) to measure membrane bending rigidity. The har-

vested vesicles were diluted 10 times in a slightly higher concentration of

270 mM sucrose þ 60 mM glucose solution to obtain deflated vesicles.

This combination of sucrose and glucose provides a good optical contrast

for contour detection (40) and avoids gravitational effects on vesicle fluctu-

ations (41). The equatorial membrane fluctuations were recorded with
phase contrast microscope (Axio-Observer A1 microscope; Carl Zeiss

AG, Oberkochen, Germany) using a 63�/NA 0.75 Ph2 (air) objective.

The focal depth, FD, was determined using the standard formula,

d ¼ l

NA2
; (2)

where the wavelength, l, of transmission light is 550 nm. This leads to

FD ¼ 0.97 mm and the nondimensionalized D ¼ FD=Ro (vesicle size range

of radius, R0, 20–50 97 mm) smaller than 0.05 to avoid the averaging effect

of out of focus optical projections on equatorial projections (42,43). 8000–

10,000 images were recorded at 60 frames per second with a Photron SA1.1

high-speed camera (Photron USA, San Diego, CA) with a shutter speed of

200 ms. The imaging acquisition speed was later adjusted to avoid time cor-

relation between Fourier modes (44) for every specific vesicle. The contour

in the equatorial plane of a quasispherical vesicle is decomposed in Fourier

modes,

rðf; tÞ ¼ R0

 
1þ

Xqmax
q¼�qmax

uqðtÞexpðiqfÞ
!
; (3)

where q is the resolved Fourier mode. In general, qmax is the maximal num-

ber of experimentally resolved modes that is dependent on the optical res-

olution of the camera. The mean-square amplitude of the fluctuating

amplitudes, uq, yields the values of membrane bending rigidity k and the

tension s because ���uq �� 2� � kT
�
k
�
q3 þ sq

�
; (4)

where s ¼ sR2
0. To have good sensitivity with bending rigidity measure-

ments, only vesicles with low tension value were chosen, ranging from

10�8 to 10�9 N/m. This ensures a small crossover mode defined by

qc ¼
ffiffiffi
s

p
(5)

from q ¼ 3 to 7. Shape fluctuation modes q < qc are dominated by mem-

brane tension, whereas modes q > qc are controlled by bending rigidity.
RESULTS

u-3 fatty acids increase membrane elasticity in
the absence of cholesterol

We first set out to understand how nonesterified or free fatty
acids (FFAs) impact the membrane area expansion modulus
of model DOPC phospholipid membranes as a function of
fatty acid content, identity, and the presence of varying
amounts of cholesterol. We measured the apparent expansion
modulus (Kapp), which is the slope of tension versus apparent
area dilation measured during micropipette pressurization of
vesicles in the high-tension regime (Fig. 1 A). Membrane
Kapp is similar to Ka but does not account for the contribution
of residual thermal undulations as the bilayer stretches and is
a more accurate term to use when reporting uncorrected
micropipette aspiration area expansion data taken in the
high-tension regime (29,30). Using electroformation tech-
niques, we prepared multicomponent GUVs from chloroform
stock solutions containing phospholipids, cholesterol, and
nonesterified fatty acids. We were able to include up to 25
Biophysical Journal 120, 2317–2329, June 1, 2021 2319



FIGURE 1 Apparent area expansion moduli (Kapp) of model membranes

containing nonesterified fatty acids. (A) In the course of this study, we

measured three membrane mechanical properties including apparent area

expansion modulus (Kapp), bending rigidity (kc), and fluidity. (B) Example

images of a micropipette aspiration study used to measure Kapp. GUVs are

aspirated into glass micropipettes where applied pressure induces mem-

brane tension. Membrane stretching can be quantified by a change in vesicle

projection length within the pipette (DL). Scale bar, 10 mm. (C) Chemical

structures and schematics of DOPC and OA. (D) Incorporation of OA does

not alter the Kapp of DOPC membranes. Increasing OA content in lipid

stocks, from DOPC (no FA) to 25% OA in DOPC membranes, does not

impact Kapp. Dots represent Kapp-values from a single vesicle aspiration.

Black lines represent mean Kapp, error bars represent standard error of

the mean, and n R 12 vesicles were aspirated per composition. Vesicle as-

sembly was disrupted above 25% OA incorporation. Micropipette aspira-

tion studies were conducted in PBS (pH 7.4). p-values were generated by

ANOVA using Dunnett’s multiple comparisons test compared to DOPC,

nonsignificant (ns) p > 0.5.
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mol% FFAs in the lipid solutions used to prepare vesicles;
higher amounts of FFA in the lipid stock solution inhibited
the formation of vesicles. We chose to incorporate FFAs
into vesicles by premixing themwith phospholipids in a chlo-
roform solution before vesicle assembly (45) instead of add-
ing them to preformed vesicles, as has typically been done
(18). We used this alternate incorporation method to avoid
the introduction of cosolvents such as ethanol that are typi-
cally required to solubilize fatty acids but are also expected
to change membrane properties. Using an absorbance-based
lipid oxidation assay and mass spectrometry, we determined
that under our experimental conditions, fatty acid oxidation is
expected to be limited over the timescale of vesicle formation
and aspiration (Fig. S1; Table S1; (29,46)). We then used dif-
ferential interference contrast microscopy to visualize GUVs
in the tip of a micropipette and measured the changes in
vesicle area within the pipette as pressure was applied
(Fig. 1 B). This aspiration procedure provided us with a
stress-strain response curve, the slope of which was used to
2320 Biophysical Journal 120, 2317–2329, June 1, 2021
determine the Kapp (Eq. 1) of various membrane composi-
tions (Fig. S2).

Next, we measured FFA incorporation into the DOPC
membranes after vesicle formation. Fatty acid incorporation
efficiency was dependent on fatty acid identity. Lipid stock
solutions were made in chloroform to contain 75 mol%
DOPC and 25 mol% of various fatty acids with differing hy-
drocarbon chain length and unsaturation. Using FFA and
phospholipid quantification kits (Supporting materials and
methods), we found that a monounsaturated fatty acid, OA,
included in the chloroform stock solution at 25 mol% was
subsequently incorporated into the bilayer at 15 mol%. Poly-
unsaturated FFAs such as EPA and DHA were incorporated
around 5 mol% (Fig. S3). In addition, we performed lipido-
mic analysis on our vesicles to further quantify our mem-
brane compositions (Table S1). We found, using the more
sensitive method of mass spectrometry, that each FFA incor-
porated around 7 mol% relative to DOPC. Because the poly-
unsaturated fatty acids, EPA and DHA, were incorporated
into vesicle membranes at similar levels, we proceeded to
compare changes in membrane properties between vesicles
containing different polyunsaturated FFAs.

Because fatty acids have differing hydrophilic head-
groups and a smaller cross-sectional area compared to di-
acyl phospholipids, we first measured the impact of FFA
headgroup on vesicle membrane Kapp. FFAs consist of a car-
boxylic acid headgroup with a single hydrocarbon chain,
and phospholipid molecules consist of a phosphocholine
headgroup and two hydrocarbon chains (Fig. 1 C). To isolate
the effects of the carboxyl headgroup on Kapp, we prepared
DOPC (18:1) vesicles with increasing fractions of OA
(18:1) such that we retained the identity of hydrocarbon
chains in the membrane (13). We observed that OA content
did not impact membrane Kapp when up to 25 mol% OAwas
included in the lipid stock solution (Fig. 1 D). These results
indicate that the carboxylic acid headgroup and single-chain
structure of FFAs do not alter the Kapp of membranes with
the same hydrocarbon chain composition.

We then wondered how the identity of the hydrocarbon
chain of FFAs, including length, unsaturation content, and
position of unsaturation, would impact membrane Kapp.
First, we compared GLA (18:3) and ALA (18:3), an u-6
and u-3 fatty acid, respectively (Fig. 2 A). These fatty acids
were selected because of their three unsaturated bonds and
identical chain length but differing location of their unsatu-
rated bonds along their hydrocarbon chain, which allowed
us to determine the effect of the location of unsaturated
bonds in a fatty acid on membrane Kapp. When OA, GLA,
and ALA were included in DOPC lipid stock solutions at
25 mol%, we found that GLA and ALA reduced Kapp

(200 and 197 mN/m, respectively) to a similar extent
compared to both OA-containing (249 mN/m) and pure
DOPC membranes (245 mN/m) (Fig. 2 B; Table 1). These
results indicate that for fatty acids containing three unsatu-
rated bonds, the location of unsaturation at either the u-6 or



FIGURE 2 Effect of the number and position of unsaturated bonds in

nonesterified PUFAs on Kapp. (A) Chemical structures and schematics of

OA, GLA, and ALA. Selected fatty acids are u-9, 6, and 3, respectively.

(B) Membrane Kapp is reduced equally in the presence of GLA and ALA

compared to no FA and OA. (C) Chemical structures and schematics of

polyunsaturated u-3 fatty acids ALA, SDA, EPA, and DHA. (D) Kapp is

reduced similarly in membranes containing u-3 polyunsaturated fatty acids

with three or more unsaturated bonds, regardless of the hydrocarbon chain

length and number of unsaturated bonds. (B and D) Micropipette aspiration

measurements were conducted on vesicles prepared using lipid stocks con-

taining 100% DOPC (no FA) or 75 mol% DOPC, 25 mol% FA. Error bars

represent standard error of the mean. p-values were generated by ANOVA

using Dunnett’s multiple comparisons test compared to no FA. nR 12 ves-

icles were aspirated per composition, ****p % 0.0001, ***p % 0.001,

**p % 0.01, ns p > 0.5.

TABLE 1 Kapp-values of fatty acid/DOPC blended membranes

DOPC

10%

OA

25%

OA

25%

GLA

25%

ALA

25%

SDA

25%

EPA

25%

DHA

Kapp

(mN/m)

251

5 7

245

5 12

249

5 9

200

5 9

197

5 7

200

5 7

205

5 10

199

5 10

n 19 17 12 20 21 24 21 21

Kapp-values were measured using micropipette aspiration techniques. Ves-

icles were constructed from lipid stocks containing DOPC and varying mol

percentages of each fatty acid, which are listed in the table. Values are rep-

resented as standard error of the mean (SEM). The number of aspirated ves-

icles is included for each composition.

Micropipette aspiration of PUFA vesicles
u-3 position does not impact the Kapp of DOPC membranes.
Next, we investigated how the chain length and degree of
unsaturation of FFAs impact membrane Kapp. Using u-3
fatty acids ALA (18:3), SDA (20:4), EPA (20:5), and
DHA (22:6), we analyzed how simultaneously increasing
the degree of unsaturation as well as the chain length of a
fatty acid affected membrane Kapp (Fig. 2 C). We found
that each polyunsaturated fatty acid decreased membrane
Kapp to a similar extent (�200 mN/m) compared to pure
DOPC membranes (245 mN/m) (Fig. 2 D; Table 1). Thus,
increasing the extent of unsaturation and chain length in
u-3 fatty acids containing at least three unsaturated bonds
appears to have no further effect on membrane area expan-
sion moduli in DOPC model membranes. To the best of our
knowledge, these results are the first Kapp measurements of
vesicles containing FFAs and are consistent with previous
findings performed with phospholipid-conjugated fatty
acids (29,47).

We next set out to validate the effect of FFAs on mem-
brane fluidity, a property that has been studied more exten-
sively in the presence of fatty acids. Using
diphenylhexatriene (DPH) fluorescence anisotropy of
SUVs, we measured the relationship between membrane
fluidity and FFA identity in DOPC model membranes. We
found that that FFAs generally increase membrane fluidity
(Fig. S4). This result is consistent with previous studies
that measured the effect of unsaturated fatty acid integra-
tion, both when the FA was a phospholipid conjugate and
as an FFA, on the fluidity of model and cellular membranes
(19,45,48). However, in this study, we expanded the range of
FFA molecules explored. Furthermore, we observed that as
the number of unsaturated bonds increases, fluidity is
increased to a greater extent (Fig. S4). Taken together, our
results indicate that FFAs generally increase the fluidity
and decrease the Kapp of DOPC model membranes as a
function of their unsaturated bond content.
EPA and DHA differentially affect membrane
elasticity in the presence of high levels of
cholesterol

We next wondered how FFA inclusion would affect the Kapp

of membranes containing cholesterol. Cholesterol is a sterol
found in all eukaryotic cell types and is critical for the
proper function of a diverse array of membrane proteins.
Among its many effects, this molecule promotes the forma-
tion of phase-segregated nanometer-sized crystalline do-
mains, known as lipid rafts (49,50), which have been
found to affect the location and activity of membrane pro-
teins (12,20,22,51,52). At low mole fractions, cholesterol
is soluble and is dispersed through a bilayer membrane
(18,53). As the mole fraction of cholesterol increases to
around 50 mol%, as in the lipid mixtures we investigated,
the area fraction and number of cholesterol-rich crystalline
domains also increases (18,49,54,55). Using ternary mix-
tures of fatty acids, cholesterol at either low (25 mol% stock
solution) or high (45 mol% stock solution) amounts, and
DOPC, we sought to determine how FFAs affected mem-
brane Kapp when cholesterol was present.

We first prepared vesicles containing a low amount of
cholesterol from stock solutions containing 25 mol% fatty
acid, 25 mol% cholesterol, and 50 mol% DOPC and per-
formed micropipette aspiration studies (Fig. 3 A). At this
Biophysical Journal 120, 2317–2329, June 1, 2021 2321



FIGURE 3 DHA and EPA have distinct effects on the Kapp of membranes with cholesterol nanodomains. (A) Chemical structures and schematics of choles-

terol, DOPC, and select FAs. (B) DOPC membranes have a reduced Kapp in the presence of EPA and DHA compared to no FAwhen low amounts of choles-

terol are present. Vesicles were constructed from lipid stocks composed of chol/DOPC 25:75 (no FA) and FA/chol/DOPC 25:25:50, n R 18. (C) DHA

decreases the Kapp of membranes assembled with higher concentrations of cholesterol compared to EPA. Vesicles were constructed from lipid stocks con-

taining chol/DOPC 50:50 (no FA), and FA/chol/DOPC 25:45:30. Error bars represent standard error of the mean, n R 23. p-values were generated by

ANOVA using Dunnett’s multiple comparisons test compared to no FA. ****p% 0.0001, **p% 0.01, *p% 0.05, ns p> 0.5. (D) Bulk FRET measurements

of SUVs were used to determine the effect of EPA and DHA on nanodomain disruption. EPA inclusion increases the average distance between FRET-labeled

lipids to a greater extent than OA and DHA, suggesting enhanced cholesterol redistribution with EPA. 10 mM 50 mol% chol, 50 mol% DOPC vesicles were

prepared with different concentrations of equimolar 18:1 NBD-phosphoethanolamine, triethylammonium salt and 18:1 1,2-dioleoyl-sn-glycero-3-phosphoe-

thanoamine-N-(lissamine rhodamine B sufonyl) ammonium salt. The FRET ratio (fdon/facc) demonstrates energy transfer efficiency between the dyes after

fatty acid addition. Relative surface area was determined by normalizing the fluorescence intensity of each sample to the fluorescence intensity in fatty-acid-

free PBS (data not shown). FRET studies were conducted in 300 mOsm PBS (pH 7.4), n ¼ 3 using independent vesicle samples.
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concentration, we expected that cholesterol would not
significantly affect lipid segregation and the membrane
components would remain well mixed (18,54). We chose
to focus our studies on two FFAs, EPA and DHA, because
of their biological relevance and distinct effect on mem-
brane protein activity (6,12,19,48,56). As a control, we pre-
pared vesicles with 25 mol% OA because this FFA had not
impacted membrane Kapp when mixed with DOPC in the
absence of cholesterol (Fig. 1 D). In addition, we chose
OA as an elasticity control because a previous study by
Bruno and colleagues found that OA did not alter the activ-
ity of a mechanosensitive protein, gramicidin (6). Further-
more, OA inclusion also allowed us to control for the
smaller physical size of an FFA compared to a phospholipid
and the potential physicochemical effects these FFAs may
have on membrane properties (13). The inclusion of 25
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mol% cholesterol in stock solutions with DOPC slightly
increased the Kapp relative to cholesterol-free membranes
as expected (273 mN/m) (33). Our results using OA, EPA,
and DHA mimicked those we observed in cholesterol-free
membranes. We observed that OA had no effect on the
Kapp of membranes containing low mol% cholesterol
(264 mN/m). The subsequent addition of EPA and DHA
reduced membrane Kapp to similar levels (�240 mN/m)
with respect to membranes lacking fatty acid (no FA)
(273 mN/m) (Fig. 3 B; Table 2). These results demonstrated
that the inclusion of the FFAs DHA and EPA in membranes
containing low mol% cholesterol had a similar effect of
reducing membrane Kapp as they had in membranes without
cholesterol (Figs. 1 and 2).

We then investigated how FFA inclusion affected the Kapp

of phospholipid membranes when they contained higher



TABLE 2 Kapp-values for DOPC membranes containing fatty acids and cholesterol domains

More domains 50 mol%, chol 50%, DOPC

25% OA, 45% chol,

30% DOPC

25% EPA, 45% chol,

30%DOPC

25% DHA, 45% chol,

30% DOPC

Kapp (mN/m) 339 5 8 479 5 18 463 5 13 357 5 15

n 23 34 51 46

Fewer domains 25 mol% chol, 75%DOPC 25% OA, 25% chol,

50% DOPC

25% EPA, 25% chol,

50% DOPC

25% DHA, 25% chol,

50% DOPC

Kapp (mN/m) 273 5 9 264 5 9 244 5 6 237 5 5

n 18 21 25 23

Sample names indicate the composition of lipid chloroform stocks used to create vesicles. Values are represented as mean 5 SE.

Micropipette aspiration of PUFA vesicles
levels of cholesterol, which should form a greater amount of
cholesterol-rich, crystalline nanodomains. Previous work by
Mason et al. using x-ray diffraction analysis demonstrated
that EPA and DHA can have distinct effects on cholesterol
nanodomains; whereas EPA enhances cholesterol mixing
and disrupts domains by integrating into both liquid-ordered
and liquid-disordered domains, DHA increases the size and
stability of membrane domains because of its exclusion
from ordered domains (11,13,18,53,56–59). Yet, we were
unsure of how these structural changes would affect the
bulk membrane property, Kapp. We measured the Kapp of
DOPC membranes containing high amounts of cholesterol
and OA, DHA, or EPA. In the presence of fatty acids, we
were able to include, at most, 45 mol% cholesterol in our
lipid stocks because higher amounts of cholesterol pre-
vented vesicle formation. Using GUVs constructed from
lipid stocks containing ternary mixtures of 25 mol% fatty
acid, 45 mol% cholesterol, and 30 mol% DOPC, we deter-
mined that Kapp increased in the presence of OA
(479 mN/m) and EPA (463 mN/m) compared to DOPC/
cholesterol alone (339 mN/m) (Fig. 3 C; Table 2). We attri-
bute this increase in Kapp in the presence of OA to an in-
crease in the cholesterol area fraction of the membrane
because OA is a single-hydrocarbon-chain lipid, but
DOPC contains two chains. When DOPC is replaced with
OA, there is more cholesterol per hydrocarbon chain, which
is expected to increase Kapp as if more cholesterol is present
(33,60). We expected EPA to reduce membrane Kapp to a
similar extent as DHA, resembling our observations with
cholesterol-free and low-cholesterol content membranes.
Surprisingly, we observed that EPA increased membrane
Kapp (463 mN/m) compared to DHA (357 mN/m) (Fig. 3
C; Table 2). These results indicate that in the presence of
high mol% cholesterol, DHA and EPA affect the Kapp of
DOPC membranes differently, which has not been observed
previously.

We wondered whether the higher content of cholesterol
was affecting the phase-segregation behavior of DOPC
model membranes and contributing to the differential ef-
fects of DHA versus OA and EPA on membrane Kapp. We
first confirmed that cholesterol inclusion at 50 mol% in pre-
formed membranes exhibited measurable increases in mem-
brane phase segregation with DHA addition compared to
EPA addition (Figs. 3 D and S5). We assessed changes in
phase behavior by monitoring changes in membrane surface
area. Using a bulk Förster resonance energy transfer (FRET)
assay, we measured the average distance between fluoro-
phore-labeled lipids. In the presence of 50 mol% choles-
terol, the fluorophores conjugated to unsaturated
phospholipids should colocalize with liquid-disordered do-
mains. Using this FRET assay, we observed larger differ-
ences in surface area changes with the external addition of
EPA compared to OA and DHA. We attribute the greater
FRET change in response to EPA to enhanced disruption
of cholesterol domains, which increases the effective sur-
face area of the dye-containing fraction of the membrane
as cholesterol mixes with the phospholipids. This result
indicated that EPA disrupted cholesterol domains to a
greater extent than OA and DHA, leading to greater spacing
between FRET-labeled dyes as consistent with previous
findings (18). In contrast, in membranes containing low
mol% cholesterol, where nanodomains were not expected
to occupy a significant fraction of the membrane, we
observed no differences in membrane surface area change
between EPA and DHA-containing membranes (Fig. S6).
These results supported our hypothesis that in membranes
containing higher amounts of cholesterol, EPA disrupted
phase-segregated domains to a greater extent than DHA.

We set out to better understand why DHA reduced Kapp

relative to EPA when cholesterol was present at high levels
in DOPC membranes but induced similar changes in Kapp

when cholesterol was at lower levels or absent. First, we
wondered whether the discrepancy in Kapp-values for mem-
branes containing EPA or DHA was due to differential
incorporation of either fatty acid. To test this, we used a
phospholipid and a fatty acid quantitation assay to measure
our true membrane compositions and found that EPA and
DHA were present in similar amounts in their respective
membranes (Fig. S7). Interestingly, we observed OA was
present at higher levels in electroformed vesicles than
DHA or EPA. This difference in incorporation was expected
because the partition coefficient of OA is 10 times larger
than DHA in DOPC membranes; however, previous studies
have demonstrated the potent effects of DHA despite this
lower incorporation efficiency (6). However, as OA did
not reduce membrane Kapp, we concluded the differential
Biophysical Journal 120, 2317–2329, June 1, 2021 2323
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level of incorporation of this particular fatty acid did not
have a significant impact on our observations. We next
explored the possibility that the presence of EPA or DHA
differentially affected how much cholesterol was included
in the membrane during formation and thereby affected
the resulting Kapp. We used fluorescence microscopy to
compare cholesterol content in membranes containing
different fatty acids by measuring the fluorescence of a bo-
ron-dipyrromethene-labeled-cholesterol. We found that
fatty acid content did not affect cholesterol partitioning
into electroformed GUVs and that cholesterol was present
in similar levels in the different vesicle samples we explored
(Fig. S8). We confirmed this result using lipidomic analysis
of our vesicles and found that cholesterol incorporated
around 10 mol% in the presence of each fatty acid (Table
S1). Although this incorporated amount is significantly
less than what was included in the lipid stock solution (45
mol%), previous results from Stevens et al. (61) demon-
strated that sterol solubility in electroformed membranes
may be limited. Although they observed up to 65 mol%
cholesterol in assembled membranes, their studies included
a different phospholipid, DPPC, which may have increased
cholesterol solubility (61). In addition, we do not expect that
a change in phase behavior due to force application (62)
altered our aspiration results, as studies were performed at
room temperature and the calculated phase transition tem-
perature for these compositions is well below that
(Fig. S9; Table S2). Taken together, these results suggest
that differences in Kapp between membranes containing
DHA versus EPA are not due to differences in molar ratios
of the amphiphilic components.

We then investigated if these changes in phase behavior
impacted other membrane physical properties beyond
Kapp. Using the flickering spectroscopy method, we
measured the bending rigidity (kc) of vesicles formed
from lipid stocks containing 25 mol% fatty acid, 45 mol%
cholesterol, and 30 mol% DOPC. We found that EPA and
DHA similarly increase kc compared to OA and membranes
without any FFAs (Table 3). This increase in bending stiff-
ness in the presence of fatty acids is consistent with previous
studies on model membranes, in which FFAs alter the area
per lipid of membrane amphiphiles and the resulting curva-
ture strain increases kc (45). In addition, our observation of
no significant difference between the bending stiffness of
EPA- versus DHA-containing membranes is consistent
with atomic force microscopy measurements of cells en-
riched in EPA and DHA (19), though these studies observed
TABLE 3 kc-values for fatty acid and cholesterol-containing memb

50 mol% chol, 50% DOPC 25% OA, 45% chol, 30% DOPC

kc (KBT) 30.4 5 2.6 20.8 5 2.1

kc (KBT) 60.5 5 5.4 76.9 5 4.7

kc-values were determined using the flickering spectroscopy method and are re

composition of lipid stocks in chloroform.
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a decrease in bending stiffness upon EPA and DHA addi-
tion. We were also able to extract kc-values from the low-
tension regime of our micropipette aspiration data. We
compared kc measured by the flickering spectroscopy
method and micropipette aspiration and observed similar in-
creases in bending rigidity (Fig. S3; Table S3). Our finding
of kc being unaffected by the presence of cholesterol nano-
domains suggests that membrane phase behavior does not
impact bulk kc measurements in a similar manner to Kapp.
This uncoupling of Kapp and kc was unexpected, as a
decrease in Kapp is typically concurrent with a decrease in
kc (29). We also measured membrane fluidity in membranes
with FFAs in the presence of high amounts of cholesterol.
We found that in the presence of high levels of cholesterol,
DHA increased membrane fluidity to a greater extent than
EPA and compared to no fatty acid (Fig. S10), consistent
with previous findings (18). However, this result was also
consistent with our findings in cholesterol-free membranes
(Fig. S4). Therefore, the Kapp is the only membrane property
that we measured that uniquely exhibits differences between
EPA and DHA when in the presence of phase-segregated
nanodomains. These results suggest that phase-segregated
nanodomains have a pronounced effect on membrane Kapp

compared to kc and fluidity.
Membrane phase-segregation behavior impacts
elasticity with an alternate phospholipid
composition

Finally, to investigate this proposal that EPA and DHA
differentially alter membrane Kapp through differentially
altering cholesterol crystalline domain behavior, we used
an alternate membrane composition that also forms choles-
terol nanodomains: 1-palmitoyl-2-oleoyl-glycero-3-phos-
phocholine (POPC) (18:1, 16:0) and cholesterol. POPC is
similar to DOPC except one of its 18-carbon monounsatu-
rated chains is replaced with one 16-carbon saturated chain.
We expected to observe similar relationships between
cholesterol content and Kapp-values as a function of FFA
identity as we observed in DOPC membranes. Additionally,
we expected that the difference in Kapp-values between EPA
and DHA-containing membranes would be more pro-
nounced in POPC membranes because cholesterol has a
greater stiffening effect on saturated lipids (33,63). Using
micropipette aspiration, we measured the Kapp of GUVs
formed from lipid stocks containing ternary mixtures of
25 mol% fatty acid, 45 mol% cholesterol, and 30 mol%
ranes

25% EPA, 45% chol, 30% DOPC 25% DHA, 45% chol, 30% DOPC

33.4 5 4.3 37.6 5 3.2

72.0 5 6.8 66.0 5 5.6

ported as mean 5 standard deviation, n R 15. Sample names indicate the
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POPC. In the POPC membranes made with high cholesterol
content, we observed that Kapp increased in the presence of
OA (600 mN/m) and EPA (837 mN/m) compared to mem-
branes containing POPC and cholesterol alone (545 mN/
m) (Fig. 4 A; Table 4). This result matched the general
trends observed with DOPC and high-cholesterol-content
membranes (Fig. 3 C). Similar to DOPC samples, we found
that the Kapp of DHA-containing POPC membranes
(462 mN/m) was significantly reduced compared to mem-
branes that contained EPA (837 mN/m). Lipidomic analysis
of these samples revealed that in POPC membranes pre-
pared with high concentrations of cholesterol, EPA and
DHA incorporated at similar levels of 2.9 and 3.5 mol%,
respectively, whereas OA incorporated at 7.7 mol% (Table
S1). These results confirmed that in the presence of high
amounts of cholesterol, which is believed to form choles-
terol-rich domains, EPA and DHA have significantly
different effects on membrane Kapp. Taken together, our re-
sults in POPC/cholesterol and DOPC/cholesterol systems
demonstrate that the FFAs EPA and DHA can differentially
impact membrane area expansion moduli when cholesterol
is present at high amounts.
FIGURE 4 Assessing the generality of the effect of cholesterol content

on FFA-induced changes in Kapp. (A) POPC vesicles prepared with high

(45 mol%) amounts of cholesterol confirm that EPA and DHA have differ-

ential effects on membrane Kapp. Kapp is reduced in DHA-containing vesi-

cles compared to vesicles containing EPA. Vesicles were constructed from

lipid stocks composed of chol/POPC 50:50 (no FA) and FA/chol/POPC

25:45:30 vesicles. Error bars represent standard error of the mean, n R
18. p-values were generated by ANOVA using Dunnett’s multiple compar-

isons test compared to no FA, ****p% 0.0001, *p% 0.05, ns p > 0.5. (B)

Proposed mechanism of decreased membrane Kapp in the presence of

phase-segregated cholesterol nanodomains.
DISCUSSION

Here, we have shown the effect of FFAs on membrane Kapp

in phospholipid model membranes, which we believe are the
first measurements of this nature. As FFAs are increasingly
found to alter biological processes, the impact of FFA inclu-
sion on membrane properties is important to understand.
FFAs insert at fast timescales, much faster than metabolic-
based membrane reorganization (9). Therefore, FFAs have
the ability to transiently alter the local membrane composi-
tion (64) and impact biological function even before their
incorporation in diacyl phospholipids. This would be espe-
cially prevalent in cells with malfunctioning machinery to
control membrane composition or in cells lacking this ma-
chinery, such as red blood cells (65,66). Therefore, under-
standing the specific role of FFAs on membrane physical
properties is important to bridge the gap between FFA ef-
fects on membrane composition and their subsequent effects
on cellular function.

Our Kapp results with OA, which has the same hydrocar-
bon structure as DOPC lipids, indicate that the carboxylic
headgroup and single-chain structure of an FFA are not
the dominant contributors to FFA-induced changes in
Kapp. Consistent with previous findings that explored the ef-
fect of unsaturation in diacyl lipids on the area expansion
modulus (29,47), it appears that the extent of hydrocarbon
chain unsaturation is a key contributor to shifts in Kapp.
The structure of the fatty acid, whether it is in a monoacyl
form or incorporated into a phospholipid, does not appear
to matter in this regard. Because introducing double bonds
into an amphiphile chain causes thinning of the bilayer
(18,29), the membrane should exhibit an increased ability
to stretch. This effect of membrane thinning and an
increased area per lipid with the inclusion of polyunsatu-
rated fatty acids reduces the energy required for elastic
deformation (47). These previous results support our finding
that FFA polyunsaturation reduces model membrane Kapp.

Additionally, we explored how the increasingly investi-
gated u-3 fatty acids, EPA and DHA, affected membrane
Kapp in the absence and presence of cholesterol. These
FFAs, which have similar effects on membrane Kapp in the
presence of no or low cholesterol, have different effects
on Kapp once cholesterol content is increased. For example,
when EPA and DHAwere added to DOPC membranes that
lacked cholesterol, they had similar effects on membrane
Kapp, reducing the value from 251 mN/m to 205 and
199 mN/m, respectively. The addition of low levels of
cholesterol (25 mol%) did not change this general trend.
In contrast, when higher levels of cholesterol (45 mol%)
were incorporated into DOPC membranes, we observed
that EPA and DHA now had different effects on membrane
Kapp, with EPA having a significantly higher Kapp-value
(463 mN/m) than DHA (357 mN/m). This result demon-
strates that cholesterol concentration alters the effect of
EPA and DHA on the Kapp of DOPC membranes.
Biophysical Journal 120, 2317–2329, June 1, 2021 2325



TABLE 4 Kapp-values of POPC, cholesterol, and fatty acid membranes

50% chol, 50% POPC 25% OA, 45% chol, 30% POPC 25% EPA, 45% chol, 30% POPC 25% DHA, 45% chol, 30% POPC

Kapp (mN/m) 545 5 16 600 5 24 837 5 24 462 5 21

n 27 21 27 33

Sample names indicate lipid stock compositions in chloroform. Values are represented as mean 5 SE.
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Why might EPA and DHA differentially affect the propen-
sity of a bilayer membrane to stretch when cholesterol is pre-
sent in high concentrations? Cholesterol can have several
effects on the physical properties of membranes that could
explain this phenomenon. First, cholesterol increases the
packing density of lipid chains and bilayer thickness, leading
to increases in the bending rigidity and area expansion
modulus of membranes (33,40,67). These effects appear to
hold for both saturated as well as unsaturated membranes
(68). DHA has one more unsaturated bond than EPA, and dif-
ferential effects on membrane Kapp that may not be apparent
at low Kapp-values could become more obvious as the mem-
brane is made stiffer (67). Second, cholesterol promotes
phase segregation in model membranes, and DHA and EPA
are known to interact differently with phase-segregated do-
mains (11,13,16,18,57,59). Membranes containing ordered
and disordered lipids can phase segregate into raft-like (or-
dered) and non-raft-like (disordered) domains observed in
cellular membranes (50,56,69,70). Cholesterol typically as-
sociates with raft-like domains but can also induce nanodo-
main formation when incorporated into membranes
containing only one phospholipid, like in POPC or DOPC
(49,54,55,71,72). Experiments with model and cell-derived
membranes have shown that DHA has highly unfavorable in-
teractions with cholesterol and does not pack into ordered,
raft-like phases and instead segregates into disordered do-
mains (11,14,15,18,57,58,73,74). In contrast, EPA and other
less-disordered u-3 fatty acids appear to inhibit or disrupt or-
dered domains relative to DHA (18,59). These previous re-
sults suggest membrane organization may affect membrane
Kapp.

We hypothesize that the differences we observed in Kapp

when membranes contained high levels of cholesterol and
either DHA or EPAwere, in part, due to differences inmolec-
ular interactions between cholesterol and lipid acyl chains.
When lipids and cholesterol are more evenly dispersed
throughout the membrane, there are increased Van derWaals
interactions between phospholipids and cholesterol, which
can increase the apparent area expansion modulus, requiring
more tension to stretch a membrane (33). In contrast, when
cholesterol is sequestered into ordered domains, the net num-
ber of cholesterol interactions with phospholipids is reduced
(17). In effect, we hypothesize the reduction of Kapp of DHA-
containing membranes, compared to EPA-containing mem-
branes, is due to nonuniformmembrane deformation because
of reduced interactions between phospholipids and choles-
terol when cholesterol is phase segregated. Put another
way, it appears that by segregating a molecule (cholesterol)
2326 Biophysical Journal 120, 2317–2329, June 1, 2021
that typically stiffens a membrane, that molecule has less
impact on long-range membrane properties than when it is
well mixed into the membrane. In summary, we expect
cholesterol phase segregation is reduced in the presence of
EPA, leading to more cholesterol-lipid interactions and a
higher Kapp in this condition relative to DHA. For mem-
branes with a significant level of cholesterol-rich domains,
we hypothesize that in response to applied tension, the ma-
jority of membrane stretching occurred in the liquid-disor-
dered phase and deformation was reduced in segregated,
stiffer, ordered domains. This effect of nonuniform stretch-
ing would explain a net decrease in membrane Kapp

compared to membranes with homogenously distributed
cholesterol and lipids (Fig. 4 B).

We further observed that we could change lipid-choles-
terol interactions by changing the diacyl lipids; by switching
the phospholipid from DOPC to POPC, we increased
cholesterol-lipid interactions, and the differential effects of
EPA and DHA on Kapp further increased. Differences in
Kapp between membranes constructed from POPC or
DOPC and containing high cholesterol concentrations may
be explained by the increased content of saturated acyl
chains in POPC membranes (Figs. 3 and 4; (40)). This in-
crease in saturation is known to increase the stiffening effect
of cholesterol, increasing membrane Kapp (33). Our results
demonstrate that cholesterol concentration (Figs. 2 and 3),
and phospholipid identity (Figs. 3 C and 4 A) can affect
how individual fatty acids change membrane Kapp. These re-
sults highlight the potential for variability in lipid composi-
tion to affect how a given fatty acid will change membrane
biophysical properties (16): if a membrane is fairly elastic,
different fatty acids may have small effects on membrane
elasticity; however, if a membrane is stiffer, small differ-
ences in fatty acid unsaturation and chain length may have
significant effects on membrane elasticity.

Our findings also help explain why EPA and DHA may
have differential effects on the behavior of membrane pro-
teins. Previous studies have shown that EPA and DHA
differentially impact membrane protein activity when the
fatty acids were added to cells, but the mechanism was un-
clear (6,7,19). In these studies, the properties of bending ri-
gidity and viscosity were investigated, which probe the
propensity of a membrane to move out of plane or for lipids
to move past one another. Both properties were similarly
modified by EPA and DHA. In contrast, our study, which
explored the propensity of a membrane to stretch in plane,
identified differences between EPA- and DHA-containing
samples.
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Finally, these results contribute to the growing theory that
certain changes in protein activity may be due to alterations
of the physical membrane environment surrounding the pro-
tein rather than distinct chemical binding effects of the fatty
acid (5,8,22). FFAs that remodel membranes can alter mem-
brane protein activity in two ways. First, FFAs may be able
to alter the concentration of certain lipids around the pro-
tein. For example, DHA, which has been shown to shift
cholesterol into crystalline nanodomains (18), could soften
the local membrane area or reduce hydrophobic thickness
through the removal of local cholesterol. This removal of
cholesterol and effective softening of a local membrane
environment would, in turn, alter the activity of certain
channel proteins, most obviously mechanosensitive chan-
nels (75–77). Second, membrane remodeling can alter
membrane composition through altering the phase in which
the protein resides (12,20). Toward this possibility, mem-
brane remodeling has been shown to alter membrane protein
domain localization and activity (20,23,51). Both of these
potential mechanisms would change the local mechanical
properties of the membrane surrounding a protein, affect
how much that membrane stretches in response to applied
force, and in turn alter protein activity. By influencing the
activation, enhancement, or sensitization of ion channel
gating, these mechanical changes have the potential to affect
a wide range of physiological responses from synaptic plas-
ticity to cognitive functions.
CONCLUSIONS

Here, we demonstrated the effects of various FFAs on
DOPC, DOPC/cholesterol, and POPC/cholesterol model
membranes. We found that PUFAs generally reduce Kapp

of model membranes. When cholesterol membrane content
is high, we found that the PUFAs EPA and DHA exhibit
different effects on membrane Kapp. This result can possibly
be explained by the presence of cholesterol crystalline nano-
domains, which are expected to be larger in the presence of
DHA compared to EPA. This structural difference may alter
global membrane force transmission, resulting in our
observed differences of membrane Kapp. Overall, our results
demonstrated that FFAs can differentially alter membrane
mechanical properties to an extent that can be measured
via micropipette aspiration and likely sensed by cellular
components, such as membrane proteins, when incorporated
into cellular membranes. The mechanistic understanding of
the nonspecific modulation of membrane-embedded pro-
teins has the potential to decipher the elusive effects of fatty
acids on various membrane proteins and the broader alter-
ation of biological processes.
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SUPPORTING METHODS 

 

Materials 

Lipid peroxidation (MDA) assay, 1,6-diphenyl-1,3,5-hexatriene (DPH), and dipyrrometheneboron 

difluoride cholesterol (BODIPY-cholesterol) were purchased from Millipore Sigma (St. Louis, MO). Triton 

X-100, Nonesterified fatty acid (NEFA HR-2) and Phospholipids-C Fujifilm quantitation kits were 

purchased from Thermo Fisher Scientific (Waltham, MA).  

 

Differential scanning calorimetry  

Differential scanning calorimetry was performed to determine the phase transition temperature of vesicles 

using a Mettler Toledo Polymer DSC measurement system (1). Vesicles were prepared using thin film 

hydration methods and extruded to 100 nm using a mini-extruder (Avanti Polar Lipids (Alabaster, AL)). 30 

L of 20 mM vesicles in water were sealed into an aluminum pan. Scans were performed from -40 to 60ºC 

with a ramp rate of 10 °K/min under helium gas. Phase transition temperatures were determined using the 

Mettler STARe analysis software’s glass transition tool. 

 

Fluorescence Anisotropy 

Membrane anisotropy measurements were performed as described previously (2). 0.5 mM small 

unilamellar vesicles prepared in 300 mOsm PBS containing 0.2 mol% DPH and various compositions of 

DOPC, fatty acid, and cholesterol, were analyzed using an Agilent Technologies Cary Eclipse Fluorescence 

Spectrophotometer with the Automated Polarization Accessory. Fluorescence anisotropy of DPH was 

assessed at the following excitation and emission wavelengths: 360 nm and 435 nm. Fluorescence 

anisotropy (r) was calculated automatically by software provided with the instrument, according to r = (Ivv 

− IvhG) / (Ivv + 2IvhG), where Ivv and Ivh are the intensities of the vertically and horizontally polarized 

components of the fluorescent light, respectively, after excitation with vertically polarized light. G = Ihv/Ihh 

is a grating correction factor for the optical system.  

 

Fatty acid oxidation assays 

Lipid oxidation levels were determined of electroformed samples. The detection of conjugated dienes was 

performed as described previously (3). Immediately following electroformation, 50 L of electroformed 

vesicles were diluted in pure ethanol to 1 mL. Oxidized positive controls were created by heating 

electroformed samples at 60 C for 48 hours. Absorbance was measured at 230 nm using a Cary Eclipse 

spectrophotometer and values were normalized to pure, unoxidized DOPC.  

 



Fatty acid membrane composition assays 

Fatty acid incorporation into electroformed GUVs was determined as described previously (4) using a 

Fujifilm non-esterified fatty acid (NEFA) and phospholipid quantitation kit. Vesicles constructed using 

electroformation techniques were diluted in PBS to bring the fatty acid concentration below the CMC of 

oleic acid (5) to facilitate maximal partitioning of fatty acid into the bilayer and to mimic our micropipette 

aspiration study conditions (4). We then centrifuged our vesicles at 21,000xg for 30 min to pellet the 

vesicles. The supernatant was discarded to remove unincorporated fatty acids and the vesicle pellet was 

resuspended in PBS. We then disrupted the bilayer structure using 1% Triton X-100 and divided each 

sample into two. We incubated our samples with each kit activation reagent and measured non-esterified 

fatty acid and phospholipid concentrations in our vesicles using absorbance at 550 and 600 nm, respectively. 

We constructed standard curves of fatty acids from 0.03 – 1.25 mM and phospholipids from 0 – 10 mM 

and measured absorbance at 550 and 600 nm, respectively after incubating with each kit activation reagent. 

Fatty acid and phospholipid sample concentrations were determined using these standard curves and molar 

ratios were calculated using [FA] / [phospholipid]. Mol% fatty acid was determined in binary mixtures of 

POPC and fatty acid by [FA] / ([FA] + [phospholipid]).  

 

Cholesterol distribution determination 

The cholesterol distribution in ternary mixtures of POPC, cholesterol and fatty acids were performed using 

BODIPY-cholesterol fluorescence microscopy. 0.5 mol% BODIPY-cholesterol was incorporated into lipid 

stocks containing 30 mol% POPC, 45 mol% cholesterol, and 25 mol% OA, EPA, or DHA. Vesicles were 

formed using electroformation and were immediately imaged using DIC phase-contrast and epifluorescence 

using a GFP filter set. To determine if cholesterol incorporates at similar amounts in the presence of 

different fatty acids, the fluorescence intensity in the membranes of GUVs was measured and quantified 

using Nikon eclipse software. Additionally, to determine if cholesterol was evenly distributed between 

different vesicles within each sample, fields containing multiple vesicles were imaged using phase-contrast 

and BODIPY-cholesterol fluorescence.  

 

FRET Domain Disruption Assay 

Fatty acid uptake and domain mixing measured to determine phase behavior of cholesterol-containing 

bilayers. Previous studies have demonstrated that fatty acid treatment leads to relatively even uptake of 

each fatty acid (4). Therefore, by inserting fatty acids into bilayers containing cholesterol domains, the 

phase behavior can be observed by a change in dye behavior. Briefly, Membranes containing 18:1 NBD-

PE and 18:1 Liss-Rhod PE were used to determine surface area of Ld domains. 0.5, 1, 2, and 3 L of 100 

mM non-esterified fatty acid dissolved in ethanol was added to 100 L 10 mM 50 mol% DOPC, 50 mol% 

cholesterol SUVs containing 0.1 mol% total fluorophore, prepared in 300 mOsm PBS, pH 7.4. Bulk Forster 

Resonance Energy Transfer (FRET) ratios were measured in a Molecular Devices Spectra Max i3 plate 

reader. 18:1 NBD PE (donor) and 18:1 Liss-Rhod PE (acceptor) fluorescence were excited using 463 nm 

light and the emission was measured at 517 nm (to determine fdon) and 590nm (to determine Facceptor) 

respectively. FRET ratio is defined at fdon/facc. Using a standard curve of mol% dye vs. FRET ratio, relative 



changes in surface area available to the dyes can be quantified by first calculating the local mol% dye. Then, 

a ratio of local mol% dye in untreated over FA-treated vesicle determines the local surface area available 

to the FRET dyes. When incubated with fatty acids, a large increase in surface area is expected when 

cholesterol domains are disrupted due to the homogenous dye content rather than being isolated to Ld 

domains.  

 

Lipidomics Sample Preparation and Analysis 

Lipidomic analysis was performed to determine membrane compositions during micropipette aspiration 

studies. Giant Unilamelar Vesicles (GUVs) were prepared using identical methods to GUVs prepared for 

micropipette aspiration. GUVs were purified by diluting below the CMC of the fatty acids. Samples were 

flash frozen in glass vials and stored at -80 C prior to mass spectrometry. Lipidomic analysis and 

quantification was performed by the Lipidomics Core Facility at Wayne State University to quantify the 

amount of phospholipid, cholesterol, and non-esterified fatty acid in each sample. Liquid chromatography-

mass (LC-MS) spectrometry was used to quantify these molecules. DOPC and POPC were quantified 

relative to DPPC-d62 standard, cholesterol was quantified relative to cholesterol-d7 standard, oleic acid 

was quantified relative to oleic acid-d17, EPA and DHA were quantified relative to arachidonic acid-d8, 

DHA oxidation was quantified relative to 15-HETE-d8 to measure a range of DHA oxidation analytes X-

hydroxy-5E,7Z,10Z,13Z,16Z,19Z-docosahexaenoic acid (4-HDoHE, 7-HDoHE 8-HDoHE 10-HDoHE 11-

HDoHE 13-HDoHE 14-HDoHE 16-HDoHE 17-HDoHE 20-HDoHE) and X-hydroperoxy-

(4Z,7Z,11E,13Z,16Z,19Z)-docosahexaenoic acid (4-HpDoHE 7-HpDoHE 8-HpDoHE 10-HpDoHE 11-

HpDoHE 13-HpDoHE 14-HpDoHE  16-HpDoHE 17-HpDoHE 20-HpDoHE) and the total amount of 

analyte detected was used to quantify %DHA oxidation. The mol % of phospholipids, fatty acids, and 

cholesterol were determined from the concentrations of each component calculated via LC-MS and are 

reported in Table S1. 

  



SUPPORTING TABLES 

 

Table S1. Lipidomic analysis quantifies membrane compositions used for micropipette aspiration. Giant 

vesicles were prepared and purified using centrifugation to remove unincorporated amphiphiles. Samples 

were analyzed by liquid chromatography-mass spectrometry (LC-MS). In the absence of cholesterol, all 

fatty acids included at 25 mol% in chloroform mixtures with lipids subsequently incorporate similarly into 

DOPC vesicles (to a final concentration of ~6-8 mol %). Additionally, POPC/ cholesterol/ FA mixed at a 

ratio of 30: 45: 25  mol % in chloroform also exhibited similar incorporation of each polyunsaturated fatty 

acid (~ 3 mol %) as well as cholesterol (~10 mol%). Various possible DHA oxidation metabolites were 

quantified and the total mass of metabolites and the total amount of DHA present in the final sample were 

used to calculate % DHA oxidation. Nm indicates samples were not measured. 

 

DOPC/FA samples 

phospholipid 

mol% 

cholesterol 

mol% 

fatty acid 

mol% 

% DHA 

oxidation 

DOPC/ OA 93.5 0.0 6.5 nm 

DOPC/ EPA 94.0 0.0 6.0 nm 

DOPC/ DHA 92.3 0.0 7.7 0.3 

 

POPC/high chol/FA 

samples 

phospholipid 

mol% 

cholesterol 

mol% 

fatty acid 

mol% 

% DHA 

oxidation 

POPC/ chol 92.9 7.1 0.0 nm 

POPC/ chol/ OA 82.1 10.3 7.7 nm 

POPC/ chol/ EPA 86.0 11.1 2.9 nm 

POPC/ chol/ DHA 84.7 11.7 3.5 0.6 

 

  



Table S2. Comparison of phase transition temperatures for vesicles composed of DOPC and 1:1 DOPC 

and cholesterol.  The phase transition temperature remains well below ambient temperature, where 

experiments were carried out. The addition of cholesterol decreases the phase transition temperature.  

 

Sample Ttransition (ºC) 

2 DOPC : 0 Chol -18.89 

1 DOPC : 1 Chol -20.96 

 

  



Table S3. Comparison of kc measurements obtained by the flickering spectroscopy method and 

micropipette aspiration. We compared kc measurements from select samples using the flickering 

spectroscopy method and micropipette aspiration in the low-tension regime. We found that the flickering 

spectroscopy method was more sensitive (6), likely because micropipette aspiration utilizes membrane 

stretching to determine kc while flickering spectroscopy does not use external membrane perturbation but 

both methods produced similar results. We chose to use the flickering spectroscopy method for the majority 

of our compositions for this reason.   

 

 Micropipette aspiration kc (kBT) Flickering spectroscopy (kBT) 

DOPC/ high cholesterol 30.4 +/- 5.5 30.4 +/- 2.6 

POPC/ high cholesterol 64.0 +/- 25 60.5 +/- 5.4 

DOPC/ high cholesterol/ DHA 27.0 +/- 9.9 37.6 +/- 3.2 

DOPC/ high cholesterol/ EPA 40.7 +/- 18.9 33.4 +/- 4.3 

DOPC/ high cholesterol/ OA 50.4 +/- 13 20.8 +/- 2.1 

 

  



SUPPORTING FIGURES 

 

Supplemental Figure S1: Spectroscopic analysis of fatty acid oxidation. Fatty acid oxidation is minimal 

for PUFAs in our experimental conditions. A) Fatty acid oxidation, measured by conjugated diene presence, 

is low after electroformation. Immediately following electroformation, conjugated dienes were detected in 

samples containing only DOPC (no FA), 75 mol% DOPC/ 25 mol% OA (OA), and 75 mol% DOPC/ 25 

mol% DHA (DHA) using absorbance at 230 nm in ethanol. Relative conjugated diene absorbance is 

reported with values normalized to DOPC, as DOPC is expected to be the most resistant to oxidation. We 

found that minimal oxidation occurred compared to samples subject to extreme heat and high levels of 

oxidation (ox CT).  B) GUV samples are colorless after electroformation. Samples were photographed to 

demonstrate that they remained clear indicating that electroformed samples are minimally oxidized 

compared to oxidized samples which were brown.  

 

 

 

 



  

Supplemental Figure S2: Sample micropipette aspiration stress/ strain curve. Micropipette aspiration 

involves aspirating a vesicle at small intervals ~2 cm H2O and observing a change in area within the pipette 

tip. Kapp is calculated from the rate of change of the stress () (equation S1) and the strain () (equation S2) 

in the high-tension regime, or the slope of this line. 

𝜎 =
ΔP∗Rv∗𝑅𝑝

𝑅𝑣−𝑅𝑝
  (mN/m or dyne/cm)          (S1) 

𝛼 =
Δ𝐴

𝐴(𝑜)
  (unitless)            (S2) 

Where P is the change in pipette pressure, and Rv and Rp are the vesicle and pipette radius, respectively. 

A is change in vesicle area within the pipette, A(o) refers to the original vesicle area within the pipette.  

 

 

 

  



 

 

Supplemental Figure S3: Fatty acid incorporation amounts differ based on fatty acid identity. In order 

to confirm our membrane compositions after electroformation, we measured FA integration using 

phospholipid and fatty acid quantification kits. We mixed stock solutions containing 25 mol% fatty acid 

and 75 mol% DOPC in chloroform and created lipid films by removing solvent. The films were rehydrated 

in 300 mOsm sucrose and were subjected to electroformation to form GUVs. After electroformation, we 

diluted our GUVs below the fatty acid critical micelle concentration in PBS, pH 7.4, to mimic our 

micropipette aspiration conditions. We removed unincorporated fatty acids by centrifuging and removing 

the supernatant and measured the concentration of each class of amphiphile. As a control, we analyzed 

samples containing pure DOPC, which were found to not contain any fatty acids. We chose to analyze oleic 

acid (OA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) because we focus the majority 

of our studies on these three fatty acids. We found that OA was present at 15 mol% while EPA and DHA 

were present at 5 mol%.   
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Supplemental Figure S4: Fatty acids increase membrane fluidity. Anisotropy studies were conducted 

with DOPC vesicles constructed from lipid stocks containing 25 mol% fatty acid and 0.2 mol% 1,6-

Diphenyl-1,3,5-hexatriene (DPH) in 300 mOsm PBS, pH 7.4. n=3, P-values were generated by ANOVA 

using Dunnett’s multiple comparisons test compared to no FA. **** p ≤ 0.0001, ** p ≤ 0.01, * p ≤ 0.05, 

non-significant (ns) p > 0.5. Error bars represent standard error of the mean.   
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Supplemental Figure S5: FRET standard curve used to calculate relative surface area changes in 

vesicles. Increasing concentrations of equimolar 18:1 NBD PE and 18:1 Liss Rhod PE were added to 10 

mM DOPC vesicles. The FRET ratio (fdon/facc) demonstrates the energy transfer efficiency of the dyes at 

different concentrations. FRET studies were conducted in PBS, pH 7.4.  
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Supplemental Figure S6: In the absence of domains, EPA and DHA affect vesicle surface area 

similarly. When EPA and DHA are added to 25 mol% chol, 75 mol% DOPC vesicles, EPA and DHA 

exhibit similar changes in vesicle surface area, unlike vesicles that exhibit phase behavior (Fig 3C).  

Vesicles were prepared with different concentrations of equimolar 18:1 NBD PE and 18:1 Liss Rhod PE. 

The FRET ratio (fdon/facc) is used to measure energy transfer efficiency between the dyes after fatty acid 

addition. n=3, FRET studies were conducted in in 300 mOsm PBS, pH 7.4. Error bars represent standard 

error of the mean.  
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Supplemental Figure S7: Determination of membrane fatty acid composition in ternary mixtures 

with POPC and cholesterol. A) In order to confirm our membrane compositions of ternary mixtures of 

membranes constructed from lipid stocks containing 30 mol% POPC, 45 mol% cholesterol, and 25 mol% 

fatty acid, we used a phospholipid and a fatty acid quantitation kit to determine the mol% of each 

component. Molar ratios were calculated by dividing the concentration of fatty acid by the phospholipid 

concentration. POPC and cholesterol only (no FA) demonstrates the specificity of the free fatty acid kit to 

not detect phospholipids or cholesterol. OA, EPA, and DHA represent samples prepared from stocks 

containing 25 mol% of each respective fatty acid. Fatty acid and phospholipid concentrations were 

calculated from standard curves of phospholipid (B), and oleic acid (C).  
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Supplemental Figure S8: Cholesterol is similarly incorporated into membranes containing different 

fatty acids. A) BODIPY-cholesterol images demonstrate similar incorporation of cholesterol in vesicle 

populations. BODIPY-cholesterol was incorporated into 30 mol% POPC, 45 mol% cholesterol, 25 mol% 

fatty acid lipid stocks and GUVs were formed using electroformation techniques. Epifluorescence images 

are false-colored in cyan and show BODIPY-cholesterol fluorescence at the membrane of all vesicles 

containing either no FA, OA, EPA, or DHA, scale bar = 50 m. B) BODIPY-cholesterol fluorescence 

intensity values reveal no significant difference in cholesterol incorporation between membrane 

compositions. BODIPY-chol membrane fluorescence was calculated for 12 defect-free vesicles in each 

population and reported as single values. The center black line indicates mean fluorescence intensity. Error 

bars represent standard deviation, n=12. P values were generated by ANOVA using Dunnett’s multiple 

comparisons test compared to no FA, non-significant (ns) P > 0.5.   

  



 

Supplemental Figure S9. Melting temperature of membranes is below ambient temperature and a phase 

transition is not expected during aspiration measurements (Table S1). DSC thermogram for pure DOPC 

(2 DOPC: 0 chol ) and 50 mol% chol, 50 mol% DOPC (1 DOPC: 1 chol) vesicles. Curves have been 

corrected using a water control.  
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Supplemental Figure S10: DHA increases the fluidity of membranes containing cholesterol. 

Decreased fluorescence anisotropy occurs with increased membrane fluidity as observed in membranes 

containing DHA. Anisotropy studies were conducted with vesicles constructed from lipid stocks containing 

50 mol% chol, 50 mol% DOPC (no FA) or 25 mol% FA, 50 mol% chol, 25 mol% DOPC and 0.2 mol% 

1,6-Diphenyl-1,3,5-hexatriene (DPH) in 300 mOsm PBS, pH 7.4, n=3 independent vesicle preparations 

were measured. P-values were generated by ANOVA using Dunnett’s multiple comparisons test compared 

to no FA. **** p ≤ 0.0001, non-significant (ns) p > 0.5. Error bars represent standard error of the mean.   
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