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Abstract The objective of this study was to investigate in
more detail the structure of multilamellar beta-carotene-
loaded liposome dispersions produced by proliposome hydra-
tion. Such dispersions were stabilized using xanthan gum as a
thickener in different concentrations, and their stabilities were
monitored for 90 days. The vesicles exhibited an average di-
ameter in the range of 700 to 3000 nm, and the liposomes were
capable of protecting (3-carotene from degradation for a peri-
od of 90 days. The dispersions were also characterized by
transmission electron microscopy, differential scanning calo-
rimetry, rheology, and small-angle X-ray scattering (SAXS).
The thermal analyses showed that neither the 3-carotene nor
the xanthan gum affected the liposome bilayer structure. The
presence of the xanthan gum, which affects the scattering
intensity, was not an obstacle to obtain the structural parame-
ters by SAXS modeling, as a modified modeling strategy
(Gaussian deconvolution) was applied. This modeling result-
ed in 40 symmetric layers, and the results obtained with the
variation of temperature were in agreement with the gel-liquid
crystalline transition temperature obtained by calorimetric
measurements. Additionally, the rheological data showed that
xanthan gum was not as effective as a mixture of xanthan gum
and guar gum at stabilizing the liposomes, most likely due to
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the higher stiffness of the gum alone compared with that of its
combination with guar gum.
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Introduction

The potential use of liposomes in food products has been more
extensively explored in recent years, and several studies of the
production of liposomes for encapsulating food bioactives can
be found in the literature [25-37].

Because food formulations are mostly water based, lipo-
somes are of great interest for their potential to overcome the
technological drawbacks of incorporating hydrophobic bioac-
tives, e.g., vitamin E [21-43], essential oils [11, 12, 39, 42],
ferrous sulfate [5, 6], polyphenols [10, 14, 18, 30, 44],
L-carnosine [19], and carotenoids [3, 24, 35, 36, 38, 41].

However, the effective application of liposomes in food
systems is quite limited because of the lack of studies focusing
on processes that are suitable for scaling up and increasing
capacity to produce the phospholipid vesicles in large quanti-
ties, which are typical of the food industry. Furthermore, many
processes that have been implemented in the pharmaceutical
industry use organic solvents that are completely forbidden for
food. To establish parameters for an effective implementation
of liposome production for food applications, it is necessary
to investigate organic solvent-free methods that are capable
of producing massive amounts of vesicles. Another impor-
tant consideration is the cost of the microencapsulation sys-
tem; multilamellar liposomes (MLVs) would be cheaper to
produce than small unilamellar vesicles (SUVs) because
they would not require the use of high-pressure homoge-
nizers or microfluidization systems.
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The type of liposome employed determines its stability in a
complex medium such as a food matrix. The formulation of
the phospholipid vesicle must be engineered with consider-
ation for the conditions to which it would be subjected in a
food matrix, such as the presence of salt, sugars, proteins, and
other colloidal structures, as well as the possibility of thermal
treatments during food processing, which could also destabi-
lize the liposomal system. Under such conditions, SUV could
be more stable than MLV because of their reduced diameter.
Therefore, it is important to design a liposomal system that
can be scaled up at a cost suitable for food applications, which
is certainly much lower than that for the pharmaceutical
industry.

Some efforts have been made to develop innovative scale-
up solutions. Laouini et al. [17] refer to liposome production
techniques, such as the heating method, freeze-drying, super-
critical reverse phase evaporation (SCRPE), modified ethanol
injection, and hydration of proliposomes. Patil and Jadhav
[28], in a recent review, emphasize the need for the develop-
ment of novel processes for liposome production, particularly
techniques that do not require detergents or organic solvents.
In this context, a notable method for producing liposomes in
massive amounts is the hydration of proliposomes.
Proliposomes are dry phospholipid particles that, when hy-
drated at controlled temperatures and stirring conditions, can
result in the formation of multilamellar liposomes [1, 15, 40].
The use of proliposomes has the advantage of inserting the
bioactive in a matrix that provides high structural integrity,
stability, and functionality [1]. There are various known
methods to produce proliposomes, and one of the well-
known processes in the literature is the spray-drying method
[15, 24, 41]. This method of liposome production could be
easily scaled up because spray drying is a unit operation that is
extensively used in the food industry.

Beta-carotene is the carotenoid with the highest pro-
vitamin A activity [8]. Furthermore, beta-carotene is an im-
portant antioxidant that may have a protective function against
degenerative conditions such as cancer and cardiovascular
diseases [8-31]. However, the use of beta-carotene in food
can be limited for two reasons: (1) high hydrophobicity (log
P=14.7), which limits its dispersion in water-based media,
and (2) sensitivity to chemical degradation, which could de-
crease its effectiveness as a pigment as well as its physiolog-
ical benefits [27, 36]. Therefore, the use of colloidal disper-
sions, such as emulsions and liposomes, to microencapsulate
beta-carotene could provide a physico-chemical barrier
against oxidants and highly increase its dispersibility in aque-
ous environments. The multilamellar liposomes studied in the
present research work have already been incorporated in yo-
gurt in a previous study published by Toniazzo et al. [38], with
promising technological and sensorial results. In such a study,
liposomes were used to incorporate beta-carotene as a natural
dye in the dairy product and the results showed that the
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phospholipid vesicles can be considered as a possible
alternative to be used as vehicles in food matrices.
The present study is the characterization of these beta-
carotene-loaded multilamellar liposomes produced by spray-
dried proliposome hydration, a scalable production method
applicable to the food industry. The liposomes were produced
by hydrating the proliposomes obtained by spray drying, and
to stabilize the liposome dispersions, it was necessary to use
xanthan gum as a thickening agent. The data obtained were in
the form of measurements of vesicle size distribution, zeta
potential, protection capacity of the encapsulated carotenoid,
rheological characterization, thermal behavior by differential
scanning calorimetry (DSC), transmission electron microscopy
(TEM), and small-angle X-ray scattering (SAXS).

Material and methods
Materials

The phospholipid used was a purified hydrogenated soy phos-
phatidylcholine (Phospholipon 90H, average molecular
weight of 800 g) obtained from Lipoid GmbH (Ludwigshafen,
Germany) (including at a minimum of 90 % phosphatidylcho-
line and a maximum of 4 % of lysophosphatidylcholine, with
a minimum of 98 % palmitic acid plus stearic acid and a
maximum of 2 % C18 unsaturated aliphatic chains).

Beta-carotene was obtained from Sigma (St. Louis, MO,
USA) in its crystalline powder form. Xanthan gum
(Grindsted® Xanthan 80) was donated by Danisco (Cotia,
Brazil). All the reagents used in the study were reagent grade.
Deionized water (from a Millipore system) was used through-
out the experiments.

Production of liposomes

Liposome dispersions were produced via hydration of
proliposomes, which were produced using a spray-drying
method described by Moraes et al. [24] and Toniazzo et al.
[38]. The proliposomes were prepared with 3.2 g of phospho-
lipid, 0.270 g of sucrose (Synth, Diadema, Brazil), and
0.120 g of beta-carotene and were solubilized in anhy-
drous ethanol (Synth, Diadema, Brazil). The proliposomes
(7.5 g proliposome L") were hydrated with deionized
water by ultra-agitation (IKA T25, IKA, Germany) at 12,
000 rpm for 15 min at 60 °C. The thickening agent
(xanthan gum (XG), 0.20, 0.25, or 0.30 % in mass) was
slowly added to the liposome dispersion under magnetic
stirring (3600 rpm) at room temperature. The samples
were prepared in triplicate and stored under refrigeration.
Sodium benzoate (Synth, Brazil; 0.02 % in mass) was
added to avoid microbiological contamination.
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Determination of the particle size distribution and zeta
potential of liposomes

The size distribution of the liposomes was measured by
photon correlation spectroscopy using a ZetaPlus ana-
lyzer (Brookhaven Instruments Company, USA) at
25 °C and a He-Ne laser at 627 nm with an incidence
angle of 90°. The samples were diluted with ultra-
purified water to weaken the opalescence before mea-
suring the particle mean diameter. The zeta potential
was obtained using the same equipment used for elec-
trophoretic mobility measurements, in water, adjusting
the conductivity to 50 uS/cm with 1 M KCI. Data anal-
yses were performed using the software included with
the system.

Quantification of beta-carotene encapsulated
in the liposomes

For these determinations, a liquid-liquid extraction with
6 mL of hexane and 9 mL of anhydrous ethanol added
to 1 mL of liposome dispersion was carried out. The
mixture was then vigorously shaken. Ethanol was used
to rupture the liposomes before beta-carotene extraction
into the hexane phase. After 2 h at a controlled temperature of
25 °C, the hexane phase was removed and the absorbance was
read at 450 nm (Libra S22; Biochrom, UK). The beta-carotene
levels were determined with respect to a calibration curve of
pure beta-carotene in hexane, with an R* value of 0.996
[24-38].

Differential scanning calorimetry

The thermal behavior of the liposomes was assessed by DSC,
using a TA2010 differential scanning calorimeter controlled
by a TA5000 system (TA Instruments, New Castle, USA).
The samples (approximately 10 mg) were placed in hermeti-
cally sealed aluminum TA pans and heated from 10 to 100 °C
using a heating ramp of 10 °C/min. An empty pan was used as
a reference. The heating was carried out under an inert atmo-
sphere (45 mL/min N,). The results were analyzed using the
Universal Analysis V1.7F software (TA Instruments, New
Castle, USA).

Transmission electron microscopy

The morphology of the liposomes was observed by TEM
using a CEM-902 (Carl Zeiss, Oberkochen, Germany) micro-
scope coupled with a Castaing-Henry-Ottensmeyer filter spec-
trometer. The samples were diluted to 0.25 mM (total phos-
pholipid concentration). The colorant used was uranyl acetate
(1 % w/v) (Electron Microscopy Sciences, Hatfield, USA).
The reagent was filtered through a plastic syringe coupled

with a 0.22-um pore size filter. On the surface of a grid cov-
ered with a parlodium plastic film and evaporated carbon, a
drop of the liposome dispersion was added, and after 5 min,
the excess sample was removed with a filter paper. A drop of
uranyl acetate was added to stain the liposomes, and the ex-
cess colorant was removed with a filter paper. The images
were recorded using a Proscan high-speed slow-scan CCD
camera and processed in the iTEM universal TEM imaging
platform.

Rheological measurements

A rheometer (AR2000 advanced rheometer; TA Instruments,
New Castle, USA) fitted with concentric cylinders (internal
radius=14 mm, external radius=15 mm, height=42 mm, and
gap=>5920 um) was used to carry out the rheological tests
with the liposome dispersions. All the samples were ana-
lyzed at a controlled temperature of 10+1 °C. The relax-
ation period of the samples before the beginning of the
process was 2 min. The flow curves were obtained by
measuring shear stress, while the shear rate was increased
from 0.01 to 100 s™' and decreased from 100 to 0.01 s .
The experimental data were fitted to the power law model
according to Eq. (1)

o=Ky (1)

where o is the shear stress (Pa), & is the consistency index
(Pa "), n is the flow index, and y is the shear rate (s '). The
results were analyzed using the Rheology Advantage Data
Analysis V.5.3.1 software (TA Instruments, New Castle, USA).

Small-angle X-ray scattering

SAXS measurements were performed at the Brazilian Syn-
chrotron Light Laboratory (LNLS) at the SAXS2 beamline.
The sample holder [2], a cell measuring 1x4x8 mm?, was
placed in a device coupled to a water-circulating thermal bath,
thus enabling measurements at controlled temperature. The
wavelength of the incoming monochromatic X-ray beam
was 1.48 A, and the distance between the sample and the
detector was set to 700 mm, providing a ¢ (scattering vector
modulus) interval from 0.013 to 0.33 A", where g=4n(sind)/\
and 26 is the scattering angle. The 2D scattering data were
collected on a MAR detector, and the integration of the SAXS
patterns and data treatment was performed using the FIT2D
software [13]. Error estimation and normalization to absolute
scale were performed using the SuperSAXS package. A
rectangular beam with 300x100 um dimensions was used.
This beam size was further convoluted with a detector
resolution of 180 wm. The experimental setup provided a
resolution in ¢ values of Ag=0.00129 A"
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Results and discussion

Stability of the liposome dispersions: size distribution, zeta
potential, and encapsulated beta-carotene

The liposomes produced with different concentrations of sta-
bilizing xanthan gum presented an average hydrodynamic di-
ameter in the range of 700 to 3000 nm, which is a character-
istic of multilamellar dispersions. The particle size distribution
was monitored over a storage period of 90 days, and the
curves are shown in Fig. 1.

In the absence of xanthan gum, the liposome dispersions
destabilized completely in less than 24 h of storage under
refrigeration (7—10 °C), resulting in visible phase separation.
This was the reason it was necessary to add thickeners (gums)
to the system. The minimum gum concentration needed to
avoid phase separation was 0.20 %; with lower concentrations
of thickener, the system destabilized in less than 48 h under
refrigeration. However, concentrations greater than 0.30 %
XG made the system highly viscous, which was not a desir-
able characteristic for incorporation in food systems. There-
fore, the range tested was from 0.20 to 0.30 % XG, and Fig. 1
shows that the liposome dispersions stabilized with 0.30 %
XG were more capable of maintaining the size distribution
over the storage period, as practically no changes were
observed in the corresponding size distribution curve.
Therefore, the liposome dispersions stabilized with 0.30 %
XG were more stable in relation to the size distributions
during 90 days of storage.

Table 1 shows that the values of the zeta potential of
the samples, which is an indirect measurement of the
stability of colloidal dispersions, significantly changed
after 90 days but remained below —30 mV in all cases.
Zeta potential values below —30 mV are typical of sta-
ble dispersions, and the zeta potential never rose above
this number for the liposomes encapsulating the beta-
carotene. These results are similar to the data obtained
by Toniazzo et al. [38], who produced MLV by proliposome
hydration but used a mixture of xanthan gum and guar gum as
a thickening agent used.

The stabilization of the liposome dispersions using the
polysaccharides was certainly due to the polysaccharides’
capacity to increase the viscosity of the continuous phase
via the formation of a polymeric network, a mechanism
that has been widely explored in the stabilization of food
emulsions [4]. This rheological control mechanism is most
effective at relatively low-particle volume fractions, where
individual droplets are separately immobilized in a poly-
saccharide network [4].

The network formed by xanthan gum is shown in the mi-
crograph obtained by transmission electron microscopy of the
liposome dispersions stabilized with 0.20 % xanthan gum
(Fig. 2). The biopolymeric network can be clearly visualized
in the background of the micrograph, and it was responsible
for delaying aggregation of the liposomes during storage. This
micrograph also shows the spherical shape of the liposomes,
and it substantiates the average hydrodynamic sizes obtained
by quasi-elastic light scattering.
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Table 1
samples, stored under refrigerated conditions

Physico-chemical characteristics of the liposome dispersions stabilized with different concentrations of xanthan gum, for the fresh and 90-day

Parameter 0.20 % XG 0.25 % XG 0.30 % XG

Fresh sample Day 90 Fresh sample Day 90 Fresh sample Day 90
Zeta potential (mV) —53.0+3.05 —50.0+3.98 —74.8+3.58 —33.0£2.37 —39.4+4.59 —54.9+4.85
Beta-carotene concentration (mg/L) 137+26.8 102+4.25 195+18.3 116+1.97 181+28.6 113+7.48
Phospholipid® concentration (mM) 9.62 9.32 10.0
Beta-carotene in liposomes (% molar) 2.62+0.50 2.04+0.08 3.90+0.30 2.25+0.03 3.37+0.53 2.11+0.14

# The total phospholipid concentration was measured as an inorganic phosphate content as described by Rocha et al. (2001)

The encapsulation of beta-carotene was complete, as it was
100 % incorporated in the liposomes, as previously described
in studies by Moraes et al. [24] and Toniazzo et al. [38], in
which the proliposomes were also hydrated at controlled con-
ditions. The fresh samples had, on average, a molar percent-
age of approximately 3.30 % of beta-carotene in the phospho-
lipid vesicles. According to the literature, such a value is
slightly above that obtained in studies of the incorporation of
beta-carotene in multilamellar liposomes [29, 33, 34], but in
those cases, the vesicles were produced using the film hydra-
tion method. The production of liposomes via the hydration of
proliposomes has the advantage of incorporating the bioactive
in the phospholipid matrix prior to the procedure, compared
with the majority of the methods of liposome production,
which incorporate the bioactive only in the bilayer formation
step; this advantage allows a higher quantity of beta-carotene
to be incorporated into the liposomes [24].

The temporal profile of beta-carotene concentration
(Fig. 3), however, indicates that the carotenoid suffered exten-
sive decomposition in the first 10 days of storage. At the end
of this initial period, the samples contained, on average,

e °

® Wr}?

Fig. 2 Transmission electron micrograph of liposome dispersions
stabilized with 0.20 % xanthan gum. The xanthan gum network can be
clearly distinguished in the background. Scale=2000 nm

2.10 % molar beta-carotene, a value that remained stable up
to the 90th day of storage. The similar amounts of remaining
beta-carotene in the liposomes, despite the differences in the
initial quantity, indicates that most of the molecules of the
carotenoid were deeply inserted in the more internal phospho-
lipid bilayers of the multilamellar liposomes, which is more
difficult for the oxidant to reach. As noted below, the SAXS
analyses indicated that the multilamellar liposomes presented
more than 40 phospholipid bilayers. Such a value of approx-
imately 2.5 % molar agrees with the results obtained by Mo-
raes et al. [24] and Toniazzo et al. [38], who studied similar
liposome systems, and with those of Pintea et al. [29] and
Socaciu et al. [33], who also studied multilamellar liposomes
incorporating beta-carotene. It seems to be the superior limit
of the beta-carotene/phospholipid molar ratio to keep the ca-
rotenoid deep inside enough the various bilayers of the lipo-
somes to be protected from oxidative damage.

The data presented in Table 1 also indicate that the quantity
of xanthan gum added to the dispersions to stabilize them
did not affect the decomposition rate of the encapsulated
beta-carotene.

250 -
—a— 0.20% XG
—0— 0.25% XG
200 - —<4— 0.30% XG

8 8
1 1

beta-carotene concentration (mg/L)
g
1

0 10 20 30 40 50 60 70 80 90 100 110
storage period (days)

Fig. 3 Beta-carotene breakdown in liposome dispersions stabilized with
different concentrations of xanthan gum over the storage period. The results
are expressed as the mean and standard deviation of the three samples
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Fig. 4 Comparison of the rheological behavior in the liposome
dispersions stabilized with different xanthan gum concentrations at
storage times

Rheological characterization of liposome dispersions

As for the rheological behavior of liposomes stabilized with
different xanthan gum concentrations, the results were fit to
the power law model. The determination coefficient for this
model was 0.99 for all the samples. It is the model that fits the
rheological data obtained in flow assays of colloidal diluted
dispersions (e.g., emulsions) and slightly flocculated dis-
persions [22]. Therefore, the liposomes stabilized with a
xanthan gum showed a non-Newtonian behavior of the
pseudoplastic type, as expected, due to the presence of
xanthan gum as a thickener. The flow curves showed that
the rheological behavior of liposomes was not changed
over the storage period, as observed in Fig. 4, where the
two curves practically overlapped.

Table 2 shows the mean values of apparent viscosity of the
liposome dispersions stabilized with xanthan gum in different
concentrations. As expected, increasing the concentration of
xanthan gum led to an increase in the viscosity of the system;
in this case, the increase in viscosity of the aqueous phase was
able to prevent decomposition after 90 days only in the system
containing 0.30 % of xanthan gum. Some considerations can
be made when comparing the data obtained here with the data
obtained by Toniazzo et al. [38]. In the latter study, the

liposomes were in a concentration two times higher than that
in the present study, and a concentration of 0.10 % total gum
(being 0.09 % guar gum and 0.01 % xanthan gum) was suffi-
cient to prevent decomposition for 90 days. In the present
study, compared with the study of Toniazzo et al. [38], three
times more thickening agent was required to stabilize half the
liposome amount. The viscosity of the most stable system in
Toniazzo et al. [38] was, on average, 0.069 Pas !, whereas the
system in this study had a value of 0.235 Pas”'. Therefore, the
explanation for such a result is related not only to an increase
in the continuous phase viscosity but also to the fact that only
xanthan gum was used in the present study. Xanthan gum is a
polysaccharide of high stiffness, much higher than that of
galactomannan (guar gum), and this rigidity imparts a much
more limited degree of mobility to the chains and, hence,
much longer relaxation times [7]. In a liposomal system, de-
stabilization in the presence of a thickener is likely to be lim-
ited by the lowered diffusion capacity of liposomes. However,
the polysaccharide molecules can work as obstacles for the
diffusion of the phospholipid vesicles, and more flexible
chains, such as the guar gum molecules, would present a
higher number of configurations that could more efficiently
prevent contact among the phospholipid vesicles. Therefore, a
smaller amount of thickener could be used to stabilize a higher
concentration of liposomes.

Thermal behavior and small-angle X-ray scattering

The thermogram of the liposomes is shown in Fig. 5, and it
exhibits one endothermic transition represented by a single
narrow peak that is attributed to the gel-liquid crystalline
phase transition of the phospholipid vesicles. Calorimetric
analyses were carried out only with the most stable liposome
dispersion (0.30 % XG). The transition temperature (7,,) was
at approximately 54 °C, identical to that reported by Toniazzo
et al. [38], who studied the same type of liposome dispersion,
but thickened with a mixture of guar gum and xanthan gum.
The type of thickening agent, therefore, did not seem to influ-
ence the gel-liquid crystalline transition. This is another indi-
cation that there are no any modifications in the bilayer struc-
ture due to possible interactions among the phospholipids and
the polysaccharide chains. In fact, the polysaccharides only
built a polymer network in the continuous phase, as shown

Table 2 Mean values of apparent viscosity (Pa s ') of liposome dispersions over the storage time

Formulation Day 0 Day 5 Day 15 Day 40 Day 90

0.20 % XG 0.131+0.0012%C 0.136+0.002%¢ 0.125+0.0005"¢ 0.124+0.0007°¢ 0.127+0.0001°¢
0.25 % XG 0.184+0.001°B 0.180+0.0008°8 0.179+0.004%°8 0.169+0.003°8 0.178+0.001%°8

030 % XG 0.235+0.008°* 0.236+0.002% 0.225+0.0003%4 0.214+0.0001°* 0.233+0.00022°4

Means (n=2)+standard deviation with different lowercase letters in the same line are significantly different (P<0.05). Means (n=2)+standard deviation
with different uppercase letters in the same column are significantly different (2<0.05)
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Fig.5 Thermograms obtained by differential scanning calorimetry of the
beta-carotene-loaded liposome dispersions stabilized with xanthan gum
(0.30 % XG)

in Fig. 2, and they were not adsorbed or anchored on the
surfaces of the liposomes. The structure of the liposome
bilayer was not modified by the presence of beta-carotene
because the 7, of empty multilamellar liposomes pro-
duced with the same phospholipid was 51.7 °C [42].

The SAXS data were also collected only for the most stable
formulation of liposome dispersion over the storage period
(0.30 % XG). The sample was subjected to temperatures rang-
ing from 30 to 57 °C. As observed, a characteristic profile of
multilamellar systems was obtained (Fig. 6a). The data were

Table 3
modeling

Summary of the SAXS results obtained by theoretical

Temperature (°C) Parameters

D(A) n RGpgs (A) N
30 68.99+0.14 0.03+£0.01 17£2 42.3£0.1
35 69.33+0.15 0.03+0.01 17+2 42.5+0.1
40 69.32+0.12 0.03+0.01 17+2 42.8+0.1
45 71.20+0.16 0.03£0.01 11+£2 31.2+0.1
50 74.86+0.15 0.03+£0.01 9+2 23.8+0.1
52 74.0+0.1 0.03+0.01 9+2 24.8+0.1
54 71.37+0.05 0.18+£0.01 10+2 21.5+0.3
57 71.77£0.07 0.19+0.01 10+2 18.0+0.5

modeled using the Gaussian deconvolution method [26],
which permits modeling the form factor and structure factor
simultaneously; as a result, it is possible to obtain information
regarding the electron density profile of the lipid bilayer
(Fig. 6b) and several other parameters, which are summarized
in Table 3. For this modeling method, it was necessary to
introduce the contribution from the polymer network (xanthan
gum). This contribution was obtained in two steps. First, the
scattering intensity of the xanthan gum in solution was mea-
sured alone at three different temperatures. From this result
(data not shown), one can demonstrate that the scattering con-
tribution from the xanthan gum can be described using a
Gaussian chain

Pehain = 2[exp(—u) +u — 1]/u2 (2)

where u=(R%;)q2 and (R%) are the average radius of gyration of
the polymer chain. This expression was incorporated into the
Gaussian deconvolution procedure to obtain the correct de-
scription of the polymer contribution and, consequently, the

Fig. 6 Scattering results for the (a) (b)
multilamellar liposome 2.0-
dispersions with 0.30 % XG as a
thickener. a SAXS data (open 154
circles) for the various
temperatures. The theoretical ~ 57°C 104
model (solid lines) is also shown = 5400
in the plot. b Obtained electron 054
density profile for each =) e 52°C 5
temperature. As expected, the 5 o S
50°C 0.0+
structure becomes less ordered = i
with an increase in temperature § e 4500 <01_ 054
7 40°C 1.0
N | 5 5.
T 30°c
t T T T T T -2.0
0.05 0.10 0.15 0.20 0.25 0.30 -40

q[A"]
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correct form factor and structure factor from the bilayer.

With the increase of temperature, several interesting fea-
tures are observed both on the bilayer shape and on the struc-
ture factor parameters. As shown in Fig. 6(b), the electron
density profile indicates a symmetric bilayer, which is typical
of zwitterionic phospholipids [16], and that the bilayer loses
ordering with an increase in temperature, which is most likely
due to the increase in thermal energy in the system and the
subsequent approximation of the gel-liquid crystalline transi-
tion point at 54 °C. In addition, the vesicles decrease the num-
ber of layers (N), starting at approximately 40 for 30 °C and
decreasing to approximately 20 for 50 °C.

Notably, the membrane shows an increase in flexibility
only after 54 °C, where one can observe a substantial increase
in the Caillé parameter (7)), which is associated with the bilay-
er bending rigidity [16]. A higher Caillé parameter indicates
that the membrane is more flexible, which is consistent with
the differential scanning calorimetry data showing that the gel-
liquid crystalline transition of the liposomes is also approxi-
mately 54 °C. The interplanar spacing also varied, with a
maximum value of approximately 50 °C (74.86 A). In all
the cases, it was necessary to include the contribution from a
Gaussian chain, which indicates that the xanthan gum made
an important contribution to the scattering intensity. The
abrupt variation on the radius of gyration between 40 °C
(~16 A) and 45 °C (~11 A) and above can indicate a change
in the polysaccharide conformation. Such a change is related
to the shifts from an ordered state to a disordered state of the
xanthan gum chain [9], corresponding to a helix-coil transition
of the polysaccharide backbone and simultaneous release of
the lateral chains, followed by a progressive decrease in the
rigidity of the (1-4)-3-D-glucan chain as the temperature rises
from 40 to 60 °C [23].

Conclusions

The experimental data obtained in this investigation demon-
strated the ability to produce beta-carotene-loaded
multilamellar liposomes via proliposome hydration and to sta-
bilize the dispersions with xanthan gum. Additionally, it was
possible to clearly visualize the biopolymeric network stabi-
lizing the dispersions via transmission electron microscopy.
The multilamellar character of the liposomes was shown by
the SAXS data, which, despite the presence of xanthan gum,
could be modeled to obtain important parameters such as the
bilayer electron density, the Caillé parameter (and, indirectly,
the rigidity of the membrane), and the number of layers. The
Gaussian deconvolution method was capable of being used to
decouple the effect of the xanthan gum in the scattering inten-
sity to obtain the cited parameters, with good correlation. In
addition, the data obtained by SAXS agreed with the calori-
metric behavior of the system.

@ Springer

In addition, the rheological measurements showed that
xanthan gum alone was less effective as a thickening agent
in the liposome dispersions than a mixture of guar gum and
xanthan gum. Such a characteristic was most likely due to the
stiffness of the xanthan gum, which limits the number of con-
figurations it can assume and, consequently, allows a higher
degree of movement of the liposomes in the aqueous medium,
which could lead to faster destabilization.
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