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a b s t r a c t

The combination of delivery systems such as cationic liposomes and immunopotentiating molecules is a
promising approach for the rational design of vaccine adjuvants. In this study, a synthetic analogue of the
mycobacterial lipid monomycoloyl glycerol (MMG), referred to as MMG-1, was synthesized and com-
bined with the cationic surfactant dimethyldioctadecylammonium (DDA). The purpose of the study
was to provide a thorough pharmaceutical characterization of the resulting DDA/MMG-1 binary system
and to evaluate how incorporation of MMG-1 affected the adjuvant activity of DDA liposomes. Thermal
analyses demonstrated that MMG-1 was incorporated into the DDA lipid bilayers, and cryo-transmission
electron microscopy (TEM) confirmed that liposomes were formed. The particles had a polydisperse size
distribution and an average diameter of approximately 400 nm. Evaluation of the colloidal stability indi-
cated that at least 18 mol% MMG-1 was required to stabilize the DDA liposomes as the average particle
size remained constant during storage for 6 months. The improved colloidal stability is most likely caused
by increased hydration of the lipid bilayer. This was demonstrated by studying Langmuir–Blodgett mon-
olayers of DDA and MMG-1 which revealed an increased surface pressure in the presence of high concen-
trations of MMG-1 when the DDA/MMG-1 monolayers were fully compressed, indicating an increased
interaction with water due to enhanced hydration of the lipid head groups. Finally, immunization of mice
with the tuberculosis fusion antigen Ag85B-ESAT-6 and DDA/MMG-1 liposomes induced a strong cell-
mediated immune response characterized by a mixed Th1/Th17 profile and secretion of IgG1 and IgG2c
antibodies. The Th1/Th17-biased immunostimulatory effect was increased in an MMG-1 concentration-
dependent manner with maximal observed effect at 31 mol% MMG-1. Thus, incorporation of 31 mol%
MMG-1 into DDA liposomes results in an adjuvant system with favorable physical as well as immunolog-
ical properties.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The development of subunit vaccines represents a significant
improvement in the safety of modern vaccines as these are
composed of well-defined and highly pure components. Since
ll rights reserved.

, dimethyldioctadecylammo-
interferon c; IL, interleukin;
index; TDB, trehalose 6,60-

he Faculty of Pharmaceutical
l Chemistry, Universitetspar-

33 64 02.
protein-based antigens in general are weakly immunogenic by
themselves, co-administration of adjuvants is required to induce
potent and persistent specific immune responses [1,2]. An example
of a compound with adjuvant activity is the quaternary ammo-
nium salt dimethyldioctadecylammonium (DDA) bromide [3]
which has been tested in combination with a variety of antigens
in experimental animal models [4–7]. DDA is a synthetic surfactant
consisting of a hydrophilic, cationic quaternary ammonium head
group, and two hydrophobic saturated C18 alkyl chains (Fig. 1A).
Due to their surfactant properties, DDA molecules self-assemble
into liposome-like structures upon dispersion in aqueous media,
but the relatively small size and low water-binding capacity of
the quaternary ammonium head group render DDA liposomes
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Fig. 1. (A) Molecular structure of dimethyldioctadecylammonium (DDA). (B) Synthesis of MMG-1: (i) NaH, dry xylene, reflux, 4 h; (ii) NaBH4, CHCl3–MeOH, 1 h; (iii) 5% KOH,
EtOH, 75 �C, 3.5 h; (iv) DCC, HOAt, DMAP, dry CH2Cl2, room temperature, 16 h; (v) TFA–THF–H2O (8:17:3), room temperature, 3.5 h. MMG-1 consists of two diastereomers
with (2R, 3S, 20R)- and (2S, 3R, 20R) configuration, respectively. The stereochemistry of the natural MMG corresponds to the (2R, 3R, 20S)-configuration.
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physically unstable resulting in aggregation or flocculation [8–10].
DDA liposomes are therefore pharmaceutically unacceptable as
vaccine adjuvants.

Several approaches are commonly applied to stabilize lipo-
somes. These include, among others, grafting of hydrophilic poly-
mers like polyethyleneglycol to the head groups of the lipids and
bilayer modification by the introduction of lipids with a higher
propensity to interact with the surrounding aqueous medium. An
example of the latter is the stabilization of DDA liposomes by
incorporation of the glycolipid trehalose 6,60-dibehenate (TDB) into
the liposomal bilayers [9]. The trehalose head groups enable the
formation of stabilizing hydrogen bonds between the water mole-
cules in the surrounding aqueous phase and the liposomes [11]. In
addition, TDB is a strong immunopotentiator and DDA/TDB lipo-
somes (designated CAF01) have been extensively evaluated in
pre-clinical studies showing promising adjuvant activity for sub-
unit vaccines against a wide range of diseases [12] and has recently
entered a phase I clinical trial with the tuberculosis fusion antigen
Ag85B-ESAT-6 [13,14].

Several components from the mycobacterial cell wall possess
immunostimulatory activity [15,16] and membrane lipids
extracted from the cell wall of Mycobacterium bovis bacillus
Calmette-Guérin (M. bovis BCG) comprise both polar and apolar
lipids with adjuvant activity when co-administered with cationic
DDA liposomes [17]. The majority of the adjuvant activity has been
attributed to the apolar lipids, especially the lipid monomycoloyl
glycerol (MMG) [18,19]. Furthermore, a simple C32 lipid-based syn-
thetic analogue of MMG (denoted C32 MMG) was demonstrated to
possess similar immunological activity upon dispersion with DDA
[19].

In the present study, another synthetic MMG analogue of simi-
lar chain length (termed MMG-1) was investigated. MMG-1 con-
tains a glycerol head group and two hydrophobic saturated C14

and C15 alkyl chains, respectively, linked via an ester bond to the
glycerol moiety (Fig. 1B). Despite the promising adjuvant activity
of MMG, the knowledge about the biophysical and pharmaceutical
properties of MMG-containing adjuvants is limited. The present
study provides a thorough pharmaceutical characterization of
DDA/MMG-1 liposomes. It is demonstrated that MMG-1 increases
the colloidal stability of DDA liposomes by enabling hydrogen bond
formation between the liposomal head groups and the surrounding
aqueous solvent. In addition, MMG-1 potentiates the adjuvant effi-
cacy of DDA liposomes in in vivo experiments in mice.
2. Materials and methods

2.1. Materials

Dimethyldioctadecylammonium bromide was obtained from
Avanti Polar Lipids (Alabaster, AL, USA). All other chemicals and re-
agents were obtained commercially at analytical grade.

2.2. Synthesis of MMG-1

MMG-1 was synthesized by a modification of a previously re-
ported pathway [18–20] as described below and in Fig. 1B. The
identity of the resulting compounds was confirmed by NMR (see
Supplementary data for details of NMR data).

2.2.1. Preparation of (2RS,3SR)- and (2RS,3RS)-corynomycolic acid
methyl esters (1a and 2a)

Methyl palmitate (10.67 g, 39.45 mmol) was dissolved in dry o-
xylene (30 ml), and then NaH (2.08 g, 52 mmol; 60% oil suspen-
sion) was added. The mixture was heated to reflux (147 �C bath
temperature) for 4 h. Upon cooling to room temperature, HOAc
(6 ml, acidic pH) and CHCl3 (200 ml) were added. The resulting
mixture was then washed with water (3 � 100 ml), dried (Na2SO4),
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concentrated (at ca. 55 �C), and then freeze-dried overnight. The
crude product (10.87 g) was dissolved in CHCl3–MeOH (1:1,
200 ml), and then NaBH4 (0.75 g, 19.82 mmol) was added in small
aliquots under stirring. After 1 h, CHCl3 (300 ml) and water
(150 ml) were added. The aqueous layer was extracted with addi-
tional CHCl3 (300 ml); the combined organic phases were dried
(Na2SO4) and concentrated in vacuo. The residue was dissolved in
CH2Cl2–CHCl3 (1:1, 50 ml) and loaded onto a vacuum liquid chro-
matography (VLC) column (10 � 8 cm; 15–40 lm silica gel, Merck,
Darmstadt, Germany), which was eluted with heptane and then a
gradient of heptane–EtOAc (100:1–15:1). The fractions strongly
enriched in (2RS, 3SR)- and (2RS, 3RS)-stereoisomers (1a and 2a),
respectively, were re-chromatographed, and upon crystallization
(EtOH) of the resulting almost pure fractions, crystalline 1a
(4.09 g, 41%; TLC: Rf 0.16 in heptane–EtOAc 15:1) and crystalline
2a (1.01 g, 10%; TLC: Rf 0.13 in heptane–EtOAc 15:1) were
obtained.

2.2.2. Corynomycolic acid 1b
The ester 1a (3.91 g; 7.65 mmol) was dissolved in EtOH (80 ml)

and heated in an oil bath (75 �C), while hot 5% aq. KOH (57 ml) was
added. Upon continued heating for 3.5 h under vigorous stirring,
the reaction mixture was allowed to reach room temperature
and was then diluted with water (40 ml). The mixture was acidi-
fied with 4 M HCl (3–4 ml; pH < 6), and then CHCl3 (200 ml) was
added. The aqueous phase was extracted with additional CHCl3

(200 ml); the combined organic phases were washed with water
(200 ml), dried (Na2SO4), and concentrated to give a crude product
(3.29 g) which was crystallized (EtOH) to give pure hydroxy acid
1b (3.19 g, 84%).

2.2.3. Formation of ester 1c
To the hydroxy acid 1b (705 mg, 1.42 mmol) and HOAt (193 mg,

1.42 mmol) in a 100-ml flask was added (S)-2,3-isopropylidene-
glycerol (352 ll, 2.84 mmol) and a solution of 4-(N,N-dimethyl-
amino)pyridine (DMAP, 173 mg, 1.42 mmol) in dry CH2Cl2

(30 ml). Then, dicyclohexylcarbodiimide (DCC, 439 mg, 2.13 mmol)
in dry CH2Cl2 (10 ml) was added. After stirring for 15 min, addi-
tional (S)-2,3-isopropylideneglycerol (352 ll, 2.84 mmol) was
added, and then the mixture was stirred for 16 h. The reaction mix-
ture was concentrated in vacuo, and the residue was dissolved in
CH2Cl2 (8 ml) and loaded onto a VLC column (6 � 4 cm; 15–
40 lm silica gel). Elution with heptane and then heptane–EtOAc
(25:1 and 20:1) afforded the ester 1c (535 mg, 62%; TLC: Rf 0.25
in heptane–EtOAc 5:1).

2.2.4. Hydrolysis of acetonide
Ester 1c (232 mg) was hydrolyzed in TFA–THF–H2O (8:17:3,

14 ml) for 3.5 h at room temperature. The reaction mixture was di-
luted with CH2Cl2 (200 ml) and was then neutralized with satu-
rated aqueous NaHCO3 (ca. 100 ml). The organic layer was
washed with water and brine (each 100 ml), dried (Na2SO4), and
concentrated. The residue was dissolved in CH2Cl2 (10 ml) and
loaded onto a VLC column (6 � 4 cm; 15–40 lm silica gel). Elution
with heptane and then heptane–EtOAc 25:1 to 2:1 gave MMG-1
(176 mg, 81%; TLC: Rf 0.22 in heptane–EtOAc 3:2).

2.3. Preparation of liposomes by the thin film method

DDA and DDA/MMG-1 liposomes were prepared by the thin
film method essentially as described previously [9]. Briefly,
weighed amounts of DDA and MMG-1 were dissolved in CHCl3–
MeOH (9:1), and then the organic solvent was evaporated under
vacuum resulting in a thin lipid film. The film was stripped twice
with EtOH and dried overnight to remove trace amounts of the sol-
vents. The lipid film was rehydrated by adding Tris buffer (10 mM,
pH 7.4) and heating at 60 �C for 1 h with vortex mixing every tenth
minute. The final concentrations of DDA and MMG-1 were 2.5 mg/
ml and 0–1.0 mg/ml, respectively.

2.4. Size, polydispersity, and zeta-potential

The average particle size distribution and polydispersity index
(PDI) of the liposomes were determined by dynamic light scatter-
ing using the photon correlation spectroscopy (PCS) technique. The
surface charge of the particles was estimated by analysis of the
zeta-potential (laser-Doppler electrophoresis). For determination
of the size distribution and PDI, six measurements were performed
on samples diluted 10-fold in 10 mM Tris buffer (n = 3). For evalu-
ation of the zeta-potential, three measurements were performed
on samples diluted 300-fold in Tris buffer (n = 3). Both types of
measurements were performed at 25 �C using a Zetasizer Nano
ZS (Malvern Instruments, Worcestershire, UK) equipped with a
633-nm laser and 173� detection optics. Malvern DTS v.5.10 soft-
ware (Malvern Instruments, Worcestershire, UK) was used for data
acquisition and analysis. For viscosity and refractive index, the val-
ues of pure water were used. The particle size distribution is re-
flected in the PDI, which ranges from 0 for a monodisperse to 1.0
for an entirely heterodisperse dispersion.

2.5. Liposome stability

For stability studies, undiluted liposomes (n = 3) were stored in
10 mM Tris buffer with 1 mM NaN3 at 4 �C or 25 �C for up to 6
months. The particle size was measured at regular intervals as de-
scribed previously.

2.6. Cryo-TEM

Morphological analysis was carried out by cryo-transmission
electron microscopy (cryo-TEM) using a Philips CM120 BioTWIN
transmission electron microscope (Philips, Eindhoven, Holland).
Samples for cryo-TEM were prepared under controlled tempera-
ture and humidity conditions within an environmental verification
system. A small droplet (5 ll) of sample was deposited onto a Pelco
Lacey carbon-filmed grid. The droplet was spread carefully and ex-
cess liquid was removed with a filter paper, resulting in the forma-
tion of a thin (10–500 nm) sample film. Then, the samples were
immediately plunged into liquid ethane at �180 �C. The vitrified
samples were subsequently transferred in liquid nitrogen to an Ox-
ford CT 3500 cryo holder connected to the electron microscope.
The sample temperature was continuously kept below �180 �C.
All observations were made in the bright field mode at an acceler-
ation voltage of 120 kV. Digital pictures were recorded with a Ga-
tan Imaging Filter 100 CCD camera (Gatan, Pleasanton, CA, USA).

2.7. Differential scanning calorimetry

The gel-to-liquid crystalline phase transition temperature of the
undiluted vesicles in suspension was determined by differential
scanning calorimetry (DSC). Thermograms were obtained with a
Nano DSC (TA Instruments, New Castle, DE, USA) at a scanning rate
of 0.5 �C/min in the temperature range from 20 �C to 60 �C. Origin�

7 scientific plotting software was used for data analysis. The first of
three scans of each sample (n = 3) was used for data analysis.

2.8. Langmuir–Blodgett isotherms

Surfactant monolayers were formed at room temperature by
spreading a total amount of 27.7 nmol lipid mixture of DDA and
MMG-1 (containing 0, 4, 18, 31, or 100 mol% MMG-1, respectively)
in CHCl3–MeOH (9:1) on an aqueous subphase in a KSV Minitrough



92 P. Nordly et al. / European Journal of Pharmaceutics and Biopharmaceutics 77 (2011) 89–98
1 (KSV Instruments Ltd., Helsinki, Finland) using a Hamilton micro-
syringe. The aqueous subphase consisted of 10 mM Tris buffer
(pH = 7.4). The compression of the monolayer was initiated 10 min
after spreading the lipids to allow the organic solvent to evaporate.
The monolayer was compressed with a barrier speed of 10 mm/min,
and the surface pressure/area isotherm was detected using a Wil-
helmy platinum plate (KSV Instruments Ltd.). Each sample (n = 3)
was compressed once. KSV software (KSV Instruments Ltd.) was
used for data analysis.

2.9. Animal experiments

Female C57BL/6 mice were purchased from Harlan (Horst, The
Netherlands). The mice were allowed free access to water and food,
and they were 8–10 weeks old at experiment initiation. The proto-
col for the animal experiments was approved by the Danish Coun-
cil for Animal Experiments and carried out in accordance with
European Community Directive 86/609. Before injection, the vac-
cines were prepared as follows: A dose of 2 lg recombinant
Ag85B-ESAT-6 (Statens Serum Institut, Denmark [13]) and the dif-
ferent adjuvant formulations were mixed in 10 mM Tris buffer and
left at room temperature for 30 min with intermittent mixing to al-
low for proper surface adsorption of the antigen to the liposomes.
The amount of DDA was 250 lg/dose, and the MMG-1 amount was
varied from 0 to 150 lg/dose. The mice (n = 5) were immunized
subcutaneously with 200 ll of vaccine three times at 2-week inter-
vals. Three weeks after the final immunization, the mice were sac-
rificed, and single-cell suspensions of spleen cells were obtained by
passage of spleens through a metal mesh followed by two wash-
ings with RPMI 1640 (Gibco Invitrogen, Carlsbad, CA, USA). The cell
suspensions were subsequently cultured in RPMI 1640 (GIBCO
Invitrogen) supplemented with 10% (v/v) heat-inactivated fetal bo-
vine serum, 5 � 10�6 M b-mercaptoethanol, 1% (v/v) penicillin–
streptomycin, 1% (v/v) sodium pyruvate, 1 mM L-glutamine, and
10 mM HEPES in round-bottomed 96-well plates at a density of
2 � 105 cells/well. The cells were re-stimulated with 5 lg/ml
Ag85B-ESAT-6. Wells containing medium alone or 5 lg/ml of con-
canavalin A (Sigma–Aldrich, St. Louis, MO, USA) were included as
negative and positive controls, respectively. After 3 days, the
supernatants were collected and interferon (IFN)-c, interleukin
(IL)-17, and IL-5 production was quantified by a standard en-
zyme-linked immunosorbent assay (ELISA) protocol. Briefly, puri-
fied rat a-mouse IFN-c or IL-17 (BD Biosciences, San Jose, CA,
USA) was used as capture and biotin-conjugated rat a-mouse
IFN-c or IL-17 (BD Biosciences) was used as detection antibodies,
respectively, followed by horse-radish peroxidase (HRP)-conju-
gated streptavidin (BD Biosciences) and TMB (3,30,5,50-tetrameth-
ylbenzidine) Plus Ready-to-use substrate (Kem-En-Tec, Taastrup,
Denmark). The reaction was stopped at the optimal color develop-
ment with 0.2 M H2SO4, and absorbance was read at 450 nm with
wavelength correction at 570 nm to correct for optical imperfec-
tions in the plates including air bubbles. The IL-5 production was
measured by the OptEIA Mouse IL-5 Set according to the manufac-
turer’s instructions (BD Biosciences). Three weeks after the third
immunization, the frequency of IL-4 producing cells was measured
by the Mouse IL-4 ELISPOT Set (BD Biosciences) according to the
manufacturer’s instructions after stimulation of 2 � 105 spleno-
cytes/well with 5 lg/ml of the vaccine antigen overnight. Detec-
tion of antibodies in the sera from the immunized mice was
done by ELISA: 96-well MaxiSorp plates (Nunc, Denmark) were
coated with 0.5 lg/ml Ag85B-ESAT-6 antigen in 15 mM Na2CO3,
35 mM NaHCO3 (pH 9.7) overnight at 4 �C. The plates were blocked
with PBS containing 2% BSA (w/v), and the sera from the individual
mice were added in serial dilutions in a concentration range cover-
ing both the maximum and minimum plateau levels. Antigen-spe-
cific antibodies were detected with rabbit a-mouse IgG1 or IgG2c
conjugated to HRP (Zymed/Invitrogen, Denmark) using TMB Plus
Ready-to-use as substrate. The reaction was stopped at the optimal
color development with 0.2 M H2SO4, and absorbance was read at
450 nm with wavelength correction at 570 nm. Antibody midpoint
titers were determined, using the Graphpad Prism 5.03 software,
as the reciprocal dilution giving an OD of 50% of the maximal OD
value. The detection limit was a midpoint titer of 1000.

2.10. Statistics

Statistical analyses were done by one-way ANOVA at a 0.05 sig-
nificance level followed by Tukeys posttest using GraphPad Prism
(GraphPad Software, La Jolla, CA, USA) unless otherwise stated. Dif-
ferences in cytokine and antibody levels between different animal
groups were compared statistically by one-way ANOVA followed
by Dunnett’s multiple comparison test.
3. Results

3.1. Synthesis of MMG-1

The stereoisomeric MMG analogue, MMG-1, based on a syn-
thetic corynomycolic acid isomer was prepared by using a modifi-
cation of a previously reported pathway [18–20] (Fig. 1B). MMG-1
consists of a mixture of two diastereomers with (2R, 3S, 20R)- and
(2S, 3R, 20R) configuration, respectively (Fig. 1B, MMG-1). The cor-
responding racemic methyl ester (Fig. 1B-1a) was obtained as the
major isomer from reduction of the keto ester resulting from Clais-
en condensation of methyl palmitate [21]. The present modifica-
tions included substitution of the traditional eluent chloroform
with less toxic heptane–ethyl acetate mixtures which also gave
more reproducible separations. The purification method was chan-
ged to VLC that allows more readily for large-scale separations
using less column material and solvents. Furthermore, employing
the previously reported [18,20] DCC/4-pyrrolidinopyridine proce-
dure for the ester formation between (2RS, 3SR)-mycolic acid
(Fig. 1B-1b) and (S)-isopropylidene-glycerol resulted in an unde-
sired dimeric by-product (without a glycerol moiety) being pre-
dominant over the expected glycerol ester. To overcome this,
several other methods for esterifications [22,23] including forced
conditions usually employed for peptide couplings [24,25] were
considered. It was found that DCC/HOAt/DMAP [24] constitutes
conditions that afford reproducible yields (approx. 60–65%) of
the 1,2-isopropylidene-protected MMG ester (Fig. 1B-1c). Also,
the yield of the final hydrolysis of the protected MMG ester to
MMG-1 (Fig. 1B, v) was found to be markedly higher when the
reaction time was limited to 3–4 h instead of proceeding overnight.
A careful NMR spectroscopic characterization revealed that it is
possible to distinguish the two diastereomers with (2R, 3S, 20R)-
and (2S, 3R, 20R) configuration, respectively. The chemical shifts
of the signals corresponding to the polar head group and the adja-
cent part of the lipid moiety differed only slightly indicating that
the glycerol moiety and the lipid part do not interact (e.g. by
hydrogen bond formation) in a way that determines the overall
conformation. In conclusion, the present modifications have im-
proved the overall yield and should readily allow for an upscaling
to gram amounts.

3.2. Binary mixtures of DDA and MMG-1 form liposomes upon
dispersion in aqueous media

MMG-1 was incorporated into the bilayer of DDA liposomes by
the thin film method at three different molar ratios (4, 18, and
31 mol%), corresponding to DDA:MMG-1 weight ratios of 5:0.2,
5:1, and 5:2, respectively. At MMG-1 contents of 40 mol% and
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above, the lipid films could not be fully rehydrated at the applied
experimental conditions. This indicates that DDA serves as a solu-
bility enhancer that keeps the MMG-1 lipid in dispersion by inclu-
sion into the liposomal bilayer, and that MMG-1 cannot be fully
solubilized at high MMG-1 to DDA molar ratios. The physicochem-
ical characteristics of the resulting DDA and DDA/MMG-1 lipo-
somes were studied by dynamic light scattering, laser-Doppler
electrophoresis, and cryo-TEM. The values for the average particle
size, PDI, and zeta-potential of the DDA liposomes with varying
content of MMG-1 are given in Table 1. The average particle diam-
eter of DDA liposomes was around 400 nm as reported previously
[9], and the incorporation of MMG-1 into the DDA liposomes did
not change the particle size significantly, irrespectively of the
MMG-1 content. The zeta-potential can affect the particle stability,
and it may be used as a measure of the particle surface charge.
Thus, DDA liposomes had a high positive surface charge corre-
sponding to a zeta-potential of approximately +70 mV (Table 1).
Incorporation of the neutral MMG-1 did not alter the zeta-poten-
tial significantly at any of the tested concentrations. Importantly,
the cryo-TEM micrographs confirmed that liposomes were formed
when MMG-1 was incorporated into DDA liposomes (Fig. 2A). As
evident from the PDI values (0.4–0.5), the liposome suspensions
were rather polydisperse displaying a broad and bi-modal particle
size distribution (Fig. 2B). Two main particle populations were
apparent from the particle size distribution diagrams and on the
cryo-TEM images: One population consisted of faceted, small uni-
lamellar vesicles with particle sizes around 100 nm (Fig. 2A),
whereas the second population was large liposomes in the
micrometer range and some of these appeared multilamellar
Table 1
Particle size, PDI, and zeta-potential of DDA liposomes with different amounts of
MMG-1 incorporated (mean ± SD, n = 3).

Mol% MMG-1 z-Average (nm) PDI Zeta-potential (mV)

0 422 ± 42 0.51 ± 0.01 72.2 ± 5.2
4 453 ± 36 0.43 ± 0.13 79.2 ± 6.6

18 457 ± 15 0.39 ± 0.01 69.0 ± 1.3
31 333 ± 90 0.42 ± 0.04 72.1 ± 2.4

Fig. 2. (A) Cryo-TEM micrograph of DDA/MMG-1 liposomes with 18 mol% MMG-1
incorporated into the bilayer. (B) A representative volume-based particle size
distribution of DDA/MMG-1 liposomes with 18 mol% MMG-1.
(Fig. 2A). Published cryo-TEM micrographs of DDA liposomes sup-
port that the vesicles may adopt a faceted morphology [26,27].
However, the origin of these irregular structures has not yet been
fully elucidated but could be related to the high bending rigidity
of the DDA bilayers [28].
3.3. MMG-1 stabilizes DDA liposomes

DDA liposomes are physically unstable in suspension and
aggregate during prolonged storage [9]. It was thus investigated
whether the incorporation of MMG-1 into the bilayer of DDA lipo-
somes would provide a stabilizing effect. The colloidal stability of
DDA liposomes with 0, 4, 18, or 31 mol% MMG-1 was evaluated
during storage for 6 months at 4 and 25 �C, respectively. The aver-
age particle size of pure DDA liposomes increased as expected dur-
ing the first weeks of storage at 4 �C, and visible aggregates were
formed (Fig. 3A). Likewise, the liposomes containing 4 mol%
MMG-1 exhibited an increase in particle size during storage at
4 �C, whereas the particle size of liposomes with 18 or 31 mol%
MMG-1, respectively, was preserved upon storage for 6 months
at 4 �C (Fig. 3A), indicating that incorporation of MMG-1 into
DDA liposomal bilayers confers long-term stability to the lipo-
somes at the applied experimental conditions. Similar results were
obtained at room temperature (25 �C) since DDA liposomes with
18 or 31 mol% MMG-1 were stable for 6 months, whereas pure
DDA liposomes or DDA liposomes with 4 mol% MMG-1 showed a
Fig. 3. Average particle size (z-average) of DDA liposomes (�) containing 4 (d), 18
(N), and 31 mol% (j) MMG-1 stored at 4 �C (A) or 25 �C (B) as an indication of
colloidal stability upon storage. Results denote the means + SD of three batches.



Table 2
Thermodynamic properties of DDA liposomes with different amounts of MMG-1
incorporated (mean ± SD, n = 3).

Mol% MMG-1 Tm (�C) T½ (�C) DH (kJ/mol)
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marked increase in particle size (Fig. 3B). Major changes in the sur-
face charge were not detected with the applied methods since the
zeta-potential of the colloidally stable formulations remained con-
stant during the 6-month period (results not shown).
0 46.6 ± 0.1 0.60 ± 0.11 33.1 ± 1.8
4 45.8 ± 0.2** 1.47 ± 0.17*** 36.1 ± 1.8

18 41.5 ± 0.2*** 0.55 ± 0.04 33.3 ± 2.6
31 41.7 ± 0.1*** 0.81 ± 0.01 27.0 ± 2.2*

* p < 0.05, compared to 0 mol% MMG-1
** p < 0.01, compared to 0 mol% MMG-1
*** p < 0.001, compared to 0 mol% MMG-1.
3.4. Incorporation of MMG-1 reduces the phase transition temperature
of DDA liposomes

The thermotropic phase behavior of DDA/MMG-1 liposomes
was characterized by differential scanning calorimetry (DSC) to
further elucidate how the incorporation of MMG-1 affected the
thermodynamic properties of the membrane. Membrane bilayers
undergo a transition from a gel phase to a liquid crystalline phase
at the main phase transition temperature (Tm). DSC thermograms
for DDA liposome suspensions containing increasing amounts of
MMG-1 are shown in Fig. 4, and the thermodynamic parameters
Tm, the width of the phase transition peak at half height (T½),
and the phase transition enthalpy (DH) are summarized in Table
2. The Tm of liposomes composed of pure DDA was approximately
46.6 �C which is in accordance with literature data [9,11,29–32].
The sharpness of the peak (T½ = 0.6 �C) suggests a highly coopera-
tive gel-to-fluid phase transition in which the majority of the lipid
membrane molecules undergoes a simultaneous phase transition.
In general, incorporation of MMG-1 decreased the Tm, confirming
that MMG-1 is actually incorporated into the bilayer and affects
the packing of the DDA molecules in the membrane. Incorporation
of 4 mol% MMG-1 broadened the phase transition peak
(T½ = 1.5 �C) displaying two interconnected peaks with the main
peak at 45.8 �C and a smaller peak at 41.9 �C. This suggests that
the lipids are not homogenously distributed, resulting in a phase
separation phenomenon characterized by the formation of local
membrane microstructures enriched in either DDA or MMG-1.
Interestingly, incorporation of 18 mol% MMG-1 resulted in a sharp
phase transition peak (T½ = 0.6 �C) similar to that of DDA but at a
significantly lower temperature (41.5 �C). This sharp phase transi-
tion peak suggests a uniform distribution of MMG-1 in the lipid
membrane at this molar ratio. By contrast, incorporation of
31 mol% MMG-1 into DDA liposomes resulted in a broader phase
transition exhibiting two interconnected peaks with the main peak
at 41.7 �C and a smaller peak at 47.6 �C. Thus, the main peak was
observed at the same temperature as the phase transition of DDA
liposomes with 18 mol% MMG-1. The phase transition enthalpy
of DDA liposomes remained constant after incorporation of 4 and
Fig. 4. Differential scanning heat capacity curves for DDA liposomes (solid)
containing 4 (dot), 18 (dash), and 31 mol% MMG-1 (dash-dot). The curves have
been normalized to the molar content. The curves represent averages of three
experiments for each type of formulation.
18 mol% MMG-1 but was slightly decreased after incorporation
of 31 mol% MMG-1.

3.5. Incorporation of MMG-1 increases the hydration and improves
packing of the DDA monolayer

The effects of the MMG-1 content on the packing and surface
pressure of DDA liposomes were investigated further by analyzing
Langmuir–Blodgett monolayers of DDA in the presence of different
concentrations of MMG-1. The results are shown in Fig. 5, and the
values for the surface pressure (P) and the mean molecular area
(A) at the monolayer collapse and at the phase transition from
the liquid-expanded to the liquid-condensed phase are listed in Ta-
ble 3. Monolayers of pure DDA collapsed at a mean molecular area
of 45.0 Å2/molecule and a surface pressure of 46.8 mN/m (Fig. 5,
arrow 1) as reported previously for DDA on aqueous subphases
[11,33]. For the monolayer containing 4 mol% MMG-1, the collapse
characteristics were similar to pure DDA monolayers. Likewise, the
surface pressure at the collapse of the monolayer containing
18 mol% MMG-1 was also unaffected, whereas the mean molecular
area at the collapse was decreased to 41.1 Å2/molecule, suggesting
an improved packing of the lipid molecules. With a content of
31 mol% MMG-1 in the monolayer, the collapse occurred at a sig-
nificantly higher surface pressure (59.9 mN/m) and a lower area
(33.7 Å2/molecule) (Fig. 5, arrow 2), indicating that this composi-
tion results in a much more stabilized monolayer in which the lip-
ids are packed even more densely. The improved packing may be
explained by a decreased repulsion between the positively charged
quaternary ammonium head groups of DDA due to the presence of
the neutral head groups of the MMG-1 molecules that intercalate
between the DDA molecules. Interestingly, the surface pressure at
the collapse of both pure MMG-1 and pure DDA monolayers was
Fig. 5. Pressure/area isotherms of Langmuir–Blodgett monolayers of DDA (solid)
with 4 (dot), 18 (dash), 31 (dash-dot), and 100 mol% MMG-1 (dash-dot-dot) on
10 mM Tris buffer subphases. The total molar lipid concentration of the different
monolayers is identical for all experiments. The curves represent averages of three
experiments. Arrows: (1) Collapse of DDA monolayer. (2) Collapse of DDA/MMG-1
monolayer with 31 mol% MMG-1. (3) Phase transition of DDA monolayer.



Table 3
Surface pressure (P) and mean molecular area (A) for DDA/MMG-1 monolayers
(mean ± SD, n = 3).

Mol% MMG-1 Collapse Phase transition

P (mN/m) A (Å2) P (mN/m) A (Å2)

0 46.8 ± 0.1 45.0 ± 0.9 15.0 ± 0.2 73.1 ± 1.4
4 47.5 ± 0.4 45.3 ± 1.1 13.0 ± 0.1*** 76.2 ± 0.9

18 47.0 ± 0.2 41.1 ± 1.3** 8.5 ± 0.0*** 88.6 ± 3.6***

31 59.9 ± 0.5*** 33.7 ± 1.1*** 6.6 ± 0.7*** 79.5 ± 2.5*

100 54.7 ± 0.5*** 37.1 ± 0.7*** 14.4 ± 0.3 63.6 ± 1.1**

* p < 0.05, compared to 0 mol% MMG-1
** p < 0.01, compared to 0 mol% MMG-1
*** p < 0.001, compared to 0 mol% MMG-1.

Fig. 6. Production of the cytokines IFN-c (A), IL-17 (B), and IL-5 (C) by re-stimulated
splenocytes isolated from C57BL/6 mice immunized with 2 lg of Ag85B-ESAT-6 and
DDA liposomes with 0, 4, 18, 31, or 40 mol% MMG-1 incorporated, respectively.
Three weeks after the third immunization, splenocytes from individual mice were
re-stimulated with 5 lg/ml of the antigen for 72 h in vitro and cytokine release was
measured by ELISA. A similar analysis of the frequency of IL-4 producing
splenocytes was done by ELISPOT (D). Bars denote mean cytokine levels, and error
bars denote SEM (n = 5). Responses significantly different from the antigen/DDA
group are indicated: p < 0.05*, p < 0.01**, and p < 0.001***. The cytokine release data
shown are representative for two experiments yielding similar results. ND (not
done).
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lower when compared to DDA monolayers with 31 mol% MMG-1,
suggesting an enhanced stabilization of monolayers containing
DDA and MMG-1 at specific ratios. Monolayers composed of DDA
exhibited a transition from liquid-expanded to liquid-condensed
phase at a mean molecular area of 73.1 Å2/molecule and a surface
pressure of 15.0 mN/m (Fig. 5, arrow 3). The phase transition was
also affected by the presence of MMG-1 in the monolayer and in gen-
eral, the phase transition appeared at a lower surface pressure and a
higher mean molecular area for binary mixtures of DDA and MMG-1.

3.6. Incorporation of MMG-1 enhances adjuvant efficacy

The adjuvant efficacy of the different formulations of MMG-1
incorporated into DDA liposomes was also investigated. Mice were
immunized subcutaneously three times with the tuberculosis fu-
sion protein Ag85B-ESAT-6 mixed with DDA liposomes containing
increasing amounts of MMG-1 (0, 4, 18, 31, and 40 mol% corre-
sponding to murine doses of 0, 10, 50, 100, and 150 lg MMG-1,
respectively). The Ag85B-ESAT-6 antigen has a theoretical pI value
of 4.80 and is therefore negatively charged at physiological pH;
thus, the majority of antigen is expected to adsorb to the cationic
DDA-based liposomes via electrostatic interactions [9]. The formu-
lation with 40 mol% MMG-1 was included in the immunization
experiments to investigate if increasing the MMG-1 dose could fur-
ther enhance the immune response despite suboptimal liposome
characteristics. The T-cell-mediated immune response was as-
sessed 3 weeks after the last immunization. Stimulation of spleen
cells with Ag85B-ESAT-6 in vitro for 3 days showed that MMG-1
significantly enhanced the secretion of the Th1 cytokine IFN-c
(Fig. 6A) and the Th17 cytokine IL-17 (Fig. 6B), but not the Th2-
associated cytokine IL-5 (Fig. 6C). Incorporation of 31–40 mol%
MMG-1 resulted in significantly increased IFN-c responses com-
pared to the group that received antigen mixed with DDA. For IL-
17, only the formulation containing 31 mol% MMG-1 induced a
significant increase. The production of the classical Th2-associated
cytokine IL-4 was investigated by an ELISPOT assay to determine
the frequency of IL-4 producing cells since IL-4 levels are notori-
ously difficult to determine in cell culture supernatants by ELISA
due to rapid uptake by IL-4 receptor-expressing cells (Fig. 6D). As
observed for IL-5 secretion, a low frequency was observed which
was independent of the concentration of MMG-1. The data support
previous findings that MMG-1 is a Th1 immunopotentiator [19].
Furthermore, it was found that 31 mol% MMG-1 also induced a
highly significant Th17 response. Thus, the optimal dose of
MMG-1 found for the induction of high Th1/Th17 responses in this
DDA-based adjuvant system was 31 mol%.

3.7. Incorporation of 31 mol% MMG-1 increases IgG2c antibody titers

Since Th1 responses are commonly associated with a relative
increase in the levels of antibodies of the IgG2a/IgG2c isotype
compared to IgG1, the antibody midpoint titers were measured
in sera from the mice 3 weeks after the last immunization
(Fig. 7). In general, all formulations induced robust antibody titers
of the readily induced IgG1 isotype (Fig. 7A) irrespective of the con-
centration of MMG-1. However, in accordance with the cytokine
data, the level of the Th1-associated IgG2c isotype, which is the
IgG2a equivalent expressed in C57BL/6 mice, was significantly
increased only when 31 mol% MMG-1 was incorporated (Fig. 7B).



Fig. 7. Circulating antibodies of the IgG1 (A) and IgG2c (B) isotypes in blood from
C57BL/6 mice immunized with 2 lg of Ag85B-ESAT-6 and DDA liposomes with 0, 4,
18, 31, or 40 mol% MMG-1 incorporated, respectively. Blood samples were drawn 3
weeks after the third immunization, and the antibody levels in the serum of each
individual mouse were determined as midpoint titers by ELISA. The detection limit
was a dilution factor of 1000. Bars denote mean midpoint titers, and error bars
denote SEM (n = 5). Responses significantly different from the antigen/DDA group
are indicated: p < 0.05*, p < 0.01**, and p < 0.001***. The data shown are represen-
tative for two experiments yielding similar results.
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4. Discussion

The combination of delivery systems and immunopotentiators
represents an attractive strategy for customizing adjuvants toward
a given immunological profile. Whereas delivery systems in gen-
eral ensure the delivery of antigens to antigen-presenting cells
(APCs), immunopotentiators activate immune cells, commonly
through specific receptors and/or intracellular signaling pathways.
However, some delivery systems may also have intrinsic immuno-
potentiating properties [34,35]. The cationic charge of DDA lipo-
somes enables effective interaction with antigens with pI values
below physiological pH as well as with the negatively charged
heparane sulfate proteoglycans present on the surface of APCs.
Previous studies show that one adjuvant mechanism of DDA
liposomes is to bind to the cell membrane of APCs via electrostatic
interactions resulting in enhanced uptake and presentation of lipo-
some-associated antigens [36]. The potential of DDA-based liposo-
mal adjuvants has been evaluated in different experimental
vaccines against viruses [6,37] as well as bacteria [4]. Incorporating
MMG-1 into the lipid bilayer of DDA liposomes may further poten-
tiate the adjuvant effect.

In the present study, incorporation of MMG-1 into DDA lipo-
somes potentiated an antigen-specific Th1/Th17 immune response
in a dose-dependent manner with maximal effect at 31 mol%
MMG-1. It has previously been suggested that synthetic MMG
can enhance the immune response at very low concentrations
(0.2–4 mol% MMG in DDA liposomes) [18–20]. This is in contrast
to the current study which indicates that the presence of more
than 18 mol% MMG-1 in DDA liposomes is required to enhance
the immune response. The highest T-cell-mediated immune re-
sponses were observed for formulations with 31 mol% MMG-1,
characterized by high IFN-c and IL-17 responses. This is most likely
a result of enhanced stimulation of the immune system due to the
presence of high concentrations of incorporated MMG-1 readily
accessible for stimulation of APCs. At 40 mol% MMG-1, the immune
response decreased which might be the result of several factors
including overstimulation of the immune system and/or reduced
liposomal integrity due to the high MMG-1 to DDA molar ratio. In-
deed, it was observed that inclusion of 18–31 mol% MMG-1
seemed to be optimal with regard to colloidal stability of DDA/
MMG-1 liposomes. At higher MMG-1 concentrations, the low solu-
bility of MMG-1 became limiting for the liposome formation pro-
cess. It was thus observed that inclusion of 40 mol% MMG-1 or
more resulted in incomplete solubilization during the rehydration
step at the applied experimental conditions (data not shown).

Lipids of mycobacterial origin have been recognized to possess
immunostimulatory activity for many decades. In a recent study,
MMG was identified as the most potent compound among several
lipids isolated from the mycobacterial cell wall [18,19]. The syn-
thetic analogue based on a C32 lipid acid with a stereochemistry
corresponding to that present in corynomycolic acid was demon-
strated to possess similar activity as the natural compound. In
the current study, an MMG analogue based on the more readily
accessible palmitate-derived C32 lipid acid with a stereochemistry
different from natural corynomycolic acid has been investigated. A
number of advantages are associated with the use of synthetic ana-
logues. These include a high purity and reproducibility of the final
composite adjuvant. Furthermore, the simplified structure of MMG
analogues allows for a relatively simple and cheap large-scale
chemical synthesis, and formulation of an adjuvant system com-
prising the immunopotentiator becomes simpler. Another advan-
tage of using a well-defined synthetic compound that retains the
immunological activity of the parent compound is that the toxico-
logical profile often is more acceptable when compared to ex-
tracted bacterial cell wall components. Examples of these are the
different lipid A analogues [38] and TDM analogues [39,40]. Evalu-
ation of the toxicological profile of the MMG lipid and MMG ana-
logues such as MMG-1 is pending.

Liposomes based on DDA are physically unstable and fuse or
aggregate during prolonged storage. Besides potentiating the im-
mune response of DDA, it was shown that incorporation of
MMG-1 effectively stabilizes the DDA liposomes at specific molar
ratios. DDA possesses a cationic and relatively small quaternary
ammonium head group that exhibits a rather weak interaction
with water which may account for the poor colloidal stability of
liposomes consisting entirely of DDA. In the Langmuir–Blodgett
study, an increased surface pressure is observed in the presence
of high concentrations of MMG-1 when the DDA/MMG-1 mono-
layer is fully compressed. This suggests a stronger interaction be-
tween the glycerol head group of MMG-1 and the aqueous
subphase than between the quaternary ammonium head group
of DDA and the aqueous subphase. Thus, incorporation of MMG-1
into the lipid bilayer of DDA liposomes might facilitate hydrogen
bond formation and lead to increased hydration of the lipid head
group region which may account for the improved colloidal stabil-
ity of the liposomes. This enhanced hydration has also been sug-
gested to account for the stabilizing effect of TDB on DDA
liposomes [9,11]. In addition to an increased surface pressure at
the fully compressed state, the Langmuir–Blodgett studies also
showed a shift in the p–A isotherm to a lower mean molecular area
in the presence of MMG-1, indicating a more densely packed lipid
monolayer, probably reflecting reduced electrostatic repulsion be-
tween the DDA head groups.

Besides improved colloidal stability, incorporation of MMG-1
affected the lipid packing properties as indicated by the analysis
of the thermotropic phase behavior. In general, the phase transi-
tion temperature was decreased after incorporation of MMG-1
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which might be due to the shorter chain length of MMG-1 when
compared to DDA since the phase transition temperature typically
decreases with decreasing chain length in a liposomal bilayer
structure [41,42]. However, in addition to the lipid chain length,
the phase transition also depends on other factors such as chain
saturation, head group type, head group interactions, van der Waal
interactions between the lipid chains as well as the hydration state
of the lipid head groups [41,43]. It has been demonstrated that li-
pid hydration lowers the transition temperature [44,45] which
may also explain the decrease in phase transition temperature ob-
served in the presence of MMG-1 since MMG-1 enables hydration
of the otherwise poorly hydrated DDA bilayer. Thus, several factors
may account for the decrease in phase transition temperature ob-
served for the present binary DDA/MMG-1 system. Although the
main phase transition temperature was decreased, Tm is main-
tained well above 37 �C at all examined DDA/MMG-1 ratios show-
ing that the liposomes are in the gel-like state at physiological
temperatures. This is important as it has previously been demon-
strated that the immune response is reduced when the phase tran-
sition temperature is systematically decreased by incorporating
lipids of shorter chain lengths [46,47]. The heat transition enthal-
pies remained constant after incorporation of up to 18 mol%
MMG-1, indicating that the formation of bilayers is dependent on
DDA, while MMG-1 only gives minor contributions to the bilayer
phase transition enthalpy which correlated directly to the concen-
tration of DDA. Incorporation of 31 mol% MMG-1 into the bilayer of
DDA liposomes, however, resulted in a slightly decreased heat
capacity. Although this did not affect the colloidal stability, it
might indicate that the limit for efficient incorporation of MMG-
1 into DDA liposomes is being reached.

Previous results indicate that different structural MMG ana-
logues may possess different immunostimulatory activities [20],
suggesting that MMG activates the immune system via a specific
receptor-mediated signaling pathway. Thus, we are currently
investigating the physical as well as immunological properties of
DDA liposomes containing different MMG stereoisomers as well
as estimating the effect of altering the lipid chain length of MMG.
5. Conclusion

The present study provides a thorough characterization of DDA/
MMG-1 liposomes and demonstrates that incorporation of MMG-1
into the bilayer of DDA liposomes increases the stability of the lip-
osomes, most likely in a dual way by enabling hydrogen bond for-
mation between the glycerol moiety of MMG-1 and the aqueous
medium as well as by reducing the head group repulsion between
adjacent cationic DDA molecules within the bilayer of the lipo-
somes. In addition, MMG-1 potentiates the adjuvant efficacy of
DDA liposomes, and at the optimal dose, the adjuvant formulation
induces a strong Th1/Th17 response as well as a robust antibody
response. Thus, DDA liposomes containing 31 mol% MMG-1 seem
to be optimal for providing the most favorable combined physical
and immunological properties.
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