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Bilayered micelles, or so-called bicelles, are generally made of long- and short-chain lipids. They are
extensively used as model membranes to study the structure of membrane-associated peptides or proteins
and their interactions with membranes. However, the phase behavior of lipid mixtures composed of long-
and short-chain lipids, especially at low temperatures, is still not very clear. In this work, the most
commonly used long-chain lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and a short-chain
lipid, 1,2-dioctanoyl-sn-glycero-3-phosphocholine (diC8PC), were selected as a bicellar model to study
their phase behavior. Over the whole range of DPPC/diC8PC molar ratios (q) studied in this work,
a lamellar crystalline phase (L) enriched in DPPC was found to be the most stable phase at 5 °C, together
with a diC8PC-enriched micelle phase. Interestingly, a metastable phase, named the U phase in this work,
was observed in the mixtures with a DPPC/diC8PC molar ratio between 1 and 4. The metastable U phase
was found to be lacking in long-range order in the direction of the bilayer surface normal, but bearing

a different “crystalline phase-like” hydrocarbon chain packing mode, in comparison with the lamellar
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Accepted 2nd December 2016 crystalline phase. The kinetic properties of the U phase were also studied in detail, and it was found that the

phase acts as a precursor phase in the process of forming the most stable crystalline phase. This work deepens
our understanding of lipid crystallization behavior, and is also a step forward towards a more detailed picture of
the phase behavior of lipid mixtures composed of long- and short-chain lipids.
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When applied to the crystallization of membrane proteins,
bicelles composed of long- and short-chain lipids usually go
through a mixing process with the membrane protein solution

1. Introduction

Bicelles are model membranes composed of long- and short-

chain lipids, which are spatially separated in bilayer and
“rim” or pore portions, respectively."® They have gained much
attention since the 1990s due to their great potential in the
study of membrane proteins. The planar bilayer region enriched
in the long-chain lipids provides a favorable environment to
study membrane proteins using various techniques, such as
nuclear magnetic resonance (NMR),*** X-ray crystallog-
raphy,'*'® and spectroscopy techniques.'’"** Bicelles can also be
used as delivery vehicles for membrane proteins or drugs,**** or
as templates for the synthesis of platinum nanowheels.***
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on ice, followed by a membrane protein crystal growth period at
a higher temperature (e.g. 5 °C, 20 °C, or 37 °C).">'*152¢ Besides,
the storage of a bicelle solution usually requires isothermal
incubation at a specific low temperature, such as 4 °C, in
a refrigerator.”” The detailed phase behavior upon T-jump and
low-temperature incubation is a key point for understanding
the mechanism by which the nucleation and crystal growth of
membrane proteins occur. Thus, it is of vital importance to
learn the phase behavior of bicellar systems composed of long-
and short-chain lipids.

The present work is also a continuation of our efforts in
understanding the complex phase behavior of lipids and lipid
mixtures, especially the formation mechanisms of crystalline
phases in lipid systems.”®** In 1980, Chen et al. demonstrated that
under prolonged incubation at around 0 °C, PCs with hydro-
carbon chains of 16-18 carbon atoms would convert from the gel
phase to a so-called subgel phase (L. or L), which is actually
a crystalline phase.* The structure and formation of the crystal-
line phase of PCs have been the subject of numerous studies since
then.**** As research continues, people found that the formation
process of the subgel phase of lipids is far more complicated than
they originally thought.*** The complexity of the subgel phase
formation arises from the interplay between kinetic and
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thermodynamic factors. Tristram-Nagle et al. proved that the
crystallization process of fully hydrated DPPC from the gel phase
to the subgel phase follows a nucleation-growth mechanism,
using X-ray diffraction data and a designed T-jump protocol.*®
Lewis et al. systematically studied the crystallization process of n-
saturated PCs with different chain lengths using FTIR spectros-
copy.*® According to their work, n-saturated PCs (n = 10-18) will
first transform into a metastable crystalline phase (L. ) and finally
change to the most stable crystalline phase, through a series of
intermediates, depending on the tail length. Tenchov et al
studied various types of lipids, including PC, phosphatidyletha-
nolamine (PE), and phosphatidylglycerol (PG), and summarized
some general features of the metastable phases occurring
between the gel and the subgel phases, and two types of precursor
phases were proposed: the Lg, phase and the SGII phase.* In the
former, the hydrocarbon chains are perpendicular to the bilayer
plane and are arranged in an orthorhombic lattice of four-nearest-
neighbor type, similar to the metastable rotator phases found in
long-chain normal alkanes upon crystallization.*”** In the latter,
the hydrocarbon chains are tilted to the bilayer plane and
arranged in an orthorhombic lattice of two-nearest-neighbor type.

In the present work, by using two saturated PC lipids that
differ only in the carbon number of the acyl tails, 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioctanoyl-sn-
glycero-3-phosphocholine (diC8PC), we designed a system to
study the phase behavior of lipid mixtures composed of long-
and short-chain lipids, using both an isothermal protocol and
a T-jump protocol. The influence of the molecular ratio of
DPPC/diC8PC, g, was studied and we found that mixtures with
lower g values favored the formation of a new metastable phase,
which transforms into the most stable L. phase upon a long-
enough incubation at 5 °C.

2. Experimental section

2.1. Sample preparation

DPPC and diC8PC were purchased from Avanti Polar Lipids
(Birmingham, AL, USA). Weighed amounts of DPPC and diC8PC
were premixed in chloroform, and then the solvent was evapo-
rated under a stream of nitrogen. The mixtures were then kept
in a vacuum for more than 12 h to remove the residual solvent.
Double-deionized H,O with a resistivity of 18.2 MQ cm or D,O
(99.9% deuterium, from Cambridge Isotopes, USA) was then
added to the obtained mixtures. The lipid/water weight ratio
was fixed at 1/3. Homogeneous lipid dispersions were prepared
by vortexing the mixtures at 60 °C for 20 min, and were then
subject to 4 repeated thermal cycles between —40 °C and 60 °C.
Six compositions of the lipid mixtures were examined. The
molar percentages of diC8PC over the total lipids were 5%, 10%,
20%, 25%, 41%, and 50%. In the area of bicelles, the molar ratio
(9) is a more frequently used parameter, and the respective
ratios of DPPC/diC8PC are 19, 9, 4, 3, 1.44, and 1.

2.2. Isothermal protocol and T-jump protocol

Lipid samples were first heated to 60 °C to remove their thermal
history. After that, the following protocols, unless otherwise
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specified, were used. For the isothermal protocol, samples were
incubated at 5 °C for 30 d. For the T-jump protocol, the samples
were first incubated at —20 °C for 24 hours and then cooled to
5 °C for 4 days of incubation. Their kinetic properties were
studied by changing the incubation time at specified tempera-
tures, which can be found in the related sections and figures.

2.3. DSC

Calorimetric data were obtained using a differential scanning
calorimeter, DSC821°¢ (Mettler-Toledo Co., Switzerland), equip-
ped with a mechanical cooling system. A high-sensitivity sensor
HSS7 was adapted for the system.

2.4. Synchrotron X-ray scattering

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scat-
tering (WAXS) experiments were performed at the Beamline
1W2A of the Beijing Synchrotron Radiation Facility (BSRF) (1 =
1.54 A). For simultaneous SAXS-WAXS measurements, a Pilatus
1MF detector (169 mm X 179 mm) and a Mar165 CCD detector
(@ = 165 mm) were used. A standard silver behenate sample and
a standard carbon fiber sample were used for the calibration of
the two detectors. A Linkam thermal stage (Linkam Scientific
Instruments, UK) was used for temperature control (+0.1 °C).
The 2D patterns were converted to 1D data using the program
Fit2D, and the dead data collected by the Pilatus 1MF detector
were recovered using a program developed by Zhihong Li.*>*

2.5. FTIR spectroscopy

FTIR spectra were recorded using a Nicolet 5700 Fourier
transform infrared spectrometer with an MCT detector in the
range 4000-1000 em™". The spectral resolution is 2 em™" and
the zero filling factor is 2. Samples were coated onto the inner
surfaces of a pair of CaF, windows, and the temperature was
controlled with the Linkam thermal stage.

3. Results and discussion

3.1. Phase behavior of DPPC-diC8PC system using two
protocols

The phase behavior of various DPPC-diC8PC mixtures, deter-
mined by the T-jump protocol and isothermal protocol, was first
examined with a DSC technique, and the results of the first
heating scans are shown in Fig. 1. The phase states of the
mixtures at different temperatures were identified with the help
of SAXS and WAXS, which will be presented later. For DPPC,
both protocols give the same result, with the DSC heating curve
showing sequentially the sub-, pre-, and main transitions upon
increasing the temperature at temperatures of 23 °C, 38 °C, and
42 °C, respectively. The presence of the sub-transition suggests
that after treatment with both protocols (the incubation time of
the isothermal protocol for DPPC was 15 d), DPPC is at the
subgel (L) phase, which is consistent with previous work.*>**
However, mixtures containing diC8PC show different thermo-
tropic phase behavior, depending on the values of g, as can be
seen in Fig. 1. On the one hand, for all the mixtures containing
diC8PC, the DSC curves show the disappearance of the pre-
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Fig. 1 DSC results for DPPC—-diC8PC binary mixtures dispersed in
water after treatment with (A) T-jump protocol and (B) isothermal
protocol. The corresponding g values are labeled on the right side of
each curve, and the phase states at respective temperature ranges are
labeled above the curves.

transition peak at around 38 °C compared to DPPC, which is the
phase transition from the lamellar gel phase (Lg) to the rippled
gel phase (Pg).*> The disappearance of the pre-transition of
DPPC is also seen in other systems when another component,
for example, DOPA, is added.** On the other hand, there are
differences in the DSC curves between the mixtures containing
diC8PC, depending on the g values. Accordingly, the samples
containing diC8PC are classified into 2 groups: mixtures with
high ¢ (19, 9, and 4) and low q (3, 1.44, and 1) values. When the
mixtures were treated with the T-jump protocol, the DSC curves
of the high-g mixtures exhibit no or little endothermic peaks in
the range 15 °C to 25 °C (Fig. 1A), indicating that no or little L.
phase is formed. But for the low-q mixtures, after treatment with
the T-jump protocol, the DSC curves exhibit significant endo-
thermic peaks in this temperature range, indicating that the
mixtures form a certain amount of L. phase domains. For the
isothermal protocol (Fig. 1B), the high-g mixtures show no or
small peaks, except for the main transition over the whole
temperature range displayed, which is the same as for the case
with the T-jump protocol. Conversely, the DSC curves of low-q
mixtures give peaks in the temperature range 25-35 °C, higher
than the sub-transition, suggesting different phase behavior.
The new phase, which has not been reported to the best of our
knowledge, is named the U phase in this work. The features and
formation kinetics of these two phases will be discussed later.

This journal is © The Royal Society of Chemistry 2017
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To identify the phase states of the mixtures, we performed
SAXS and WAXS experiments. Since high-g mixtures do not
show a large difference under the two protocols, we focused
mainly on two mixtures with ¢ = 1.44 and 1, and pure DPPC.
The results at selected temperatures are shown in Fig. 2. For
DPPC, the phases at 5 °C, 30 °C, and 50 °C are identified as the
lamellar crystalline phase (L.), the lamellar gel phase (Lg),
and the lamellar liquid crystalline phase (L,), respectively. In
the SAXS region, the reciprocal spacings (s) at the scattering
maxima show a ratio of 1: 2 : 3 for all the three phase states,
indicating that these phases are lamellar. The repeat distances
of these structures are evaluated as 6.01 nm (5 °C), 6.36 nm
(30 °C), and 6.7 nm (50 °C), respectively, in good agreement
with previous works.***'-** In the WAXS region, several peaks
were observed in the crystalline phase at 2.26, 2.37, and 2.56
nm ', which are consistent with the literature.’>%»3* These
peaks in the WAXS region indicate that the hydrocarbon
chains of the lipid in the crystalline phase are highly ordered
and, according to previous publications, they are in a triclinic
lattice.’® For the gel phase of DPPC, the peak at 2.37 nm™ " with
a shoulder at around 2.44 nm™" reveals that the hydrocarbon
chains are in a distorted hexagonal lattice.”®*” The corre-
sponding spacings are 0.42 and 0.41 nm. For the liquid crys-
talline phase, the WAXS region shows a broad peak centered at
s = 2.20 nm " (or d = 0.46 nm), which indicates that the
hydrocarbon chains are loosely packed.?*** For the mixtures
with ¢ = 1.44 and 1, the scattering profiles at 30 °C indicate
that they are in a non-tilted lamellar-gel state, typified with
lamellar SAXS patterns and a symmetric WAXS peak at 2.45
nm™". The spacing calculated from the WAXS data is 0.41 nm,
which is a little shorter than the spacing in the Lg phase of
pure DPPC (0.42 nm), suggesting a more tightly packed mode
of the hydrocarbon chains in the former. In the SAXS region,
a lamellar structural feature can be clearly seen with a repeat
distance of 5.87 nm, markedly shorter than that of the Lg
phase of pure DPPC, which is explained by interdigitation of
the chains of diC8PC and DPPC. Thus, the gel phase of the
mixtures with ¢ = 1.44 and 1 is actually an interdigitated
lamellar gel phase (Lgl), which is reasonable for the phos-
pholipid mixtures containing a long-tail component and
a short-tail component. The stable phase at low temperature of
the two mixtures is the lamellar crystalline phase (L), as evi-
denced by the SAXS and WAXS data. In the SAXS region, the s
values of the scattering peaks are 0.153, 0.291, and 0.444
nm ™, close to a ratio of 1 : 2 : 3, indicating that the L. phase
is a lamellar structure with a d value of 6.54 nm, 0.54 nm
longer than that of the crystalline phase of DPPC. The increase
in the repeat distance may be attributed to the decrease in the
tilt angle, which is 34° in the crystalline phase of DPPC.**>"®
In the WAXS region, the peaks are similar to those for the
crystalline phase of DPPC. The similarity implies that the
hydrocarbon chains are in a triclinic lattice, which is also
proven by the FTIR results discussed in the next section.

To characterize the newly identified U phase, we have tried
to prepare samples as pure as possible with only this phase
state. Clearly, as shown in Fig. 2, a broad peak is seen in the
SAXS region, indicating the lack of long-range order in the
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Fig.2 SAXS (left) and WAXS (right) data of (A) DPPC, (B) DPPC-diC8PC (g = 1.44), and (C) DPPC-diC8PC (q = 1). The corresponding phase states
and temperatures are labeled above the curves.

direction of the bilayer surface normal for the phase. In the

phase feature.
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WAXS region, there are several peaks, showing a crystalline

The submolecular details of each phase were characterized

using FTIR experiments, and the results are shown in Fig. 3,
while the FTIR peak assignments are shown in Table 1. Here we

This journal is © The Royal Society of Chemistry 2017
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present results in 4 vibration regions, namely the C-H stretch-
ing band (3000-2800 cm ™), the C=0 stretching band (1800~
1650 cm ™ '), the CH, scissoring band (1490-1440 cm™ '), and the
PO, symmetric stretching band (1140-1020 cm ™ '). The
samples we used here are the mixtures with ¢ = 1.44 and 1, and
the FTIR results for the two samples are similar. Four peaks are
seen in the region of 3000-2800 cm ™', and they include a CH;
asymmetric stretching band (near 2950 cm™ '), a CH, asym-
metric stretching band (near 2920 cm '), a CH; symmetric
stretching band (near 2870 ¢cm™'), and a CH, symmetric
stretching band (near 2850 cm ™), denoted as v,;CHj, 7,sCH,,
vsCH3, and vsCH,, respectively. The peak position changes in
the CH, stretching bands have been used frequently to follow
the conformational order and to determine the relative
amounts of trans and gauche conformers.****»* When cooled
from 60 to 30 °C, v,4CH, and v,CH, change from 2923 and 2854
em ' t0 2919 and 2851 cm ™!, respectively, indicating a decrease
in gauche conformers when the lipids change from the liquid
crystalline phase to the gel phase. For the U phase, the positions
of v,,CH, and »,CH, are 2918 and 2850 cm ', while in the
crystalline phase, they are 2916 and 2849 cm ™. The decrease in
the wavenumber of the peak positions indicates an increase in
trans conformers and a more ordered packing mode of the
hydrocarbon chains.

>
ow)
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Table 1 Wavenumbers (cm™) and assignments of FTIR absorption
bands of DPPC-diC8PC binary mixtures with g = 1 and 1.44

L, (60°C) Lgl(30°C) Uphase(5°C) Lo (5°C) Assignment
2923 2919 2918 2916 v,sCH,
2854 2851 2850 2849 vsCH,

1733 1735 1735 1733, 1742 vC=0
1468 1468 1468/1469 1472 0CH,

1088 1088 1087 1093 PO,

The CH, scissoring band (6CH,) is often used to characterize
the phase state of phospholipids through the lateral packing
mode of the hydrocarbon chains.?**** For the liquid crystalline
phase, the gel phase, and the U phase, the positions of the CH,
scissoring band are all near 1468/1469 cm ', signaling
a hexagonal packing mode, and the slight change from 1468
cm ' (gel phase) to 1469 cm™ ' (U phase) may be interpreted as
distortion of the hexagonal lattice. The 1472 cm™" CH, scis-
soring band of the crystalline phase strongly suggests that the
hydrocarbon chains are in a triclinic lattice.?***%°

The C=0 stretching band of the liquid crystalline phase is
a broad peak centered at 1733 cm ™', and as the lipids change to
the gel phase, the peak becomes sharper and shifts to 1735
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Fig. 3 FTIR results of DPPC-diC8PC binary lipid mixtures with g = 1.44 (A-D) and 1 (E-H) in H,O (A, C-E, G and H) or D,O (B and F). The

corresponding phase states are labeled by the curves.
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cm ™, due to the reduction in mobility in the interfacial region
and dehydration of C=O0. For the U phase, the peak becomes
sharper than that of the gel phase, suggesting a further reduc-
tion in mobility in the interfacial region and dehydration of C=
0.%>*! For the crystalline phase, the peak splits into two distinct
peaks at 1733 and 1742 cm™ ', which may correspond to the
hydrogen-bonded and non-hydrogen-bonded C=O species,
respectively. From the data from the in situ SAXS experiment
presented in Section 3.2, which clearly show a phase separation
during the crystallization process, it seems that this assignment
is reasonable. In the DPPC-rich phase, the lipids are in
a lamellar crystalline phase and the C=0 group tends to form
no hydrogen bond with H,O, while in the diC8PC-rich phase,
the lipids are in micelles and the C=0 group tends to form
a hydrogen bond with H,O. For this reason, the peaks at 1733
and 1742 em™ " are assigned to diC8PC-rich micelles and the
DPPC-rich crystalline phase, respectively. The marked shift
from 1735 to 1742 cm™" strongly suggests the dehydration of
the interfacial region upon the phase transition from the gel to
the crystalline phase, which is a common feature of the crys-
talline phase of lipids.?**%°

In the PO,” symmetric stretching region, little change is seen
between the liquid crystalline phase and the gel phase, indicating
that the hydration situation is almost the same in these two
phases. For the U phase and the crystalline phase, the PO,
symmetric stretching band is different from the gel phase and
the liquid crystalline phase, suggesting that the degree of
hydration of the head group region changes in the two phases.*>*

3.2. Kinetic properties of the crystalline and the U phases

The formation kinetics of the crystalline phases of all mixtures
were studied using T-jump protocol, and the DSC results are
shown in Fig. 4 and Table 2. For DPPC, after 24 h of nucleation
at —20 °C, when we incubate the sample at 5 °C for 2 days, the
peak area of the sub-transition is 7.9 J g~ ', which increases to
18.7] g ' if the incubation time at 5 °C increases to 4 days, close
to the reported sub-transition enthalpy change (19.2 J g™ 1),
indicating that most DPPC molecules transform into the crys-
talline phase. When we increase the nucleation time to 48 h, 2
days of incubation at 5 °C is enough to generate the crystalline
phase for almost all DPPC molecules, implying that the increase
in the nucleation time can effectively reduce the crystal growth
time. For this reason, we studied the influences of both the
nucleation time and crystal growth time for samples with
different compositions. For high-g mixtures (g = 19, 9, and 4),
little or no crystalline phase can form even with a crystal growth
time of 4 days if the nucleation time is 24 h (Fig. 4B-D).
However, if the nucleation time is increased to 48 h, they will
form the crystalline phase even after 1 day of incubation at 5 °C,
suggesting that these mixtures form sufficient nuclei after 48 h
of incubation at —20 °C rather than 24 h. Compared with DPPC,
a longer nucleation time is required after adding diC8PC.

The situation is different for low-g mixtures (g = 3, 1.44, and
1). For mixtures with ¢ = 3 (Fig. 4E), after 24 h of incubation at
—20 °C and 1 day of incubation at 5 °C, two peaks appeared in
the DSC curve, and the positions of the two peaks are the same
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as the peak positions of the crystalline phase and the U phase,
which is strong evidence of the coexistence of the crystalline
phase and the U phase. When we prolonged the incubation time
at 5 °C, the peak of the U phase vanished, while the peak area of
the sub-transition increased and finally reached a maximum,
implying that the U phase converted to the crystalline phase
during the incubation. This also means that the U phase may
act as a precursor phase in the crystallization process. For
mixtures with g = 1.44 (Fig. 4F), the peak of the U phase was not
observed after 24 h of incubation at —20 °C and 1 day of incu-
bation at 5 °C. When the incubation time at —20 °C was
decreased to 0.5 h, however, the coexistence of the U phase and
the crystalline phase also emerged after 2 days of incubation at
5 °C and, finally, the U phase transformed into the crystalline
phase after incubation at 5 °C for 4 days (data not shown). For
mixtures with ¢ = 1 (Fig. 4G), the crystallization process is
similar to that for mixtures with ¢ = 3 and 1.44, but much faster.

In order to further unveil the formation mechanism of the
crystalline phase, we performed an in situ SAXS experiment
using the T-jump protocol for the g = 1 mixture. This was
possible because the crystallization process of the g = 1 mixture
treated with the T-jump protocol can be finished on a scale of
hours. The results are shown in Fig. 5. The left panel of the
figure is a series of time-resolved SAXS profiles and the right
panel is an enlarged display of selected scattering profiles from
the left panel (the thick lines). The sample was first heated to
60 °C in the test tube, allowing the lipid molecules to stay in the
liquid crystalline phase, and then sealed in a sample cell at
10 °C to perform the T-jump protocol. At the starting point (10
°C), the sample was in the gel phase (Lgl). It was cooled to
—10 °C at a constant rate of —10 °C min ", transforming into
the U phase. After incubation at —10 °C for 12 min, there
appeared a number of sharp peaks, which can be classified into
two groups (marked with a and b). Both are identified as
lamellar phases with repeat spacings of 5.92 and 3.88 nm. The
former is close to the spacing of DPPC and is assigned as the
DPPC-rich phase, and the latter is assigned as the diC8PC-rich
phase. During the incubation at —10 °C, the two lamellar
structures were found to be stable. Then, the sample was heated
from —10 °C to 10 °C at a constant rate of 1 °C min~". Clearly
noticeable are the shifts of all the diffraction peaks towards
a lower angle, indicating increases in the repeating spacings of
both lamellar structures. At about 0 °C, the “b” phase dis-
appeared. The remaining “a” phase transforms into the
lamellar crystalline phase.

Based on the data, we conclude that the low-g mixtures
crystallize via the U phase; in other words, the U phase is
a precursor of the lamellar-crystalline phase (“a” phase in Fig. 5)
for mixtures with lower g values. The diC8PC-rich phase (“b”
phase in Fig. 5) that emerged during the crystallization process
transforms into a micelle phase upon heating, corresponding to
the vanishing of the scattering peaks at s = 0.258 and 0.516
nm . This is in line with published literature, which reported
a micelle structure of diC8PC in H,O at room temperature.®* It is
worth noting that the protocol used here is not the exact T-jump
protocol described in Section 2.2. The nucleation temperature
used here is —10 °C instead of —20 °C, and the crystal growth

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 DSC results of DPPC-diC8PC binary lipid mixtures dispersed in water after incubation at —20 °C and 5 °C for different periods of time, as
indicated by the curves. The g values are (A) «, (B) 19, (C) 9, (D) 4, (E) 3, (F) 1.44, and (G) 1.

temperature is 10 °C instead of 5 °C. This change was made for
the convenience of SAXS-WAXS measurements. We have run
a DSC experiment using this protocol, and the results (Fig. S1t)
support the general conclusions we achieved using the standard
protocol.

This journal is © The Royal Society of Chemistry 2017

The kinetic properties of the U phase under isothermal
conditions with g = 1.44 and 1 were also studied, and the DSC
results are shown in Fig. 6. The mixtures had been incubated at
5 °C for 7, 30, and 60 days before DSC scanning. The thermo-
grams indicate that both mixtures stayed in the gel phase after 7
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Table 2 Enthalpy data (J g~2) of the sub-transition® and the U-gel phase transition® of the DPPC—diC8PC binary mixtures at various g values (q =

o is pure DPPC in H,0)

Sample treatment q= 19 9 4 3 1.44 1

30 d at 5 °C (for DPPC, 15 d) 18.3% o° o° small® 15.3° 11.3° 9.5°
24 hat —20°Cthen1dat5°C 18.1% 15.0% 12.1%
24 hat —20°C then 2 d at 5 °C 7.9% 0? small® 20.0% 15.0° 13.0%
24 h at —20 °C then 4 d at 5 °C 18.7° 0* 0* small® 21.6% 15.5° 12.1°
48 h at —20 °C then 1 d at 5 °C 12.7% 6.0% 23.4%

48 h at —20 °C then 2 d at 5 °C 16.2% 12.5% 12.4% 22.7% 21.4% 14.4% 12.4%
48 h at —20 °C then 4 d at 5 °C 15.4% 26.0% 23.4%
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Fig. 5 Time-resolved in situ SAXS results for DPPC-diC8PC binary
lipid mixture (g = 1) during the crystallization process. Left: the sample
was cooled from 10 to —10 °C at 10 °C min~, incubated at this
temperature for 30 min, and then heated to 10 °C at 1 °C min~*, Right:
enlarged display of selected scattering profiles (thick line) from the left
panel.

days of incubation, while they formed the U phase after 30 days
of incubation at 5 °C. The enthalpy changes of the U phase to
the gel phase after 30 days of incubation at 5 °C are 11.3 J g *
and 9.5 ] g~ for the mixtures with ¢ = 1.44 and 1, respectively,
reaching the maxima. This suggests that after 30 days of incu-
bation at 5 °C, the samples transformed completely from the
lamellar gel to the U-phase state. Finally, the samples

A
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g
E
_% 0.2F N\ /\ 30 days
i
T
o}
I 01}
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0.0t . \ . .
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Temperature (°C)

transformed to the crystalline phase after another 30 days of
incubation at 5 °C, and the enthalpy changes of the sub-
transition are 15.3 J g~ " and 11.5 J g~ ' for the mixtures with g
= 1.44 and 1, respectively, close to the enthalpy data of the sub-
transition obtained by the T-jump protocol, shown in Table 2.
This indicates that most molecules in the samples were in the
crystalline state after 60 days of incubation at 5 °C. Clearly,
during isothermal incubation at 5 °C, the gel phase first
changed to the U phase and then converted to the crystalline
phase after prolonged incubation. This is further strong
evidence that the U phase acts as a precursor phase during the
crystallization process.

4. Conclusion

In this work, we have systematically studied the phase behavior
of the DPPC-diC8PC system using DSC, SAXS-WAXS, and FTIR.
Firstly, we studied the phase behavior using both the T-jump
protocol and the isothermal protocol, and found that at both
high and low ¢, a lamellar crystalline phase (L.) enriched in
DPPC was the most stable phase at 5 °C. Formation of the
crystalline phase accompanies segregation of a diC8PC-
enriched micelle phase. Interestingly, for low-g mixtures (1 =
g = 4), a metastable phase, named the U phase, was observed.
The structural features of the U and crystalline phases were
characterized using SAXS-WAXS and FTIR. The crystalline phase
is a lamellar structure with a triclinic packing mode of the
hydrocarbon chains, while the U phase is found to lose the long-
range order in the bilayer normal direction but gains a different

0.4
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g
E
w
®
o
T 01f
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0.0 L L L L
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Fig. 6 DSC results of DPPC-diC8PC binary lipid mixtures dispersed in H,O using isothermal protocol after incubation at 5 °C for different
periods of time, as indicated by the curves. The DPPC/diC8PC molar ratios are (A) 1.44 and (B) 1.
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“crystalline phase-like” hydrocarbon chain packing mode.
Secondly, we studied the formation kinetic properties of the U
and crystalline phases and found that, for high-g mixtures,
more time is needed at —20 °C to form nuclei, and thus diC8PC
acts as an inhibitor for the crystallization of lipids, while for
low-g mixtures, a much faster crystallization rate was recorded
via the intermediate U phase. Upon incubation at low temper-
atures, the U phase separates into a lamellar DPPC-enriched
phase and a lamellar diC8PC-enriched phase at —10 °C, and
finally transforms into a lamellar crystalline phase (L)
enriched in DPPC, along with a diC8PC-enriched micelle phase
above 0 °C. The present work deepens our understanding of the
lipid crystallization process and will also provide helpful
knowledge of lipid binary mixtures composed of long- and
short-chain lipids, which are often applied in membrane
protein studies.
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