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ABSTRACT: In-plane lipid organization and phase separation in
natural membranes play key roles in regulating many cellular
processes. Highly cooperative, first-order phase transitions in model
membranes consisting of few lipid components are well understood
and readily detectable via calorimetry, densitometry, and fluores-
cence. However, far less is known about natural membranes
containing numerous lipid species and high concentrations of
cholesterol, for which thermotropic transitions are undetectable by
the above-mentioned techniques. We demonstrate that membrane
capacitance is highly sensitive to low-enthalpy thermotropic
transitions taking place in complex lipid membranes. Specifically,
we measured the electrical capacitance as a function of temperature
for droplet interface bilayer model membranes of increasing
compositional complexity, namely, (a) a single lipid species, (b)
domain-forming ternary mixtures, and (c) natural brain total lipid extract (bTLE). We observed that, for single-species lipid
bilayers and some ternary compositions, capacitance exhibited an abrupt, temperature-dependent change that coincided with the
transition detected by other techniques. In addition, capacitance measurements revealed transitions in mixed-lipid membranes
that were not detected by the other techniques. Most notably, capacitance measurements of bTLE bilayers indicated a transition
at ∼38 °C not seen with any other method. Likewise, capacitance measurements detected transitions in some well-studied
ternary mixtures that, while known to yield coexisting lipid phases, are not detected with calorimetry or densitometry. These
results indicate that capacitance is exquisitely sensitive to low-enthalpy membrane transitions because of its sensitivity to changes
in bilayer thickness that occur when lipids and excess solvent undergo subtle rearrangements near a phase transition. Our findings
also suggest that heterogeneity confers stability to natural membranes that function near transition temperatures by preventing
unwanted defects and macroscopic demixing associated with high-enthalpy transitions commonly found in simpler mixtures.

■ INTRODUCTION

The lipid raft hypothesis posits that the lateral organization of
lipids in cell membranes plays an important role in processes
such as protein sorting, signaling, exocytosis and endocytosis,
membrane−protein organization and function, and the attach-
ment and coordination of cytoskeletal filaments.1−6 To date,
much is known about the fundamental phase behaviors of lipids
and the thermotropic transitions of membranes composed of
one or a few types of lipids. In these simplified model systems,
researchers have established the thermodynamics and ener-
getics associated with different lipid phase transitions. These
range from chain-melting transitions in single-component lipid
bilayers to miscibility transitions in multicomponent lipid
mixtures. The latter include the coexistence of liquid-ordered
(Lo) and liquid-disordered (Ld) phases in certain three- and
four-component mixtures containing cholesterol that are often

used to model the eukaryotic plasma membrane.1 However,
natural cell membranes are composed of tens to hundreds of
different lipid species,7 and it remains unclear how this extreme
heterogeneity affects the spatial organization of species in the
plasma membrane. Although a number of studies have
examined the thermotropic behaviors of prokaryotic (myco-
plasma Acholeplasma ladlawii or E. coli) membranes and
membrane extracts,8−14 there are few reports of phase and
miscibility transitions in cholesterol-containing eukaryotic lipid
membranes.15

Specific capacitance (CM), defined as the electrical
capacitance per unit area, is an intrinsic membrane property
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that is proportional to the bilayer dielectric permittivity and
inversely proportional to its thickness. Because the acyl chain
composition and orientation in the membrane affect the
permittivity and thickness, CM is directly influenced by the
membrane composition and thermotropic phase. Although
many studies have shown that electrical capacitance is sensitive
to thermally induced lipid phase transitions in single-
component model membranes,16−21 few capacitance measure-
ments have been reported for lipid mixtures. Langner et al. used
capacitance measurements and electron spin resonance spec-
troscopy to detect a suspected phase transition in a bilayer
assembled from red blood cell total lipid extract.15 However,
they did not discuss the mechanism of the associated transition
or the sensitivity of capacitance measurements to the transition.
In other work, Naumowicz and Figaszewski measured the
specific capacitance of membranes formed from binary mixtures
of phosphatidylcholine (PC) and small molecules.22−27

However, the scope of the authors’ studies did not consider
temperature-induced changes in the membrane structure or
thermotropic phase. To our knowledge, capacitance measure-
ments have not been conducted on three- or four-component
cholesterol-containing mixtures that have recently gained
attention as tractable models for phase separation and lipid
raft formation across a range of length scales.28 As such, there is
yet untapped potential to use capacitance measurements for
examining thermal transitions occurring in multicomponent
membranes that more closely reflect the lipid heterogeneity
found in cells.
Studying the phase behavior in complex mixtures is a difficult

task, and a variety of different tools and methods are needed to
perform such studies. Nuclear magnetic resonance (NMR),
small-angle neutron scattering (SANS), and atomic force

microscopy (AFM) have been used to study phase transitions
in single-component29 and ternary-phase separating membrane
systems.30,31 However, there are notable limitations to these
approaches. 2H NMR and SANS investigation of phase
separation require that at least one lipid type be selectively
perdeuterated,30,31 and it is difficult to achieve such selective
perdeuteration32 in complex mixtures and total lipid extracts
that contain many lipid types. AFM has been used extensively
to image phase separation in lipid bilayers formed by vesicle
deposition onto solid surfaces. Unfortunately, solid-supported
membranes often exhibit defects33 (i.e., incomplete surface
coverage) and altered physical properties34−37 compared to
aqueous vesicle membranes and freestanding lipid bilayers.
Thus, there exists significant opportunity for capacitance
measurements to complement these approaches to studying
membrane phase behaviors.
Here, we present measurements of the temperature-depend-

ent electrical capacitance in planar bilayers composed of
synthetic single- or three-component lipid mixtures or natural
brain total lipid extract (bTLE). We used the droplet interface
bilayer (DIB) technique38 to construct stable lipid bilayers
between lipid-coated water droplets immersed in alkane oil.
DIBs are well suited for this study because they allow
independent measurements of nominal membrane capacitance
and the bilayer area (i.e., contact area between two droplets),
thereby enabling a precise determination of CM.

39,40 Our
experiments with single-component DIBs confirm the findings
of previous reports on homogeneous bilayers formed in the
presence of excess alkane solvent,16−21 namely that capacitance
measurements can detect the phase transitions of saturated
lipid membranes at the same temperatures as those assessed on
oil-free liposomes using methods such as differential scanning

Figure 1. Phase transitions in droplet interface bilayers (DIBs) revealed by electrical capacitance measurements. (A) Schematic illustration of DIB
formation. (B) Image of DIB formation at the interface between two contacting water droplets suspended in alkane solvent. Each droplet contains
large unilamellar vesicles of the desired bilayer composition that spontaneously adsorb to the oil/water interface to form a monolayer. (C−E)
Representative capacitance vs temperature (C−T) curves obtained while cooling DIBs formed from different lipid compositions as indicated in the
legends. Ternary compositions in (E, H) were DSPC/DOPC/Chol or DSPC/POPC/Chol at 39/39/22 mol %. Arrows with circular end points
indicate the starting temperature, and transition regions are enclosed by dashed boxes. For (D) and (E), bilayer rupture is indicated by an X, and
traces were selected that show the full capacitive response (without rupture) between local maxima and minima. Alkane solvents: C10 (DMPC),
C12 (DPPC), C14 (DSPC), and C16 (DOPC, DPhPC, ternary mixtures). (F−H) Excess molar heat capacity vs temperature obtained from DSC
measurements of MLVs in water. Both C−T and DSC curves are offset vertically for clarity.
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calorimetry. However, for the first time we find that capacitance
measurements of bilayers containing mixtures of synthetic or
natural lipids reveal subtle, temperature-dependent lipid
rearrangements that are not detected by the other techniques
mentioned. Our results also show the mechanism that imparts
the extraordinary sensitivity of capacitance measurements to
phase transitions as being the result of an entropically driven
reorganization of both the lipids and residual alkane solvent in
the membrane.

■ RESULTS
Capacitance measurements were performed at temperatures
between ambient (∼25 °C) and 60 °C on single- and
multicomponent DIBs. Single-component systems included
saturated DMPC, DPPC, and DSPC bilayers (see Methods and
Materials for details), which undergo well-characterized first-
order chain-melting transitions (TM) in the temperature range
studied herein.41 As controls, we examined DOPC and DPhPC
bilayers, which melt at −17.3 °C29 and <−120 °C,42

respectively, and therefore remain in a liquid-crystalline phase
in our experiments. We also examined synthetic lipid bilayers
formed from ternary mixtures composed of a high-melting lipid
(saturated DPPC or DSPC), a low-melting lipid (unsaturated
POPC or DOPC, or highly-branched DPhPC), and cholesterol
(Chol). These mixtures separate into liquid-ordered (Lo) and
liquid-disordered (Ld) phases below a miscibility transition
temperature, Tmisc, as observed previously.31,43−45 Finally, we
characterized the temperature-dependent capacitance of DIBs
assembled from bTLE, a natural lipid mixture whose
thermotropic behavior is less well studied. Like the ternary
models that mimic raft formation, bTLE is rich in high-melting
lipids (most notably, sphingomyelins), low-melting mixed-chain
lipids, and cholesterol (see SI Figure S2 for the bTLE acyl chain
composition). In parallel with these measurements on planar
lipid bilayers, we characterized multilamellar vesicles (MLVs)
formed from the same lipid compositions using differential
scanning calorimetry (DSC), pressure perturbation calorimetry
(PPC), and densitometry.
Electrical Capacitance Is Sensitive to Lipid Melting

and Miscibility Transitions. For single-component saturated
and ternary mixed membranes, we found that stable DIBs
formed only when the droplets were connected in a reservoir of
oil at a temperature above TM or Tmisc. This finding is
consistent with a previous report that contacting droplets will
coalesce unless monolayer assembly can occur at a temperature
above TM.

46 After incubating two 300 nL droplets at elevated
temperature (50−60 °C), the droplets were brought into
contact to facilitate the spontaneous formation of a lipid bilayer
(Figure 1A,B). An additional 3−5 min was allowed for the

capacitance and area of the bilayer to equilibrate before
commencing capacitance measurements as a function of
temperature (cooling and heating cycles).
Figure 1C−E shows representative capacitance-temperature

(C−T) responses obtained from different synthetic lipid DIB
compositions, where C/C0 is the nominal bilayer capacitance
(C) normalized by its initial value (C0) measured in the heated
state. Representative DSC thermograms are shown in the lower
panel of Figure 1F−H. PPC and densitometry results are
included in the Supporting Information (Figure S1). The
temperature-dependent capacitance of single-component mem-
branes displayed one of two main characteristic responses (i.e.,
linear or nonlinear), depending on whether the membrane was
cooled through TM. The nominal capacitance of DPhPC and
DOPC membranes increased monotonically with decreasing
temperature and reversibly decreased upon heating, as shown in
Figure 1C. In contrast, the capacitance did not increase
monotonically for single-component DIBs formed from
saturated DMPC, DPPC, and DSPC lipids (Figure 1D).
Instead, cooling these bilayers resulted in a three-part response:
(a) capacitance first increased from its value in the heated state
to a local maximum value at lower temperature; (b) cooling
below this temperature caused the capacitance to decrease to a
local minimum; and (c) further cooling caused the capacitance
to increase again before spontaneous bilayer rupture and
droplet coalescence occurred. Indeed, we found that saturated
lipid bilayers ruptured once the temperature was decreased
below TM (n > 3 for each composition). Similar instability of
single-component planar lipid bilayers has been observed by
others.20,47 The midpoint, end points, and width of the
transition region (indicated by dashed boxes in Figure 1D) are
reported in Table 1. For each saturated lipid, the midpoint of
the local maximum and minimum in the C−T curve coincides
with TM obtained from DSC measurements (Figure 1G). The
agreement between the transition temperatures obtained from
capacitance measurements of planar bilayers formed in the
presence of alkane solvent and from DSC of solvent-free
liposomes indicates that the chain-melting transition of
saturated lipid bilayers was not significantly affected by residual
solvent in the DIB. (Refer to the Figure 1 caption for solvent
types.)
We next examined the thermotropic response of DIBs

formed from ternary lipid mixtures DSPC/DOPC/Chol and
DSPC/POPC/Chol, both of which are known to undergo a
temperature-dependent miscibility transition. C−T responses
obtained while cooling these DIBs (Figure 1E) exhibited
transitions that were qualitatively similar to those seen in
saturated single-component bilayers, with a local maximum and
minimum in capacitance. As with saturated lipid DIBs, the

Table 1. Capacitive Transition Temperature Limits and Widths for DIBs with Varying Lipid Compositions

lipid Tlower/Tupper (°C) ΔT (°C) TM (°C) TM
c (°C)

DPhPC <−12042

DOPC −1829

DMPC 23/25 2 24 23.9/23.741,50

DPPC 41/43 2 42 41.441

DSPC 53/56 3 54−55 55.341

DSPC/DOPC/Chola 37/46 9 41−42 40−5045

DSPC/POPC/Chola 43/49 8 46 40−5045

DPPC/DPhPC/Cholb 26/32 6 29 28−3331

bTLE 35/42 7 38−39 not known
a39/39/22 mol %. b20/50/30 mol %. cFrom the literature.
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ternary DIBs ruptured within minutes after the temperature
decreased below the apparent transition temperature (n = 3 for
each composition). The transitions observed in DIB C−T
curves with the DSPC-based ternary mixtures occur at
temperatures that agree with values of Tmisc obtained from
SANS45 and fluorescence imaging31 of solvent-free, phase-
separated vesicles and planar lipid bilayers48,49 containing
residual solvent. This agreement suggests that the non-
monotonic changes in bilayer capacitance near 45−50 °C are
caused by the lateral reorganization of lipids and that the
presence of hexadecane (C16) in the bilayer does not
significantly affect this miscibility transition. The agreement
between transition temperatures obtained from capacitance
measurements (Table 1) and Tmisc determined from small-angle
neutron scattering data45 is consistent with previous reports of
similar phase behavior in planar and solvent-free ternary bilayer
mixtures48,49 and suggests that the nonmonotonic changes in
bilayer capacitance near 45−50 °C are caused by the lateral
reorganization of lipids.
Low-Enthalpy Transitions in Synthetic and Natural

Model Membranes. Figure 2A shows C−T traces for DIBs

formed from either bTLE or DPPC/DPhPC/Chol 20/50/30
mol %, a ternary mixture whose phase behavior has been
extensively characterized with fluorescence microscopy and 2H
NMR.31,48,51 For both mixtures, C−T curves shown in Figure
2A showed a transition upon cooling. The transition temper-
ature range for the DPPC/DPhPC/Chol DIB (Figure 2A,
dashed orange box) agrees with the miscibility temperature
ranges reported for planar bilayers48,49 and solvent-free giant
unilamellar vesicles (GUVs)31 of the same composition. Unlike
the ternary DSPC/DOPC/Chol and DSPC/POPC/Chol lipid
mixtures (Figure 1E), DIBs formed from bTLE or DPPC/
DPhPC/Chol remained intact upon cooling to ambient
temperature and subsequent reheating. This stability enabled
the measurement of a full C−T loop (Figure 2A), including the
observation of a change in the slope of C vs T during the

heating leg. The similar capacitive response of bTLE and a
ternary domain-forming mixture strongly suggests that the
natural mixture undergoes a lateral lipid reorganization between
35 and 42 °C.
Initial attempts to form bTLE DIBs at room temperature

were unsuccessful because the droplets coalesced immediately
upon contact. This observation suggests that sufficient
monolayer assembly at the surfaces of the droplets was not
achieved at room temperature. However, like DIBs assembled
from DPPC or E. coli total lipid extract,46 long-lasting bTLE
bilayers were readily formed after 2 to 3 min of monolayer
assembly at temperatures between 45 and 60 °C. The fact that
bTLE DIB formation was unsuccessful at room temperature,
but enabled by heating, also suggests that bTLE undergoes a
lateral lipid reorganization between 35 and 42 °C and exists in a
disordered fluid phase at higher temperatures.
DSC thermograms of DPPC/DPhPC/Chol liposomes

(Figure 2B) showed no indication of the previously reported
miscibility transition31,48 to which we attribute the ternary DIB
C−T transitions shown in Figure 2A. bTLE thermograms were
similarly featureless, and indeed DSC, PPC, and density
measurements (Figure 2B and Figure S1) all produced curves
resembling those of single-phase membranes. These featureless
thermograms indicate that the miscibility transitions of both
DPPC/DPhPC/Chol (20/50/30 mol %) and the natural bTLE
mixture are low-enthalpy transitions, i.e., ΔH ≈ 0, and
potentially of a higher order.

bTLE Membranes Do Not Undergo a First-Order
Phase Transition. To better understand the nature of the
low-enthalpy capacitive transition observed in bTLE DIBs, we
used fluorescence microscopy of GUVs and fluorescence
resonance energy transfer (FRET) spectroscopy of LUVs to
interrogate the size of phase domains. Figure 3 shows
fluorescence micrographs of GUVs formed from DSPC/
DOPC/Chol 39/39/22 mol % (Figure 3A), DSPC/POPC/
Chol 39/39/22 mol % (Figure 3B), and bTLE (Figure 3C).
Trace quantities of the fluorophores naphthopyrene (blue
channel, Lo phase marker) and C12:0-DiI (red channel, Ld
phase marker) allowed the visualization of coexisting Lo and Ld
phases, respectively.52 In the DSPC/DOPC/Chol mixture,
large phase-separated domains were clearly visible (Figure 3A).
In contrast, GUVs composed of either DSPC/POPC/Chol 39/
39/22 mol % or bTLE (Figure 3B,C) appeared homogeneous
with no visible phase separation. Despite their apparent
uniformity on the micrometer length scale, the lack of visible
domains does not rule out the possibility of domains with sizes
below the resolution limit of standard optical microscopy, i.e.,
<200 nm.
To investigate these mixtures on the nanoscopic length scale,

we used FRET spectroscopy with 100 nm LUVs. FRET
between fluorescent lipid analogs has been successfully used to
detect domains as small as ∼5 nm in lipid mixtures.53−56 Figure
3D−F shows the sensitized acceptor emission under conditions
of donor excitation (steady-state probe-partitioning FRET56)
for a system with three probes comprising two energy-transfer
pairs, i.e., DHE, which partitions favorably into cholesterol-rich
Lo phases, and BoDIPY-PC and C12:0-DiI, which partition
into disordered Ld phases.54 Depending on the spatial
proximity of these probes, excited-state DHE can transfer
energy to BoDIPY-PC, and excited-state BoDIPY-PC can in
turn transfer energy to DiI. In a phase-separated bilayer, the
spatial segregation of DHE and BoDIPY-PC leads to a
reduction in FRET efficiency for this donor/acceptor pair,

Figure 2. Low-enthalpy phase transitions revealed by electrical
capacitance measurements. (A) C−T curves obtained while cooling
DPPC/DPhPC/Chol (20/50/30 mol %) and bTLE DIBs (C16 alkane
solvent). Arrows with circular end points indicate the starting point of
the cooling leg, and the dashed arrow indicates the cooling leg of the
response. Transition regions are enclosed by dashed boxes. (B) Excess
molar heat capacity of lipid vesicles dispersed in water.
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whereas the colocalization of BoDIPY-PC and DiI leads to an
increase in energy transfer. This phenomenon is easily seen for
ternary mixtures DSPC/DOPC/Chol and DSPC/POPC/Chol
(Figure 3D,E). For both mixtures, FRET of the DHE/BoDIPY-
PC pair decreased as the temperature was lowered below Tmisc,
whereas FRET for the BoDIPY-PC/DiI pair increased,
consistent with previous reports for these mixtures.53−55

Moreover, the upper miscibility temperature from FRET
spectra (44 °C for DSPC/DOPC/Chol, 43 °C for DSPC/
POPC/Chol) falls within 3−6 °C of the Tupper value obtained
from DIB C−T curves (Table 1). In contrast, FRET in the
bTLE mixture does not show abrupt changes for either probe
pair (Figure 3F), suggesting that this mixture is laterally
homogeneous on the >5 nm length scale.
DIB Capacitance Is Sensitive to Alkane Solvent

Reorganization at the Phase Transition. To elucidate the
physical mechanisms underlying the capacitive transition
observed in DIBs, we performed specific capacitance and
electrowetting measurements. Results from these measure-
ments are found in Figures 4 and 5, respectively.
In contrast to the monotonic behavior observed for fluid-

phase DPhPC/hexadecane, the specific capacitance of the
bTLE/hexadecane DIB showed nonlinear behavior that
resembled the cooling leg of its nominal C−T curve (Figure
2A). CM first increased monotonically to a local maximum upon
cooling from 60 to 43 °C, followed by a decrease to a local
minimum at 39 °C and then another monotonic increase upon
further reduction in temperature. For both bTLE and DPhPC,
the overall trend is a decreasing specific capacitance with
increasing temperature (Figure 4A). Because the bilayer
hydrocarbon thickness dHC is inversely proportional to CM,
this result indicates that heating thickens the DPhPC
membrane. The observed heating-induced thickening is
consistent with the trend observed on glycerol monooleate
bilayers formed in the presence of alkanes;18,57 however, it is
opposite to the trend found for DPhPC (and indeed all fluid-
phase glycerophospholipids) in solvent-free liposomes, where
increased temperature results in a larger area per lipid and a
smaller hydrophobic thickness.58

We then assembled and characterized bTLE DIBs in
heptadecane (C17), a longer-chain alkane expected to yield

reduced solvent content in the bilayer,59,60 to better understand
the role of the alkane solvent. Upon cooling these DIBs, CM
initially increased rapidly from 0.39 μF/cm2 at 60 °C to 0.62
μF/cm2 at 45 °C (Figure 4A), at which point the droplets
became highly adhesive, an indication of high energy of
adhesion (Figure S5). Below 45 °C, the bilayer area and
capacitance were not easily altered by adjusting the position of
the two droplets relative to each other, as could be done for the
same bilayer at higher temperatures (or for fluid-phase DIBs, in
general39,40). The inability to mechanically induce changes in
membrane capacitance or area at T < 45 °C suggests that CM
reached a stable maximum value of 0.615 μF/cm2 and

Figure 3. Phase domains are not detected in bTLE by microscopy or FRET. (A−C) Images obtained from fluorescence microscopy experiments
used to determine the phase separation in DSPC/DOPC/Chol (39/39/22 mol %) (A), ternary DSPC/POPC/Chol (39/39/22 mol %) GUVs (B),
and bTLE GUVs (C). GUV images were obtained at ambient temperature. Dyes: C12:0 DiI (red, prefers the Ld phase) and naphthopyrene (blue,
prefers the Lo phase). Probe/lipid ratios were 1:1500 and 1:3000, respectively. (D−F) Results of a FRET-miscibility assay for thermotropic phase
separation and miscibility transitions in mixtures of (D) DSPC/DOPC/Chol (39/39/22 mol %), (E) DSPC/POPC/Chol (39/39/22 mol %), and
(F) bTLE.

Figure 4. Capacitive transition in DIBs is influenced by alkane solvent.
(A) Specific capacitance, CM, was measured at various temperatures
with DPhPC and bTLE DIBs formed in hexadecane (C16) or
heptadecane (C17). (B) Normalized nominal C−T curves from bTLE
DIBs in C16 (same as in Figure 2) or C17 mimic the CM−T responses
in (A). Differences are noted at T < TM (local max/min vs plateau
upon cooling below 44 °C), which are related to the effects of the lipid
phase transition on alkane solvent solubility and organization in the
bilayer. See Figures 1 and 2 for definitions of arrows and dashed boxes.
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consequently a minimum dHC value of 31.7 Å, consistent with
the notion of nearly complete exclusion of the alkane solvent at
lower temperatures.
Figure 4B shows nominal C−T curves for bTLE bilayers in

C16 and C17 solvent. For both bilayers, cooling initially caused
an increase in capacitance until the phase transition was
reached, which we attribute to a decrease in solvent content.
For bTLE/C16, the capacitance then decreased from a local
maximum to a local minimum (also seen in CM measurements
shown in Figure 4A) as a result of an increase in the bilayer
hydrophobic thickness. In contrast, bTLE/C17 bilayers showed
a plateau in C−T and CM−T curves below 44 °C. Together,
these results suggest that specific capacitance changes for
bTLE/C16 are due to solvent reorganization (as opposed to a
change in individual lipid area or length), whereas CM values for
bTLE/C17 DIBs indicate that the membrane contains less
solvent below the transition. This interpretation is also
consistent with DSC and density measurements that show
only smooth, gradual changes in the ensemble-average lipid
geometry (i.e., continuous excess specific heat that is directly
proportional to the lipid volume, area, and length61,62) in
solvent-free bTLE vesicles.
The presence of excess oil in the membrane was further

revealed by examining membrane responses to dc bias voltages.
It has previously been shown that the application of an electric
field can remove excess solvent from planar bilayers through
electrostriction63,64 and enlarge the area of contact between
adhesive droplets via electrowetting.40 The presence of oil in
the membrane hydrophobic core makes it more compressible64

and, because of its higher resting tension, causes a greater
electrowetting sensitivity.40 Nominal capacitance follows a
quadratic dependence on applied voltage, described by64

α= +C V C V( ) (1 )0 EW
2

(1)

where C0 is the nominal capacitance with zero electric field and
αEW is a constant quantifying the sensitivity of capacitance to
the applied voltage, V. The bilayer area and specific capacitance
follow quadratic relationships similar to voltage,

β= +A V A V( ) (1 )0 EW
2

(2)

= +C V C B V( ) (1 )M M,0 EC
2

(3)

where βEW represents the strength of the electrowetting-
induced area change, BEC describes the strength of the
electrocompression-induced changes in specific capacitance,
and A0 and CM,0 are the zero-bias values.64

Figure 5A,B shows the electrowetting and electrocompres-
sion constants (αEW, βEW, and BEC) for bTLE DIBs formed in
C16 and C17 solvent. While αEW and βEW are determined from
measurements of C and A, BEC is calculated simply as BEW =
αEW − βEW (eq 4).64 Further details regarding the measurement
of αEW, βEW, and BEC are found in the Supporting Information.
bTLE/C16 exhibits a local maximum and minimum in αEW
between 39 and 45 °C, with nonzero BEC implying the presence
of compressible solvent-rich regions in the bilayer both above,
within, and below the phase transition. In striking contrast, BEC
(and αEW and βEW) values reduced to nearly zero in bTLE/C17
DIBs cooled from 50 to 40 °C, which is confirmation that
solvent was completely excluded from the bilayer upon cooling
through the phase transition. This finding is consistent with the
observed high energy of adhesion between droplets (adhesion
energy and contact angles correlate with solvent exclusion60)
and the observed plateau in CM and nominal C for bTLE in
C17 at T < 45 °C (Figure 4A,B).

■ DISCUSSION
Capacitance Measurements Detect Lipid Phase

Transitions in DIBs. We have shown that saturated single-
component and three-component DIBs exhibit nonlinear
changes in capacitance (nominal C and specific CM) at
temperatures that correspond to known phase transitions. In
these systems, abrupt changes are also observed in DSC, PPC,
and densitometry measurements of solvent-free liposomes.
Such changes are consistent with a first-order phase transition
in which the lipid geometry (i.e., volume, area, and length)
changes in a manner that is proportional to the transition
enthalpy.61,62 By analogy to these well-studied systems, we
propose that the capacitance changes observed in natural bTLE
membranes near 40 °C (Figure 2A) mark the onset of a lipid
miscibility transition. Remarkably, other techniques were
unable to resolve this transition, which appears to be higher
order given the continuity of order parameters (molar volume/
density, enthalpy, and related lipid geometry) measured as a
function of temperature. Such higher-order transitions are
found near critical points, including those associated with
critical opalescence in binary mixtures, where matter exists
simultaneously in different states that are difficult to distinguish
from one another (i.e., vapor↔ liquid or Lo↔Ld lipid), thus
resulting in a single unique state for the entire phase.65,66

Visual evidence of phase separation GUVs or planar bilayers
composed of DPPC/DPhPC/Chol,31,48,49 combined with
results from deuterium NMR31 and the new evidence presented
herein of a capacitive transition in planar bilayers formed from
the same lipid composition, collectively support the idea that a
morphological transition takes place in DPPC/DPhPC/Chol
membranes, despite a near-zero enthalpy change (tested herein

Figure 5. Electrowetting responses confirm the bTLE phase transition
and alkane solvent effects. (A, B) constants (refer to text and
equations) were measured at various temperatures while cooling bTLE
DIBs in C16 or C17 alkane. The constants serve as an indicator of the
sensitivity of the membrane to voltage-induced areal expansion (βEW)
and thinning (BEC), both of which contribute to the total capacitive
electrowetting response (αEW). (B) shows the inset from (A) with
scaled axes to allow the visualization of low-temperature behavior.

Langmuir Article

DOI: 10.1021/acs.langmuir.7b02022
Langmuir 2017, 33, 10016−10026

10021

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02022/suppl_file/la7b02022_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.7b02022


with a 20/50/30 mol % composition). In this regard, it is
interesting to consider the possibility that other low-enthalpy
transitions exist in biomembranes, previously unmeasured by
calorimetric-, density-, or molar-volume-based measurements
but that can now be investigated with capacitance measure-
ments.
Mechanism of Phase-Transition-Induced Capacitance

Changes in DIBs. The qualitatively different capacitance
behavior in DIBs compared to liposomes can be understood by
considering the contribution from alkane molecules and their
thermodynamically governed solubility in the bilayer hydro-
phobic region.67 It is well known that the formation of an
adhesive lipid bilayer between lipid-coated droplets is entropi-
cally driven. The formation of adhesive bilayer interfaces is
driven by the combined favorability of greater lipid−lipid
interactions occurring in a solvent-depleted region and the
reduced level of organization imposed on the solvent as it exits
the bilayer region and joins the bulk solvent.68 As a result,
subtle changes in the amount or organization of solvent in the
membrane can be of low-enthalpy origin and yet still
measurable via capacitance. Moreover, the relative solubility
of the solvent in the lipid acyl chains dictates how much solvent
can remain in the membrane at a given temperature.
Heating-induced thickening of planar bilayers formed in the

presence of bulk alkane stems from the enhanced solubility of
the alkane in the membrane that causes more solvent to remain
in the bilayer hydrophobic region. CM data reported here and
elsewhere18,57 show that the equilibrium partitioning of solvent
between the bulk and the lipid acyl chains follows a monotonic
relationship with respect to temperature, at least when the
bilayer is in a liquid disordered state and the solvent is in a
liquid state. Our measurements show a unique response in
bTLE DIBs, which upon increasing the alkane length by one
carbon from C16 to C17 displays behavior suggesting that the
phase transition excludes all alkane solvent from the membrane.
Our observations suggest that transition-induced reorganization
of the solvent is a major factor governing the capacitive
detection of low-enthalpy phase transitions.
Interestingly then, the ability to detect low-enthalpy phase

transitions using capacitance measurements hinges on the fact
that some amount of solvent is present in the hydrophobic core
of the membrane such that it can rearrange in response to
structural changes of the phospholipids at the transition.
Indeed, prior studies with single-component membranes have
shown that capacitive-transitions no longer occur if the solvent
is completely excluded at a temperature well above the lipid
phase transition.18 Although some solvent is helpful, it is known
that an excess of residual solvent in the bilayer can significantly
alter or fully abolish the thermotropic transitions of lipids.59

The transition temperatures identified herein from DIB
capacitance measurements agree closely with those obtained
on solvent-free membranes.31,45 Thus, we conclude that DIBs
formed in tetradecane (C14) or hexadecane (C16) contain
residual solvent in an amount that enables capacitive detection
without drastically altering the underlying lipid phase behavior.
Nature of Phase Domains in bTLE. The molecular-level

picture of the phase transition and related lateral reorganization
in bTLE membranes is currently incomplete, especially when
compared to the well-studied and understood behavior of phase
separating ternary lipid compositions. Fluorescence microscopy
of DPPC/DPhPC/Chol GUVs31 and planar bilayers48,49

reveals clear lipid separation into distinct Ld and Lo domains
at temperatures below Tmisc. However, no clear signs of such

microscale phase separation are seen in bTLE GUVs at low
temperature (25 °C, Figure 2B). FRET measurements can
resolve the miscibility transition in ternary DSPC/POPC/Chol
membranes that yield nanoscopic domains (Figure 2D), yet no
clear miscibility transition is seen in FRET measurements of
bTLE (Figure 2E). The lack of an identifiable miscibility
transition via FRET in bTLE membranes suggests that either
(a) bTLE lipids are uniformly mixed, (b) phase separation
occurs but the fluorescent probes partition equally between the
coexisting phases at all temperatures, or (c) phase separation
occurs but the resulting domains are smaller than the spatial
resolution of the FRET measurement (5−10 nm for the probe
pairs used in other membranes26). Domains that are not
detectable by FRET must be very small, perhaps only a few
nanometers in diameter. At the molecular level, “ultra-
nanodomains”55 of this size are likely transient clusters
composed of fewer than 5−10 lipid and/or cholesterol
molecules (1 lipid ∼70 Å2, radius 8−9 Å, diameter ∼1.6−1.8
Å). Such clusters would more accurately be described as
nonideal mixing within a single fluid phase.28,69,70

Biological Implications. A more complete understanding
of higher-order, low-enthalpy phase transitions in membranes
comprised of natural mixtures is likely necessary to fully
understand the function of cellular membranes. There is
increasing evidence that natural membranes utilize phase
separation for sorting and signal transduction, to control
cytoskeletal attachment, or to alter membrane fluidity and
diffusion or mechanical properties.1−6 Synthetic multicompo-
nent lipid mixtures are capable of producing such phase
separation in model membranes, but many binary and ternary
mixed membranes have measurable transition enthalpy and
often display spontaneous lipid-ion channel formation, a
phenomenon that is attributed to increased amplitudes of
thermal area and compressibility fluctuations that are propor-
tional to the system excess specific heat.61,71−73 Unwanted pore
formation and defects would be expected to increase the
permeability of the membrane to water, ions, and small
molecules. A smooth or continuous low-enthalpy miscibility
transition, on the other hand, could provide the ability to
spatially regulate membrane structure and organization at the
micro- or nanoscale, without the presence of high-amplitude
thermal fluctuations and pore-formation-related defects that
occur in simpler mixtures near their main transition temper-
atures.71−74 Additionally, the compositional complexity of
natural membranes may confer the ability to present phase-
separated regions at the subcellular level without spontaneous
demixing into large macroscopic phases.
Additional studies are also needed to determine if the phase

behavior detect in bTLE bilayer via capacitance measurements
stems simply from the high degree of heterogeneity (tens to
hundreds of lipid types) or a specific class or type of lipid in the
mixture (i.e., charged lipids, sterols, sphingolipids, cerebrosides,
etc.). Experiments on bilayers composed of lipid extracts from
various tissues or organisms will likely provide more
information on how specific cell types tune membrane
composition and properties and processes associated with the
low-enthalpy phase behavior. Thus, we are continuing to
examine the interplay between DIB composition, temperature,
phase, solvent solubility and content, and the surface or line
tensions that arise in the membrane.
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■ CONCLUSIONS
Our experiments using DIBs in alkanes confirm what others
have shown before with single-component black lipid
membranes: that it is possible to detect thermotropic melting
and miscibility transitions using capacitance (these can also be
detected using other methods). However, for the first time we
find that capacitance measurements are also able to detect more
subtle temperature-dependent rearrangements in membranes
containing mixtures of synthetic or natural lipids that undergo
transitions that remain hidden when observed using standard
techniques. The capacitive transitions that occur in single-
component saturated DIBs occur at the same temperature as
for solvent-free vesicles examined with calorimetry or density
measurements. Capacitance measurements with ternary lipid
mixtures known to phase separate reveal C−T transitions in the
same temperature range detected by fluorescence microscopy
in GUVs. The difference between capacitance measurements
and the other commonly used techniques is that higher-order
phase transitions are easily detectable, as was demonstrated
with membranes formed from bTLE, a natural eukaryotic
mixture of membrane lipids. The sensitivity of capacitance
measurements to low-enthalpy, higher-order phase transitions
is a result of the inverse relationship between capacitance and
hydrophobic thickness, whereby small changes in thickness can
result in large changes in capacitance.
Although our measurements reveal that the presence of

alkane solvent does not significantly alter the transition
temperature, i.e., comparing DIBs to solvent-free vesicles, the
oil does in fact play a role in conferring the ability to detect
otherwise low-enthalpy phase transitions with capacitance. Oil
exclusion from DIBs and droplet-based emulsions is an
entropically driven process that also affects the membrane
tension state and hydrophobic thickness. Both factors affect the
resulting area and capacitance of the membrane. Thus, we are
able to measure capacitance changes, even in the case of low-
enthalpy thermotropic transformation of membrane structure,
due to solvent redistribution in the bilayer hydrophobic region.
In fact, our data suggest that the presence of solvent in the
membrane may help to amplify these measured changes in
capacitance caused by lipid transitions. These novel findings
thus motivate our continued efforts to explore the link between
capacitance−temperature hysteresis and the kinetics of alkane
solvent uptake and exclusion. The responsiveness of oil
distribution to phase transitions may also carry significant
implications for natural membranes that are continuously
remodeled to control the composition and distribution of
hydrophobic and amphiphilic biomolecules such as neutral
lipids and fatty acids (for example, with lipid droplets and the
natural maintenance of membrane composition75,76).

■ MATERIALS AND METHODS
Phospholipids were obtained in powder form from Avanti Polar Lipids
(Alabaster, AL) and stored at −20 °C until further use: DPhPC (1,2-
diphytanoyl-sn-glycero-3-phosphocholine), DMPC (1,2-dimyristoyl-
sn-glycero-3-phosphocholine), DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine), DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine),
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), POPC (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine), bTLE (brain total lipid
extract, porcine), and cholesterol (ovine wool, >98%). Cholesterol
used in GUV experiments was obtained from Nu Chek Prep (Elysian,
NY). The following fluorescent dyes were used: BoDIPY-PC (1,2-
(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene3-pentanoyl)-
1-hexadecanoyl-sn-glycero-3-phosphocholine) and C12:0 DiI (1,1′-
didodecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate) were

purchased from Invitrogen (Carlsbad, CA), and naphtho[2,3-a]pyrene
and DHE (ergosta-5,7,9(11),22-tetraen3β-ol) were purchased from
Sigma-Aldrich (St. Louis, MO). Buffer reagents (MOPS, NaCl,
NaOH), alkanes (hexadecane and heptadecane), and chloroform
were also obtained from Sigma-Aldrich.

DSC and DIB Lipid Preparation. For DSC and DIB experiments,
powdered lipid was hydrated with aqueous buffer (100 mM NaCl and
10 mM MOPS, pH 7.446) to achieve MLV suspensions with a
concentration of 2 mg/mL. For lipids and lipid mixtures with
transition temperatures above room temperature, the suspension was
heated after the hydration of the lipid powder (single-component and
bTLE) or film (multicomponent mixtures). MLV suspensions were
then stored at 4 °C until use in DSC measurements or were repeatedly
thawed and frozen (5× total between ambient and −20 °C) before
LUV preparation. For all cases except bTLE, LUVs were formed by
extruding a thawed MLV suspension through 100-nm-pore poly-
carbonate track-etched membranes (NanoSizer, T&T Scientific) using
a hand-held miniextruder. Solutions were passed through the extruder
a total of 11 times. bTLE LUVs were formed by brief sonication
(FS20D, Fisher Scientific) above 45 °C or by extrusion after rapid
solvent exchange. bTLE LUVs prepared via sonication and solvent
exchange/extrusion yielded DIBs with similar C−T transition
behavior.

DSC Measurements. DSC measurements were made using a
NanoDSC calorimeter from TA Instruments. In each DSC run, the
sample contained an MLV suspension and the reference contained DI
water. The sample lipid concentration was 2 mg/mL. Before loading
MLV samples or DI water references, solutions were placed under
vacuum for 15 min with a stir bar rotating at 600 rpm to remove air
bubbles. The volumes of the sample and reference cell were identical
(0.5 mL each). A fixed pressure of 3 atm was used in DSC scans to
further reduce bubble formation. The DSC scan protocol was as
follows: cooling and equilibrating at 0 or 10 °C for 10 min and then
three heating and cooling cycles to 70 °C and back. The first, second,
and third cycles had progressively slower scan rates of 1, 0.25, and 0.1
°C/min, respectively. Temperature was held for a 10 min equilibration
period at each temperature end point during heating and cooling
cycles.

DIB Formation and Characterization. Temperature control for
DIB formation and characterization was implemented as described
previously46 with a slight modification. An elastomeric PDMS (Dow
Corning) substrate was used to form a reservoir for the alkane solvent
used in DIB formation. The PDMS substrate was placed inside of an
aluminum heating shell designed for use with the working distance of a
4X objective on an inverted Olympus IX-51 microscope. Unlike
previous tests where the thermocouple was inserted into the PDMS
near the bilayer, the thermocouple was placed directly in the oil
reservoir in a position that did not interfere with droplet positioning.

To prepare a DIB, 300 nL aqueous droplets of lipid solution (2 mg/
mL lipids) were first dispensed by pipet onto two agarose-coated ball-
tipped electrodes. Electrodes consisted of 50 μm silver wire that were
held briefly over a flame to create a ball-shaped tip. The ball-tipped
silver electrodes were submerged in bleach for an hour to obtain a
silver/silver chloride coating. Immediately before DIB trials, clean Ag/
AgCl-coated electrodes were dipped 10 times into 0.75% molten
agarose (A9539) dissolved in buffer. The agarose-coated electrodes
were then fixed in micromanipulators (Kite-L and Kite-R, World
Precision Instruments) that were used to manipulate the electrodes
and resulting droplet positions. Several minutes were allowed for
monolayer formation after pipetting droplets onto the electrodes
under oil, and the droplets were then brought into contact using the
micromanipulators. With adequate monolayer assembly, DIB for-
mation occurred spontaneously within seconds or minutes of droplet
contact. With inadequate monolayer assembly, the two droplets
coalesced into one large volume. Transmembrane current through
DIBs was measured using an Axopatch 200B patch clamp amplifier
and a Digidata 1440 data acquisition system (Molecular Devices).
Details regarding the confirmation of bilayer formation and measure-
ment of membrane capacitance, specific capacitance, and electro-
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wetting constants are found in the Supporting Information and
elsewhere.40,46

Gas Chromatography/Mass Spectrometry (GC/MS). Phospho-
lipids were converted to fatty acid methyl esters (FAMEs) via acid-
catalyzed methanolysis. Briefly, 5−10 μL of an aqueous vesicle
suspension (containing 20−100 μg total lipid) was dispensed into a 13
× 100 mm2 screw top glass culture tube, followed by the addition of 1
mL of methanolic HCl (1 M) prepared with concentrated HCl and
methanol.77 The sample was vortex mixed, sealed under Ar, and
incubated at 85 °C for 1 h. After cooling to ambient temperature, 1
mL H2O was added and the sample was vortexed. FAMEs were
extracted with 1 mL hexane and vigorous vortex mixing, followed by
low-speed centrifugation (500 × g) for 10 min. Finally, 800 μL of the
upper (hexane) phase was transferred to an autosampler vial and
brought to 1 mL with hexane, for injection into the GC column.
GC/MS analysis was performed on an Agilent 7890A gas

chromatograph (Santa Clara, CA) with a 5975C mass-sensitive
detector operating in electron-impact mode. An HP-5MS capillary
column (30 m × 0.25 mm, 0.25 μm film thickness) was used with a
helium carrier at 1 mL/min and an inlet temperature of 270 °C. A 1
μL aliquot of FAME dissolved in hexane was injected in splitless mode
using an Agilent 7693A automatic liquid sampler. After sample
injection, the following column temperature program was initiated: 2
min at 60 °C, 20 °C/min to 285 °C followed by 2 min at 285 °C, and
20 °C/min to 325 °C followed by 7 min at 325 °C, for a total run time
of 24.25 min. Total ion chromatogram peaks were assigned and
integrated using GC/MSD ChemStation Enhanced Data Analysis
software (Agilent Technologies, Santa Clara, CA).
Fluorescence Microscopy of GUVs. GUVs were prepared using

the electroformation method,78 modified as follows. Lipid mixtures
(300 nmoles total) were prepared in 200 μL of chloroform, deposited
onto indium tin oxide (ITO)-coated glass slides (Delta Technologies,
Loveland, CO) preheated to 50 °C, and uniformly spread across one
end of the slide. Residual chloroform was then removed by placing the
slides under vacuum for 2 h. An electroformation chamber was formed
by separating the two slides with an O-ring filled with 30 mM sucrose.
The assembled chamber was stabilized in a custom -built aluminum
block that was heated to 55 °C in a dry block heater. Lipid films were
swelled for 1 h at 55 °C in a 10 Hz, 1 Vpp ac field using a Wavetek
Meterman FG2C function generator (Meterman, Everett, WA) and
then incubated at 55 °C for 2 h, followed by cooling to ambient
temperature over 3 h. Samples were harvested into microcentrifuge
tubes using large-orifice pipet tips and imaged using an Eclipse Ti
wide-field microscope (Nikon Instruments, Melville, NY) equipped
with a 60× 1.2 NA water immersion objective. Sample chambers for
GUV observation consisted of a no. 1.5 coverslip and a microscope
slide separated with a silicone spacer (Sigma-Aldrich) of 0.25 mm
thickness.
FRET Spectroscopy Measurements. Mixtures of lipids in

chloroform were prepared in glass culture tubes using a glass syringe
and repeating dispenser (Hamilton USA, Reno, NV). Fluorescent
probe/lipid molar ratios were 1:200 (DHE), 1:1500 (BoDIPY-PC),
and 1:2000 (C12:0-DiI). Samples contained 500 nmoles of lipid that
was transferred to 1.0 mL of H2O via rapid solvent exchange (RSE)79

to produce lipid vesicles of low average lamellarity. Samples were
further diluted by a factor of 20 in the cuvette for FRET
measurements. Fluorescence data were collected between 20 and 60
°C using a Fluorolog-3 spectrofluorometer (Horiba Scientific, Edison,
NJ). Additional details of FRET data collection and analysis are
described elsewhere.54
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