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A B S T R A C T

Menthol (M) and platycodin D (PD) are the main active ingredients in Mentha haplocalyx and Platycodon
grandiflorum A. DC., respectively. They are commonly used in combination in traditional Chinese
medicine. In this study, laboratory experiments and computer simulations were used to investigate the
solubilization of M by PD, which was believed to be one of the main causes of the synergistic effect of M.
haplocalyx and P. grandiflorum A. DC. Results showed that both the method by which M was added and the
concentration of PD had significant effects on the solubilization efficiency of M, and these influences were
closely associated with each other. Temperature, an important environmental condition, was also found
to have a significant effect on the solubilization effect of PD. These findings not only clarify the molecular
basis of the solubilization effect, including amount solubilized at the macroscale and the structures of the
micelles, and the drug loading mechanisms and processing at the mesoscale. This work may provide
some guidance for the further development of saponins and fundamental research in the drug delivery
system.

ã 2015 Published by Elsevier B.V.
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1. Introduction

There is a growing interest in biosurfactants because of their
excellent functional properties, wide availability, low cost, and
biological and environmental safety (Rodrigues et al., 2006; Urum
and Pekdemir, 2004). Saponin is one of the most commonly known
plant-based surfactants and has been widely used in the
pharmaceutical industry as a solubilizer and emulsifier and in
other capacities (Itoh et al.,1986; Kulperger,1996; Mukherjee et al.,
2006; Soeder et al., 1996). They function well in improving the
solubility of hydrophobic drugs, and many of them show
significant pharmacological activity, which allows them to play
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a dual role in compound preparation (Walthelm et al., 2001; Sasaki
et al., 1988).

Platycodon grandiflorum A. DC. (Campanulaceae) is a well-known
traditional Chinese medicine used as an expectorant for pulmonary
diseases and as a remedy for respiratory disorders
(Sun et al., 2011). It is generally used in combination with Mentha
haplocalyx to generate synergistic therapeutic effects. Their main
active ingredients are platycodin and mint oil, respectively
(Chengyuan et al., 2003; Haiping et al., 2012; Guo et al., 2007b).
Menthol (M) has many types of pharmacological activity, including
anti-inflammatory, analgesic, anti-fungal, and central nervous
system excitation effects. It has been used for the treatment of
coughing, headaches, itching, mycotic infections, and diaphoresis
(Jiangsu, 1986). It has been reported that platycodin D (PD) can
increase the solubility of M efficiently because it can form micelles
in aqueous solutions during the preparation process. This is
considered a possible mechanism of the synergistic therapeutic
effect (Yanjun and Jinming, 2011). However, the solubilization
mechanisms and the colloidal properties of the micelles, such as the
l by platycodin D in aqueous solution: An integrated study of classical
ceut (2015), http://dx.doi.org/10.1016/j.ijpharm.2015.01.033
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orphology and size, have not been investigated. The solubilization
ficiency and the influence factors are not yet well understood.
In this study, experimental methods such as gas chromatogra-
y (GC), transmission electron microscopy (TEM), dynamic light
attering (DLS), and computer simulation methods such as
ssipative particle dynamics (DPD), MesoDyn were used in this
udy to evaluate the solubilization effects in a thorough and
mprehensive manner. GC is a widely used method of quantita-
e analysis of volatile constituents, so it was used here to measure
enthol content in solutions before and after solubilization to
termine the amount solubilized. Mature methods of observing
icelle morphology, TEM and DLS, were used to determine the
lloidal properties of PD micelles, including the morphology and
e. However, factors affecting the mechanisms underlying
lubilization, such as the exact internal structure of PD micelles,
e loading position of M, and the dynamic solubilization process,
ere not observable using conventional laboratory methods.
mputer simulation is an effective and intuitive technique based
 Newton’s equation of motion, and it is increasingly used in the
udy of intramolecular and intermolecular interactions. Modern
vances in dynamic methodologies and the excellent perfor-
ance of modern computers have facilitated investigations of
ysical processes and their interactions in watery environments

 detail (Buxton and Clarke, 2007; Ding et al., 2013; Guo et al.,
07a; Ramos-Rodríguez et al., 2010). By changing molecular
solution, which is generally known as mesoscopic or coarse-
ain (CG), we can obtain larger temporal and spatial scales during
imulation (Ingólfsson et al., 2013). Dissipative particle dynamics
PD) and MesoDyn are effective mesoscopic simulation techni-
es. DPD, a particle-based method of mesoscale simulation,
lows soft coarse-grained particles to interact through a simple-
ise potential and to thermally equilibrate through hydrodynam-
s on a mesoscopic scale (Groot and Warren, 1997; Hoogerbrugge
d Koelman, 1992). DPD not only can capture the hydrodynamic
havior of fluids and the underlying interactions of the species
115

116

117

118

119

120
curately, but also can directly present the movement of
esomolecules, which MesoDyn simulation cannot do. But
esoDyn is a method based on a dynamic variant of mean-field
nsity functional theory. It has the advantage of allowing the
vestigation of the microphase separation of block copolymers.
ccelrys, 2010; Fraaije et al., 1997)
Please cite this article in press as: Ding, H., et al., Solubilization of menth
experiments and dissipative particle dynamics simulation. Int J Pharm
In this work, laboratory experiments and computer simulation
were combined to investigate the solubilization properties of PD.
DPD was used to evaluate the mechanism of solubilization and
visualize the dynamic solubilization process, and MesoDyn was
used to study the effect of temperature on the solubilization effect
of PD. First, the self-assembly morphologies of PD were
investigated at different concentrations, and the effects of the
concentration of PD, the method by which M was added, and
temperature on the efficiency of solubilization in aqueous solution
were discussed. The results obtained from laboratory and
simulation were not only closely consistent but complemented
each other well. It might facilitate better understanding of the
solubilization effects of saponins and could provide some guidance
for the development and fundamental research of saponins for use
as solubilizers in drug delivery systems.

2. Materials and methods

2.1. Materials

PD (111851-201204, purity �98%) and M (110728-200506,
purity �98%) were purchased from the National Institutes for Food
and Drug Control and used without further purification. All other
chemicals and solvents were of reagent grade or better.

2.2. Sample preparation

In this section, primarily blank PD solutions, M-loaded PD
solutions, and saturated aqueous solutions of M were prepared.
The influence factors taken into consideration included concen-
tration of PD, method of addition M, time for solubilization, and
temperature.

2.2.1. Preparation of blank PD aggregate solutions
2.2.2. Preparation of M-loaded PD aggregate solutions
2.2.3. Preparation of saturated aqueous solutions of M
The saturated aqueous solution of M was used as reference

solution for each group in Section 2.2.2 and prepared by dissolving
excess M in water and then processing under the same conditions
as in Section 2.2.2 (see Supplementary data for more information).
ol by platycodin D in aqueous solution: An integrated study of classical
aceut (2015), http://dx.doi.org/10.1016/j.ijpharm.2015.01.033
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2.3. Transmission electron microscopy

The morphology of the micelles was observed using transmis-
sion electron microscopy (TEM) (TEM, JEOL JEM-1230 microscope)
operated at an acceleration voltage of 80 kV.

2.4. Dynamic light scattering measurement

DLS studies were performed using a Zetasizer Nano-ZS
instrument (Malvern Instruments, Malvern City, U.K.) at 30 �C at
a scattering angle of 173�. The intensity-average diameter and
particle dispersion index (PDI) of micelles were calculated and
averaged 10 ten runs of 30 s each.

2.5. Gas chromatography (GC) analysis

All GC measurements were carried out using a headspace
sampler (Agilent HP-7694E) and gas chromatography (Agilent HP-
7890N) equipped with flame ionization detector (FID). Samples
were analyzed in an HP-5 quartz capillary column (30 m � 0.32
mm � 0.25 mm, 5% phenyl-methyl silicone; Agilent Technologies,
Santa Clara, U.S.). Headspace sampler operating conditions were
set as follows: oven temp. = 60 �C; equilibration temp. = 80 �C;
needle and sampling coil temp. = 90 �C; transfer temp. = 100 �C; vial
equilibrium time = 10.0 min; vial pressurization time = 0.2 min;
sample-loop fill time = 0.2 min; loop equilibration time = 0.05 min;
loop fill time = 0.2 min. The temperature of both the flame
ionization detector and the sample injection was set at 250 �C.
High-purity nitrogen (99.99%) was used as the carrier gas.

3. Simulation details

3.1. Dissipative particle dynamics and MesoDyn

DPD was introduced by Hoogerbrugge and Koelman and
modified by Groot and Madden (1998). It involves using Newton
’s equation of motion to govern the time evolution of a many-body
system through numerical integration. The position and velocity
(ri, vi) of each particle at every iteration were inherited from an
earlier point in time.

dri
dt

¼ vi; mi
dvi
dt

¼ f i (1)

For simplicity, the mass of all particles was set to 1 DPD unit, ri, vi,
mi, and fi denote the position vector, velocity, mass, and total force
acting on particle i, respectively. The sum fi between each pair of
beads contains three components: a harmonic conservative
interaction force (FijC), a dissipative force (FijD), and a random
Fig. 1. Chemical structures and coarse-gra

Please cite this article in press as: Ding, H., et al., Solubilization of mentho
experiments and dissipative particle dynamics simulation. Int J Pharma
force (FijR). The expression is given as follows:

f i ¼
X

j1i

ðFCij þ FDij þ FRijÞ (2)

All forces are short-range with a fixed cut-off radius rc, which is
usually chosen as the reduced unit of length rc= 1. All simulations
were conducted in Materials Studios 5.5 (Accelrys, 2010)

To calculate the conservation force, Groot and Warren have
made a link between the repulsive parameter (aij) and the
Flory–Huggins parameters xij (Groot and Warren, 1997). Solubility
parameters d, based on the chemical nature of species, can be
obtained using the molecular dynamics (MD) simulation. And the
repulsion parameters eij used in MesoDyn were calculated
according to formula (4).

xij ¼
V
RT

di � dj
� �2 (3)

eij ¼ xijRT (4)

In this study, solubility parameters were calculated using the
Discover module with the COMPASS force field. Both the repulsion
parameters aij in DPD and eij in MesoDyn are shown in
Supplementary data (Tables S1, S2, and S3), respectively.

3.2. Model and simulation parameters

The components used in this simulation comprise of PD, M, and
water. The coarse-grained models are shown in Fig. 1. The ring-like
structure was considered as a unit, and the molecular structure of
PD was mapped to three types of particles (A, B, and G) according to
the polarity of the group they represent. Glycosyl units were
represented by G type of particles, the ring-like groups in the
aglycone linked with sugar chains are referred to as A type
particles, and the other groups in the aglycone are referred as B
type particles. The order of the polarity was G > A > B (Fig. 1a).
Menthol and water are referred to as M and W, respectively (Fig. 1b
and c).

Before starting systematic study of solubilization effect, we
discussed the possible effect of system size on simulation
outcomes in our pre-experiments, and the results are shown in
Fig. S2 in Supplementary data. It can be seen that, when system
size was 20 � 20 � 20 rc

3 or larger, the morphology and size of
aggregates showed no significant difference, but the computation
cost resulting from increasing in system size became more
expensive. Considering the simulation quality and computation
efficiency, cell size in this paper was set to 20 � 20 � 20 rc

3 (Fig. S2)
and the integration time step was 0.05 tc. The rc and tc are DPD
ined models. (a) PD; (b) M; (c) water.

l by platycodin D in aqueous solution: An integrated study of classical
ceut (2015), http://dx.doi.org/10.1016/j.ijpharm.2015.01.033
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Fig. 2. Morphologies of blank PD aggregates. (a) TEM image, 0.41 mmol L�1; (b) TEM image, 0.82 mmol L�1; (c) DLS result, 0.41 mmol L�1; (d) DLS result, 0.82 mmol L�1; (e)
and (f) mesostructures and section views of the equilibrium morphology of PD aggregates versus concentration ’P. Beads W were not shown for the sake of brevity.

Fig. 3. MSR for different groups at 24 h (30 �C).
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ngth and time unit, respectively. A DPD length unit is equal to the
ad interaction range, and a time unit is the time taken for a bead

 diffuse its own radius under thermal fluctuations. All
ulations started with a randomly dispersed configuration,

d the total simulation involved 50,000 steps, which was long
ough for the system to reach equilibrium (Fig. S3). The spring
nstant was fixed at 4.0, which could foster reasonable results in
ese study systems.

 Results and discussion

. Concentration-dependent morphologic changes of blank PD
gregates

Because morphology has a significant impact on the micelle
ability and capability of drug loading, the influence of
ncentration on the morphology of PD aggregates were investi-
ted here (Dalhaimer et al., 2004; Geng et al., 2007; Sharma et al.,
10). The temperature was kept at 30 �C.
In aqueous solution, both the morphology and the size of PD
gregates were affected by the concentration of PD. As shown in
g. 2, when PD concentration was at 0.41 mmol L�1, spherical
icelles with the average diameter nearly 50 nm were formed
ig. 2a). At 0.82 mmol L�1, vesicles combined with a small number
 spherical micelles, and tubes were observed. Both the average
ameter of vesicles and tubes were about 120 nm, much larger
an that of micelles 20 nm. The micelles formed in the
ncentration of 0.82 mmol L�1 were much smaller than those
at formed at 0.41 mmol L�1. This may be because they form in the
e-equilibrium process from the fissions of vesicles and tubes
ig. 2b). DLS indicated that, at 0.41 mmol L�1, the size of spherical
icelles exhibited narrow and monomodal distributions (PDI =
304) with an average diameter of 62.16 nm (Fig. 2c). There were
o peaks for the diameter distribution of PD aggregates at
82 mmol L�1 (Fig. 2d). Peak 1 was observed at 29.06 nm, which
as mainly attributable to the spherical micelles. Peak 2, which
as observed at 135.58 nm, was mainly attributable to the vesicles.
should be noted that the DLS dimensions reported for anisotropic
be-like particles herein were actually sphere-equivalent diam-
ers that did not provide accurate information regarding either
be length or tube width. Nevertheless, DLS observations of large
Please cite this article in press as: Ding, H., et al., Solubilization of menth
experiments and dissipative particle dynamics simulation. Int J Pharm
particles and greater DPI (0.684) were useful indications of the
presence of tube-like morphologies in the mixed phase. Even
though the micelles shrank during the drying process and water
evaporated under high vacuum during TEM imaging, the diameters
of the PD aggregates obtained by DLS were hydromechanical. An
increase in the micelle diameter obtained from DLS was reasonable
(Giacomelli et al., 2006; Prabaharan et al., 2009). The results of
these two methods were found to complement each other very
well.

Fig. 2e and f shows the equilibrium morphology of PD
aggregates versus concentration (volume fraction ’P) at the
mesoscopic scale obtained from DPD simulation. At low concen-
trations (’P = 0.02), small spherical micelles were formed with
beads A and B in hydrophobic core and G in hydrophilic shell. As
the concentration increased (’P = 0.10), vesicles appeared. G beads
constituted the inner and outer hydrophilic layers, and beads A and
B formed the hydrophobic shell. When the concentration of PD fell
within the range of 0.10–0.18, the vesicles were stable and their
ol by platycodin D in aqueous solution: An integrated study of classical
aceut (2015), http://dx.doi.org/10.1016/j.ijpharm.2015.01.033
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Fig. 5. Aggregating process of blank PD aggregates and solubilization process of M at method W: (a) blank PD-1, (b) blank PD-2, (c) W-1, and (d) W-2.

Fig. 4. Morphology of M-loaded PD aggregates.TEM images: (a) W-1, (b) W-2, (c) P-1, and (d) P-2. In P-2, the dashed line points to the M-loaded PD aggregates and the dotted
line points to the blank PD vesicles. DLS results: (e) W-1, (f) W-2, (g) P-1, and (h) P-2.

H. Ding et al. / International Journal of Pharmaceutics xxx (2015) xxx–xxx 5

G Model

IJP 14616 1–9

Please cite this article in press as: Ding, H., et al., Solubilization of menthol by platycodin D in aqueous solution: An integrated study of classical
experiments and dissipative particle dynamics simulation. Int J Pharmaceut (2015), http://dx.doi.org/10.1016/j.ijpharm.2015.01.033

http://dx.doi.org/10.1016/j.ijpharm.2015.01.033


252 siz
253 se
254 th
255 sh

256 4.

257

258 pr
259 M
260 sa
261 m
262 te
263 M
264 co
265 tu
266 su
267 ca
268 w
269 ca
270 “1
271 la
272 su
273 0.
274 ad
275 gi
276

277 so
278 (E

M

he
279 co
280 is 

281 Th
282 of

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

Fig. 6. Solubilization of M at different concentrations, method P, (a) P-1; (b) P-2.

Fig. 7. MSR for different groups over time (30 �C).

6 H. Ding et al. / International Journal of Pharmaceutics xxx (2015) xxx–xxx

G Model

IJP 14616 1–9
e increased with increasing concentration. Tubes with cross
ctions similar to vesicles were observed at ’P = 0.19. Though
ese DPD findings were not identical to the results from TEM, they
owed the same trend.

2. PD concentration and solubility of M in aqueous solution

The amount of solubilizer plays a vital role in the solubilization
ocess. The influence of PD’s concentration on the solubilization of

 was investigated, and two different methods of adding M to the
mple were taken into consideration. One was dissolved the
ixture powder of M and PD in water and shaken in a constant
mperature bath to form mixed aggregates. The other was dissolved

 in the aqueous solution of blank PD aggregates and shaken in a
nstant temperature bath to form mixed aggregates. The tempera-
re was controlled at 30 �C. In the first case, M molecules were
rrounded by PD molecules as if in wrapping, so this method is
lled “W”. In the later case, M gradually entered the PD aggregates,
e named this method as “P” for “permeation.” Each method was
rried out under two concentrations of PD, 0.41 mmol L�1 (marked
”) and 0.82 mmol L�1 (marked “2”) in accordance with the
boratory experiment presented in Section 4.1. Group W-1 was
bjected to the first method of addition at a PD concentration of
41 mmol L�1; group W-2 was subjected to the first method of
dition at a PD concentration of 0.82 mmol L�1. P-1 and P-2 were
ven the corresponding treatments.
The capacity of solubilization can be quantified by the molar
lubilization ratio (MSR), which is often calculated as follows
dwards et al., 1991; Porter, 1994):

SR ¼ S � SCMC

CS � CMC
(3)

re Cs is the concentration of PD, CMC is the critical micelle
ncentration of PD, S is the total apparent solubility of M, and SCMC

the apparent solubility of M when the PD concentration is CMC.
is is equal to the concentration of saturated aqueous solution

 M.
Please cite this article in press as: Ding, H., et al., Solubilization of menth
experiments and dissipative particle dynamics simulation. Int J Pharm
In laboratory experiments, the apparent solubility of M can be
obtained by gas chromatography. The PD aggregates can be
destroyed by high injector temperature and the part of M
molecules solubilized into PD aggregates can be released and
detected. When the PD concentration is larger than its CMC, the
solubility of M obtained by GC consist of two parts: the part
solubilized into PD aggregates and the part in water aqueous, thus
we name it the total apparent solubility S. In computer simulations,
the number of M molecules solubilized into PD aggregates (N1) and
the number of PD molecules in aggregates (N2) can be counted
respectively by perl script, and the molar solubilization ratio can be
calculated by MSR = N1/N2.

The CMC of PD was determined to be 0.05 mmol L�1 by surface
tension method (Supplementary data). When shaken for 24 h, the
MSR for solutions W-1 and W-2 showed no significant differences
(Fig. 3), but the amount of PD in the latter case was twice the
ol by platycodin D in aqueous solution: An integrated study of classical
aceut (2015), http://dx.doi.org/10.1016/j.ijpharm.2015.01.033
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former, and the mole of M solubilized into PD aggregates showed
the same tendency. This was because W-1 and W-2 shared the
similar initial state and solubilization process, which caused the
aggregates to have almost the same morphology. The solubility of
M only depended on the concentration of PD. The M-loaded PD
aggregates for W-1 were spherical micelles with an average
diameter of 118.58 nm (Fig. 4a and e). Aggregates in W-2 were
mainly spherical micelles and a few tubes, the average diameter
was 210.20 nm (Fig. 4b and f). The results of DPD (Fig. 5) can give
reasonable explanation about this. It can be seen that, at higher
concentrations, the small aggregates became easier to gather
because of the increased rate of collision, thus promoting the
formation of larger aggregates. In comparison, the aggregating
process of blank PD aggregates are also given in Fig. 5a and b. Both
the aggregating process and the final morphologies of M-loaded PD
aggregates showed almost same as blank PD aggregates.

The MSR of P-2, 2.85, was much smaller than that of P-1, 4.80
(Fig. 3). This means that the mole of M solubilized by PD did not
change considerably as the concentration of PD increases by this
kind of adding method. After comparing the results of morphology
experiments, we found that the increase in diameter of aggregates
in P-2 was much less than that in P-1. In P-1, the initial morphology
of blank PD aggregates was spherical micelles with an average
diameter of 62.16 nm (Fig. 2c). After solubilization, the average
diameter of these M-loaded spherical micelles increased to 100.50
nm (Fig. 4c and g). In P-2 there were two initial morphologies, the
dominant one was the vesicle (d = 135.58), and the other was a
spherical micelle (d = 29.06) (Fig. 2d). After solubilization, the
diameter of these aggregates increased to 144.72 nm and 34.18 nm,
respectively (Fig. 4d and h). This may be because of differences in
the initial morphology of the blank PD aggregates.

In addition, the DPD simulation method was adopted to study
the intrinsic mechanism at the molecular level. The results
demonstrated the difference between the two solubilization
processes. At the beginning, M dispersed in aqueous solution,
then began to self-aggregate and integrate into PD aggregates. For
spherical micelles, M was located at the hydrophobic cores. With
more and more menthol molecules penetrated into micelles, PD
molecules stretched and gradually became the outer protect layer
wrapping around the M aggregates (Fig. 6a). For vesicles, M was
located at the hydrophobic shells, which were sandwiched and
hard-packed between the inner and outer hydrophilic layers. This
configuration might discourage further diffusion of M molecules,
thus limiting solubilization capacity (Fig. 6b).
Please cite this article in press as: Ding, H., et al., Solubilization of mentho
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As indicated by the findings listed above, when method W was
used to add M, higher concentrations of PD were found to lead to
greater solubility. While method P was used, the solubility of M did
not change considerably as the concentration of PD increased.
Different methods of adding M caused PD to show different
solubilization capacities at the same concentration.

4.3. Method of adding M and solubilization efficiency in aqueous
solution

Given the strong volatility of M, the less time spent in the
solubilization process, the more M conserved. Herein, the influence
of the method of addition of M on the solubilization rate was
investigated. The samples in this part were still prepared at 30 �C
and the amount solubilized as indicated by MSR was calculated
after 24 h.

Fig. 7 shows the variation of MSR over time. During the first 2 h,
the MSR of both W-1 and W-2 increased sharply and became
significantly higher than that of P-1 and P-2. From 2 h to 12 h and
12 h to 24 h, the MSR of W-1 and W-2 increased slowly and that of
P-1 and P-2 showed an almost linear uptrend. However, the MSR of
W-1 and W-2 was still larger than that of P-1 and P-2 at 12 h and
24 h.

To determine molecular details associated with these two
methods of adding M, DPD simulation was used to study the
l by platycodin D in aqueous solution: An integrated study of classical
ceut (2015), http://dx.doi.org/10.1016/j.ijpharm.2015.01.033
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Fig. 10. MesoDyn morphology of M-loaded PD aggregates at different temperature.
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namic solubilization process. As shown in Fig. 8a, in the
-2 case, M and PD dispersed uniformly in the aqueous solution at
e initial state. Driving by the hydrophobic interaction, aggregates

 different sizes were gradually formed by PD and M molecules. At
 steps, almost all of M molecules were wrapped into different
gregates by PD molecules. During this period, the sizes of PD
gregates increased sharply, and M nearly saturated the PD
gregates. After that, the solubilization rate dropped. In the P-
case, M entered the PD micelles. The space in the hydrophobic
ell was gradually filled by M molecules, so the amount of M
aded by PD aggregates increased in an almost liner upward trend.
wever, at 265 steps, there was still small portion of M molecules

 aqueous solution. That is because, during this solubilization
ocess, M had to cross the hydrophilic sugar layer, which made the
rmeation more difficult and time-consuming. A breach was
served in the outer hydrophilic layer of M-loaded PD vesicle
ig. 8b). This may indicate that the amount of M loaded had
ached its limit. This was consistent with the laboratory results. It
n be concluded that, at this temperature, the method of addition

 M had a significant influence on the efficiency of M
lubilization by PD in aqueous solution and that method W
as beneficial to solubilization.

4. Temperature and solubility of M in aqueous solution

Temperature has a considerable influence on the efficiency of
lubilization. In this study, three different temperatures (30 �C,
�C, and 80 �C) were studied to evaluate the effects of
mperature on the solubilization of M (Table S5), the preparation
e for all sample solutions was 24 h. As shown in Fig. 9, the MSR

creased with temperature, and the effect was especially obvious
 high temperatures 80 �C in all groups. These mean that high
mperatures could improve the solubilization efficiency of M by
. The value of MSR of these four systems at 55 �C and 80 �C
ared the same trend with the one at 30 �C, and method W was
ore efficient at all temperatures examined. From the results of
esoDyn (Fig. 10), it can be seen that, M-loaded PD aggregates
ared almost the same morphology at different temperature and
eir size enlarged with temperature rising.

 Conclusion

In this study, we first investigated the morphology of PD
gregates in aqueous solution. PD preferred to form spherical
icelles at a low concentration (0.41 mmol L�1), but it tended to
rm vesicles at a high concentration (0.82 mmol L�1). In the
lubilization experiments, three factors were taken into consid-
ation: concentration of PD, method of adding M and preparation
mperature. The results showed that high concentrations of PD
uld lead to increases in solubility of M. The solubilization
Please cite this article in press as: Ding, H., et al., Solubilization of menth
experiments and dissipative particle dynamics simulation. Int J Pharm
performance of PD was found to be closely associated with the
method of addition of M. Method W showed obvious superiority.
High temperatures were found to favor solubility of M, and the
effect was especially obvious at high temperatures.

This study integrated a classical experiment and computer
simulation to investigate the solubilization of a hydrophobic drug
by saponin. This study not only provides comprehensive informa-
tion on multiple scales but also a thorough understanding of the
solubilization effect of saponins. It may be of great significance to
the further development and application of natural solubilizers in
the pharmaceutical industry.
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