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The reverse vaccinology approach has recently resulted in the identification of promising protein antigens,which
in combination with appropriate adjuvants can stimulate customized, protective immune responses. Although
antigen adsorption to adjuvants influences vaccine efficacy and safety, little is generally known about how anti-
gens and adjuvants interact at the molecular level. The aim of this study was to elucidate the mechanisms
of interactions between the equally sized, but oppositely charged model protein antigens α-lactalbumin
and lysozyme, and i) the clinically tested cationic liposomal adjuvant CAF01 composed of cationic
dimethyldioctadecylammonium (DDA) bromide and trehalose-6,6′-dibehenate (TDB) or ii) the neutral adjuvant
formulationNAF01, where DDAwas replacedwith zwitterionic distearoylphosphatidylcholine (DSPC). The effect
of liposome charge, bilayer rigidity, isoelectric point and antigen-to-lipid ratio was investigated using dynamic
light scattering, transmission electron microscopy, differential scanning calorimetry, intrinsic fluorescence and
Langmuir monolayers. The net anionic α-lactalbumin adsorbed onto the cationic liposomes, while there was
no measureable attractive interaction with the zwitterionic liposomes. In contrast, the net cationic lysozyme
showed very little interaction with either types of liposome. Adsorption of α-lactalbumin altered its tertiary
structure, affected lipid membrane packing below and above the phase transition temperature, and neutralized
the liposomal surface charge, resulting in reduced colloidal stability and liposome aggregation. Langmuir studies
revealed that α-lactalbumin was not squeezed out of DDA monolayers upon compression, which suggests addi-
tional hydrophobic interactions.
Such interactions are thus likely to affect theway vaccine antigens are presented to antigen-presenting cells, and
may play an important role for the efficacy of the vaccine-induced immune response. These studies thus exem-
plify the importance of characterizing the molecular interactions between the vaccine antigen and adjuvant
along with immunogenicity and efficacy studies.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the reverse vaccinology approach towards subunit
vaccine design has resulted in the identification of a number of promis-
ing pathogen-derived recombinant protein antigens with significantly
improved safety profiles, as compared to the live attenuated and
whole inactivated pathogens that traditionally have been used as
electron microscopy; DDA,
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e; SOI, site of injection; TDB, tre-
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vaccines [1]. However, since highly purified protein-based antigens in
general are weakly immunogenic by themselves, co-administration of
appropriate adjuvants is required to potentiate the immune response
[2]. Aluminum-based adjuvants have routinely been used in marketed
human vaccines to stimulate long-lived protective immune responses,
but their applicability is limited by the fact that they only induce
antibody-mediated immune responses [3]. Stimulation of cell-
mediated and/or mucosal immunity is though a prerequisite for
preventing more difficult infectious diseases like tuberculosis, malaria
and AIDS with vaccines [4]. A number of novel adjuvant systems
that can induce such immune responses are therefore in clinical
development [5].

A promising example is the cationic liposomal adjuvant CAF01
(Statens Serum Institut, Denmark), which is based on a binary mixture
of the cationic surfactant dimethyldioctadecylammonium (DDA)
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bromide and the immunopotentiator α,α′-trehalose 6,6′-dibehenate
(TDB) [6]. This adjuvant has been tested in phase 1 clinical trials in com-
bination with the tuberculosis fusion antigen Ag85B-ESAT6 (H1) (NCT
ID: NCT00922363) and an HIV-1 peptide mix (NCT ID: NCT01141205;
NCT01009762), respectively. These gel state DDA/TDB liposomespoten-
tiate a strong CD4+ T-cell response characterized by a mixed Th1/Th17
profile [7–9]. Their adjuvant properties are highly dependent on their
physicochemical properties like surface charge, size and membrane ri-
gidity, which are decisive for the adjuvant mechanism(s) and thus the
vaccine efficacy and safety [10–12]. Studies have thus shown that co-
administration of antigens with such cationic liposomes leads to the in-
duction of stronger and qualitatively different antigen-specific immune
responses than co-administration with neutral or anionic liposomes of
similar thermotropic phase behavior [13,14]. In addition, the gel state
of the liposomes is apparently a prerequisite for their adjuvant activity,
because replacement of the DDA component with unsaturated or
shorter-chain analog abolishes their adjuvant activity [10]. Compared
to neutral/anionic liposomeswith similar thermotropic phase behavior,
the CAF01 adjuvant has distinct advantages since it mediates the avid
binding and retention of the antigen(s) at the site of injection (SOI)
and enhances immunogenicity, eventually resulting in strong cell-
mediated immune responses [7,11]. However, a prerequisite for the
strong adjuvant effect of CAF01 is that the antigen is co-localized with
the immunopotentiator, either through encapsulation or by strong sur-
face adsorption: Kamath et al. showed that administration of free anti-
gen (TB vaccine candidate H1) one day before or simultaneous to
vaccination with the vaccine containing H1 complexed to CAF01 re-
duced the ability of the vaccine to induce a CMI response. Thiswas relat-
ed to the presence of high amounts of dendritic cells exposed only to the
antigen, which due to lack of co-stimulation by the adjuvant would cre-
ate temporary anergy to activation of antigen-specific T-cells [8]. It is
thus pivotal to understand interactions at the molecular level between
vaccine candidates and adjuvants in order to ensure optimal vaccine
efficacy.

Electrostatic interactions are generally considered to be the main
driving forces for surface adsorption of protein antigens onto cationic li-
posomes [11,15,16]. However, little is generally known about how anti-
gens and adjuvants interact at the molecular level. This is primarily
because the application of most analytical methods for characterization
of antigen-adjuvant mixtures is limited by i) the structural complexity
of protein antigens and adjuvants, ii) the particulate nature of most ad-
juvants and iii) the relatively low protein antigen doses required for
efficacy [17]. Interactions between liposomes and proteins can be mea-
sured by using a range of analytical methods; indirect measurements
include for example an assessment of the colloidal stability, the perme-
ability of the liposomal membrane and the structural changes of the
proteins upon adsorption, or direct measurements including e.g. single
molecule techniques, isothermal titration calorimetry (ITC) and mono-
layer techniques.

In the present study, we performed systematic adsorption studies by
investigating the two equally sized, but oppositely charged highly pure
and well-characterized model proteins α-lactalbumin and lysozyme
(Table 1) and the cationic liposomal adjuvant CAF01 or the neutral
adjuvant formulation NAF01, in which DDA has been replaced with
zwitterionic distearoylphosphatidylcholine (DSPC). The aimwas to elu-
cidate their mechanisms of interaction via biophysical investigations by
Table 1
Physicochemical characteristics of α-lactalbumin and lysozyme [18–21].

Protein Dimensions (nm) Mw (Da) pI Net cha

α-Lactalbumin 2.3 × 2.6 × 4.0 14,175 5.5c −5.3c

Lysozyme 4.5 × 3.0 × 3.0 14,300 11.1c 8.4c

a Calculated from the amino acid sequence.
b Determined as the retention coefficients from hydrophobic column chromatography.
c Calculated from PROPKA 3.1 from PDB file (2LYZ.pdb/1F6S.pdb).
applying a number of different analytical methods. These included dy-
namic light scattering (DLS) and cryo-transmission electronmicroscopy
(cryo-TEM). Subsequently, the effect of the interactions on the mem-
brane thermotropic phase behavior as well as the protein structure
was investigated by applying differential scanning calorimetry (DSC)
and intrinsic fluorescence, respectively. Finally, the molecular interac-
tions were studied further by using the Langmuir monolayer technique.

2. Materials and methods

2.1. Materials

DDA and DSPC were obtained from Avanti Polar Lipids (Alabaster,
AL, USA). TDB was synthesized by Clausen-Kaas A/S (Farum,
Denmark). The model proteins were obtained from Sigma-Aldrich
(St. Louis, MO, USA); α-lactalbumin (L5385, ≥85%), α-lactalbumin
Ca2+ depleted (L6010, ≥85%), and lysozyme (L6876, N90%). MeOH
and CHCl3 (extra pure) were purchased from VWR (Leuven, Belgium)
and Merck (Darmstadt, Germany), respectively. Purified Milli-Q water
was used for all buffers. The protein stock solutions were prepared in
10 mM Tris buffer (pH 7.4), and their concentrations were determined
by UV spectroscopy at 280 nmby using a NanoDrop spectrophotometer
(Thermo scientific,Wilmington, DE, USA) applying published extinction
coefficients.

2.2. Preparation of liposomes by the thin film method

The liposomes were prepared by the thin film method essen-
tially as described previously [6], but with a few modifications.
Briefly, weighed amounts of DDA, TDB and DSPC were dissolved
in CHCl3–MeOH (9:1, v/v) and aliquots from these stocks were mixed
in a 50 mL round-bottomed flask resulting in lipid mixtures of different
molar ratios (Table 2). The total lipid content per batch was 22.34 μmol.
The organic solvent was evaporated under vacuum resulting in the for-
mation of thin lipid films. The films were stripped twice with EtOH and
dried overnight to remove trace amounts of the organic solvents. The
lipid filmswere rehydratedwith Tris buffer (10mM, pH 7.4) and sonicat-
ed for 5 min using a Branson 2510 Ultrasonic Cleaner (Danburry, CT,
USA), followed by heating at 80 °C in awater bath. Every 10min, the dis-
persions were whirl-mixed vigorously by using a VELP Scientifica wizard
vortex mixer (Usmate, Milano, Italy) combined with tip-sonication for
20–120 s by applying a 150 W Branson tip-sonicator (85-% of the duty
cycle) to reduce the size and to avoid size reduction by e.g. extrusion
that causes an unnecessary loss of lipid during processing.

The average liposome size distribution and polydispersity index
(PDI) were analyzed by DLS by using the photon correlation spectrosco-
py technique. The surface charge of the particles was estimated by anal-
ysis of the zeta potential (laser-Doppler electrophoresis). For the size
measurements, the samples were diluted 10 times, whereas for the
zeta potential measurements, the samples were diluted 300 times in
10 mM Tris buffer to a lipid concentration of approximately 14.9 μM.
The measurements were performed at 25 °C by using a Zetasizer Nano
ZS (Malvern Instruments, Worcestershire, UK) equipped with a
633 nm laser and 173° detection optics. For viscosity and refractive
index, the values of pure water were used. Malvern DTS v.6.20 software
was used for data acquisition and analysis. A Nanosphere™ Size
rge at pH 7.0 Hydrophobicity (Cal/residue)a Surface hydrophobicityb

1150 1.66
970 7.49



Table 2
The composition, size, polydispersity index and zeta potential of the liposomal
formulations. The results denote mean ± SD (n = 3).

DDA/TDB/DSPC molar ratio Size (nm) PDI Zeta potential (mV)

(89:11:0, CAF01) 168 ± 1 0.25 ± 0.01 66.7 ± 5.3
(67:11:22) 141 ± 7 0.26 ± 0.03 55.0 ± 3.9
(22:11:67) 141 ± 9 0.26 ± 0.03 48.6 ± 2.1
(0:11:89, NAF01) 176 ± 51 0.55 ± 0.17 −5.2 ± 3.7
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Standard (220 ± 6 nm, Duke Scientific Corporation, Palo Alto, CA, USA)
and a zeta potential transfer standard (−50 ± 5 mV, Malvern Instru-
ments)were used to verify the performance of the instrument. The par-
ticle size distributionwas reflected in the PDI, which ranges from 0 for a
monodisperse to 1.0 for an entirely heterodisperse dispersion.

2.3. Protein influence on the liposome size and the zeta potential

Equal volumes of liposome dispersions and protein solutions were
mixed and left to equilibrate for at least 10 min prior to the size and
zeta potential measurements, which were performed as described
above. Below a protein-to-lipidweight ratio of 0.44, the lipid concentra-
tion was kept constant at 2.2 mM, whereas the protein concentration
was varied systematically. Above a protein-to-lipid weight ratio of
0.44, the protein concentrationwas kept constant and the liposome dis-
persions were diluted in two-fold steps.

2.4. Cryo-TEM

Morphological analysis was carried out by using cryo-TEM applying
a Philips CM120 BioTWIN transmission electron microscope (Philips,
Eindhoven, the Netherlands). The samples for the cryo-TEM were pre-
pared under controlled temperature and humidity conditions within
an environmental verification system. A small droplet (5 μL) of sample
was deposited onto a Pelco Lacey carbon-filmed grid. The droplet was
spread carefully, and excess liquid was removed with a filter paper,
resulting in the formation 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 Oxford CT3500 cryo holder connected to the electron microscope.
The sample temperature was continuously kept below−180 °C. All ob-
servationsweremade in the brightfieldmode at an acceleration voltage
of 120 kV. Digital pictures were recorded with a Gatan Imaging Filter
100 CCD camera (Gatan, Pleasanton, CA, USA).

2.5. Intrinsic fluorescence spectroscopy

Intrinsic fluorescence spectra were acquired by using a Spex
Fluorolog 3-22 (HORIBA Jobin Yvon SAS, Longjumeau Cedex, France)
equipped with a 450-W Xenon lamp. An excitation wavelength
of 295 nm (N95% Trp emission) was used, and the emission spectra
were collected from 305 to 405 nm (slit widths of 2 nm and 4 nm,
respectively) at a 1 nm/s data collection rate and a 1 s integration
time. All spectra were background-corrected by subtracting the corre-
sponding buffer or liposome spectrum. The final protein concentration
was 14.1 μM and the final lipid concentration was 0.2 mM.

2.6. Differential scanning calorimetry

The thermal stability of the model proteins and the gel-to-liquid
crystalline phase transition temperature (Tm) of the vesicles in suspen-
sion were determined by using DSC. Equal volumes of liposome disper-
sions and protein solutions in 10mMTris buffer pH 7.4weremixed. The
final lipid concentrationswere approximately 2.2mM. The final protein
concentrationswere in the range of 7.1–529.1 μMforα-lactalbumin and
in the range of 7.0–524.5 μM for lysozyme. All samples and buffer were
degassed for approximately 10 min prior to the measurements. Data
collection was performed by using a Nano DSC (TA instruments, New
Castle, DE, USA) at a scanning rate of 0.5 °C/min in the temperature
range of 20 °C to 60 °C for the DDA liposomes, and from 20 °C to
75 °C for the DSPC-containing liposomes. Thermograms for the pure
protein samples were recorded at a scanning rate of 1 °C/min in the
temperature range from 20 °C to 110 °C (Supplementary information).
The reversibility of the thermotropic phase behavior of the liposomes
mixedwith the proteins was examined by performing a second heating
scan after cooling down to 20 °C. A buffer scan recorded from 20 °C to
85 °C applying a scanning rate of 2 °C/min was performed between
scans of different liposome batches and proteins to ensure a sufficient
cleaning of the sample cell. The NanoAnalyze Data Analysis program
version 2.2.0 (TA Instruments) was used to subtract the curve for the
second buffer scan from each individual sample scan. The Origin® 7
SR2 scientific plotting software (OriginLab Corporation, Northhampton,
MA, USA)was used for baseline correction and data analysis. The Tmax is
the temperature at which the excess heat capacity, Cp, is at its maxi-
mum. The change in enthalpy (ΔH) was determined by integrating
the area under the baseline-corrected Cp curve obtained for each
sample.
2.7. Langmuir monolayers

To address the effect of the differently charged head groups on the
interactions with the antigens the monolayer model was simplified in
such a manner that it only comprised DDA or DSPC (without TDB). A
previous study has shown that the collapse of DDA monolayers occurs
at similar surface pressure and mean molecular area as the collapse of
DDA/TDB monolayers, which also justifies to leave out TDB from the
studies [22]. The surface pressures were measured for the lipid mono-
layers alone and in the presence of 4.5 nmol protein, which was added
to the subphase before spreading of the DDA or DSPC (27.7 nmol in
chloroform) by using a Hamilton syringe. The experiments were per-
formed by using a KSV Minitrough 1 (KSV Instruments Ltd., Helsinki,
Finland) with a surface area of 24,300 mm2. The surface pressure was
measured by using a platinum Wilhelmy plate. All experiments were
performed on a 175 mL subphase consisting of 10 mM Tris buffer
(pH 7.4) kept at 22 °C by means of tempered water circulating under-
neath the Langmuir trough. The surface pressure was pre-set to zero
before spreading of the DDA or DSPC. For the lipid monolayers investi-
gated in the absence of protein, the compression was initiated 10 min
after spreading to allow for the complete evaporation of the chloroform.
For experiments with protein present in the subphase, the compression
was initiated 20 min after spreading the lipids to allow for evaporation
of the chloroform and for the equilibration of the proteins. The mono-
layers were compressed at a constant rate of 10 mm/min. Data analysis
was performed by using the KSV software (KSV Instruments Ltd.). For
monolayers consisting of protein only, the degree of compression was
described as the surface pressure as a function of themean protein mo-
lecular area, whereas for the lipid-containing monolayers, the degree of
compression was described as the surface pressure as a function of the
mean lipidmolecular area. The phase transitions and the collapse points
were estimated from the compressionmodulus (Cs−1) versusΠ depen-
dency, where Cs−1 is defined according to Eq. (1):

Cs−1 ¼ −A dΠ=dAð Þ: 1

A characteristic minimum for the CS−1 versus Π dependency for the
monolayer reflects the phase transition from the liquid-expanded to
the liquid-condensed states of themonolayer, whereas the surface pres-
sure at (dΠ / dA) = 0 identifies the monolayer collapse.
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2.8. Statistics

Statistical calculations were performed by using GraphPad Prism 6
(GraphPad Software, Inc., La Jolla, CA, USA) by a one-way analysis of
variance at a 0.05 significance level followed by means comparison by
applying the Tukey's test.
3. Results

3.1. Choice of model proteins and experimental conditions

To study the mechanisms of protein–liposome interactions and in
particular the effect of charge, α-lactalbumin and lysozyme were cho-
sen as model proteins since they have different isoelectric points; lyso-
zyme is positively charged at pH 7.4, whereas α-lactalbumin is
negatively charged (Table 1), but they are otherwise highly homologous
and share similar primary, secondary and tertiary structures [23–25]. In
addition, they are small, relatively simple, well-characterized, readily
available and highly pure proteins, which make them ideal for the
present biophysical studies. Both proteins are single domain proteins
that are cross-linked via four disulfide bridges [23]. The tertiary struc-
ture of the native α-lactalbumin is in addition stabilized by Ca2+

bound at the specific Ca2+-binding site [25,26]. The depletion of Ca2+

is manifested by a loss of tertiary structure and an increased surface
hydrophobicity, eventually resulting in the Ca2+-depleted α-
lactalbumin structure being more expanded and flexible, as compared
to the native Ca2+-binding protein [27]. The increased flexibility of the
Ca2+-depleted molecule has been suggested to be the cause of its en-
hanced interaction with membranes, as compared to the native protein
[28]. All the experiments were performed in 10 mM Tris buffer, pH 7.4,
because the CAF01 adjuvant has an optimal stability in this buffer,
which is also applied for the CAF01 formulation used in the clinical
studies.
Fig. 1.Representative size and zeta potential of CAF01 (A and B) and NAF01 (C and D) (2.2mM)
D). Thediameters shownon the y-axis are scattering intensity-based (Z-ave). Large aggregates o
0.022 to 18 (A).
3.2. Physicochemical characteristics of CAF01 and NAF01

To study the effect of electrostatic interactions, the cationic DDA
component of CAF01 was replaced in a step-wise manner with the
zwitterionic (neutral) DSPC, which has the same acyl chain length
(18 carbons) as the DDA alkyl chain. This resulted in systematically var-
ied lipid molar ratios with liposomes containing 0, 22, 67 and 89 mol-%
DSPC, respectively, at a constant TDBmolar ratio (11 mol%, Table 2). The
DSPC componentwas selected because it has amain gel-to-liquid phase
transition temperature above 37 °C (actual value 55 °C) like DDA
(actual value 47 °C). Hence, both the cationic DDA/TDB liposomes
(CAF01) and the zwitterionic DSPC/TDB liposomes (NAF01) are in
their gel state at 25 °C as well as 37 °C. Exchanging the cationic DDA
with the zwitterionic DSPC reduced, as expected, the zeta potential of
the liposomes from approximately 66.7 mV to −5.2 mV (Table 2). Re-
placing a molar fraction of DDA with DSPC (25% and 75%, respectively)
resulted in a slight reduction of the average particle size from 168 nm to
141 nm. The DSPC/TDB liposomes were less physically stable, as com-
pared to the DDA-containing liposomes (data not shown). Thus, the ex-
periments with DSPC/TDB liposomes were conducted within 24 h of
their preparation.
3.3. Attractive electrostatic interactions with α-lactalbumin cause aggrega-
tion of the cationic liposomes

The interactions between the liposomes and the proteins were stud-
ied by characterizing the colloidal behavior of the liposome dispersions
upon protein adsorption. The results clearly confirmed that CAF01
interacted strongly with α-lactalbumin (Fig. 1A). Adsorption of the
slightly net negatively chargedα-lactalbumin to CAF01 resulted in a de-
creased zeta potential, which was accompanied by an increased lipo-
some size due to the reduced colloidal stability. The average liposome
sizes presented in Fig. 1A are above the size detection limit of the
upon addition of different concentrations ofα-lactalbumin (A and C) and lysozyme (B and
utside themeasurement range of the instrumentwere observed in themolar ratio range of



Fig. 2. Cryo-TEM micrographs of CAF01 upon addition of A) lysozyme at a protein-to-lipid molar ratio of 0.03, B) α-lactalbumin at a protein-to-lipid molar ratio of 0.003 and
C) α-lactalbumin at a protein-to-lipid molar ratio of 0.24. Black, solid arrows (A and B): Liposomes; Black, round dot arrow (C): Protein layer on the liposome surface; White arrow
(A): Frost. Scale bars: 200 nm.

Fig. 3. Intrinsic fluorescence of A) Ca2+-containing α-lactalbumin alone (solid), with
CAF01 (dash) and with NAF01 (dot) as well as B) Ca2+-depleted α-lactalbumin alone in
the apo state (solid), with CAF01 (dash) and with NAF01 (dot). The final protein concen-
tration was 14.1 μM and the final lipid concentration was 0.22 mM.
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method (1 μm) and should therefore only be taken as rough estimates
reflecting the general stability (or instability) of the liposomedispersion
after protein addition. Liposome aggregation was caused by α-
lactalbumin at protein-to-lipid molar ratios of 0.02 to 18. This range is
rather broad, as compared to previous studies with bovine serum albu-
min (BSA) and ovalbumin, suggesting that the protein-accessible lipid
surface area increases as a function of theα-lactalbumin concentration,
or that the adsorbed protein layer (corona) is not capable of or sufficient
for stabilizing the liposomes [17]. In contrast, there was no measurable
attractive interaction with the net positively charged lysozyme and
CAF01 (Fig. 1B). Additionally, neither α-lactalbumin nor lysozyme af-
fected the size and zeta potential of NAF01 suggesting that no attractive
interactions exist between the proteins and the liposomes (Fig. 1C and
D).

The cryo-TEM pictures were used to verify that the morphology
of the cationic liposomes was preserved in the presence of lysozyme
(Fig. 2A), while α-lactalbumin indeed caused aggregation of the
liposomes and altered their morphology and membrane appearance
(Fig. 2B and C). At a protein-to-lipid molar ratio of 0.24, the α-
lactalbumin-coated liposomes formed larger clusters co-existing with
more elongated lipid structures (Fig. 2C). The presence of the proteins
on the membrane surface of the liposome was clearly visible as an in-
creased bilayer thickness (approximately 12 nm, as compared to a nor-
mal bilayer thickness of 4–5 nm). To estimate if the increase in
membrane thickness reflects the existence of a protein monolayer or a
different adsorption pattern is beyond the resolution limit of the cryo-
TEM technique (4–5 nm). However, at the lowest protein-to-lipid
molar ratio under study (0.003, Fig. 2B), dispersed liposomes were ob-
served, although they appeared more multivesicular than the control.

3.4. Adsorption to CAF01 alters the tertiary structure of α-lactalbumin

From the size measurements presented above, it is evident that α-
lactalbumin adsorbs onto CAF01. It was therefore investigated if the ter-
tiary structure of α-lactalbumin was altered upon adsorption by using
intrinsic fluorescence, which is applied to measure the polarity of the
Trp environment of the protein. For the native protein, two of the five
Trp residues are solvent-exposed, while three are buried in the hydro-
phobic interior [29].

The calcium-saturated α-lactalbumin (the holo-form) in buffer
showed a peak position at 334 nm, suggesting that the Trp residues
on average are buried (Fig. 3 and Table 3). Upon adsorption to CAF01,
a significant red shift of 14 nm was observed (from 334 nm to
348 nm), while the peak position was unchanged in the presence of
NAF01. The intrinsic fluorescence of Ca2+-depleted α-lactalbumin was
measured for control purposes. The depleted form showed a peak posi-
tion at 349 nm, which was unaffected by the addition of CAF01 and
NAF01. The red shift of calcium-saturated α-lactalbumin observed
upon adsorption to CAF01 indicates that the Trp groups of the adsorbed
α-lactalbumin appear to exist in a more aqueous environment similar
to thedepletedα-lactalbumin (the apo-form). A decrease in thefluores-
cence signal was expected due to the light scattering caused by the lipo-
somes, and this was observed for the NAF01 but not for CAF01, which
increased the fluorescence intensity.

3.5. α-Lactalbumin interacts strongly with the cationic domains of the lipo-
somes and alters their thermotropic phase behavior

The consequences of protein interaction on the thermotropic
phase behavior of the liposomes were studied further by using DSC.
Dispersions of DDA have previously been reported to have one sharp
phase transition around 46.7 °C [22]. The thermogram for CAF01,
representing the gel-to-liquid phase transition, consisted of two or

image of Fig.�2
image of Fig.�3


Table 3
The peak position of the Trp emission spectra. The results denote mean ± SD (n = 3).

Peak position (nm)

α-Lactalbumin (Ca2+) 333.7 ± 0.6
α-Lactalbumin (Ca2+) + CAF01 348.0 ± 1.0⁎⁎⁎

α-Lactalbumin (Ca2+) + NAF01 333.3 ± 0.6
α-Lactalbumin (Ca2+depleted) 349.0 ± 0.0⁎⁎⁎

α-Lactalbumin (Ca2+depleted) + CAF01 348.7 ± 0.6⁎⁎⁎

α-Lactalbumin (Ca2+depleted) + NAF01 348.7 ± 0.6⁎⁎⁎

⁎⁎⁎ p b 0.001, as compared to α-lactalbumin (Ca2+).

Fig. 5. Thermograms of 2.2 mM mixed DDA/TDB/DSPC liposomes at a molar ratio
of 67:11:22 a) alone, b) mixed with 70.5 μM α-lactalbumin (first scan) and c) with
1 mg/mL α-lactalbumin (second scan).
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more interconnected peaks between approximately 42 °C and 47 °C
(Fig. 4A). This suggests that the two lipid components (DDA and TDB)
are inhomogeneously distributed, resulting in the existence of microdo-
mains enriched in one of the two components of different phase transi-
tions, as reported previously [6]. A certain batch-to-batch variation in
the appearance of the peaks was observed, probably caused by slight
differences in themixing procedure (data not shown). The thermogram
for NAF01 showed a sharp peak with a Tm of 53 °C (Fig. 4B). Moreover,
the thermotropic phase behavior of both types of liposomeswas revers-
ible, since the first and the second scans were identical (results not
shown).

Addition of α-lactalbumin had a pronounced effect on the appear-
ance of the phase transition of CAF01; addition of α-lactalbumin
(70.5 μM) resulted in a decreased average Tm and increased ΔH
(Fig. 4A and Supplementary information). In addition after the second
heating, the transition was narrowed from three interconnected peaks
to one peak suggesting a more orchestrated transition (Fig. 4B). Also,
α-lactalbumin had aminor effect onNAF01. Lysozymedid not influence
the thermotropic phase behavior of neither CAF01 nor NAF01 (data not
shown).

An interesting phase separation phenomenon was observed for the
liposomes consisting of ternary mixtures of DDA, TDB and DSPC
(67:11:22, Fig. 5). The phase transition peak was very broad, which in-
dicates that the lipid components are inhomogeneously distributed in
the membrane. However, addition of 70.5 μM α-lactalbumin resulted
in two distinct phase transitions with broad peaks around 42 °C and
55 °C, respectively, suggesting a complete separation of the DDA and
DSPC domains (Fig. 5). Upon the second heating, the first of the two
peaks, which is dominated by DDA (shown in Fig. 4) disappeared. This
indicates that the reversibility between the gel state and the liquid
state of the DDA-enriched domains has been lost. It is hypothesized
that α-lactalbumin interacts mainly with the alkyl chains of DDA and
not with the acyl chains of DSPC since the reversible nature of the
phase transition temperature of 55 °C (mainly DSPC, Fig. 4b) wasmain-
tained during the heating process.

3.6. Hydrophobic interactions are evident from Langmuir isotherms

The Langmuir monolayer technique was subsequently applied to
study the nature of the interactions further at the molecular level.
Fig. 4. Thermograms of CAF01 (2.2 mM) (A) and NAF01 (2.2mM) (B)mixedwithα-lactalbumi
c) with 70.5 μM protein (second scan).
Monolayer techniques, such as the Langmuir technique, have been
widely applied to gain mechanistic information about how proteins af-
fect the interfacial properties and packing of lipid monolayers [30,31].
Although a lipid monolayer at the air–water interface clearly deviates
from lipid bilayer vesicles, it has been widely accepted as a useful
model to study interactions with lipid bilayers [32]. The values for the
surface pressure (Π) and themeanmolecular area (A) at theminimum
compression, at themonolayer collapse and at the phase transition from
the liquid-expanded to the liquid-condensed phase are listed in Tables 4
and 5. Pure DDA and DSPCmonolayers collapsed at a surface pressure of
46.4 mN/m and 60.9 mN/m, and with a mean molecular area of 45.6 Å2

and 42.2 Å2, respectively (Fig. 6A and B), as shown in previous studies
[22,33]. Compression of the DDA monolayer resulted in a phase transi-
tion from the liquid-expanded to the liquid-condensed state at
13.4 mN/m and at an area of 72.6 Å2 (Fig. 6A), while the DSPCmonolay-
er compression showed a typical condensed isotherm (Fig. 6B).

The contribution of the proteins to the surface pressure was deter-
mined by adding the respective proteins to the subphase and equilibrat-
ing for 20 min before initiating the compression in the absence of the
lipids. The Langmuir isotherms for the pure proteins (4.5 nmol) showed
similar surface activities for α-lactalbumin and lysozyme (Supporting
information), and their compression isothermswere incomplete, as ob-
served previously at low protein concentrations [34]. Given this, it is
most likely the lipids that provide the main contribution to the surface
pressure when the lipids are spread on protein-containing subphases.
When calculating the mean molecular area at the interface, only the
lipid contribution was thus taken into account and not the protein
contribution due to the difficulty in quantifying the amount of protein
present at the interface. The lipids were spread onto the protein-
containing sub phase, and the system was equilibrated for 20 min
prior to initiating the compression. The addition of α-lactalbumin
to the subphase resulted in an increase of the initial surface pressure
of the DDA monolayer from 0.6 to 2.1 mN/m due to the accumulation
of the protein at the interface (Table 4). In contrast, lysozyme
appeared not to contribute to the initial surface pressure. The presence
n. The thermograms represent liposomes a) alone, b)with 70.5 μMprotein (first scan) and
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Table 4
The surface pressure of DDA monolayers at minimum compression, at the collapse point and at the phase transitions, the two latter are also described by the mean molecular area. The
results denote mean ± SD (n = 3).

Minimum compression Collapse point Phase transition

mN/m mN/m Å2 mN/m Å2

DDA 0.5 ± 0.1 46.4 ± 1.1 46.0 ± 1.3 13.4 ± 0.7 72.6 ± 1.4
DDA + α-lactalbumin 2.1 ± 0.0⁎⁎⁎ 47.0 ± 1.7 44.8 ± 1.4⁎ 13.4 ± 1.1 95.8 ± 0.6⁎⁎⁎

30.6 ± 1.8⁎⁎⁎ 60.4 ± 0.2⁎⁎⁎

DDA + lysozyme 1.0 ± 0.4 45.4 ± 1.7 48.9 ± 1.4 13.8 ± 1.3 84.0 ± 2.1⁎⁎⁎

⁎ p b 0.05, as compared to DDA + lysozyme.
⁎⁎⁎ p b 0.001, as compared to DDA.
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of α-lactalbumin resulted in a more expanded DDA isotherm, evident
from a shift towards a higher surface pressure and an apparently larger
area per lipid molecule (Fig. 6A). The protein affected the packing of
the lipid monolayer, probably by imposing a deformation or a tilt
effect on the lipid monolayer, as described previously in the literature
[35,36]. The phase transition from the liquid-expanded to the liquid-
condensed state was also affected: Two phase transitions were detect-
ed, the first at a surface pressure of 13.4mN/m and at ameanmolecular
area of 95.8Å2, and the second at a surface pressure of 30.6mN/mand at
an area of 60.4 Å2. This suggests that a reorganization of the protein in
the monolayer takes place during the compression. Unexpectedly, the
presence of lysozyme did also affect the DDAmonolayer, but to a lesser
extent (Fig. 6A). The shape of the isotherm was unaltered (phase tran-
sition and collapse point), but overall the isotherm shifted towards a
higher surface pressure.

The initial surface pressure of the DSPCmonolayer was affected nei-
ther byα-lactalbumin nor by lysozyme (Fig. 6B). However, the presence
of both proteins resulted in a more expanded isotherm for DSPC, which
was evident by a shift to a larger surface pressure and a higher
area per molecule before the proteins were squeezed out of the
monolayer at a molecular area of approximately 50 Å2. In the presence
ofα-lactalbumin, one phase transitionwas introduced at a surface pres-
sure of 22.8 mN/m and a molecular area of 62.4 Å2. For lysozyme, two
phase transitions could be detected, the first one at a surface pressure
of 23.5 mN/m and at an area of 58.7 Å2, whereas the second occurred
at a surface pressure of 35.4 mN/m and at an area of 49.5 Å2 indicating
a reorganization of the protein during the compression.

The maximum of the compression modulus reflects the elasticity
and the packing efficiency of the monolayer [37,38]. Monolayers of
DDA and DSPC showed maximum values for the compression moduli
at 199 and 276mN/m (Fig. 7 and Table 6), respectively, which are char-
acteristic values for liquid-condensed phases (condensed films) corre-
sponding to lipids in the gel state [38,39]. Both proteins reduced
the maximum of the compressibility modulus of the DDA mono-
layer, as compared to the puremonolayer (103 and 122 mN/m, respec-
tively) suggesting amore liquid and flexible film [38,39]. Themaximum
ofCs−1 appeared at the same surface pressure (approximately 30 mN/m)
for pure DDA and for DDA with lysozyme, but shifted towards a higher
surface pressure in the presence of α-lactalbumin, indicating a late and
maybe incomplete squeeze out of the protein. In contrast, no change
could be observed for the DSPC monolayer, and the film packing was
Table 5
The surface pressure of DSPC monolayers at minimum compression, at the collapse point and a
results denote mean ± SD (n = 3).

Minimum compression Collapse poi

mN/m mN/m

DSPC 0.2 ± 0.1 60.9 ± 0.8
DSPC + α-lactalbumin 0.3 ± 0.1 62.4 ± 0.9
DSPC + lysozyme 0.1 ± 0.1 62.2 ± 1.7

aNo detectable phase transition.
⁎⁎⁎ p b 0.0001, as compared to DDA + lysozyme.
unaltered at high surface pressure due to a complete squeeze out of
both proteins (Fig. 7B).
4. Discussion

Proteins can interact with liposomes in various ways, including
i) binding to the polar lipid headgroups, ii) partial penetration into the
hydrophobic membrane core, and iii) full permeation of the membrane
bilayer [40]. These interactions are orchestrated via a number of differ-
ent driving forces, i.e. electrostatic interactions, van der Waals forces
and hydrophobic interactions, and the sum of these forces determines
the nature of the interaction.

It has previously been shown thatα-lactalbumin binds to negatively
charged membranes at pH values below or close to the pI of the protein
[41,42]. Below the pI, α-lactalbumin has a positive net charge,
which favors attractive surface charge interactions with the anionic
lipid headgroups [41,42]. A similar dependency on electrostatic
attractions was evident in this study. At pH 7.4, the negatively charged
α-lactalbumin interactedwith the cationic liposomes,whereas no inter-
actions could be measured between the positively charged lysozyme
and the cationic liposomes, or between either of the proteins and the
zwitterionic liposomes. This was evident from the “all or nothing” be-
havior observed for the size and zeta potential measurements and the
DSC analyses, in which the electrostatic attraction appeared to be the
driving force for the interactions.

Though themain interaction force in play appeared to be electrostat-
ic attraction the results also pointed towards the existence of subse-
quent hydrophobic interactions. In fact, the cryo-TEM pictures clearly
showed lipid fragments coatedwithα-lactalbumin (Fig. 2C),which sug-
gests that membrane rearrangements and even disruption may take
place upon protein binding implying the involvement of hydrophobic
interactions. Furthermore, the range of protein-to-lipid molar ratios at
which protein aggregationwas induced (Fig. 1A), is rather large, as com-
pared to studies in the literaturewith BSA and ovalbumin [17]. The upper
ratio limit for aggregation was more than 100 times larger than the
values previouslymeasured for BSA andovalbumin,which could indicate
that the liposomal surface area available for protein adsorption becomes
larger as the protein-to-lipid molar ratio increases due to membrane de-
formation and disruption. This phenomenon might eventually explain
the membrane fragmentation observed by using cryo-TEM.
t the phase transitions, the two latter are also described by the mean molecular area. The

nt Phase transition

Å2 mN/m Å2

42.2 ± 2.7 a a
38.7 ± 0.5 22.8 ± 0.9 62.4 ± 0.3⁎⁎⁎

39.0 ± 1.2 23.5 ± 1.4 58.7 ± 0.3
35.4 ± 0.7⁎⁎⁎ 49.5 ± 0.4



Fig. 6. Pressure/lipid area isotherms of Langmuir monolayers composed of A) DDA
with 10 mM Tris buffer in the subphase (solid), 4.5 nmol α-lactalbumin in the subphase
(dot) and 4.5 nmol lysozyme in the subphase (dash), B) DSPC with 10 mM Tris buffer in
the subphase (solid), 4.5 nmol α-lactalbumin in the subphase (dot) and 4.5 nmol lyso-
zyme in the subphase (dash). The curves represent averages of three experiments.

Table 6
The maximum compression modulus. The results denote mean ± SD
(n = 3).

Maximum Cs−1

mN/m

DDA 199 ± 30
DDA + α-lactalbumin 103 ± 7⁎⁎

DDA + lysozyme 122 ± 10⁎⁎

DSPC 276 ± 23
DSPC + α-lactalbumin 283 ± 24
DSPC + lysozyme 276 ± 22

⁎⁎ p b 0.01, as compared to DDA.

Fig. 7. Compression modulus derived from the pressure/area isotherms of the mono-
layers shown in Fig. 6. A) DDA with 10 mM Tris buffer in the subphase (solid), 4.5 nmol
α-lactalbumin in the subphase (dot) and 4.5 nmol lysozyme in the subphase (dash),
B) DSPC with mM Tris buffer in the subphase (solid), 4.5 nmol α-lactalbumin in the sub-
phase (dot) and 4.5 nmol lysozyme in the subphase (dash). The curves represent averages
of three experiments.
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The involvement of hydrophobic interactions was also evident from
the DSC studies showing that α-lactalbumin affected the packing of
the lipids above themain phase transition temperature, and that the re-
versible nature of the thermotropic phase behavior was lost. Addition of
α-lactalbumin to the ternary bilayer mixtures inducedmembrane rear-
rangements, eventually resulting in the formation of microdomains
enriched in either DDA or DSPC in order to match the charge density
on the surface of α-lactalbumin [43,44]. During the second scan, the
peak resulting from the DDA domains was diminished, while the peak
resulting from the DSPC domains remained unchanged. These results
indicate that α-lactalbumin upon binding to the cationic headgroups
of DDA interactswith the hydrophobicmembrane interior of the cation-
ic DDA liposomes, presumably both in the gel state and certainly in the
liquid state when the fluidity of the membrane is increased.

The hydrophobic interaction may be the result of different interac-
tionmechanisms and it might also be related to specific structural char-
acteristics of α-lactalbumin. Halskau et al. proposed a model for the
interaction between negatively charged phospholipid membranes and
α-lactalbumin, and suggested that the interaction is initiated by the
establishment of electrostatic attractions, followed by a loosening of
α-lactalbumin's tertiary structure. This causes the exposure of hydro-
phobic areas of the protein, which then intercalate into the bilayer,
eventually leading tomembrane disruption [41,45]. However, deforma-
tions and disruption of cationic liposomes have also been reported to be
a result of the ionic strength of the suspension medium, which causes
fusion [46,47], or a result of the existence of a hyperosmotic gradient
across the membrane, which deflates the liposomes and causes coales-
cence [48]. Accordingly, several stress factors might thus be responsible
for the membrane disruption.

The Langmuir isotherms were used to further elucidate the hydro-
phobic interactions. Both α-lactalbumin and lysozyme are surface-
active proteins that partially unfold at the air–water interface increasing
their apparent hydrophobic surface area [34]. Hence, hydrophobic in-
teractions are expected. The isotherm of the DSPC monolayer showed
that the initial surface pressure of the DSPC monolayer was unaffected
by the presence of both α-lactalbumin and lysozyme. However, the ad-
dition of both proteins to the subphase resulted in amore expanded iso-
therm for DSPC, measured as a shift towards a higher surface pressure
and a higher area per molecule before they were completely squeezed
out of the monolayer. This indicates that the proteins engage in hydro-
phobic interactions with the apolar lipid tails, which stretch over the
proteins creating tilt deformations [35,36]. Once the lateral pressure ex-
ceeds a certain “exclusion pressure” the proteins are squeezed out into
the sub phase [31]. The almost complete squeeze out was also evident
from the compression moduli, which indicates that the packing of the
lipid tails in the condensed state is unaffected by the presence of the
proteins.

On the other hand, theproteinswere not completely squeezed out of
the DDAmonolayer, most likely because the interactions are based on a
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combination of hydrophobic and electrostatic interactions. This might
suggest that a certain distribution of charged/hydrophobic patches is
needed to enable the simultaneous hydrophobic and electrostatic inter-
actions. The incomplete squeeze out was also evident from the reduced
compression moduli in the presence of each protein, indicating the ex-
istence of a less ordered monolayer state than the liquid condensed
phase [38,39]. It is unexpected that the net positively charged lysozyme
is not completely squeezedout due to the overall electrostatic repulsion.
Instead, the incomplete squeeze out observed for lysozyme is likely to
be a consequence of the local distribution of the hydrophobic and the
negatively charged domains in the protein.

In the Langmuir set-up, the exposure to the air–water interface par-
tially results in the unfolding of the proteins at the interface [34], and
this specific condition as such is not representative for the interfacial
conditions in a dispersion of liposomes and proteins. Nonetheless, the
intrinsic fluorescence studies showed that α-lactalbumin was signifi-
cantly unfolded upon adsorption. The tertiary structure was loosened,
the protein showed increased flexibility, and the hydrophobic entities,
which are otherwise buried in the native protein, are exposed upon ad-
sorption to the DDA/TDB liposomes, possibly due to the disruption of
the Ca2+-binding loop [26]. In the Langmuir setup, the unfolding of
the proteins occurred before the compression, providing the possibility
for insertion of the protein into the monolayer, as compared to the in-
teractionwith liposomes, where themembrane is tightly packed initial-
ly. Nonetheless, the Langmuir studies clearly demonstrate how the
concerted action of the electrostatic and hydrophobic forces co-exists
and stresses themembrane packing, and this could thus explain the dis-
ruption of the liposomes in the gel state (Fig. 8).

The present study illustrates that interaction between protein/
peptide-based antigens and liposome-based adjuvants/vaccine delivery
systems can markedly affect vaccine stability and the way these anti-
gens are presented. This may have an important influence on the ability
of the vaccine to induce the required immune responses. The present
study thus emphasizes the importance of investigating the interaction
between antigen and adjuvant for each novel vaccine tested in order
to ensure optimal stability and immunogenicity.
Fig. 8.Graphical illustration of the interactions betweenα-lactalbumin and cationic lipid-based
withα-lactalbumin is initiated by the establishment of electrostatic attractions. Subsequently, C
protein structure. The result is the exposure of hydrophobic areas of the protein,which then inte
exposure to the air–water interface causesα-lactalbumin to partially unfold prior to the spread
the monolayer, which confirms the coexistence of electrostatic forces and strong hydrophobic
5. Conclusions

The present study clearly demonstrates that the complex nature of
subunit vaccine formulations, which are composed of both low-
concentration protein antigen(s) and (particulate) adjuvants, necessi-
tates the combined use of a number of biophysical methods for the
physicochemical characterization. The interactions between protein an-
tigens and CAF01/NAF01 were shown to be dominated by electrostatic
interactions by applying methods like dynamic light scattering and
cryoTEM. However, hydrophobic interactions did also play a role for
the interaction, which was particularly evident from the DSC data and
the Langmuir studies that provided important mechanistic information
about the interfacial properties of the proteins and the membranes. α-
Lactalbumin has some specific structural characteristics (size, hydro-
phobic pattern and flexibility) that might favor hydrophobic interac-
tions with CAF01 which in this case affected both the type of adjuvant
association as well as the structural integrity.

Further studies are needed to investigate the generality of these phe-
nomena, including clinically relevant and more complex protein anti-
gens, and to relate them to the immunogenicity of the antigens. Such
studies might be important early in the development phase to predict
interactions that lead to destabilizing stresses uponmixing and adsorp-
tion during processing and manufacture.
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