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ABSTRACT
Magnolol, known to have extensive biological activities, is the major bioactive ingredient isolated from
the root and stem bark of Magnolia officinalis. However, the clinical application of magnolol is limited
by poor aqueous solubility and absorption. The aim of this study is to develop novel mixed micelles
and nanosuspensions composed of two biocompatible copolymers, SoluplusVR and Poloxamer 188, and
to improve the solubility and oral bioavailability of magnolol. The magnolol-loaded mixed micelles
(MMs) and magnolol nanosuspensions (MNs) were prepared to use film hydration and antisolvent
methods, respectively. The optimal MMs and MNs formulations were prepared to use magnolol,
SoluplusVR , and Poloxamer 188 in ratios of 1:12:5 and 2:1:1, respectively. The average particle size of
MMs was 111.8±14.6, and MNs was 78.53±5.4 nm. The entrapment and drug loading efficiency for
MMs were 89.58±2.54% and 5.46±0.65%, correspondingly. The drug loading efficiency of MNs was
42.50±1.57%. In the in vitro release study, MMs showed a slow drug release while that of MNs was
fast. The results of the Caco-2 transcellular transport study indicated that both MMs and MNs increased
the permeation of magnolol. MMs and MNs markedly promoted gastrointestinal drug absorption by
2.85 and 2.27-fold, respectively, as shown in the pharmacokinetics study. These results indicated that
both MMs and MNs formulations prepared with SoluplusVR and Poloxamer 188 are promising drug deliv-
ery systems for improving the oral absorption of insoluble drugs in the gastrointestinal tract.
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1. Introduction

Magnolol, the major bioactive ingredient of Magnolia offici-
nalis, is known to have various activities both in vitro and
in vivo, including antioxidant, anti-inflammatory, anticancer,
and antidepressant activities. It affects intramolecular hydro-
gen by hindering hydrogen abstraction from the hydroxyl
group, which normally reduces ONOO� and O2 and has anti-
oxidant effects (Chen et al., 2011; Zhao & Liu, 2011).
Magnolol exerts anti-inflammatory properties by downregu-
lating the expression of Toll-like receptor 4 (TLR4), which is
upregulated by lipopolysaccharide (LPS). This effect attenu-
ates the TLR4-mediated activation of nuclear factor (NF)-jB
and mitogen-activated protein kinase (MAPK) signaling as
well as the release of pro-inflammatory cytokines (Fu et al.,
2013). Further, magnolol treatment has been shown to
induce apoptosis, to suppress cell proliferation through cell
cycle arrest and to facilitate pro-apoptotic molecules in
human glioma cells (Chen et al., 2009; Liang et al., 2014; Tsai
et al., 2020). Recent studies (Zhang et al., 2017a) have shown

that magnolol also induces autophagy and inhibits the
migration and invasion of human PC3 cells. Furthermore,
magnolol enhances both phasic and tonic GABAergic neuro-
transmission in hippocampal dentate granule neurons, which
suggests that it may be an effective anxiolytic, sedative, and
anticonvulsant drug (Alexeev et al., 2012). Unfortunately,
poor aqueous solubility and absorption are two major limit-
ing factors in the clinical use of magnolol (Tsai et al., 2016;
Lee et al., 2017). Therefore, developing a novel magnolol for-
mulation with improved oral bioavailability may enhance its
therapeutic effects.

Nano-drug carrier systems, including liposomes, micelles,
and nanoparticles, can be used to enhance the unfavorable
solubility and oral bioavailability of hydrophobic drugs
(Zhang et al., 2013, 2015a; Deng et al., 2015; Nekkanti et al.,
2016; Ma et al., 2017). The mixed micelles system is a promis-
ing and effective carrier for significantly enhancing the solu-
bility and transmembrane transport of hydrophobic drugs
(Zhang et al., 2014; Mandal et al., 2017; Sandhu et al., 2017).
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Nanosuspensions have also been regarded as potential car-
riers of hydrophobic and insoluble drugs by improving the
apparent solubility with solubilizers and excipients (Zhang
et al., 2011; Bi et al., 2017; Ye et al., 2017).

To overcome the challenge of poor solubility and frustrat-
ing absorption of magnolol, we tried to develop a novel
nano-drug delivery system using drug solubilizers and
enhancers of absorption and permeation. SoluplusVR and
Poloxamer 188 have been used in numerous preparations,
including solid dispersions, micelles, liposomes, and nanosus-
pensions (Lee et al., 2016; Medarevi�c et al., 2016; Zeng et al.,
2017; Hu et al., 2018; Homayouni et al., 2019). SoluplusVR , a
polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol
graft copolymer, is an amphipathic copolymer newly intro-
duced by BASF (Shanghai, China). It has been widely used to
increase the aqueous solubility and oral bioavailability of
poorly soluble drugs. Given its high fluidity and excellent
extrudability, SoluplusVR has shown superior performance in
forming solid dispersions, especially in the hot-melt extrusion
process (Linn et al., 2012). As an amphiphilic molecule,
SoluplusVR also self-assembles into micelles once reaching the
critical micelle concentration (Dian et al., 2014; Andrade
et al., 2015). Poloxamer 188 is composed of two polyethylene
oxide (PEO) chains separated by a polypropylene oxide (PPO)
chain (Yan et al., 2010). The Food and Drug Administration
(FDA) has recognized Poloxamer 188 as a pharmaceutical
excipient, and it is often used as a nanocarrier because of its
safety, versatility, and commercial availability (Zhang et al.,
2015b).

In this study, we prepared magnolol-loaded mixed
micelles (MMs) and magnolol nanosuspensions (MNs) by
SoluplusVR and Poloxamer 188, using their excellent proper-
ties such as safety, to increase the aqueous solubility and
enhance absorption and permeation of drugs. To evaluate
the drug delivery systems, we investigated the physicochemi-
cal properties of MMs and MNs, including particle size and
zeta potential, surface morphology, encapsulation efficiency
and drug content, drug release in vitro, dilution stability. The
absorption and efflux characteristics were investigated in
Caco-2 cell monolayers. Finally, oral bioavailability was
assessed in vivo through pharmacokinetic studies.

2. Materials and methods

2.1. Materials and reagents

Magnolol and honokiol (purity >98%) were purchased from
Melonepharma Technology Co., Ltd., (Dalian, China).
Poloxamer 188 and SoluplusVR were purchased from BASF
Ltd., (Shanghai, China). Milli-Q water (Millipore, Bedford, MA)
was used throughout the study. Caco-2 cells were purchased
from the Shanghai Institute of Cell Bank, China.
Chromatography-grade methanol and acetonitrile were used
in this study (Tedia Company Inc., Fairfield, OH), and all other
reagents were of analytical grade.

2.2. Animals

Male Sprague-Dawley (SD) rats (200 ± 20 g) were purchased
from the Shanghai Laboratory Animal Center (SLAC,
Shanghai, China). All rats were provided with distilled water
ad libitum and maintained at a temperature of 25 �C and
relative humidity of 45% for 2weeks. All animal experimental
protocols were reviewed and approved by the Institutional
Animal Care and Use Committee of the Jiangsu Provincial
Academy of Chinese Medicine.

2.3. Preparation of MMs

MMs were prepared using the film hydration method (Zhang
et al., 2017b). First, 120mg of SoluplusVR and 50mg of
Poloxamer 188 were co-dissolved in 5mL of ethanol by gen-
tle agitation at 50 �C, and then 10mg of magnolol was dis-
solved in this mixture by gentle agitation until a transparent
solution was formed. Subsequently, the solution was rotary
evaporated at 50 �C to form a thin film, which was further
vacuum-dried for 12 h at �0.1MPa and 45 �C to remove
traces of the remaining ethanol. Then, 5mL of deionized
water was added to hydrate the film, and the MMs were
obtained by ultracentrifugation at 14,000 rpm for 15min.

2.4. Preparation of MNs

MNs were prepared using the anti-solvent precipitation
method (Varshosaz et al., 2017; Li et al, 2020). Briefly, 10mg
each of SoluplusVR and Poloxamer 188 were dissolved in
10mL of deionized water by gentle agitation at 45 �C, and
then 20mg of magnolol in 5mL of ethanol was added drop-
wise to this solution. The solution was subsequently rotary
evaporated at 45 �C until the ethanol was removed.

2.5. Particle size and zeta potential analyses

The particle size and zeta potential of the MMs and MNs
were determined using dynamic light scattering (Malvern ZE
S.A., Worcestershire, UK). The results were expressed as the
average of three measurements. The polydispersity index
(PDI) was then measured to assess the particle size distribu-
tion of MMs and MNs.

2.6. Transmission electron microscopy

The morphology of MMs and MNs was evaluated by trans-
mission electron microscopy (TEM) with a JEM-200CX micro-
scope (Japan). A drop of the sample was placed on a
carbon-coated copper grid, which was dried under infrared
(IR) light for 5min. The sample was then observed using TEM
and photographed using a digital camera.

2.7. Encapsulation efficiency and drug content analysis

In this study, the drug loading and entrapment efficiency
(DL% and EE%, respectively) of magnolol in MMs, and the
DL% of magnolol in MNs, were determined using high-
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performance liquid chromatography (HPLC), which consisted
a quaternary pump (Waters 2695 separation module, Waters
2489 UV detector) and a SymmetryVR C-18 column (5lm,
250mm � 4.6mm). The mobile phase was a mixture of
acetonitrile and 0.2% formic acid solution (75/25, v/v). The
flow rate was 1mL/min. The column temperature was main-
tained at 30 �C. The injection volume was 10 lL. The afore-
mentioned formulations were filtered through a 0.45 mm
microporous membrane, followed by a precise drawing of
0.1mL of the filtrate. An appropriate amount of methanol

was added to dilute and disrupt the micelles or the nanosus-
pensions. DL% and EE% were calculated using the following
equations:

EE% ¼ weight of magnolol in mecelles
weight of feeding magnolol

� 100%

2.8. In vitro release study

The in vitro release properties of the MMs and MNs formula-
tions were analyzed using the dialysis method (Jin et al.,
2016). In brief, groups of samples consisting of 1mL (2mg/
mL) each of MMs and MNs, or an equivalent amount of mag-
nolol suspension (as the control group), were placed in dialy-
sis membrane bags (molecular weight cutoff [MWCO]¼
3500Da, Greenbird Inc., China). A receptor medium compris-
ing 200mL of phosphate-buffered saline (PBS, pH 1.2 or 6.8)
and 1% (w/v) Tween 80 (Sinopharm Chemical Reagent Co.,
Ltd) was freshly prepared and incubated at 37 �C under shak-
ing at 100 rpm. Magnolol was completely released under the
leakage conditions. Triplicate samples (1mL) of the release
medium were collected at predetermined time points, and
equal volumes of fresh release medium were quickly replen-
ished to maintain a constant volume (200mL). The samples
(n¼ 3) were filtered through 0.22mm filters, and the amount
of magnolol released into the supernatant was evaluated
using HPLC.

2.9. Dilution stability

To study the effect of dilution on particle size stability, the
MMs and MNs samples were diluted 10, 50, 100, and 200-
fold with water (Shen et al., 2018), and the particle sizes of
the samples were measured using a Malvern zeta sizer as
described above. All the experiments were performed in
triplicate.

2.10. MTT assay

Caco-2 cell lines were seeded in 96-well microplates at a
density of 5� 104 cells/well. After 2 h of incubation, three

type formulations (at dose of magnolol) concentrations rang-
ing from 0.25 to 100lg/mL were added to the cells, and
control culture represented cells without treatment. The
optical density of treated and untreated wells was measured
at 560 nm using a microplate spec-trophotometer
(PowerWave XS, Biotek, VT). A graph of percent inhibition
versus magnolol concentration was constructed.

2.11. Caco-2 cell culture and transport experiment

The Caco-2 cell culture model, which is a viable model of
human intestinal absorption recognized by the FDA, was
selected to investigate magnolol absorption. In brief, Caco-2
cells were cultured in an incubator (37 �C, 95% relative
humidity, 5% CO2) and used for the transport experiments
21 days post-seeding, during which these cells were suffi-
ciently developed, both in physiological and morphological
aspects. Specifically, the transepithelial electrical resistance
(TEER) values were >600 X cm2. At the start of the experi-
ment, cell monolayers were washed three times with blank
Hank’s balanced salt solution (HBSS, pH 7.4); then three types
of formulations (free drug, MMs, or MNs) were added to the
apical (AP) or basolateral (BL) side at equivalent magnolol
concentration (50lg/mL), and samples were collected from
the receiving side after 2 h. The samples were then centri-
fuged at 14,000 rpm for 5min at 4 �C, and the supernatant
containing magnolol was measured using HPLC. The perme-
ability of magnolol was finally calculated using the following
equation:

Papp ¼ V
S � C

� dC
dt

¼ 1
S � C

� dM
dt

where V is the volume of the receiver, S is the surface area
of the cell monolayer, C is the initial concentration, dC/dt is
the rate of concentration change in the receiver side, and
dM/dt is the rate of drug transport. The rate of magnolol
transport was obtained using linear regression analysis
(Zhang et al., 2012; Kimura et al., 2016; Yano et al., 2016).

2.12. Pharmacokinetic studies

Male SD rats (200 ± 20 g) were randomly divided into three
groups (n¼ 6) and fasted overnight prior to the experiment.
Groups 1, 2, and 3 were orally administered with magnolol
(60mg/kg in 0.5% HPMC (Sigma, St. Louis, MO)), MMs, and
MNs (at dose equivalents of 60mg/kg magnolol), respectively.
At predetermined times (0.167, 0.333, 0.5, 0.75, 1, 2, 4, 6, and
8 h) after administration, blood samples were collected by
retro-bulbar puncture into heparinized tubes to determine
honokiol concentrations and calculate pharmacokinetic
parameters. The blood samples were immediately centrifuged

DL% ¼ weight of magnolol in micelles ðnanosuspensionsÞ
weight of magnolol micelles ðnanosuspensionsÞ þ weight of feeding excipients

� 100%
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at 6000 rpm for 5min and the plasma supernatant was col-
lected. Plasma was also placed into tubes containing the
internal honokiol standard. The samples were then vortexed
for 15 s and methanol was added, followed by vortexing for
another 3min to precipitate the plasma proteins. These sam-
ples were then centrifuged at 14,000 rpm for 5min at 4 �C,
and the resulting supernatant was transferred to a separate
tube and evaporated to dryness at 20 �C. The residue was dis-
solved in acetonitrile-water (50:50, v/v) containing 0.2% formic
acid, vortexed for 5min, and centrifuged at 14,000 rpm, and
then the samples were subjected to HPLC analysis.

The content of magnolol was determined using HPLC using
an Agilent 1260 system (Agilent Co., Ltd.) with a C18 column
(250� 4.6mm, 5mm). The mobile phase consisted of an aceto-
nitrile-water mixture (50:50, v/v) containing 0.2% formic acid,
and the flow rate was 1mL/min with a column temperature of
30 �C. The diode array detector (DAD) was set to 290nm, the
injection volume was 20mL, and the samples were filtered
through a 0.22mm membrane filter (Millipore Corp.).

2.13. Statistical analysis

All values were presented as the mean± standard deviation. The
statistical significance of the results was analyzed using the stat-
istical package for the social sciences (SPSS) software version
19.0 (SPSS Inc., Chicago, IL). The data were analyzed using a t-
test and a p< .05 was considered statistically significant.

3. Results

3.1. Characterization of MMs and MNs

3.1.1. Size distribution, zeta potential, and surface
morphology

The physicochemical characteristics and drug-loading param-
eters of MMs and MNs were evaluated. As shown in

Figure 1(A) and Figure 1(B), the average particle sizes of
MMs and MNs were 111.8 ± 14.6 and 78.53 ± 5.4 nm, with
PDIs of 0.17 ± 0.02 and 0.04 ± 0.01, respectively. The zeta
potential of MMs and MNs was �1.04 ± 0.12mV and
�24.27 ± 0.22mV, respectively. Figure 1(C,D) showed that the
morphology of the MMs and MNs formulations both were
spherical shape. The characteristics of the MMs and MNs
samples were concordant with those obtained from DLS
with appropriate dispersion in both the novel nano-drug
delivery systems.

3.1.2. Encapsulation efficiency and drug loading
Using HPLC, EE% and DL% were determined to be
89.58 ± 2.54% and 5.46 ± 0.65% in the MMs, respectively, indi-
cating that most of the magnolol was entrapped in the MMs
system. The MNs system had a higher drug loading value of
42.50 ± 1.57%, which demonstrates an advantage for MNs
over MMs with respect to drug loading.

3.2. In vitro release

Regarding in-vitro release, Figure 2 showed the release pro-
files of MMs and MNs compared to free magnolol. As
described in the methods section, the in vitro release assay
showed that drug released from MMs was slower than from
MNs in release media at two different pH levels. For example,
at pH 1.2, after 6 h, MNs, free magnolol, and MMs showed a
burst release of 90, 65, and 43.15%, respectively.
Furthermore, MMs exhibited a sustained release over 24 h
(Figure 2(A)). The percentage of magnolol release from MMs
at pH 1.2 and 6.8 was 59.6 and 68.2%, respectively, at 24 h,
while free magnolol showed corresponding values of 84.6
and 91.1%, respectively. During the same period, 99.6 and
99.1% of magnolol were released from MNs at a pH of 1.2
and 6.8, respectively, which was considerably faster than the

Figure 1. (A) Size distribution of magnolol-loaded mixed micelles(MMs); (B) size distribution of magnolol nanosuspensions(MNs); (C) TEM micrographs and image
of MMs, scale bar ¼ 0.5 lm; (D) TEM micrographs and image of MNs, scale bar ¼ 0.5 lm.

DRUG DELIVERY 1013



release from MMs and that of free drug. These results dem-
onstrate that the developed MMs and MNs systems effi-
ciently solubilize magnolol and have the potential for being
used as oral bioavailability enhancers.

3.3. Dilution stability

To prove both formulations could keep the size of the par-
ticle constant when they were orally administered to the

body undergo strong dilution in physiological fluids, the dilu-
tion stability of MMs and MNs was investigated. Particle sizes
of MMs showed no significant change (Figure 3(A)), suggest-
ing that MMs had a stabilizing effect against dilution. MNs
showed relative stability in 200 fold diluted (Figure 3(B)). This
effect possibly occurred because magnolol was spontan-
eously incorporated into the micelle cores from the aqueous
environment. Hydrophobic micelles were likely to exhibit a
higher solubilization capacity than hydrophilic forms do, and
the increased hydrophobicity of the MMs cores enhanced
their stability following dilution. Furthermore, in MNs,
SoluplusVR and Poloxamer 188 likely adsorbed onto the sur-
face of the nanoparticles more strongly than the other stabil-
izers did, thereby protecting the drug against dilution (Deng
et al., 2010; Zong et al., 2017). However, when a large
amount of liquid dilution occurs, the concentration of stabil-
izer in MNs decreases, and the stabilizer cannot maintain
adsorption on the surface of magnolol. magnolol particles
aggregate and settle with each other, resulting in larger par-
ticle size.

3.4. MTT assay

Caco-2 cells were treated with different concentrations of
magnolol, MMs, and MNs (0.25 to 100 lg/mL) for 2 h, and
individual cell viability was shown in Figure 4(A). The results
demonstrated nanosuspensions and mixed-micelles exhibited
enhanced anti-proliferative activity in comparison to free
magnolol in a dose-dependent manner. The IC50 value of
magnolol, MMs, and MNs were 153.528, 135.282, and
143.89 lg/mL, respectively.

3.5. Transport of magnolol, MMs, and MNs across Caco-
2 cell monolayers

Caco-2 monolayers were used to investigate the transport
of magnolol and the corresponding formulations through
the intestinal epithelial barrier. As shown in Figure 4(B), the
transport of magnolol (50mg/mL), MMs, and MNs from the
AP to BL direction and vice versa, was investigated. For

Figure 2. (A) In vitro release profiles of magnolol in phosphate buffer, pH 1.2;
(B) in vitro release profiles of magnolol in phosphate buffer, pH 6.8.

Figure 3. (A) Diluted stability of MMs (diluted 10, 50, 100, 200-fold); (B) diluted stability of MNs (diluted 10, 50, 100, 200-fold). ��p< .01.
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AP-BL transport, the PappAB value of magnolol was
2.38 ± 0.31� 10�7 cm/s. The MMs and MNs formulations
significantly (MMs, p< .01; MNs, p< .05) increased the
absorptive directional (AP-BL) transport of magnolol
(3.75 ± 0.34� 10�7 cm/s and 2.92 ± 0.25� 10�7 cm/s, respect-
ively). For BL-AP transport, the permeability (Papp) of MMs

(2.83 ± 0.27� 10�7 cm/s) and MNs (2.21 ± 0.22� 10�7 cm/s)
increased to a small and statistically insignificant degree
compared with that of magnolol (1.85 ± 0.26� 10�7 cm/s).
These results indicate that MMs and MNs increased the
absorption of magnolol.

3.6. Pharmacokinetic studies

The plasma drug concentration-time curve of magnolol,
MMs, and MNs after a single oral administration in rats
(n¼ 6) is shown in Figure 5 and Table 1. The average max-
imum plasma concentration (Cmax) values were 0.305 ± 0.031,
0.587 ± 0.048, and 0.65 ± 0.125mg/L in the free magnolol,
MMs, and MNs groups, respectively. This result indicates that
the formation of micelles and nanosuspensions markedly
increases the Cmax of magnolol in the blood. The Cmax value
of MNs was 2.13 and 1.11-fold higher than those of free
magnolol and MMs, respectively. The notable Cmax enhance-
ment in MNs was attributed to the rapid release of magnolol.
The time to reach Cmax (Tmax) values after oral administration
of free magnolol, MMs, and MNs were 0.708 ± 0.102,
0.792 ± 0.102, and 0.5 h, respectively. The Tmax showed no
obvious difference between the magnolol and MMs groups,
whereas their half-life (t1/2) values were significantly different
(p< .01). MMs and MNs showed prolonged circulatory t1/2
values (3.142 ± 0.285 and 2.776 ± 0.417 h, respectively), which
increased 4.12 and 3.64-fold relative to that of the free drug.
The average area under the curve from time 0 to infinity
(AUC0–1) values for free magnolol, MMs, and MNs were
0.837 ± 0.084, 2.904 ± 0.465, and 2.217 ± 0.332mg L�1 h�1,
respectively. The MMs and MNs groups showed a markedly
higher relative bioavailability than that of the free magnolol
group (p< .01). In addition, the bioavailability of MMs and
MNs (AUC0–1) relative to that of free magnolol were 346.9
and 234.8%, respectively, demonstrating great potential for
clinical use.

4. Discussion

Many drug candidates are highly efficacious but are insoluble
in water, which limits their clinical application. Magnolol has
numerous pharmacological activities and few associated
adverse effects, but its poor oral bioavailability has hindered
its clinical efficacy. In our study, we combined the advan-
tages of SoluplusVR and Poloxamer 188 to develop novel MMs
and MNs formulations with the aim of improving the solubil-
ity and oral bioavailability of magnolol. Results of the in vitro

Figure 4. (A) Caco-2 cells were treated with various concentrations of magnolol
for 2 h. Cell viability was measured by MTT assay. Data are presented as mean-
± standard deviation; n¼ 3; (B) AP-BL and BL-AP permeability of magnolol,
MMs, and MNs across the Caco-2 cell monolayer after 2 h incubation at 37 �C
(mean± standard deviation; n¼ 3). �p< .5; ��p< .01.

Figure 5. The plasma concentration-time curve of magnolol in rats after oral
administration of magnolol, MMs and MNs (60mg/kg, magnolol). Data are pre-
sented as mean ± standard deviation; n¼ 6.

Table 1. Pharmacokinetic parameters of magnolol, magnolol-loaded mixed
micelles (MMs) and magnolol nanosuspensions (MNs) (60mg/kg, magnolol).

Paraneters Magnolol MMs MNs

AUC(0–t) (mg/L h) 0.835 ± 0.084 2.38 ± 0.441�� 1.897 ± 0.304��
AUC(0–1) (mg/L h) 0.837 ± 0.084 2.904 ± 0.465�� 2.217 ± 0.332��
MRT(0–t) (h) 2.066 ± 0.089 3.066 ± 0.183�� 2.561 ± 0.084��
MRT(0–1) (h) 2.078 ± 0.09 4.811 ± 0.258�� 3.945 ± 0.505��
t1/2 (h) 0.762 ± 0.017 3.142 ± 0.285�� 2.776 ± 0.417��
Tmax (h) 0.708 ± 0.102 0.792 ± 0.102 0.5��
Cmax (mg/L) 0.305 ± 0.031 0.587 ± 0.048�� 0.65 ± 0.125��
Data are presented as mean ± standard deviation.�p< .05, ��p< .01 vs. magnolol group, n¼ 6.
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drug release study showed that MMs had a slower drug
release rate than that of MNs. These results indicated that
both MMs and MNs could solubilize magnolol, while MMs
may also control the release of magnolol and MNs showed
rapid drug release. Both formulations increased the absorp-
tion of magnolol in the Caco-2 transcellular transport assay,
and both also showed a higher relative bioavailability after
oral administration than that of the free drug.

Although both formulations improved the systemic per-
formance of magnolol, they showed marked differences. For
example, both MMs and MNs increased drug transport across
the Caco-2 cell monolayers, compared to free magnolol,
which may be because of smaller particle size of MMs and
MNs and also the use of SoluplusVR and Poloxamer 188 (Hu
et al., 2018; Homayouni et al., 2019; Lu et al., 2020).
However, MMs increased drug transport across the Caco-2
cell monolayers relative to that achieved in MNs. This result
may be attributed to the high percentage of SoluplusVR and
Poloxamer 188 in MMs as these solubilizers increase not only
the aqueous solubility but also the permeation of magnolol.
Compared with free magnolol, MNs substantially decreased
the Tmax of magnolol by approximately 30% but the 13%
increase observed with MMs. Similarly, MNs and MMs had
2.13 and 1.93-fold (0.65 ± 0.125 and 0.587 ± 0.048, respect-
ively) higher Cmax than did free magnolol. MMs prolonged
the circulatory t1/2 by 4.12-fold (3.142 ± 0.285 h) relative to
that of MNs, which was 3.64-fold (2.776 ± 0.417 h) greater
than that of the free drug. In addition, both formulations
improved oral bioavailability; compared with that of the free
drug, the oral bioavailability of MMs was 3.47-fold
(2.904 ± 0.465) higher than that of MNs, which was 2.65-fold
(2.217 ± 0.332) higher than that of free magnolol. These
results suggested that it would be possible to formulate
mixed micelle and nanosuspensions based on free magnolol
with a decreased therapeutic dose (Fares et al., 2018; Tang
et al., 2019). These results supported a significant increase in
the bioavailability of magnolol by MMs and MNs. The
increase in bioavailability can be explained for various rea-
sons. First, MMs and MNs increase the dissolution by
decreasing particle size, providing better absorption and per-
meation of magnolol. In addition, the nanosized particles can
improve paracellular and intracellular transports, thereby
increasing the intestinal absorption and protecting against
drug degradation by enteric enzymes (Yun et al., 2013; Na
et al., 2020). MNs provides an immediate release of drug
contributed to smaller Tmax and high Cmax. The improved
bioavailability of magnolol in MNs can be ascribed to the
presence of surfactants and stabilizers, which increases the
apparent solubility, as well as to particle size reduction lead-
ing to amplified surface area (Mori et al., 2016; Nagaraj et al.,
2017). This induces immediate drug release, making more
drugs available at the absorption site. Furthermore, a small
number of MNs may pass through the Peyer’s patch of the
small intestine and then be directly absorbed in nanoparticle
form (Han et al., 2014). MMs may prolong the drug retention
time in the gastrointestinal tract and increase passive drug
absorption due to high adhesion to the intestinal wall, and
further enhances intracellular uptake by enterocytes.

Additionally, endocytosis is thought to be the main gastro-
intestinal tract absorption mechanism of micelles which gives
rise to a long t1/2 (Mathot et al., 2007; Alqahtani et al., 2017).

5. Conclusion

The developed novel SoluplusVR and Poloxamer 188-based
MMs and MNs markedly increased the solubility and oral
absorption of magnolol. In the Caco-2 transport study and
pharmacokinetic study, MMs showed better absorption and
higher AUC for magnolol than MNs did. In contrast, MNs
exhibited a higher Cmax for magnolol than MMs did. Both
the MNs and MNs formulations markedly improved the oral
bioavailability of magnolol and, therefore having immense
clinical application prospects.
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