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In aqueous solution, the monofluorinated phospholipid 1-palmitoyl-2-[16-fluoropalmitoyl]sn-glycero-3-phos-
phocholine (F-DPPC) interdigitates without the use of inducing agents. To understand the thermal and
physical properties of this unique lipid, F-DPPC was combined with the non-fluorinated 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), and 1,2-diarachidoyl-sn-glycero-3-phosphocholine (DAPC). Differen-
tial scanning calorimetry (DSC) was used to determine themiscibility and thermotropic phase behavior of these
binary lipidmixtures. In addition, the fluorescent probe 1,6-diphenyl-1,3,5-hexatriene (DPH) and a DPH-labeled
analogue of DPPC, 2-(3-(diphenylhexatrienyl) propanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (β-
DPH HPC, aka DPH-PC or DPHpPC), were used to detect interdigitation. In F-DPPC, the fluorescence intensity of
both probes decreased a similar amount and to a degree that is consistent with an interdigitated system.We also
determined that there are two separate effects of increasing the ratio of F-DPPC in theDPPC/F-DPPC system.With
low amounts of F-DPPC, there is little evidence that the system is heavily interdigitated. Instead, we hypothesize
that the introduction of F-DPPC provides nucleation sites that alter the kinetics, reversibility, and temperature of
themain transition (Tm). At highermol% of F-DPPC, we propose that interdigitated F-DPPC-rich domains form to
create a phase-segregated system. While DPPC/F-DPPC was highly miscible, the DAPC/F-DPPC system was
significantly lessmiscible. Additionally,we observed thatDAPC/F-DPPC samples have reduced solubility inwater,
which affected the acquisition offluorescence data. However, our DSC results indicate the existence of DAPC-rich
and F-DPPC-rich components. Furthermore, this data support that themixingwas disruptive to lipid packing and
that the presence of DAPC hinders the interdigitation of F-DPPC.
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1. Introduction

The interdigitated gel phase (LβI) is a unique bilayer conformation in
which the hydrocarbon chains of the lipids interpenetrate into the
opposing monolayer. These systems can thereby maximize Van der
Waals forces and reduce headgroup crowding [1–3]. Under normal
circumstances, the interdigitated phase is not energetically favored in
lipids like DPPC and DAPC because the hydrophobic tails are exposed to
the aqueous medium. However, in the presence of inducer molecules
such as short chain alcohols and some anesthetics, the hydrocarbon-
aqueous tension is reduced so that interdigitation can occur [3–5]. The
application of pressure can also induce interdigitation [6,7].

Therefore, it is of great interest to study lipids that automatically
form partially-, mixed-, or fully-interdigitated bilayers in aqueous
solution without inducer chemicals or external pressure. Of these
lipids, F-DPPC is distinct because it differs from DPPC only by a single
fluorine atom substitution. Other lipids are known to self-assemble
into the interdigitated state, but are usually highly asymmetrical lipids
such as lysolipids or lipids with acyl chains of two different lengths
(for review see [1]).

Hirsh et al. were the first to find that the monofluorinated F-DPPC
fully interdigitates on its own [8]. They attributed this behavior to the
highly polar fluorine bond at the end of one of the hydrocarbon chains,
which makes the terminal end more hydrophilic. Hirsh et al. also
determined that themain transition temperature (Tm) of F-DPPC to be
∼50 °C in aqueous solution. Therefore, we chose DAPC and DPPC for
our binary mixtures with F-DPPC because their Tm phase transition
temperatures are above and below that of F-DPPC respectively. All
three lipids share the same headgroup and have fully saturated acyl
chains as well. Based on previous experiments, we hypothesized that
the lipids would be at least partially miscible [9,10].

Due to their versatility, fluorinated lipids are prime candidates for
artificial membrane research and as membrane probes. For instance,
the fluorine-modified acyl chains can enhance the hydrophobic and
lipophobic interactions that control the Tm and the solubility of
lipophilic probes [11]. Furthermore, these modifications alter mem-
branefluidity and structure [12], permeability [13], and the behavior of
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Fig. 2. Representation of the locations of β-DPH HPC and DPH in non-interdigated and
interdigitated membranes: (A) β-DPH HPC in a non-interdigitated bilayer; (B) Two
possible locations of DPH in a non-interdigitated bilayer; (C) β-DPH HPC in an
interdigitated system; (D) DPH in an interdigitated system.
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lipids in biological media [14]. Additionally, fluorine-labeled phos-
pholipids can be used to study the properties of membrane proteins
with 19F NMR [15]. They can also be used as potential vehicles for drug
delivery, such as thermosensitive liposomes that can regulate med-
icine release [16].

DSC experiments by Rolland et al. [17] have shown that the
miscibility of highly fluorinated glycerophosphocholines when com-
bined with the unmodified parent lipids depends on the location and
number of fluorine substitutions. This is important because the
miscibility between liposome and cellular lipids controls membrane
fusion, interactions with lipoproteins, and the effectiveness of drug
delivery [17]. Also, Sturtevant et al. found that various difluorinated
phospholipids have greater transition enthalpies and form nonideal
mixtures with the parent compounds [18]. For these reasons, we set
out to determine how the monofluorinated F-DPPC behaves when
combined with naturally occurring lipids.

Furthermore, since F-DPPC interdigitates, it can provide informa-
tion on lipid domains and phase behavior. Previous experiments have
explored domain formation and phase separation in lipid mixtures
involving different chain lengths [19–21], headgroups [22], the
presence of cholesterol [23], and degrees of unsaturation [24]. In
particular, work by Rowe [25] and Mason [26] has shown that it is
possible to have coexisting gel and interdigitated phases. Rowe
demonstrated that a mixture of dilaurylphosphatidylethanolamine
[PE(12:0)/(12:0)] and DPPC underwent lateral phase segregation
between the gel phase and the fully-interdigitated phase with the
addition of ethanol [25]. Similarly, Mason found that there could be
phase-separated domains of interdigitated and non-interdigitated gel
phases with binary combinations of symmetric and mixed-chain
phosphatidylcholines [26].

Therefore, we employed DSC to study the thermodynamic phase
behavior of our binary lipid systems. Additionally, we used DPH and
β-DPH HPC to determine if the DPPC/F-DPPC and DAPC/F-DPPC
mixtures were interdigitated. Fig. 1 shows the chemical structures of
the lipids and fluorescent probes used in these experiments. A
decrease in intensity has been used successfully as an indicator of the
interdigitated phase [27,28]. This change was attributed to quenching
caused by increased exposure to the aqueous solvent that occurs with
interdigitation (see Fig. 2). For comparison, we also measured the
Fig. 1. The chemical structures of the lipids and probes used in this study.
fluorescence intensity of ethanol-induced interdigitated DPPC versus
the intensity of F-DPPC with and without ethanol.

2. Materials and methods

2.1. Materials

The sixteen carbon-chain phosphatidylcholine 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), the twenty carbon-chain phos-
phatidylcholine, 1,2-diarachidoyl-sn-glycero-3-phosphocholine
(DAPC), and the fluorinated 1-palmitoyl-2-(16-fluoropalmitoyl)-sn-
glycero-3-phosphocholine (F-DPPC) were purchased from Avanti
Polar Lipids (Alabaster, AL). All water used was purified and double-
deionized by a Milli-Q filtration system. Chloroform (99.9% assay)
stabilized with ∼0.75% ethanol was purchased from Fisher Scientific
(Pittsburg, PA). The fluorescent probes, 1,6-diphenyl-1,3,5-hexatriene
(DPH) and 2-(3-(diphenylhexatrienyl) propanoyl)-1-hexadecanoyl-
sn-glycero-3-phosphocholine (β-DPH HPC), were obtained from
Molecular Probes (Eugene, OR). Methanol (≥99.9% assay) was
purchased from Sigma-Aldrich (St. Louis, MO). Dehydrated 200-
proof ethanol was purchased from Quantum Chemical Corporation
(New York, NY). All chemicals were used without further purification.

2.2. Differential scanning calorimetry

For the DSC and fluorescence studies, stock solutions of F-DPPC,
DPPC, and DAPC were prepared in chloroform and combined to create
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the correct molar ratio. Each sample was evaporated to dryness in a
fume hood and under high vacuum for at least 10 h to remove any
residual solvent. These samples were later hydrated and incubated at
60 °C for an hour with periodic vortexing to form multilayers. All
calorimetry samples contained 3 mg lipid and were hydrated with
150 µl of water. These were analyzed with a Calorimetry Sciences
Corporation multi-cell DSC-HT Model 4100 DSC. A sequence of
heating and cooling scans were recorded from 40 °C to 70 °C for
DAPC/F-DPPC and 25 °C to 55 °C for DPPC/F-DPPC at a rate of 10 °C/h.
Enthalpy measurements were calculated from the calorimetry data
using the integration function on OriginPro 7.5.

2.3. Fluorescence spectroscopy

The fluorescence samples were prepared as above, but instead
contained 3 ml of solution with a lipid concentration of 0.64 mg/ml to
minimize light scattering. Some samples were prepared with 100 mg/
ml ethanol in water, since DPPC interdigitates at concentrations above
∼50 mg/ml ethanol [29]. Besides these exceptions, 100% deionized
water was used. The fluorescent probes (β-DPH HPC and DPH) were
prepared in methanol and added to the lipid solution in chloroform so
that the lipid-to-probe mole ratio was 500:1. The solutions were
thoroughly mixed to ensure consistency.

All samples were placed in a quartz cuvette with a magnetic
stirring bar. To prevent oxygen quenching, the solutionswere bubbled
with nitrogen for 10 min. The fluorescence measurements were
carried out using an ISS K2 Multi-Frequency Cross-Correlation Phase
and Modulation Fluorometer with a Xenon Arc Lamp operating at
15 A. Excitation was carried out at 360 nm and the emission was
measured at 430 nm. A steady flow of nitrogen was passed through
the sample compartment to prevent oxidation. In order to maintain a
constant sample temperature, a Neslab RTE-111 circulating bath was
set at 30 °C for all measurements.

3. Results

3.1. DSC: DPPC/F-DPPC

Fig. 3 shows the Tm as determined by DSC for different mixtures of
DPPC and F-DPPC. This represents either the transition from ripple gel
(P′β) to the liquid crystalline (Lα) phase or from the interdigitated
(LβI) phase to the Lα phase. Both the heating and cooling transition
temperatures are shown. Shoulder peaks were seen only in the 30–
50 mol% F-DPPC range. Our DSC results reveal that the thermody-
namic properties from 0 to 40 mol% versus from 40 to 100 mol% F-
DPPC were dramatically different in three respects: variations in the
Fig. 3. The main transition temperature (Tm) of DPPC/F-DPPC mixtures determined by
DSC. Heating scans shown by filled triangles (▲). Cooling scans shown by filled circles
(●). Shoulder peaks indicated by unfilled triangles for heating scans (Δ) and circles for
cooling scans (○). Slopes for 0–40 and 40–100 mol% F-DPPC are shown as dotted lines.
Tm, the shape of the Tm peak, and the hysteresis between heating and
cooling transitions.

In the heating transitions, there are two different rates at which
the Tm increased with additional F-DPPC (see dashed lines in Fig. 3).
From 0 to 40 mol% F-DPPC, it increased at an average of only 0.03 °C/%
F-DPPC. In fact, at 10% F-DPPC, the Tm was lower than that of the pure
DPPC. The rate increased almost four-fold to 0.11 °C from 40 to
100 mol% F-DPPC. This increase in Tm is present, but less pronounced,
in the cooling scans where the corresponding rates were 0.03 °C
versus 0.06 °C.

For the low mol% F-DPPC mixtures, some of these peaks were
sharper and taller than the pure DPPC peak. However, the Tm peak
became broader as the ratio of F-DPPC increased. The heating peaks
also became more broad and asymmetrical than their corresponding
peaks in the cooling scans (especially in the 40–70 mol% F-DPPC
range), suggesting that the heating and cooling transitions had
different kinetics (see Fig. 4).

The hysteresis in the Tm further supports that F-DPPC has two
different effects (see Fig. 5). Below ∼40 mol% F-DPPC, the hysteresis
was slightly lower than that observed in pure DPPC. However, above
40 mol% F-DPPC, there was an approximately threefold increase in the
hysteresis.
3.2. DSC: DAPC/F-DPPC

In contrast, our calorimetry data for the DAPC/F-DPPC system
indicate that these lipids were much less miscible than DPPC/F-DPPC.
This is evident from the heating and cooling main transition temp-
eratures from ourmixtures of DAPC and F-DPPC (see Fig. 6). From ∼20
to 35 mol% F-DPPC, there are two Tm peaks: one close to the Tm
temperature of DAPC and one close to that of F-DPPC. Unlike the
DPPC/F-DPPC system, there is no steady change in the Tm as the mol%
of F-DPPC increases. Instead, the bulk of the peaks appeared near the
Tm of either DAPC or F-DPPC, with only a limited amount of transitions
Fig. 4. Heating (black lines) and cooling (gray lines) DSC thermograms of the Tm of the
DPPC/F-DPPC system are shown. The cooling scans have been inverted to allow
comparison with the heating thermograms. The mol% F-DPPC is labeled next to each
mixture. For clarity, the thermograms are also offset vertically.



Fig. 5. Hysteresis (or difference in Tm temperature between heating and cooling scans)
determined by DSC for the DPPC/F-DPPC system.

Fig. 7. The DAPC/F-DPPC heating (black lines) and cooling (gray lines) thermograms are
shown. The cooling scans have been inverted to allow comparison with the heating
thermograms. Since there are multiple peaks in the DAPC/F-DPPC system, the entire
baseline is shown. The mol% F-DPPC is labeled next to each mixture. For clarity, the
thermograms are also offset vertically.
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in between. This can be seen in the heating and cooling thermograms
shown in Fig. 7. Sizable shoulder peaks appeared in the cooling scans
at 10, 70, and 80 mol%, and on the heating scans at 25 mol% F-DPPC.

When the ratio of F-DPPC increased, the large sharp peak close to
the Tm of DAPC grew smaller and broader. The position of this higher
temperature peak did not shift dramatically in temperature with the
addition of more F-DPPC as in the DPPC/F-DPPC system. A slight
decrease in Tm was observed from 0 to 35% F-DPPC, but only ∼1.6 °C
versus the Tm of DAPC. The lower temperature peak also revealed a
small temperature depression versus the Tm of F-DPPC (20–100 mol%
F-DPPC). These separate, lower peaks emerged a little below the Tm of
pure F-DPPC (a decrease of ∼1.9 °C).

Another difference between the DSC data obtained from DAPC/F-
DPPC versus DPPC/F-DPPC was the lack of an elevated hysteresis (see
Fig. 8). This was the case for both the lower and higher temperature
Tm peaks. Even when two Tm peaks coexisted (20–35 mol% F-DPPC),
the hysteresis remained small for both transitions. Only at around
90 mol% F-DPPC did the hysteresis become larger than that of pure
DAPC, although the shoulder peaks on the cooling scans at 70 and
80 mol% F-DPPC foreshadowed this behavior.

3.3. β-DPH HPC and DPH fluorescence

Fig. 9 demonstrates the percent change in intensity of β-DPH HPC
and DPH in DPPC/F-DPPC relative to pure DPPC in water. As in the DSC
data, there are two ratio-dependent effects of F-DPPC. The intensity of
Fig. 6.Main transition temperature (Tm) of DAPC/F-DPPC mixtures determined by DSC.
Heating scans shown by filled triangle with solid connecting line (▲). Cooling scans
shown by filled circle connected by dotted line (●). Smaller, secondary Tm peaks are
indicated by gray triangles ( ) for heating scans and gray circles ( ) for cooling scans.
Shoulder peaks indicated by unfilled triangles for heating scans (Δ) and unfilled circles
for cooling scans (○).
free DPH greatly declined from 0 to 60 mol% and increased from 60 to
100 mol% F-DPPC. From ∼40 to 90 mol%, the decrease was greater
than in pure F-DPPC, where the intensity decreased 30%. β-DPH HPC
showed little change in intensity from 10 to 30 mol% F-DPPC, but
above 30% the intensity gradually decreased with more F-DPPC.
Similar to free DPH, the intensity decreased 26% in pure F-DPPC.

In addition, the intensity changes of DPH and β-DPH HPC in DPPC
and F-DPPC samples with 100 mg/ml ethanol are shown in Fig. 10. As
was reported by Nambi et al., there is a large difference between DPH
and β-DPH HPC in DPPC when ethanol is introduced [28]. However,
the probes had a similar decrease in the F-DPPC samples. Adding
ethanol to F-DPPC caused the fluorescence intensity of both probes to
increase slightly.
Fig. 8. Hysteresis (or difference in Tm temperature between heating and cooling scans)
determined by DSC for the DAPC/F-DPPC system. The thermodynamic peaks occurring
at higher temperatures are shown by the black bars and the peaks appearing at lower
temperatures are shown by dashed black and white bars. From 20 to 35 mol% F-DPPC,
there are two coexisting main transition peaks.



Fig. 9. Fluorescence intensity of DPH and β-DPH HPC in the F-DPPC/DPPC system.
Results are shown as a percentage of change versus pure DPPC in water. DPH is shown
by solid black bars. β-DPH HPC is shown by black and white dashed bars.

24 E.A. Smith et al. / Biophysical Chemistry 147 (2010) 20–27
We were unable to obtain reliable fluorescence results with the
DAPC/F-DPPC system for two reasons. First, there was excessive
foaming of the sample during the preparation process. Steps such as
varying incubation temperature, increasing stirring, or allowing the
samples to remain undisturbed were ineffective at removing the
foam. As a result, the intensity readings were far below that of the
equivalent mixtures of DPPC/F-DPPC. Second, the lipid mixture did
not form a homogenous solution, as the lipid system tended to
aggregate together in clumps. More vigorous vortexing, increased
incubation temperature, and sonication improved the mixing only
temporarily. This behavior is most likely due to the longer acyl chain
lengths on DAPC and the resulting increase in hydrophobicity.
3.4. Main transition enthalpy and disappearance of the pretransition

The enthalpy values for pure samples of F-DPPC, DPPC, and DAPC
(∼10.6, 8.0, and 13.6 kcal/mol) were close to previously reported
values of ∼9.8, 8.2, and 13.3 kcal/mol respectively [8,30]. Total
enthalpy values were used for the mixed systems because there was
the possibility of phase segregation and the existence of multiple
peaks. In addition, the results are qualitative as the enthalpy values
obtained in both mixed systems had a large margin of error. The
enthalpy of the main transition in the DPPC/F-DPPC system gradually
increased (towards the enthalpy of F-DPPC) as the mol% of F-DPPC
increased. In contrast, there was a sharp drop of ∼60% at 10 mol% F-
DPPC in the DAPC/F-DPPC system. From 20 to 90 mol% F-DPPC, the
DAPC/F-DPPC enthalpy values averaged around 10 kcal/mol, but
revealed no particular trend.
Fig. 10. Fluorescence intensity of DPH and β-DPH HPC in DPPC and F-DPPC with and
without 100 mg/ml EtOH. Bars demonstrate intensity as a percentage relative to DPPC
in water (shown by the leftmost bar). DPH is shown by solid black bars. β-DPH HPC is
shown by black and white dashed bars.
There was no detectable pretransition from the planar gel phase (L′β)
to the rippled gel phase (P′β) in either of the mixed systems.

4. Discussion

4.1. Miscibility, phase separation, and domain formation

Previous studies have extensively established that mixed lipid
systems have the potential to separate into domains [19–26]. The
most likely causes for domain formation with DPPC/F-DPPC and
DAPC/F-DPPC are thermodynamic phase segregation and hydropho-
bic mismatch. Overall, the heating and cooling DSC thermograms
reveal that DPPC and F-DPPC are largely miscible (Fig. 4). As a result,
the DPPC/F-DPPC phase transition behavior was a composite of the
individual lipids. Because there is only one Tm thermodynamic peak, it
is highly probable that the interdigitated lipid domains caused by F-
DPPC coexist in the same membrane with non-interdigitated lipids.
We derived a phase diagram from the onset and completion
temperatures of the DPPC/F-DPPC Tm peaks to show the probable
areas for the presence of multiple phases (see Fig. 11). Estimations for
the presence of interdigitated gel (LβI), non-interdigitated planar gel
(L′β), and liquid crystalline (Lα) phase lipids are labeled. This diagram
demonstrates that the mixture exhibits continuous miscibility.

In contrast, ourDSC results for theDAPC/F-DPPC system support that
these lipids are lessmiscible. Although the Tm of DPPC and DAPC are not
drastically different from that of F-DPPC (−9 °C and +16 °C respec-
tively), DPPC exhibits far more ideal mixing behavior with F-DPPC.
Therefore, the difference in chain length may be the most important
factor contributing to miscibility, since while F-DPPC and DPPC both
have 16-carbon acyl chains, DAPC is longer by 4 acyl carbon atoms. As a
result, the DAPC/F-DPPC membranes are likely to be asymmetrical and
irregularly organized.

For comparison, the phase diagram for DAPC/F-DPPC is shown in
Fig. 12. It can be seen that the DAPC/F-DPPC mixtures are less ideal
than DAPC/DPPC [31]. Since the only difference between DPPC and F-
DPPC is the addition of the fluorine atom, the decrease in miscibility
must be due to this chemical substitution. It is unlikely that F-DPPC
and DAPCwere completely separated out into differentmembranes or
domains. The most reasonable explanation of the mixing behavior of
DAPC/F-DPPC is that the lipids segregate into DAPC-rich and F-DPPC-
rich regions. According to the DSC hysteresis results, these F-DPPC-
rich domains may be in the planar gel phase (L′β) rather than the LβI
phase below the Tm except at very high mol% of F-DPPC (Fig. 8). For
example, the hysteresis of the F-DPPC-rich portions did not increase
due to interdigitation even when two Tm peaks were present (Fig. 8).
These lower temperature transitions had a similar degree of hysteresis
Fig. 11. Phase diagram of the DPPC/F-DPPC system. The onset temperatures of the Tm
peaks are shown by black triangles (▲) and the completion temperatures by unfilled
triangles (Δ). The approximate regions of the interdigitated gel (LβI), planar gel (L′β),
and liquid crystalline (Lα) phases are labeled.



Fig. 12. Phase diagram of the DAPC/F-DPPC system. The onset temperatures of the Tm
peaks are shown by black triangles (▲) and the completion temperatures by unfilled
triangles (Δ). The approximate regions of the interdigitated gel (LβI), planar gel (L′β),
and liquid crystalline (Lα) phases are labeled.
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compared to the higher temperature peaks at the same mol% of F-
DPPC. This could mean that DAPC has a disrupting effect on the
formation of the LβI phase by F-DPPC. If this is the case, then F-DPPC-
rich domains can only incorporate a small amount of DAPC before the
LβI phase becomes unfavorable.
4.2. Effect of nucleation sites, lipid packing, and interfacial regions

The main transitions of saturated phosphatidylcholines are highly
cooperative. As a result, the transition widths can be narrower
than 0.1 °C and are close to an ideal first order transition [30]. This
cooperativity depends on the interfacial free energy of clusters of
coexisting phases at the transition temperature [32–34]. Moreover,
the activation energy for the nucleation of these domains is heavily
dependent on temperature [35]. As a consequence, there are kinetic
barriers to phase transitions that depend on the nucleation rate of the
new phase. Nucleation sites can therefore explain, for some of the
DPPC/F-DPPC and DAPC/F-DPPC mixtures, why the Tm drops, why the
Tm peaks are sharper, and why the hysteresis is reduced.

For instance, in the DAPC/F-DPPCmixtures, the Tm peaks are below
the respective Tm temperature of DAPC and F-DPPC. In addition, the
Tm temperature of DPPC/F-DPPC drops slightly at low amounts of F-
DPPC. Some of these transitions also have Tm peaks that are narrow in
shape. The combination of a Tm temperature reduction and a decrease
in the transition width is an unusual one. Most commonly, with the
introduction of compounds that decrease the Tm (such as anesthetics
and cholesterol) the transition peaks also broaden, as would be
expected with the introduction of impurities [36–38]. Furthermore,
with most lipid mixtures, the transition peak broadens rather than
sharpens [18,22,25,26].

There are two possible explanations for the Tm behavior in these
mixtures of DPPC/F-DPPC and DAPC/F-DPPC. First, the small decrease
in the Tm could result from one of the lipids acting as an impurity,
lowering the phase transition akin to the melting-point depression of
a solid. Second, the mixing could create local disturbances that act as
nucleation sites. These may account for the increased cooperativity
and perhaps a lower thermal energy requirement for the transition.

The reduction in hysteresis of the Tm may also be explained in
terms of lipid organization and nucleation. For most of the DAPC/F-
DPPC system, the hysteresis of the Tm is less than that of DAPC. There
is also a decrease in hysteresis in some of the DPPC/F-DPPC mixtures.
This may be due to the fact that both nucleation sites and interfaces
between gel phase domains have the potential to alter the
reversibility of the Tm [39].

Furthermore, the decrease in enthalpy in the DAPC/F-DPPC system
may be related to uneven mixing and the resulting interfacial regions.
The decrease is best attributed to the loss of Van derWaals interactions
between the long acyl chains of DAPC. After all, these forces greatly
contribute to the chain length-dependent high Tm enthalpy of DAPC
[33]. This decrease also reinforces the idea that DAPC and F-DPPC
interact in some capacity, even if it is only to upset the normal or-
ganization of the pure lipids.

Lastly, our data support that disordered lipid packing has an effect
on the fluorescence intensity of DPH and β-DPH HPC. For instance,
such disruptions can explain why the fluorescence intensity of free
DPH in DPPC/F-DPPC at high amounts of F-DPPC (∼40–90 mol%) is
lower than the fully-interdigitated 100% F-DPPC (Fig. 9). This agrees
with the hypothesis by Rowe that hybrid interdigitated and non-
interdigitatedmembranes should have distinctive properties [25]. It is
likely that the membrane thickness would be inconsistent and that
there would be unusual interfacial regions between the domains of
the different phases. The perturbation caused by these phase bound-
aries could alter the packing of the lipids, thereby further exposing the
probes to the aqueous environment.

4.3. Evidence for the interdigitated phase

Although DSC can only indirectly detect the presence of the LβI
phase, previous studies have described key characteristics of the
phase. For example, the LβI phase is indicated by the lack of a
pretransition and the presence of a large hysteresis between DSC
heating and cooling scans [27,29,40–42]. The pretransition is not seen
with F-DPPC and other interdigitating lipids because they transition
from the planar gel phase (L′β) to the LβI phase. The irreversibility of
the LβI to Lα phase transition is known to result in the hysteresis.

Both of these characteristics are present in our DSC data. However,
in some mixed lipid systems there is no pretransition regardless if the
membrane is interdigitated or not [25]. This may explain why there is
no pretransition peak in any of our DPPC/F-DPPC or DAPC/F-DPPC
mixtures. In addition, the initial drop in hysteresis may be due to the
nucleation-type effect, but as the F-DPPC ratio increases, the overall
hysteresis increases due to the growth of interdigitated F-DPPC-rich
domains.

Direct evidence of interdigitation can be obtained from the fluo-
rescence intensity depression of both probes embedded in the lipids. In
the LβI phase, the width of the bilayer decreases, the midplane of the
bilayer disappears, and there is greater headgroup separation [1,28].
These changes exposemore of the lipid acyl chains and the hydrophobic
DPH probes to the surrounding aqueous solvent (see Fig. 2). The
sensitivity of the DPH moiety to this environmental change is the basis
for the detection of interdigitation. Therefore, the decreases in intensity
of DPH and β-DPH HPC support the conclusion by Hirsh et al. that F-
DPPC interdigitates in the gel phase [8].

4.4. Fluorophore behavior

β-DPH HPC has photophysical characteristics similar to very free
DPH, as the emission spectrum at 25 °C is nearly identical to DPH [43].
Therefore, the discrepancies between DPH and β-DPH HPC are most
likely a result of their molecular structures, not because of different
fluorescent properties. DPH is very hydrophobic, has a long molecular
structure of ∼14 Å, and a rigid rodlike shape which makes it able to
pack in tightly with the acyl chains [44]. However, with β-DPH HPC,
the DPH moiety is chemically attached to a lipid structure. The
resulting depth of the DPH moiety in non-interdigitated membranes
may be a factor, as free DPH is located slightly closer to the membrane
surface relative to β-DPH HPC [44]. Partitioning is also important
because the immediate probe environment is the most significant
factor affecting fluorescence intensity. While we do not know the
extent to which DPH and β-DPH HPC are segregated in the DPPC/F-
DPPC and DAPC/F-DPPC systems, phospholipid-bound DPH deriva-
tives are generally more prone to partitioning into domains while
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DPH is homogeneously distributed [43,45–47]. Most importantly, the
intensity of free DPH and β-DPH HPC always decreases in the LβI
phase.

While there is broad agreement that the DPHmoiety of β-DPHHPC
is restricted to locating parallel to the acyl chains of the lipids
[28,44,48,49], there are two possible orientations for free DPH in non-
interdigitated bilayers. How favored each position is over the other is
a matter of some dispute. Nambi et al. hypothesized that the larger
intensity depression of free DPH versus β-DPH HPC may be due to the
fact that the orientation with DPH in the midplane of the membrane
and perpendicular to the hydrocarbon chains becomes untenable in
an interdigitated system [28]. In agreement with this interpretation,
Kao et al. concluded that DPH relocates in a similar fashion in mixed-
interdigitated bilayers formed by lipids with asymmetrical acyl chains
[50]. However, Kaiser and London argue that DPH primarily orients
parallel to the hydrocarbon chains in non-interdigitated bilayers [44].
In this case, the intensity drop in interdigitated membranes is a result
of quenching due to exposure resulting from a closer proximity to the
aqueous solvent, not from the reorientation of the DPH molecule.

Our F-DPPC results gravitate towards the position of Kaiser and
London. The addition of ethanol affects the two probes in DPPC and F-
DPPC membranes in a manner that suggests that there is a secondary
interaction besides the induction of interdigitation. One possibility is
that the ethanol aggregates around the exposed hydrophobic regions
of the probes and acts as a shield against the aqueous solution. This
could provide a less polar environment, allowing the probes to
fluoresce more intensely. As a consequence, in the absence of alcohol,
β-DPHHPCmay be amore robust indicator of interdigitation thanwas
previously thought.
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