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ABSTRACT: Synthetic analogues of the cell-wall lipid
monomycoloyl glycerol (MMG) are promising as next-
generation vaccine adjuvants. In the present study, the
thermotropic phase behavior of an array of synthetic MMG
analogues was examined by using simultaneous small- and
wide-angle X-ray scattering under excess water conditions. The
MMG analogues differed in the alkyl chain lengths and in the
stereochemistry of the polar glycerol headgroup or of the lipid
tails (native-like versus alternative compounds). All MMG
analogues formed poorly hydrated lamellar phases at low
temperatures and inverse hexagonal (H2) phases at higher
temperatures prior to melting. MMG analogues with a native-
like lipid acid configuration self-assembled into noninterdigi-
tated bilayers whereas the analogues displaying an alternative lipid acid configuration formed interdigitated bilayers in a subgel
(Lc′) state. This is in contrast to previously described interdigitated phases for other lipids, which are usually in a gel (Lβ) state.
All investigated MMG analogues displayed an abrupt direct temperature-induced phase transition from Lc′ to H2. This transition
is ultimately driven by the lipid chain melting and the accompanying change in molecular shape. No intermediate structures were
found, but the entire array of MMG analogues displayed phase coexistence during the lamellar to H2 transition. The structural
data also showed that the headgroups of the MMG analogues adopting the alternative lipid acid configuration were ordered and
formed a two-dimensional molecular superlattice, which was conserved regardless of the lipid tail length. To our knowledge, the
MMG analogues with an alternative lipid acid configuration represent the first example of a lipid system showing both
interdigitation and superlattice formation, and as such could serve as an interesting model system for future studies. The MMG
analogues are also relevant from a subunit vaccine perspective because they are well-tolerated and display promising
immunopotentiating activity. The structural characterization described here will serve as a prerequisite for the rational design of
nanoparticulate adjuvants with specific and tailored structural features.

■ INTRODUCTION
A number of mycobacterial cell-wall components are
recognized to possess potent immunostimulatory activity.1,2 A
vaccination strategy utilizing these cell-wall components as
adjuvants in subunit vaccines, in combination with highly
purified or synthetic pathogen-specific antigen(s), therefore
appears to be a promising prophylactic approach for the
prevention of certain infectious diseases.3,4 The apolar lipid
monomycoloyl glycerol (MMG) has been identified as one of
the most potent immunostimulatory membrane lipids from the
cell wall of Mycobacterium bovis Bacillus Calmette-Guérin (M.
bovis BCG).5 A synthetic MMG analogue, referred to as MMG-
1, has been shown to both be well-tolerated and possess
immunostimulatory properties comparable to the immunosti-
mulatory properties of the natural MMG.5 MMG-1 is

composed of a hydrophilic glycerol headgroup linked via an
ester bond to a hydrophobic acid displaying saturated C14/C15
lipid tails (Figure 1).6 Furthermore, a dispersion based on
MMG-1 and the quaternary ammonium salt dimethyldioctade-
cylammonium (DDA) bromide has been engineered into a
promising liposome-based cationic adjuvant (termed CAF04,
Statens Serum Institut, Denmark) that induces attractive cell-
mediated immune (CMI) responses in addition to antibody-
mediated immune responses.6 The majority of adjuvants used
in licensed vaccines nowadays only induce an antibody-
mediated immune response, although induction of a CMI
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response is a prerequisite for successful vaccination against
intracellular pathogens, e.g. HIV, M. tuberculosis, and Chlamydia
trachomatis.7,8

Based on MMG-1, an array of analogues was designed by
systematic variation of the length of the hydrophobic alkyl
chains and the stereochemistry of both the hydrophilic
headgroup and the lipid acid moiety.9,10 We classified the
lipids into two groups depending on the stereochemistry,
displaying either a “native-like” (N) or an “alternative” (A)
racemic corynomycolic acid configuration (Table 1). Pre-

viously, we have studied the self-assembled nanostructures of
these MMG analogues in excess water or serum-containing cell
medium at physiologically relevant temperatures (25, 35, and
40 °C).9,10 These studies demonstrated that the length of the
alkyl chains and the stereochemistry of the lipid acid moiety
have a pronounced impact on the self-assembled nanostruc-
tures of the MMG analogues in excess water. The MMG
analogues display either a lamellar or an inverse hexagonal
structure at 25, 35, and 40 °C.9,10 The immunostimulatory
activity of these compounds was also tested in vitro, and a
correlation between the supramolecular structure of the MMG
analogues and their ability to stimulate human monocyte-
derived dendritic cells was established, indicating that the
analogues adopting an inverse hexagonal structure were less
capable of stimulating the dendritic cells as compared to the
analogues adopting a lamellar structure.9 Incorporation of the
MMG analogues into DDA vesicles resulted in the formation of
unilamellar vesicles, multilamellar vesicles or particles with an
internal inverse hexagonal (H2) structure, depending on the
specific MMG analogue and the molar ratio of MMG to
DDA.10 Selected binary dispersions based on DDA in
combination with MMG-1, MMG-3, or MMG-6 (Table 1)

were furthermore shown to be immunoactive in mice and
induced strong Th1 and Th17 responses.10

Despite these efforts, a systematic study of the phase
behavior of the different synthetic MMG analogues in excess
water has not yet been performed. The influence of the
molecular properties on the self-assembling properties in excess
water of both natural and synthetic lipids is well-studied in the
literature,11−14 but remains to be fully understood for the
MMG analogues. In the present study, the effect on the self-
assembled nanostructure due to alterations in the tail length
and in the stereochemistry of both the hydrophilic headgroup
and the lipid acid moiety was extensively studied in excess
buffer as a function of temperature by using simultaneous small-
and wide-angle X-ray scattering (SAXS and WAXS, respec-
tively). Thus, the dependence on temperature for the packing
of the lipid alkyl chains and the organization of the lipid
molecules into supramolecular structures was established for
the array of MMG analogues.

■ MATERIALS AND METHODS
Materials. The used chemicals and reagents were obtained

commercially at analytical grade.
Synthesis of MMG Analogues. An array of MMG analogues

varying in the stereochemistry and lipid chain lengths (Table 1) were
synthesized and purified as previously described, and the identity and
purity of the resulting compounds were confirmed by NMR
spectroscopy.6,9 The MMG-4 analogue was not included in the
present study because the compound is oil-like at ambient temperature
and thus clearly not forming neither a crystalline nor a liquid
crystalline phase in excess buffer.

Sample Preparation for SAXS/WAXS. Hydrated Samples. The
dry lipid powders were hydrated by adding Tris buffer (10 mM, pH
7.4) and carrying out at least five freeze−thaw cycles between liquid
nitrogen/dry ice and room temperature, and then homogenizing
several times during the thawing steps by vigorous vortexing and
heating above the crystalline-to-liquid crystalline phase transition
temperature. The final lipid concentration was 100 mg/mL, and the
samples were incubated at room temperature for at least 1 week before
performing the SAXS/WAXS measurements to ensure optimal
hydration of the samples.

Anhydrous Sample (MMG-1). MMG-1 was dissolved in dichloro-
methane, and the organic solvent was evaporated repeatedly, and then
the sample was dried further under vacuum (freeze-dryer) for 2 days.
NMR spectroscopy measurements confirmed that no H2O was
bound.9 The sample was stored at −20 °C.

SAXS/WAXS Measurements and Data Analysis. The X-ray
measurements were performed by using a SAXSLab instrument
(JJXray, Kgs. Lyngby, DK) equipped with a 100XL + microfocus
sealed X-ray tube (Rigaku, Tokyo, JP) producing a photon beam with
a wavelength of 1.54 Å. The scattering patterns were recorded with a
two-dimensional (2D) 300 K Pilatus pixel area detector (Dectris,
Baden, CH). The samples were measured in a temperature-
controllable sample stage (Linkam, Tadworth, UK). The heating
rate was 10 °C/min, and the investigated temperature range was 25−
80 °C (15−80 °C for MMG-6). The samples were left for 10 min to
equilibrate before measuring at each temperature step. The 2D
scattering data did not show any angular dependency and were thus
azimuthally averaged, normalized by the incident radiation intensity,
the sample exposure time and transmission, and corrected for
background and detector inhomogeneities. The radially averaged
intensity I is given as a function of the scattering vector q = 4π sin θ/λ,
where λ is the wavelength and 2θ is the scattering angle. The samples
were measured at two settings: A setting covering a q-range from
approximately 0.004 to 0.9 Å−1 with a sample exposure time of 600 s,
and a setting covering a q-range from approximately 0.02 to 3 Å−1 with
an exposure time of 300 s. Silver behenate [H3C (CH2)20COOAg]
with a d-spacing value of 58.38 Å was used as a standard to calibrate

Figure 1. Molecular structure of the synthetic MMG analogues
exemplified by MMG-1, which consists of a 1:1 mixture of two
diastereomers with a (2R,3S) and a (2S,3R) lipid configuration,
respectively. The alkyl chain length for MMG-1 is C14/C15, and the
configuration of the glycerol headgroup is 2′R.

Table 1. Overview of the Designed MMG Analoguesa

name
headgroup

stereochemistry
stereochemistry of lipid

acid moiety
chain
lengths

MMG-1 (A) 2′R (2R,3S)/(2S,3R) C14/C15

MMG-2 (A) 2′R (2R,3S)/(2S,3R) C16/C17

MMG-3 (A) 2′R (2R,3S)/(2S,3R) C10/C11

MMG-4 (A)b 2′R (2R,3S)/(2S,3R) C6/C7

MMG-5 (A) 2′S (2R,3S)/(2S,3R) C14/C15

MMG-6 (N) 2′R (2R,3R)/(2S,3S) C14/C15

MMG-7 (N) 2′S (2R,3R)/(2S,3S) C14/C15

A: Alternative racemic corynomycolic acid configuration. N: Native-
like racemic corynomycolic acid configuration. aTable adapted from
Martin-Bertelsen & Korsholm et al.9 with permission from the Royal
Society of Chemistry. bNot included in this study.

Langmuir Article

DOI: 10.1021/acs.langmuir.6b01720
Langmuir XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.langmuir.6b01720


the angular scale for the small-angle setting.15 A silicon powder with a
NIST (National Institute of Standards and Technology) certified
lattice parameter of 5.43 Å was used to calibrate the wide-angle region
(Standard Reference Material 640d). The mean lattice parameter (l)
was calculated from the peak position (p) of the first order reflection
according to the rules for the different mesophases.16 The peak
position and full width at half-maximum (fwhm) was estimated by
fitting a Gaussian to the peak. A standard deviation (SD) was
calculated from the fwhm value (fwhm =2 2ln 2 SD) and propagated
to the lattice parameter (SDl = l SDp/p). The scattering plots were
prepared using MATLAB (The MathWorks, Inc., MA, USA). The
fitting of the peaks was performed using the MATLAB script peakfit
(O’Haver, Peak fitting program for time-series signals, version 5.7).
The phase diagrams (Figures 3 and 9) were prepared using R (R
Foundation for Statistical Computing, Vienna, AT). The chain−chain
spacings for the MMG analogues were calculated from the reflections
observed in the WAXS regime.17 Electron density profiles were
calculated from the measured intensities of the diffraction peaks
following the procedure illustrated by Bottier et al.18

■ RESULTS AND DISCUSSION
MMG Analogues with an Alternative Lipid Acid

Configuration Exhibit a Temperature-Induced Transi-
tion from a Crystalline Interdigitated Lamellar to an
Inverse Hexagonal Phase. MMG analogues displaying
different alkyl chain lengths, but with the alternative
configuration of the lipid acid moieties (MMG-1, MMG-2,
and MMG-3, respectively), exhibited similar thermotropic
phase behavior in excess buffer at the studied temperatures.
The X-ray scattering patterns revealed a direct transition from a
lamellar to an inverse hexagonal (H2) phase upon heating
(Figure 2). A complete melting of the lipids was observed for
MMG-1 and MMG-3 at higher temperatures with a likely
formation of inverse-type micelles (M2), albeit the characteristic
scattering from micelles was not conclusively observed at the
relatively short measuring times employed. The calculated d-
spacings for the lamellar phase at 25 °C (dashed lines, Figure 2)
were 24.2 Å for MMG-1, 26.8 Å for MMG-2, and 18.6 Å for
MMG-3 (Table 2). As expected, the d-spacing was directly
proportional to the alkyl chain length. Similarly, an increase in
the phase transition temperature for increased alkyl chain
lengths was evident (Figure 3). The unit parameters of the
observed H2 phases were calculated based on the scattering
patterns recorded above the phase transitions (Table 2).
The measured bilayer spacings suggest that these MMG

analogues adopt an interdigitated lamellar phase (Figure 4), as
the observed lattice spacings are relatively small compared to
the lattice spacings reported for other saturated lipids with
comparable chain lengths,19 and approximately half of the value
of the bilayer spacing of the MMG analogues adopting a native
lipid acid configuration (comparing MMG-1 with MMG-6 and
MMG-7 which have identical chain lengths, cf. the discussion
below). We do not consider a tilted chain arrangement likely
because the WAXS pattern does not show the characteristic
broad shoulder on the high q-side of the main peak,20,21 and it
would also require an extreme molecular tilt angle with respect
to the bilayer normal to account for the observed bilayer
spacings. The scattering patterns in the wide-angle region
indicate that the lipid tails were well-ordered and suggest that
the lipids were either in a gel or a crystalline state (Figure 2).
For all three MMG analogues with an alternative lipid acid

configuration, an additional peak was observed between the
first and the second reflection of the lamellar phase at
approximately q = 0.4 Å−1 with a corresponding Bragg spacing

of approximately d = 16 Å (Figure 2, black asterisk). An
evaluation of the peak position behavior as a function of
temperature for these three MMG analogues revealed that this
peak is associated with the packing in the lateral plane, i.e. the
same plane as the hydrocarbon chains (Figure 5). The in-plane
and out-of-plane correlations are clearly distinct in all three
cases. We attribute this peak to the lateral packing of the lipid
headgroups, where one of the headgroup-to-headgroup
distances in the 2D plane corresponds well to approximately
16 Å, since the headgroup-to-headgroup distance is generally
increased for the interdigitated bilayer (Figure 4). This is

Figure 2. Scattering patterns of (A) MMG-1, (B) MMG-2, and (C)
MMG-3 in excess buffer in steps of 5 °C in the temperature range of
25−80 °C. The dashed lines mark the detected reflections of the
lamellar phases in the SAXS regime. The asterisks mark the reflections
attributed to the lateral packing of the lipid headgroups.
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further supported by the fact that the peak was conserved for
the three analogues that all display the same headgroup
stereochemistry. Thus, it is inferred that the lipid headgroups
were in an ordered state, which means that the observed
interdigitated lamellar phase was subgel (Lc′).
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In addition, a comparison at 25 °C of anhydrous MMG-1
and MMG-1 in excess buffer revealed that these two physical
states have very similar structural characteristics (Figure 6).

Table 2. Structural Parameters for the Self-Assemblies of the Investigated MMG Analogues in Excess Buffera

compd alkyl chains lamellar d-spacing ± SD (Å) H2 unit cell parameter ± SD (Å) lateral headgroup spacing ± SD (Å) chain−chain spacing ± SD (Å)

MMG-1 C14/C15 24.2 ± 0.3 38.6 ± 0.4 (60 °C) 15.7 ± 0.4 4.86 ± 0.04
MMG-2 C16/C17 26.8 ± 0.3 39.8 ± 0.4 (70 °C) 15.7 ± 0.3 4.83 ± 0.04
MMG-3 C10/C11 18.6 ± 0.1 35.1 ± 0.3 (35 °C) 15.2 ± 0.1 4.74 ± 0.02
MMG-5 C14/C15 24.1 ± 0.5 38.5 ± 0.5 (60 °C) 15.6 ± 0.6 4.8 ± 0.1
MMG-6 C14/C15 51.4 ± 1.3 (15 °C) 40.4 ± 0.5 4.88 ± 0.05 (15 °C)
MMG-7 C14/C15 51.6 ± 1.3 (15 °C) 40.5 ± 1.6 4.9 ± 0.1 (15 °C)

aCalculations were performed for measurements at 25 °C if not otherwise indicated.

Figure 3. Dependency of the observed phases on the chain length of
the MMG analogues with an alternative lipid acid configuration in
excess buffer. The temperature range is 25−80 °C depicted in steps of
5 °C. Anhydrous MMG-1 is included for comparison. The observed
structural phases are subgel (Lc′), inverse hexagonal (H2), and a
complete melting of the lipids (m).

Figure 4. Schematic representation of noninterdigitated (left) and
interdigitated (right) lipid membranes. The headgroup-to-headgroup
distance is given by a for the noninterdigitated and ai for the
interdigitated lipid membrane.

Figure 5. Peak position behavior as a function of temperature for (A)
MMG-1, (B) MMG-2, and (C) MMG-3 normalized to the lowest
temperature q-value. Square and circle markers correspond to the first
two reflections of the lamellar phase, while asterisk markers
correspond to the peak from the hydrocarbon chains, and triangle
markers correspond to the headgroup peak at q ≈ 0.4 Å−1. Lines
connecting the markers are inserted as a guide for the eye. The
comparably small variation in the q-values for MMG-3 is due to the
relatively small temperature range in which the headgroup peak was
detected for this analogue.
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This implies that the headgroup hydration of MMG-1 is
generally poor and emphasizes that the resulting interdigitated
lamellar phase observed for MMG-1 in excess buffer is
crystalline. The lipid chain packing in the interdigitated gel
phase (Lβ

i ) is commonly of the hexagonal type where each lipid
chain has six nearest neighbors.17 For the MMG analogues 1−
3, we observed an interdigitated packing of the lipid chains with
a dominant strong reflection at q ≈ 1.5 Å−1, which corresponds
well to the characteristic single reflection for the hexagonal
chain packing.17 The calculated chain−chain spacings for the
MMG analogues (Table 2) are based on the hexagonal chain
packing where the chain−chain spacing is given by ach = 2d/
√3.17 The assignment of the additional weaker peaks in the
WAXS region has not been unambigously resolved, but they are
most likely attributed to additional diffractions from the
headgroup organization in the Lc′ phase. Structures like these
have previously been described by Katsaras et al. for the
phospholipid dipalmitoylphosphatidylcholine (DPPC) in the
crystalline/subgel Lc′ noninterdigitated phase.22−25 Thus, our
findings indicate that the interdigitated lamellar phase is in an
Lc′ state, while previously reported interdigitated phases have
mainly been observed in the gel (Lβ) state.
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On heating, the sequence of thermotropic phase transitions
in lipid membranes is usually: Lamellar crystalline Lc ↔
lamellar gel Lβ ↔ lamellar liquid crystalline Lα ↔ bilayer cubic
Q2

B ↔ inverted hexagonal H2 ↔ inverted micellar cubic Q2
M ↔

micellar M2.
26 Additional scattering data with a temperature

resolution of 1 °C/step (Supporting Information, Figures S1−
S2) revealed no intermediate stable structures at the measured
resolution, and thus the transition from the crystalline lamellar
phase (Lc′) to the inverse hexagonal phase appears to be direct.
This observation was supported by a preliminary differential
scanning calorimetry (DSC) study of MMG-1 in excess buffer,
which revealed an endothermic phase transition with a
transition temperature of approximately 59 °C assigned to
the transition from the Lc′ to the H2 phase on the basis of the
X-ray diffraction observations (Supporting Information, Figure
S4). The phase transition temperature is in agreement with the
transition temperature suggested by the SAXS/WAXS data. A
second phase transition observed at approximately 81 °C
corresponds to the complete melting of the lipids, which was
also observed by SAXS/WAXS.

A direct transition from a crystalline lamellar to an inverse
hexagonal phase has been previously observed for long-chained
glycolipids.26 It has been reported that a direct transition from
an Lc to an H2 phase can be achieved by low-temperature
annealing for a specific class of glycerols.27,28 The direct
transition from a crystalline lamellar to an inverse hexagonal
phase, combined with the poor hydration properties of the
MMG-1 analogue, suggest that the lipid−lipid interactions are
very strong leading to the formation of rigid structures. In all
samples the transition to the inverse hexagonal phase coincides
with the melting of the lipid chains and is ultimately driven by
this event. The melting of the chains induces a strong molecular
shape transformation, leading to highly splayed chains favoring
the immediate formation of the curved H2 phase.
A comparison of the phase behavior as a function of

temperature for both MMG-1 in excess buffer and anhydrous
MMG-1 revealed that the complete melting temperature of
both samples was comparable, although a slight decrease in the
melting temperature was detected for the anhydrous sample as
compared to the sample in excess buffer (Supporting
Information, Figure S3). This reflects the dominance of the
hydrophobic interactions in the crystalline phase, which have to
be overcome for a complete transition to the fluid self-
assembled H2 nanostructure. Anhydrous MMG-1 did not
exhibit a phase transition to an inverse hexagonal phase
(Supporting Information, Figure S3). Interestingly, the
interdigitated chain arrangement was conserved in the
anhydrous state, which is not commonly observed. So far, the
interdigitated phase has mainly been observed in the gel state
for a range of phospholipids,19 but a similar behavior was
reported for ethyl-DPPC, where interdigitation is also observed
in the anhydrous state.29

Comparison of the scattering patterns for both MMG-1 and
MMG-5, which differ only in the headgroup stereochemistry,
revealed no pronounced differences in the self-assembled
structure (Figure 7). Expectedly, the phase behavior as a
function of temperature was identical for the two analogues
(which are mirror images, data not shown). This is in
agreement with our recently reported observations at 35 and
40 °C, but in that report we characterized the lamellar phase of
the MMG-1 and MMG-5 analogues as a liquid crystalline
lamellar phase based solely on the SAXS experiments.9 Based
on the extended set of experiments performed in the present
study (WAXS and the extended temperature range), we can
now conclude that the lamellar phase mentioned above is not a
liquid crystalline phase, but rather as a subgel phase, which
exhibits a direct temperature-induced transition to an inverse
hexagonal phase. Previously, a very weak peak observed at
approximately 0.1 Å−1 was interpreted as the first reflection of
the liquid crystalline lamellar phase, but this peak was not
observed in the present study. Furthermore, this peak did not
fit with the observed pattern of peaks associated with a lamellar
phase, and it is now clear that this peak is not the first reflection
of the lamellar phase. The observed difference seems to be
attributed to a slight difference in the sample preparation
technique, which in the previous study was based on a thin film
rehydration method (cf. Supporting Information, Figure S5).9

The Configuration of the Lipid Acid Moiety of the
MMG Analogues Has a Pronounced Influence on the
Phase Behavior. Our previous study indicated that the lipid
acid configuration has a pronounced impact on the self-
assembled structure of MMG analogues investigated at 25, 35,
and 40 °C, respectively.9,10 The SAXS/WAXS data obtained in

Figure 6. Comparison of the scattering patterns for the MMG-1
analogues in excess buffer and the anhydrous MMG-1 analogue at 25
°C.

Langmuir Article

DOI: 10.1021/acs.langmuir.6b01720
Langmuir XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01720/suppl_file/la6b01720_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01720/suppl_file/la6b01720_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01720/suppl_file/la6b01720_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01720/suppl_file/la6b01720_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01720/suppl_file/la6b01720_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01720/suppl_file/la6b01720_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.6b01720


the present study confirm this observation, as both the phase
transition temperature from a lamellar to an inverse hexagonal
phase, and the structural characteristics of the observed lamellar
phase were affected by varying the lipid acid configuration. In
the present study, a transition from a lamellar to an inverse
hexagonal phase was detected in the temperature range of
approximately 18−22 °C for the MMG-6 analogue (Figure 8).
The appearance of a single diffraction peak in the WAXS region
at approximately q = 1.5 Å corresponding to a Bragg spacing of
d = 4.2 Å suggests that MMG-6 is also in a lamellar gel (Lβ)
state as mentioned above. Due to the single peak observed, the
hydrocarbon chain packing is hexagonal17 with a chain−chain
spacing given by approximately ach = 2d/√3 ≈ 4.9 Å. This is in
agreement with the values for the chain−chain spacings in gel
phases reported for other lipids.17

Interestingly, the lamellar lattice spacing for MMG-6 of
approximately d = 51 Å at 15 °C was notably larger than the
lamellar lattice spacing observed for MMG-1 (d ≈ 24 Å).
Furthermore, the additional peak at approximately q = 0.4 Å−1,
which was observed for both MMG-1, MMG-2 and MMG-3,
was not detected for MMG-6. These results indicate that
MMG-6 self-assembles into a noninterdigitated Lβ phase. As

expected, a SAXS/WAXS study performed on MMG-7
(differing only in the headgroup stereochemistry), revealed
no detectable differences in the self-assembled structures of
these mirror image compounds (data not shown). The
influence on the structural phase behavior of the lipid acid
configuration and the headgroup stereochemistry is summar-
ized in a graphical overview (Figure 9).

As discussed previously, the propensity of the MMG-6
analogue to form an H2 phase, in contrast to the Lc′ phase
formed by MMG-1, indicates that the distinct spatial
orientation of the hydrocarbon chains of MMG-6 has a
pronounced effect on the overall geometrical shape of the
molecule.9 The resulting orientation of the chains allows for a
higher degree of positional freedom for the chains, permitting
the molecule to adopt a wedge-shaped structure at ambient
temperature. A recent similar observation has been made for
the major impact of the stereochemistry of the central
cyclopentane unit of two synthetic bipolar lipid analogues.30

Figure 7. Comparison of the X-ray scattering patterns for selected
MMG analogues. (A) MMG-1, MMG-5, and MMG-6 in excess buffer
at 75 °C. All three analogues display an H2 phase with identical lattice
parameters. The first reflection of the H2 phase is marked by a dashed
black line. (B) MMG-1, MMG-2, MMG-3, MMG-5, and MMG-6 in
excess buffer at 25 °C. MMG-1, MMG-2, MMG-3 and MMG-5 display
an interdigitated Lc′ phase, while MMG-6 displays a liquid crystalline
H2 phase. The first reflection of the lamellar phase for MMG-1 is
marked by a dashed black line.

Figure 8. Scattering patterns for MMG-6 in excess buffer in steps of 1
°C in the temperature range of 15−25 °C. A direct transition from a
lamellar (dashed lines) to an inverse hexagonal phase (dotted lines) is
observed.

Figure 9. Dependency of the observed structural phases on the
stereochemistry of the headgroup and the lipid acid moiety of the
MMG analogues in excess buffer. The temperature range is 25−80 °C
depicted in steps of 5 °C. MMG-1 from Figure 3 is included for
comparison to MMG-5, MMG-6, and MMG-7. Observed structural
phases are subgel (Lc′), inverse hexagonal (H2), and a complete
melting of the lipids (m).
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Another example is the structural study of the positional isomer
of DPPC, β-DPPC, which displays a significantly altered phase
behavior as compared to DPPC, including among others the
formation of an interdigitated bilayer.31 An additional relevant
comparison can be made to a class of synthetic amphiphiles
termed gemini surfactants, which are composed of two
hydrophilic headgroups with hydrophobic tails linked by a
spacer.32 A recent study revealed that the spacer length, which
has a direct influence on the spatial orientation of the
hydrophobic tails, has a pronounced effect on the self-
assembled structure.33

To substantiate the conclusions based on the repeat distance
considerations stated above, electron density profiles were
calculated following a procedure where false phasing solutions
are excluded based on physical arguments18 (cf. the Supporting
Information and Table S1 for further details). For MMG-6, all
phasings gave almost identical results. For the other MMG
analogues, the constraints were invoked that the headgroup
electron density lies at the maximum, and that the structures
contain basically no water. Also, profiles with intense positive
peaks at the center of the acyl chain domains were ruled out.
Electron density profiles were calculated for MMG-1, MMG-

2, MMG-3, and MMG-6 (Figure 10). The electron density
profile for the MMG-6 analogue shows the well-known profile
of a noninterdigitated bilayer with a minimum at the center of
the bilayer.34,35 The profiles for the analogues MMG-1, MMG-
2 and MMG-3, on the other hand, confirm the assignment of
interdigitated bilayers for these analogues, since all three
profiles show a relatively flat central trough that would be
expected for such a chain arrangement, with a higher electron
density as compared to the electron density of the non-
interdigitated bilayer of MMG-6. All profiles confirm that there
is no or little water in the structures because the depicted unit
cell is covering the bilayer profile from headgroup to headgroup
(Figure 10). Furthermore, the electron density profiles revealed

that the headgroups of the analogues with an alternative lipid
acid configuration are stronger localized as compared to the
headgroups of MMG-6. This is consistent with the
interpretation that the headgroups of MMG-1, MMG-2, and
MMG-3 are ordered in a 2D lattice, while the headgroups of
MMG-6 are not.
It is still not clear why the MMG analogues with an

alternative configuration of the lipid acid moiety form
interdigitated bilayers, and further studies are needed to fully
understand this behavior. Previous studies indicate that a finely
tuned balance of interactions between the hydrocarbon chains,
the headgroups and the interfacial area is required for the
formation of interdigitated bilayers.36 In the case of DPPC vs β-
DPPC, it was discussed that the different tilt relative to the
glycerol backbone may influence the ability of β-DPPC to form
interdigitated bilayers as compared to DPPC.31,36 Thus, in the
case of the MMG analogues, the difference in the tilt relative to
the hydrophilic headgroup could also result in the formation of
interdigitated bilayers for the MMG analogues with an
alternative conformation of the lipid acid moiety. In addition,
each MMG analogue consists of a mixture of two isomers,
which might also affect the packing of the molecules. The
formation of enantiomeric segregated lipid gel structures have
recently been discussed.37 However, further studies are needed
to elucidate this phenomenon in a more detailed structural
investigation.
The relevance of the MMG analogues derives from a subunit

vaccine perspective, as they are well-tolerated and display
promising immunopotentiating activity.6,10 A thorough under-
standing of the nanostructural behavior of these MMG
analogues is of importance to enable rational vaccine design
because the self-assembling properties of the lipids are key
parameters for the nanostructure of particles based on these
lipids. Clarifying the nanostructural properties is a prerequisite
to enable a controlled tailoring of the vaccine promoting highly

Figure 10. Electron density profiles calculated for MMG-1, MMG-2, MMG-3, and MMG-6. The profiles are normalized to the headgroup peaks and
rescaled to a dimensionless unit cell along the bilayer profile axis z. The applied fitting parameters are listed in the Supporting Information, Table S1.
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specific immune responses, which is a key aspect for next-
generation vaccines.

■ CONCLUSIONS
In the present study, the effect on the nanostructure due to
alterations in the lipid tail length and the stereochemistry of
both the headgroup and the lipid acid moiety was elucidated for
an array of MMG analogues. All investigated MMG analogues
exhibited a direct temperature-induced transition from a
lamellar phase to an inverse hexagonal liquid crystalline phase
in excess buffer. The study reveals that the MMG analogues
with an alternative configuration of the lipid acid moiety
(MMG-1, MMG-2, MMG-3, and MMG-5) self-assemble into
interdigitated lipid bilayers. Furthermore, this interdigitated
lamellar phase was found to be subgel because the lipid
headgroups were also in a crystalline state. The two-
dimensional superlattice was conserved regardless of the lipid
tail lengths.
MMG analogues with a native-like configuration of the lipid

acid moiety (MMG-6 and MMG-7), but with the same lipid tail
lengths as MMG-1, exhibited a transition from a lamellar phase
to an inverse hexagonal phase at a significantly lower
temperature as compared to that of MMG-1. Interestingly,
these analogues were found to be in an noninterdigitated
lamellar gel phase with an observed lattice spacing approx-
imately twice as large as the lamellar lattice spacing measured
for MMG-1. The present study also reveals that the
configuration of the lipid acid moiety determines whether the
MMG analogues adopt an interdigitated or a noninterdigitated
lamellar state. Further studies are needed to fully understand
why the MMG analogues with an alternative configuration of
the lipid acid moiety form interdigitated bilayers.
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