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Ginsenoside Ro (Ro), a natural anionic biosurfactant derived from ginseng, has been found to markedly
increase the solubility of saikosaponin a (SSa), which is the active ingredient of Radix Bupleuri. SSa is
minimally soluble in water. To determine the mechanism by which Ro solubilizes SSa, the self-assembly
behavior of Ro and the phase behavior of blended Ro and SSa systems were studied by mesoscopic
dynamics (MesoDyn) and dissipative particle dynamics (DPD) simulations. The simulation results show
that Ro can form vesicles via the closure of oblate membranes. At low concentrations, SSa molecules are
solubilized in the palisade layer of the Ro vesicles. At high concentrations, they interact with Ro mole-
cules to form mixed vesicles with Ro adsorbing on the surfaces of the vesicles. The evaluation of the
SSa solubilization process reveals that, at low concentrations, Ro aggregates preferentially to form vesi-
cles, which then absorb SSa into themselves. However, at high concentrations, SSa first self-aggregates
and then dissolves. This is because the solubilization behavior of Ro shifts the precipitation–dissolution
equilibrium in the direction of dissolution. These results of the simulations are consistent with those of
transmission electron microscopy (TEM) and dynamic light scattering (DLS).

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Biosurfactants are surfactants derived directly from natural
sources. They offer advantages over chemical surfactants (also
called synthetic surfactants) in that they are derived from renew-
able sources and are minimally toxic or non-toxic, biodegradable,
highly active, often reusable through regeneration, highly specific,
and effective under extreme temperature and pH conditions [1–3].
Biosurfactants can self-assemble into rich morphologies, such as
micelles, vesicles, and bilayers. They are important in a wide range
of technological applications [4–7].

Saponins are plant-derived biosurfactants. They have amphi-
philic molecular structures containing a hydrophobic triterpene
or steroid aglycone and one or more hydrophilic sugar chains.
Increasing consumer demand for natural products coupled with
their surfactant properties (such as emulsifying and solubilizing
properties) and mounting evidence for their biological activities
(including anticancer and anti-cholesterol effects) have led to the
successful expansion of commercial applications in the food,
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cosmetics, and pharmaceutical sectors [8]. Particularly in the phar-
maceutical industry, saponins have been proposed as safe and
effective adjuvants to enhance the absorption and dissolution of
pharmacologically active substances or drugs through solubiliza-
tion [9,10]. However, there is no literature on the mechanism
underlying the solubilization of saponin despite its importance in
the selection and optimization of the formulation of these systems.
This limits the applications of saponin.

Many of the herbs used in traditional Chinese medicine (TCM)
have been observed to contain saponins, and many saponins have
been shown to promote the solubility of insoluble drugs [11–13].
Ginsenoside Ro (Ro), a natural anionic biosurfactant derived from
ginseng (roots of Panax ginseng C.A. Mey), has been shown to form
micelles above the critical micelle concentration (CMC) in aqueous
solutions and markedly increase the solubility of saikosaponin a
(SSa) which is the active ingredient in Radix Bupleuri (roots of
Bupleurum chinense DC. and Bupleurum scorzonerifolium Wild.)
but sparingly soluble in water. This is considered one possible
mechanism of the synergistic therapeutic effects of ginseng and
Radix Bupleuri. Ro is a bidesmosidic saponin with two sugar chains
linked to a triterpene aglycone: D-glucose and D-glucuronic acid
link at C-3. Another D-glucose links at C-28. This special triblock
copolymer-like structure causes Ro to self-assemble in aqueous
solutions. However, previous studies on Ro have focused only on

http://dx.doi.org/10.1016/j.jcis.2012.06.018
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the influence of medium conditions, such as temperature, pH, and
salt concentration on CMC [13]. Colloidal properties such as the
morphology and size of the aggregates and the solubilization
mechanism are not yet clearly understood.

Mesoscopic simulations were used to promote deeper under-
standing of the processes by which saponin aggregates and solubi-
lizes. Mesoscopic simulations have been used to study the
aggregation behavior of polymeric surfactants before [14–24]. As
computing power has increased, mesoscopic simulation has
formed a bridge between speedy molecular kinetics and slow ther-
modynamic relaxation of macroscale properties. It serves as a
means of addressing the limitations of existing analytical and
experimental approaches [25]. Mesoscopic dynamics (MesoDyn)
and dissipative particle dynamics (DPD) are two common methods
of mesoscopic simulation. Both methods coarse-grain the familiar
atomistic representation of the molecule to gain orders of magni-
tude in both length and time scale relative to traditional atomistic
scale simulation [26]. MesoDyn is based on a dynamic variant of
mean-field density functional theory. It has the advantage of
allowing the investigation of the microphase separation of block
copolymers [27]. DPD is a particle-based method of simulation. It
allows soft coarse-grained particles to interact through a simple-
wise potential and to thermally equilibrate through hydrodynam-
ics on a mesoscopic scale [28,29]. DPD can accurately capture the
hydrodynamic behavior of fluids and the underlying interactions
of the species. It can also directly present the movement of meso-
molecules, which MesoDyn simulation cannot do.

In this paper, we used both MesoDyn and DPD simulation meth-
ods to study the self-aggregation behavior of Ro and the interac-
tions between Ro and SSa to illustrate the mechanism by which
saponin aggregates and solubilizes from different perspectives.
The results of our simulation are here compared to experimental
results collected using a transmission electron microscope (TEM)
and dynamic light scattering (DLS).
Table 1
Interaction parameters used in MesoDyn simulations.

M G GA N F W

M 0
G 18.63583 0
GA 21.36526 �0.88555 0
N 0 18.63583 21.36526 0
F 10.58693 0.701731 1.639121 10.58693 0
W 23.61074 3.058319 7.351101 23.61074 12.40741 0
2. Simulation method

2.1. MesoDyn method

MesoDyn is based on a dynamic variant of mean-field density
functional theory, which states that there is a one-to-one mapping
between the distribution functions of the system, the densities,
and an external potential field. The model used in the MesoDyn
project consists of a variety of beads whose interactions are de-
scribed by harmonic oscillator potentials for the intramolecular
interactions (Gaussian chain) and a mean-field potential for all
other interactions [27]. Each bead represents a certain group of
atoms.

The distribution functions of the independent Gaussian chains
factorize exactly, and the density function can be simplified to a
product of a single-chain density function. In this approximation,
the free energy functional can be written as follows:

F½w� ¼ 1
Q

Z
dRðwHid þ b�1w ln wÞ þ Fnid½q0� ð1Þ

Here, the first term is the average value of the Hamiltonian for
internal Gaussian chain interactions; the second term is the free
energy functional stems from the Gibbs entropy of the distribu-
tion; and the third term is the non-ideal contribution related to
the interchain interactions. This last can be written as follows:

Fnid½q� ¼ 1
2

X
IJ

Z
V

Z
v
eIJðjr � r0jÞqIðrÞqJðr0Þdrdr0 ð2Þ

Here, eIJ(|r � r’|) is a cohesive interaction defined by the same Gauss-
ian kernel as in the ideal Hamiltonian chain. This parameter is then
directly related to the Flory–Huggins interaction parameter v
through the following:

vIJ ¼
b

2v ðeIJ þ eIJ � eII � eJJÞ ð3Þ

In a MesoDyn simulation, the input repulsion parameter is
kij ¼ v�1eij, given in kJ mol�1. Rearranging the equation and con-
verting unit gives the following:

kij ¼ v�1eij ¼ vijRT ð4Þ

Here, vij is calculated using the Blends module in the commer-
cial software package Materials Studio 4.1 (Accelrys Inc.), and the
results are shown in Table 1.

2.2. DPD method

(DPD) is a mesoscopic simulation technique suitable to the
study of the collective behavior of complex fluids [28,29]. A DPD
bead represents a small region of fluid matter and its motion is as-
sumed to be governed by Newton’s laws.

dri

dt
¼ vi mi

dvi

dt
¼ f i ð5Þ

Here, ri, vi, mi, and fi denote the position vector, velocity, mass, and
total force acting on particle i, respectively.

The force fi between each pair of beads contains three parts: a
harmonic conservative interaction force (FC

ij), which is a soft repul-
sion acting along the line of centers; a dissipative force (FD

ij ), which
represents the viscous drag between moving beads; and a random
force (FR

ij), which maintains energy input into the system in oppo-
sition to the dissipation. All forces are short-range with a fixed cut-
off radius rc, which is usually chosen as the reduced unit of length
rc � 1. They are given as follows:

f i ¼
X

j–i
ðFC

ij þ FD
ij þ FR

ijÞ ð6Þ

FC
ij ¼

aijð1� rijÞrij ðrij < 1Þ
0 ðrij P 1Þ

�
ð7Þ

FD
ij ¼¼ �cwDðrijÞðr̂ij � vijÞr̂ij ð8Þ

FR
ij ¼¼ rwRðrijÞnij

1ffiffiffiffiffiffi
Dt
p r̂ij ð9Þ

Here, aij is a maximum repulsion between particle i and particle j;
rij = ri � rj, rij = |rij|, r̂ij ¼ rij=jrijj; c is the dissipation strength; r is
the noise strength; wD and wR are r-dependent weight functions
vanishing for r > 1; nij is a random number with zero mean and unit
variance, and Dt is the time step of the simulation.

Combined with the known compressibility of water and binodal
data, the following expression can be obtained between aij and the
Flory–Huggins v parameter:

aij ¼ aii þ 3:27vij ð10Þ



Fig. 1. Chemical structures and coarse-grained models: (a) ginsenoside Ro (Ro), (b)
saikosaponin a (SSa), (c) water.
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Here, aii = 25kBT at a density q = N/V = 3, and the value of kBT is de-
fined as 1. The vij values can be calculated from the solubility
parameters using the following:

vij ¼
ðdi � djÞ2V

RT
ð11Þ

Here, V is the arithmetic average of molar volumes of beads i and j.
di and dj are the solubility parameters, which depend on the chem-
ical nature of species and can be obtained through the simulation of
molecular dynamics (MD). In this study, solubility parameters are
calculated using the Amorphous Cell module in Materials Studio
software with the COMPASS force field. The results are shown in
Table 2.

3. Simulation details

3.1. Models

In both MesoDyn and DPD simulations, the components com-
prise ginsenoside Ro (Ro), saikosaponin a (SSa), and water. Their
chemical structures and corresponding coarse-grained models are
shown in Fig. 1. Both Ro and SSa contain a hydrophobic pentacyclic
triterpenoid aglycone and several hydrophilic sugars. The aglycone
is divided into five identical beads (red M for the aglycone of Ro;
purple N for the aglycone of SSa). Each sugar is represented by
one bead (green G for glucose; blue GA for glucuronic acid; cyan
F for fucose). One water molecule is represented by one bead (pink
W for water). All these beads have the same volume. To show
aggregate morphologies clearly, the display styles were chosen so
that all water beads were hidden in both MesoDyn and DPD
simulations.

3.2. Input parameters

In our study, the input parameters for the MesoDyn simulation
were chosen as follows: The dimensions of the simulation lattice
were 32 � 32 � 32 nm3; the bond length was 1.1543 nm to ensure
isotropy of all grid-restricted operators; all bead diffusion coeffi-
cients were 1.0 � 10�7 cm2/s to ensure a stable numerical algo-
rithm, as an approximation; the length of each time step was
50 ns; the total simulation time was 30,000 steps (i.e., 1.5 ms);
the simulation temperature was 298 K; the noise-scaling parame-
ter was 100, and the compressibility parameter was fixed at 10.0.
Because Ro exits in plants as a salt and can be considered a natural
anionic surfactant, the Donnan electrostatic method was applied in
the simulation and the salt strength was fixed at 0.01 mol l�1

[14,30,31].
In the DPD simulation, a 20 � 20 � 20 r3

0 cubic box was chosen,
which was proved enough to avoid the finite size in our pre-test
(Fig. S1). The time step was 0.05 t0 and the total simulation in-
volved 30,000 steps. This was long enough for the simulation sys-
tem to reach equilibrium (Fig. S2). r0 and t0 are DPD length and
time unit, respectively. In this work, the average volume of beads
was 210 Å3. Because a cube of r3

0 contained three beads (qr3
0 ¼ 3),

r0 was calculated to be r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3� 2103
p

Å = 8.57 Å. The time unit
Table 2
Repulsion parameters used in DPD simulations.

M G GA N F W

M 25
G 83.37862 25
GA 433.4031 175.7504 25
N 25 83.37862 433.4031 25
F 57.26385 28.79447 228.968 57.26385 25
W 123.7055 39.70408 55.32322 123.7055 53.71722 25
t0 ¼ r0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0=kBT

p
¼ 0:006 ns where m0 = 126 amu was the average

mass of beads. Although the time and length of our simulations
could not quantitatively relate to the physical systems, the struc-
tural transformation still provided a great deal of useful qualitative
information, which may improve our understanding of the solubi-
lization mechanism of saponin. The spring constant was fixed at
4.0, which has been found to give reasonable results in our study
system [27]. The electrostatic interactions of the beads were con-
tained in the repulsion parameters calculated by using MD
simulation.

Both MesoDyn and DPD simulations started from a randomly
dispersed condition.
4. Experiment

4.1. Materials

SSa and Ro were purchased from Vicks biotechnology Co., LTD
(98% purity). The saturated solutions of SSa and SSa in 0.1% Ro
were prepared by dissolving excess SSa in water and 0.1% Ro solu-
tion, respectively, at 25 �C for 24 h, and then, the solutions were fil-
tered through a 0.45 lm Millipore filter.
4.2. Transmission electron microscopy (TEM)

The aggregate morphologies of 0.1% Ro solution, saturated SSa
solution, and saturated SSa solution in 0.1% Ro were observed on
a transmission electron microscope (TEM, JEOL JEM-1230 micro-
scope) operated at an acceleration voltage of 80 kV. The solution
samples were deposited onto copper grids that had been precoated
with a thin film of formvar and then coated with a thin carbon film.
The liquid was blotted off with filter paper after a few minutes, and
the grids were air-dried.
4.3. Dynamic light scattering (DLS) measurement

The sizes of the aggregates were measured with a Zetasizer
Nano ZS dynamic light scattering (DLS) instrument (Malvern, UK)
at an angle of 173� at 25 �C.
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5. Results and discussion

5.1. Self-aggregation behavior of Ro in aqueous solution

5.1.1. MesoDyn simulation results
In the MesoDyn simulation, Ro started to aggregate at 1.3 vol%.

The time evolutions of order parameters for 1.3 vol% Ro, the corre-
sponding mesostructures, and their section views are shown in
Fig. 2. The order parameter PI is defined as the volume average of
the difference between the local density squared and the overall
density squared [27]:

PI ¼
1
V

Z
V
½g2

I ðrÞ � g2
I �dr ð12Þ

Here, gI is a dimensionless density (volume fraction) for species I.
Order parameters with large values indicate strong phase
segregation.
Fig. 2. Variation of order parameters over time for 1.3 vol% Ro and corresponding meso
times, (b–e) section views of the density distribution of hydrophobic bead M at corresp

Fig. 3. Variations in end-to-end distance over time and corresponding mesostructures an
(b–e) section views of typical aggregations in corresponding stages.
As shown in Fig. 2a, the process of aggregation could be divided
into three stages. The first stage was the pre-formation stage, dur-
ing which the order parameter PI changed little and the system was
in the homogeneous state (0–13,600 steps). At 13,600 steps, PI val-
ues started to increase rapidly, reaching a maximum at 13,670
steps. Then, PI values decreased until the system reached 13,800
steps. This was the formation stage (13,600–13,800 steps). During
this stage, spherical aggregates were formed and they increased in
size over time, as shown in Fig. 2b–e. The aggregate core changed
from a completely hydrophobic structure to a structure including
hydrophilic beads. This is a typical vesicle structure. The density
distribution curves of different beads in the vesicles are presented
in Fig. S3. Changes in core structure occurred at exactly 13,670
steps, which may be why the maximum PI value appeared at this
time. However, the mechanism underlying these changes could
not be seen directly from the MesoDyn simulation. The third stage
was the equilibrium stage, during which both the order parameter
structures and section views. (a) order parameters and mesostructures at different
onding times.

d section views. (a) end-to-end distance and mesostructures during different stages,



Fig. 4. Mesostructure evolution of 1.3 vol% Ro and different concentrations of SSa blend system. (a) 1.0 vol% SSa, (b) 3.0 vol% SSa, (c) 4.0 vol% SSa, (d) 4.1 vol% SSa, (e) 4.4 vol%
SSa, (f) 4.5 vol% SSa, (g) section view of the mesostructure in (a), (h) density distribution curves of different beads of the mesostructure in (a).
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and the vesicle morphology were largely maintained (>13,800
steps).
Fig. 5. Section views of 5.0 vol% Ro vesicles with different concentrations of SSa in
DPD simulation and their schematic drawings. (a) 1.0 vol% SSa, (b) 2.0 vol% SSa, (c)
5.0 vol% SSa.
5.1.2. DPD simulation results
The MesoDyn simulation results show the phase separation

process of Ro directly. They indicate that Ro can form vesicles in
aqueous solutions. To give a more visualized understanding of
the vesicle formation process, the DPD method was used to
simulate the self-aggregation behavior of Ro. End-to-end distance
is a concept derived from polymers. It is defined as the distance be-
tween one end of the polymer chain and the other, and it is used to
describe the degree of curliness of the polymer chain. To show the
changes in the mesoscopic morphologies that occur during vesicle
formation, the variations in end-to-end distance over time and the
corresponding mesostructures and section views are given in
Fig. 3.

The process of vesicle formation could be subdivided into six
stages. Stage I was the pre-formation stage, during which Ro mol-
ecules dispersed randomly in water. The end-to-end distance of
the molecules remained small during this stage because of the
strong repulsive forces between hydrophobic beads M and W,
which forced the hydrophobic aglycone to contract. Stages II–V
were the formation stages, in which the end-to-end distance in-
creased periodically. Ro molecules were found to aggregate into
many small spheres (stage II) and then merge into large ones (stage
III). The end-to-end distance increased because of the increasing
size of the aggregates and the fact that the expanded Ro molecules
occupied more space. Then, during stage IV, the large spheres
merged to form an oblate membrane, which closed up to form a
spherical vesicle at stage V. The end-to-end distance decreased be-
cause, during the closing process, the surface molecules were com-
pressed in the closing direction. After that, the compressed
molecules diffused and stretched within the vesicle to reach an
equilibrium state. This caused the end-to-end distance to increase
again. This formation process is similar to that of amphiphilic tri-
block copolymers, as has been verified in previous studies [32–
34]. It also explains the changes in core structure indicated in the
MesoDyn simulation. Stage VI was found to be the equilibrium
stage. The section view of this stage clearly shows the structure
of the vesicles, showing two hydrophilic regions, one in the core
and another on the surface. Glucuronic acid (GA) beads were lo-
cated very close to the surface because of their strong hydrophilic-
ity. The electrostatic repulsion caused by dissociated carboxyls
from GA may have contributed to vesicle stability.

5.2. Solubilization mechanism of SSa by Ro

Vesicles have been widely studied as drug carriers. They can in-
crease the solubility of otherwise insoluble drugs [35–40]. Because
Ro can form vesicles, it is rational to assume that SSa molecules are
solubilized into Ro vesicles, causing marked increases in the solu-
bility of SSa. However, the results of the present simulations indi-
cate that the solubilization mechanism of SSa by Ro is more
complex, considering that SSa is also a type of saponin and that
it contains a hydrophobic aglycone and a hydrophilic sugar chain
and has surface activity.
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5.2.1. Effect of concentration of SSa on aggregation behavior of blended
Ro and SSa systems

To determine the effects of SSa concentration, Ro was fixed at
1.3 vol%, the concentration at which Ro could form vesicles. The
results shown in Fig. 4 indicate that SSa molecules could be solubi-
lized into Ro vesicles. The solubilization site within the vesicles
Fig. 6. TEM images of Ro vesicles, SSa aggregates, and Ro–SSa mixed vesicles. (a) Ro
vesicles, (b) SSa aggregates, (c) Ro–SSa mixed vesicles.

Fig. 7. Snapshots of solubilization process of 1.0 vol% SSa by 1.3 vol% Ro. (a) 2,540
steps, Ro molecules aggregated preferentially to form spherical vesicles while SSa
molecules dispersed in a disordered manner. (b) 2,550 steps, SSa molecules were
gradually absorbed into Ro vesicles. (c) 2,580 steps, SSa were almost completely
absorbed into Ro vesicles. (d) 2,610 steps, SSa were totally absorbed into Ro
vesicles.
was found to be close to the palisade layer and core (Fig. 4g and
h). As the concentration of SSa increased, the Ro vesicles grew from
spherical vesicles into short rod-like vesicles (Fig. 4a–c). However,
SSa, which is strongly hydrophobic, tended to inhibit the growth of
the Ro vesicles [41]. As a result, as SSa concentration increased fur-
ther, the number rather than the size of Ro vesicles increased
(Fig. 4d and e). The simulation results also indicate that, at low
concentrations, SSa molecules were completely solubilized into
the Ro vesicles (Fig. 4a). However, as the concentration increased,
SSa self-aggregated outside the Ro vesicles (Fig. 4b–f). When the
concentration reached 4.5 vol%, the solubilization capacity of Ro
on SSa no longer increased. SSa started to form large aggregates
in the aqueous solution (Fig. 4f).

The DPD simulation results shown in Fig. 5 and Fig. S4 provide
visualized and quantified insights into the variations in solubiliza-
tion site of SSa in the Ro vesicles as SSa concentration increased. At
low concentrations, SSa molecules were found to be solubilized in
the palisade layer of the Ro vesicles. The hydrophobic aglycones of
SSa molecules were inserted into the palisade layer formed by the
aglycones of Ro molecules, and the sugars of SSa were located on
the surface to interact with the sugars of Ro through hydrogen
bonding or dipolar interaction (Fig. 5a). As the concentration of
SSa increased, Ro and SSa interacted with each other to form mixed
vesicles. SSa molecules were preferentially absorbed into the vesi-
cles and located closer to the core due to their stronger hydropho-
bicity [37]. The density of the beads N in this area increased with
SSa concentration. The sugars of SSa were encapsulated into the
vesicles at the same time (Fig. 5b). Within a certain SSa concentra-
tion range, vesicle volume increased as concentration increased, as
found in the MesoDyn simulation (Fig. 4a and b). However, at high
concentrations, SSa occupied the vesicle core to form the main part
Fig. 8. Snapshots of solubilization process of 3.0 vol% SSa by 1.3 vol% Ro. (a) 380
steps, SSa molecules self-aggregated to form small aggregates. (b) 400 steps, Ro
packed SSa cores to form mixed vesicles. (c) 600 steps, both the Ro vesicles and
unpacked SSa aggregates grew in size. (d) 2,600 steps, mixed vesicles continued to
grow but the sizes of SSa aggregates was reduced.
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of the mixed vesicle, with Ro molecules adsorbed on the surface
because the hydrophilic sugars at either ends of Ro could not pass
through the hydrophobic layer formed by the aglycone of SSa to
reach the vesicle core (Fig. 5c). As discussed in Section 5.1.2, glucu-
ronic acid (GA) beads of Ro were found on vesicle surfaces. They
stabilized the vesicles through their strong hydrophilicity and elec-
trostatic repulsion properties.

The aggregate morphologies of 0.1% Ro solution, SSa saturated
solution, and a saturated solution of SSa in 0.1% Ro were observed
using TEM (Fig. 6). Ro self-aggregated into spherical vesicles with
diameters ranging from 30 nm to 50 nm (Fig. 6a). However, SSa
self-aggregated into spherical micelles. This is consistent with
the results of our simulation (Fig. S5). The small SSa micelles col-
lided with each other to form large fractal aggregates because of
their strong hydrophobicity. Their diameters were above 300 nm
(Fig. 6b). As a result, SSa tended to precipitate in aqueous solutions.
When SSa was added to the Ro solution, larger vesicles with
diameters of 50–100 nm appeared (Fig. 6c). This may be because
Fig. 9. Time required for Ro to aggregate versus concentration of SSa.

Fig. 10. Dynamic light scattering (DLS) of 1 ml 0.1% Ro solution with 0.1 ml SSa satura
SSa was solubilized into Ro vesicles to form mixed vesicles, as de-
scribed in our simulation.

5.2.2. Process of solubilization of SSa by Ro
The phase behavior variation for 1.3 vol% Ro and different con-

centrations of SSa in blended systems is shown in Figs. 7 and 8. The
solubilization process varied with SSa concentration.

At low concentrations (1.0 vol% SSa), Ro molecules aggregated
preferentially to pack a few SSa molecules to form spherical vesi-
cles, but most of the SSa molecules dispersed in a disordered man-
ner because the concentration was too low for SSa to self-aggregate
in aqueous solutions (Fig. 7a). Under these conditions, SSa
molecules were gradually absorbed into Ro vesicles (Fig. 7b and
c) until all the SSa molecules were solubilized (Fig. 7d). This can ex-
plain the palisade layer solubilization of SSa at low concentrations.

However, at high concentrations (3.0 vol% SSa), the solubiliza-
tion process is different. It can be divided into four stages. During
the first stage, SSa, not Ro, preferentially self-aggregated to form
small aggregates. This was because of its strong hydrophobicity
(Fig. 8a). Then, Ro packed SSa aggregates into mixed vesicles
(Fig. 8b). It is worth noting that the time required for Ro to aggre-
gate (400 steps) was much shorter than that at low SSa concentra-
tions (2,540 steps). The variation of time required for Ro to
aggregate is plotted versus the SSa concentration in Fig. 9. In this
way, insoluble substances that can aggregate in aqueous solutions
to form hydrophobic cores were found to induce the aggregation of
surfactants and accelerate the phase separation process of blend
system.

During the third stage, as time passed, both the mixed vesicles
and unpacked SSa aggregates increased in size. This was because
the concentration of both was dense enough for both of them to
aggregate (Fig. 8c). However, during the fourth stage, only the
mixed vesicles continued to grow in size; the SSa aggregates
shrank (Fig. 8d). This might be because the solubilization of SSa
ted solution added at different times. (a) 0 min, (b) 10 min, (c) 20 min, (d) 60 min.
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by Ro causes the precipitation–dissolution equilibrium of SSa shift
toward dissolution.

To corroborate the results of these simulations, 0.1 ml SSa satu-
rated solution was added to 1 ml 0.1% Ro solution, and the varia-
tions in the sizes of the aggregates in this blended system over
time were measured using DLS. The results are shown in Fig. 10.
As controls, 0.1 ml SSa saturated solution was added to 1 ml water
(group 1) and 0.1 ml water was added to 1 ml 0.1% Ro solution
(group 2). The results are shown in Fig. S6. Peak 1 occurred at
175.2 nm. It was mainly attributable to the Ro vesicles, and peak
2, which occurred at 719.7 nm, was mainly attributable to the
SSa aggregates. Over time evolution, peak 1 moved to the right
and peak 2 moved to the left, indicating that the size of the Ro
aggregates increased and the size of the SSa aggregates decreased.
The two peaks finally merged into one peak and the final diameter
value was 213.6 nm. This was larger than the value of the Ro solu-
tion without SSa (202.9 nm) but smaller than the size of SSa aggre-
gates at this moment (407.9 nm). All these results indicate that SSa
could be solubilized into Ro vesicles and increase the sizes of those
vesicles. The results are consistent with our simulation. However,
the diameter values obtained from the TEM measurements are
slightly smaller than those from DLS. This may have been because
the TEM samples had been air-dried. The solvent evaporation led
to the shrinkage, collapse, and even destruction of large aggregates,
which resulted in the size reduction [42].

6. Conclusion

In this paper, ginsenoside Ro was used as a model object, and
saponin was proven to form vesicles for the first time. The forma-
tion pathway may occur via the closure of oblate membranes. To
our knowledge, there has been little research into the morpholo-
gies of saponin aggregates, and only spherical and wormlike mi-
celles have been observed previously [43,44]. This discovery not
only broadens our knowledge of the self-assembly behavior of
saponin but it may also expand the potential applications of sapo-
nin in drug delivery systems.

Here, Ro vesicles were proven to solubilize SSa by both simula-
tion and experimental methods. The effect of the concentration of
SSa on the aggregation behavior of blended Ro and SSa systems
indicated that, as concentration increased, the solubilization site
of SSa varied from the palisade layer to the vesicle core. Glucuronic
acid (GA) beads of Ro were always located on vesicle surface,
where they stabilized the vesicles through their strong hydrophi-
licity and electrostatic repulsion. That may be why glucuronide
moiety is so important to the solubilization effect that Ro has on
SSa [45]. By studying the solubilization process of Ro at different
SSa concentrations, it was shown that insoluble substances could
form hydrophobic cores in aqueous solution, causing aggregation
of the surfactant. This accelerated the phase separation process
of blended systems. Considering that SSa is also a kind of biosurfac-
tant which can form mixed vesicles with Ro, the conclusion can
also be extended to explain the dominant role of the more hydro-
phobic surfactants in the mixed surfactant systems to accelerate
phase separation and reduce the critical micelle concentration
(CMC) [41].

By employing mesoscopic simulations and experimental meth-
ods, we are able to understand the solubilization behavior of sapo-
nin at the mesoscale. The results not only broaden our knowledge
of saponin biosurfactant, but also act as guidance for the applica-
tions of saponin in the pharmaceutical industry.
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