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ABSTRACT: Encapsulation and release behavior of a water-
insoluble drug, magnolol, using a core—shell polysaccharide-
based nanoparticle, manipulating the cellular internalization
and controlled cytotoxic effect of magnolol-loaded nano-
particles over the A10 vascular smooth muscle cells (VSMCs)
was reported. A magnolol-polyvinylpyrrolidone (PVP) core
phase was prepared, followed encapsulating by an amphiphilic
carboxymethyl-hexanoyl chitosan (CHC) shell to form a magnolol-
loaded core—shell hydrogel nanoparticles (termed magnolol-
CHC nanoparticles). The resulting magnolol-CHC nanoparti-
cles were employed for evaluation of drug release and controlled

Magnalol CHC
Megrolol e Magrolol-PVF eare Uh 24t
¥ 1
od [ - L
o8ec0 & 955 ,9) ' g
‘G‘. F S r-s.. : — [ i’d-— CH nsnoshel] = s
edg @9 0y o0y 3
L]  1d o \ e | |
=
Magrolol-CHC -
core-shell Inhibition of Magnclol ELJ E ‘ j
(Magrolol-CHE) Cell Migration s s
Nanopartiches

Megnolol-CHC ml

cytotoxic inhibition of VSMCs migration in vitro. A sustained release of the magnolol from the nanoparticles was determined. The
magnolol-CHC nanoparticles exhibited outstanding cellular uptake efficiency, and under a cytotoxic evaluation, an increased
antiproliferative effect and effective inhibition of VSMC migration as a result of efficient intracellular delivery of the encapsulated
magnolol in comparison to free magnolol was achieved. We then envision a potential intracellular medication strategy with
improved biological and therapeutic efficacy using the magnolol-CHC nanoparticles illustrated in this work.
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B INTRODUCTION

With the explosive advancement of biomaterials technologies
for nanoparticle synthesis, particulate nano-objects developed for
drug delivery have been receiving widest attention over the
years." Nanoparticles with designed architectures including
layer-by-layer, core—shell, and self-assembled micellar nano-
structure have been employed to carry drugs of diverse physio-
chemical properties for targeted medications.” * Except for
recent technical modifications upon drug carriers with functions
including targeting, imaging, and/or diagnosis,s’6 one of the
major and practically important goals of using such a nanopar-
ticle carrier is to increase the bioavailability and solubility of most
hydrophobic drugs and reduce unwanted toxicity to patients after
medication. However, it is more interesting to examine con-
trolled cytotoxicity for a highly potent drug via the design of
biocompatible particulate drug nanocarriers.

In this study, we employed magnolol as a model molecule.
Magnolol, a hydroxylated biphenol compound isolated from the
herb ‘Houpo’ (Magnolia officinalis), has been widely used in the
treatment of a number of diseases in traditional Chinese medicine
due to its outstanding properties such as antioxidant,’ * anti-
inﬂammatory,lo‘11 anticancer,' > antidepressant14 and inhibited
proliferation of vascular smooth muscle cell (VSMCs).'>'® Recent
evidence suggests that magnolol is a highly pleiotropic molecule that
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interacts physically with its diverse range of molecular targets
including transcription factors, growth factors and their cytokines,
enzymes, and genes regulating cell proliferation and apoptosis.'”~**

With increasing attention toward the inflammatory process in
injured arterial wall over the recent past decade, it has been well
recognized that a great extent of migration and exaggerated
proliferation of VSMCs in the lumen predominates the narrow-
ing of the injured artery.”® Earlier studies have shown that
pretreatment with antioxidants can si§niﬁcantly reduce balloon
injury-induced neointima formation.”*** Therefore, it is ex-
pected that strong antioxidant drugs such as magnolol, having
antioxidant activity approximately 1,000 times greater than a-
tocopherol,*® should play a crucial role in preventing balloon
injury-induced migration of VSMCs along the injured artery wall.
Despite extensive research and development on magnolol-based
investigations, relatively poor solubility of magnolol, being highly
hydrophobic in nature, in aqueous solution remains a major
hurdle over its bioavailability and clinical efficacy. However,
many Chinese medicinal material extracts have poor solubility
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or slow dissolution rate, which may reduce tissue absorption and
therapeutic potency upon administration.””

With these therapeutic inadequacies, many efforts have been
made to design new drug carrier systems that are able to improve
the drug’s solubility and stability in vivo, while retaining its
therapeutic efficacy. To increase its solubility and bioavail-
ability, attempts have been made through encapsulation using
liposomes®® and cyclodextrin.”” Traditional liposomal drug
carriers are limited by low drug encapsulation efficiency, poor
storage stability, rapid clearance from the bloodstream, non-
specific uptake by the mononuclear phagocytic system, poor
control over release of the drug from the liposome and rapid drug
loss profiles in vivo.””** Thus, colloidal drug carriers based on
biodegradable polymers have received great attention recently
for local release of drug toward the arterial wall.”*>*' Among
polymeric nanoparticulate materials, hydrogel nanoparticles
have been the point of convergence of a considerable amount
of effort devoted to the study of these systems dealing with drug
delivery approaches. It seems that a vast range of biomedical
sectors, from pharmaceutics to clinical practices, will benefit from
the hydrophilicity, flexibility, versatility, high water absorptivity,
and biocompatibility of these particles and all the advantages of
the nanoparticles themselves, mainly long life span in circulation
and the possibility of being actively or passively targeted to the
diseased sites.*>

Different methods have been adopted to prepare hydrogel
nanoparticles. Besides the commonly used synthetic polymers,
active research is focused on the preparation of nanoparticles
using naturally occurring hydrophilic polymers.> Extensive at-
tempts have been made using hydrogels to achieve ideal drug
delivery systems with desirable therapeutic features.* The
unique attractive physicochemical and biological characteristics
of hydrogels, along with their huge diversity, collectively,
have led to considerable attention to these polymeric materials
as excellent candidates for delivery systems of therapeutic
agents.3’4’35

Chitosan, one of the most plentiful biomaterials prepared
from N-deacetylation of chitin, has attracted significant interest
in biotechnology fields because of its well-known low toxicity,
excellent biocompatibility and biodegradability.*® In this study, a
core—shell nanoparticle with a structural arrangement of drug-
polyvinylpyrrolidone (PVP) core and chitosan shell was de-
signed. The shell was virtually constructed using a new type of
amphiphilic chitosan-based hydrogel, i.e., carboxymethyl-hexa-
noyl chitosan (CHC). The CHC was, as reported earlier from
this lab, modified first by hydrophilic carboxymethylation to
increase the flexibility of the chitosan molecule in aqueous
solutions followed by hydrophobic modification with hexanoyl
moieties along the amino groups of the chitosan to render the
resulting chitosan more amphiphilic in character.>® Previous
study confirmed the cytocompatibility of the CHC with respect
to both normal and cancerous cell lines; its colloidal stability and
structural integrity together with the self-assembling capability of
the CHC made it a potential carrier for either hydrophilic or
lipophilic agents with high encapsulation efficiency.”” Study on
magnolol encapsulation and subsequent release behavior was
performed in vitro; release kinetics was determined in order to
better understand the release mechanism from the core—shell
nanocarrier and its potential correlation with cellular migration
behavior.

To determine the cellular uptake pathway, cells were pre-
incubated with specific inhibitors of caveolae formation,*® clathrin

association,®” and F-actin polymerization®” to block several endo-
cytic pathways. Intracellular distribution of the core—shell nano-
particles was further evaluated after cellular uptake, and in the
meantime, intracellular drug distribution was accordingly deter-
mined along with the uptake pathway using confocal microscopy.
The magnolol-loaded core—shell hydrogel nanoparticle (magnolol-
CHC nanoparticles) can be a promising intracellular drug delivery
vehicle through a specific endocytosis pathway to efliciently inhi-
bit the migration of VSMCs.

B MATERIALS AND METHODS

Chitosan (M,, = 215000 g/mol, deacetylation degree =
85—90%) was supplied from Aldrich-Sigma. 3-(4,5-Dimethyl-
thiazol-2-yl)-2,S-diphenyltetrazolium bromide (MTT), 4',6-dia-
midino-2-phenylindole (DAPI), 2-propanol, sodium hydroxide,
chloroacetic acid, polyvinylpyrrolidone (~29,000 MW), fluor-
escein isothiocyanate (FITC), phosphate buffered saline (PBS),
cytochalasin D (CytD), chlorpromazine (CPZ), genistein and
hexanoyl anhydride were purchased from Sigma. Magnolol was
purchased from Wako (Wako, Japan). All other chemical
reagents in the study were analytical grade and used as received
without further purification.

Preparation and Characterization of Magnolol-Loaded
Core—Shell Nanoparticles. The core phase of the nanoparticles
was prepared by the emulsification solvent diffusion method.*'
The concentrations and the volume of the core phase were
optimally selected after preliminary experiments, in order to
achieve final core composition of the nanoparticles. Magnolol
(v/v 5%) and polyvinylpyrrolidone, PVP (v/v 10%), were first
dissolved in 1 mL of methanol. The resulting solution was
injected into an aqueous solution (1 mL), followed by vigorous
agitation forming an emulsion phase. Methanol was then re-
moved under reduced pressure using a rotary vacuum evaporator
at room temperature, and the emulsified phase was then filtered
through a 1.0 mm cellulose ester Millipore filter to separate
agglomerates from the solution. The final volume of the magno-
lol core phase was adjusted to 1 mL with distilled water, followed
by adding a predetermined amount of the amphiphilic chitosan
(CHC) at ambient to form a self-assembled shell phase, resulting
in a final nanocarrier with a structural configuration of magnolol-
PVP core and CHC shell, hereinafter termed magnolol-CHC
nanoparticles. After dialysis for 2 days, the solution was centrifuged
at 10000g for 30 min to remove free magnolol. The supernatant
was filtered with a 0.8 um syringe filter and lyophilized to give a
white powder. The morphological shapes of the magnolol-CHC
nanoparticles were confirmed using transmission electron micro-
scopy (TEM) (JEOL 2100, Japan) and scanning electron micro-
scopy (SEM) (S6500, JEOL, Japan). Each sample (1 mg/mL in
distilled water) was placed on a 300-mesh copper grid coated with
carbon. After drying of the sample, negative staining was per-
formed using a droplet of 2 wt % uranyl acetate. An aliquot amount
of the nanoparticle suspension was placed on a silicon substrate
and dried under vacuum for 24 h, and the samples were coated
with a gold layer for the SEM examination.

The zeta potential and size of the nanoparticles were deter-
mined by laser Doppler anemometry (Beckman Coulter, Inc.,,
USA). All analyses were performed on samples appropriately
diluted with PBS buffer in order to maintain a constant ionic
strength.

Determination of Loading Efficiency. The loading efficiency
of magnolol in the magnolol-CHC nanoparticles was measured
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by high-performance liquid chromatography (HPLC). Lyophi-
lized magnolol-CHC nanoparticles (1 mg) were dissolved in
1 mL amounts of methnol to obtain clear solutions. Then, drug
concentration was quantified by HPLC, based on a standard
concentration curve of free magnolol in methanol. Isocratic
reversed-phase HPLC was performed using a 1200 series HPLC
system (Agilent Technologies, Wilmington, DE) with C18
column (Zorbax Eclipse, Sy, 4.6 X 150 mm). The mobile phase
consisted of 53:47 (v/v) acetonitrile/0.1% o-phosphoric acid
(pH 3.0) and was delivered at a flow rate of 1.0 mL/min. Eluted
compounds were detected at 290 nm using a Spectral00 UV —vis
detector.

The drug-loading efficiency (DLE, %) was calculated with the
following equations:

amount of magnolol in nanoparticles

DLE (%) =
%) amount of magnolol used for nanoparticle preparation

In Vitro Release Study. To determine the release profile of
magnolol from the magnolol-CHC nanoparticles, the dispersed
nanoparticles (1 mg/mL) were placed in a SnakeSkin dialysis
membrane tube (10,000 MWCO) and the tube was immersed in
2 mL of PBS containing 0.1% Tween-80 and gently shaken at
37 °C in an orbital shaker incubator at 100 rpm. The presence of
Tween-80 assured the maintenance of sink conditions through-
out the experiment due to a continuous extraction from the
aqueous phase of the free magnolol dissociated from the complex
and diffused through the dialysis membrane. At the predeter-
mined time intervals, medium was withdrawn and then drug
concentration was determined by HPLC. An equivalent amount
of fresh medium was added to maintain a constant dissolution
volume. The minimum concentration detected was 10~ g/mL.

Release Kinetics. Data obtained from in vitro release profiles
(with CHC concentrations of 0.5 and 1 mg/mL, respectively)
were fitted to various kinetic equations including first-order model,
Higuchi model, and Korsmeyer—Peppas model,** in order to find
an appropriate in vitro model for theoretical consideration.

Cytotoxicity Assay. A10 vascular smooth muscle cells (VSMCs)
from Food Industry Research and Development Institute (Hsinchu,
Taiwan) were cultured in DMEM supplemented with 10% fetal
bovine serum and 1% antibiotic antimycotic solution (Gibco, USA)
in a humidified atmosphere containing 5% CO, in air at 37 °C.

The investigation of cell viability is a common method to
evaluate the biocompatibility of biomaterials. The cytotoxicity of
drug-free nanoparticles, free magnolol and magnolol-CHC na-
noparticles was evaluated using VSMCs by MTT colorimetric
procedure. VSMCs were plated at 2 x 10" cells per well in a 24-
well culture plate (Corning, USA) for 24 h to attach, followed by
replacement of the sample solutions and incubation for a
predetermined time. At a predetermined time, the medium
containing samples was aspirated and the wells were washed
twice using PBS solution. Then, MTT solution (0.5 mg/mL) was
added and incubated for 4 h. The purple formazan was solubi-
lized with isopropanol and measured in a microplate reader
(GDV model DV 990 BV4, Italy) at S95 nm.

Wound Healing Assay. Cell motility was examined by wound
migration assay.*** VSMCs were cultured in a 24-well cul-
ture plate, and the cell monolayers were wounded by scraping
in a straight line with a plastic pipet tip. After washing with
phosphate-buffered saline to remove nonadherent cells, cells
were treated with samples for 24 h. At the end point, migration
was evaluated by counting the number of cells in the denuded zone.

Photographs were taken under phase contrast light microscopy
(Nikon). Cell migration = (the number of cells in the denuded zone
at 0 h/the number of cells in the denuded zone at 24 h) x 100%.

Cellular Uptake. A flow cytometer was employed to deter-
mine the internalization of FITC-CHC nanoparticles and FITC-
magnolol-CHC nanoparticles with the VSMCs; exponential
growth of VSMCs was carried out. VSMCs were plated at 5 X
10° cells in a 10 cm dish and allowed to attach for 24 h. The
culture medium was discarded, and the cells were washed with
PBS. To examine the effects of time, the cells were incubated with
FITC-CHC nanoparticles and FITC-magnolol-CHC nanopar-
ticles for predetermined time periods at 37 °C, in order to
determine the time-dependent cellular uptake of the nanoparti-
cles. After the cellular uptake treatment, VSMCs were washed
twice with PBS and then harvested by trypsinization. Then,
VSMCs were centrifuged, collected and dehydrated with 70%
ethanol overnight at —20 °C, followed by resuspending with
PBS. To avoid cell aggregation, the cell solutions were filtered
through a nylon membrane (BD Biosciences, USA). The cellular
uptake of nanoparticles was determined by BD FACSCalibur
flow cytometry, and the fluorescence intensity was quantified by
CellQuest software CellQuest Pro software (BD Biosciences,
USA).

In order to investigate the cellular uptake mechanism of FITC-
CHC nanoparticles and FITC-magnolol-CHC nanoparticles,
VSMCs were pretreated for 30 min at 37 °C with cytochalasin
D (CytD, S uM), chlorpromazine (CPZ, 10 #M) and genistein
(150 uM). Then the cells were incubated with the FITC-CHC
nanoparticles or FITC-magnolol-CHC nanoparticles containing
each inhibitor for 1 h at 37 °C. Following the above procedures,
the cells were washed twice with PBS, detached with trypsin,
resuspended, and collected for flow cytometry analysis. The mean
fluorescence intensity of 10,000 individual cells was determined.

Fluorescence Confocal Microscopy. VSMCs were cultured
on coverslips and incubated with or without FITC-magnolol-
CHC nanoparticles at a concentration of 15 ug/mL for pre-
determined time periods. After incubation, VSMCs were fixed
with 3.7% formaldehyde and permeabilized with 0.1% Triton
X-100. Cells were subsequently washed twice with PBS and
incubated at room temperature with rhodamine—phalloidin
overnight. After washing with PBS, cells were stained with DAPI
for 1 h. Finally, coverslips were then mounted on glass slides by
mounting solution (Dako) and observed by fluorescence con-
focal microscopy with a Nikon C1 Plus confocal system.

B RESULTS

Characterization of the Magnolol-CHC Nanoparticles. To
effectively reduce the tendency of particle agglomeration and
improve the dissolution properties of the drug, PVP, which is
commonly used in a variety of pharmaceutical formulations due
to its low toxicity and chemical stability, was employed in this
work, according to Sekikawa et al,™ who pointed out that PVP
may inhibit the crystallization of drug due to interaction between
drug and PVP. On this basis, enhanced magnolol dissolution is
expected to be achieved as a result of poor crystallization, thus,
with potentially improved bioavailability.

The resulting magnolol-CHC nanoparticles exhibited a nega-
tive zeta potential. There was no significant difference in zeta
potential with different drug loads. The loading efficiency of
magnolol into the nanoparticles was determined by varying
loading amounts of magnolol while the CHC was kept constant.
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Table 1. Characterizations of Magnolol-CHC Nanoparticles”

loading amt  loading zeta size (nm)
of magnolol efficiency ~ potential  (polydispersity
sample (mg/mL) (%) (mV) index)

magnolol(0.05)-CHC ~ 0.0S
magnolol(0.1)-CHC 0.1
magnolol(0.2)-CHC 0.2

91.64+04 —1833+£1.75 235.1(0.26)
884 +23 —21.224+0.72 259.5(0.28)
793+22 —27.63+1.07  419(0.18)
?Values are expressed as mean & SD (n = 3).

Figure 1. TEM images of magnolol-CHC nanoparticles (A) and SEM
image of magnolol-CHC nanoparticles (B).

Drug loading characteristics of the nanoparticles are summarized
in Table 1. The drug loading efficiency was determined ranging
from 91.6% £ 0.4% to 79.3% £ 2.2% depending upon the
starting magnolol concentration from 0.05 mg/mL to 0.2 mg/mL,
respectively. This finding provides a promising operation window
for practical drug encapsulation over a range of the magnolol
concentrations under current investigation. Structural morphol-
ogy of the magnolol-CHC nanoparticles is illustrated in Figure 1,
where the resulting nanoparticles are nearly spherical in shape
with a relatively small amount of aggregation, and the TEM
pictures revealed the two phases (a dark core area and a white
shell area) indicating a core—shell structure. Meanwhile, larger-
sized nanoparticles with multiple cores were also detected among
numerous single-core particles.

In Vitro Drug Release. Figure 2A shows the release profiles of
the magnolol-CHC nanoparticles (drug load of 0.2 mg/mL) in
PBS (pH 7.4, 37 °C), wherein the nanoparticles were pre-
pared with starting CHC contents of 0 mg/mL (free magnolol),
0.5 mg/mL, and 1 mg/mL. It demonstrates that the free magnolol
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Figure 2. In vitro magnolol release profiles from magnolol-CHC
nanoparticles with the different feed ratio of CHC (magnolol-CHC 0
mg/mL, magnolol-CHC 0.5 mg/mL, and magnolol-CHC 1 mg/ mL) in
PBS (pH 7.4, 37 °C) (A). Temperature-dependent release profiles of
magnolol-CHC nanoparticles at pH 7.4 measured at 37 and 4 °C (B).
The release profiles of magnolol-CHC nanoparticles were measured by
absorption at 290 nm with HPLC. Each data point is represented as
mean =+ SD (n = 3).

depleted in about 48 h, where no sign of cumulative amount
was further detected after 48 h of the eluting test. However,
once being well encapsulated in the nanoparticles, much slower
release profiles were detected and the release kinetics turned
out to be slower as a higher amount of CHC was employed for
the encapsulation, i.e,. reaching ~45% of release for CHC of
1.0 mg/mL, compared to ~60% for CHC of 0.5 mg/mL over
aperiod of 7 days. However, a burstlike release of ~22—25% was
observed for the first 2 h of both compositions of the magnolol-
CHC nanoparticles, following a steady-state profile for the rest of
the 7 days. The release profile was also reduced considerably at
lower eluting temperature (4 °C), e.g., a cumulative percentage
release of magnolol decreased from ~60% at 37 °C to 38% at
4 °C for a time period of 7 days, Figure2B, which suggests a potential
use for long-term storage of a suspension-type dosage form.

In Vitro Cytotoxicity. The cytotoxicity of the CHC, free
magnolol and magnolol-CHC nanoparticles toward VSMCs
was evaluated by the MTT assay. The CHC nanoparticles
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http://pubs.acs.org/action/showImage?doi=10.1021/mp200257y&iName=master.img-001.jpg&w=193&h=302
http://pubs.acs.org/action/showImage?doi=10.1021/mp200257y&iName=master.img-002.png&w=240&h=371

Molecular Pharmaceutics

A 40

120 7] 48 h
== 72h
100

80 4

60 A

Cell viability (%)

N

b

Concentration of CHC (pg/ml)

=

120 4

R Magnolol
100 1 == Maznaolol-CHC

60 4

Cell viability (%)

0 10 15 20 30

Concentration of magnolo! (pg/mL)

Figure 3. In vitro cytotoxicity toward VSMCs of CHC for 24 h, 48 h
and 72 h (A) and magnolol and magnolol-CHC nanoparticles (B) in a
24 h incubation was evaluated by MTT assay (n = 3).

(in a concentration range of 5—50 ug/mL) were incubated with
VSMC:s for 24 h, 48 h and 72 h. Cell viability remained above
94%, indicating that the CHC nanoparticles were relatively
biocompatible with VSMCs (Figure 3A). This observation also
proves the outstanding compatibility of the polysaccharide-based
polymer in drug delivery application, even though the chitosan
employed has been chemically modified.

Cytotoxicity of free magnolol and magnolol-CHC nanoparti-
cles of various concentrations with respect to VSMCs is given in
Figure 3B. VSMCs were incubated with the magnolol-CHC
nanoparticles at an equivalent dose to the free magnolol. Free
magnolol significantly decreased the viability of VSMCs in a
dose-dependent manner while the magnolol-CHC nanoparticles
also inhibited the growth of VSMCs at a predicted concentration.
Based on the dose-dependent controlled cytotoxic profiles, the
inhibition concentration ICs, was calculated for the free magno-
lol and the magnolol-CHC nanoparticles, giving a value of 20.0
and 17.8 ug/mlL, respectively, indicating an improved potency
for the encapsulated magnolol.

Inhibition of Cell Migration. In order to investigate the
antimetastatic effect in VSMCs, a wound-healing assay was used.
As shown in a representative experimental outcome in Figure 4A,
by treating with free magnolol and magnolol-CHC nanoparticles
(with a controlled dose of 15 tg/mL magnolol, a level lower than
the ICs, dose) for 24 h, the migration of VSMCs was significantly

A

Control

CHC

Magnolol

Maguolol-CHC

B

Percent of chosure %% off control)

.

Coatrol CHC Magralo  Magnolol-CHC

Figure 4. Inhibitory effect of CHC, magnolol (15 ug/mL) and
magnolol-CHC nanoparticles (15 tg/mL) on cell migration of VSMCs.
Cell migration was examined at 0 and 24 h after treatment by wound
healing (A). Quantitative assessment of the percent of closure according
to the mean number cells in the denuded zone (B). Each data point is
represented as mean £ SD (1 = 3).

retarded as shown by the delayed wound closure. Analysis was
performed by cell number in the denuded zone. Figure 4B
indicates that the magnolol-CHC nanoparticles illustrated a
greater inhibitory effect on cell mobility (84%) after 24 h incuba-
tion than free magnolol (57%) at the same dose (15 ug/mL).
However, CHC itself exerted a negligible effect on the migration
of VSMCs compared to the control group.

Cellular Uptake Behavior. Through FITC labeling, endocy-
tosis of the magnolol-CHC nanoparticles entrapped into VSMCs
was further monitored by confocal microscopy to characterize
the intracellular dynamics. The fluorescence images are displayed
in Figure SA. The merged image was the overlapping image
obtained by DAPI channel (blue, nuclei); thodamine channel
(red, F-actin) and FITC channel (green, nanoparticles). Green
fluorescence spectrum was observed inside the VSMCs after 4 h
incubation with an equivalent dose of the magnolol-CHC
nanoparticles (15 ug/mL). Magnolol-CHC nanoparticles were
clearly observed inside the cells as green dots. This observation
confirmed that the FITC-doped magnolol-CHC nanoparticles
were internalized by VSMCs within 2 h of incubation, appearing
in a punctate pattern around the nuclei, indicating that the
magnolol-CHC nanoparticles were largely and efficiently taken
by the cells. Furthermore, Z-series images revealed that the
FITC-doped nanoparticles were mainly distributed within the
cytoplasm (Figure SB). The magnolol-CHC nanoparticles exhibited
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Figure S. Fluorescence images of VSMCs incubated with magnolol-CHC nanoparticles (15 gg/mL) for 0—4 h (x1000) (A). Serial fluorescence
Z-section images of VSMCs incubated with magnolol-CHC nanoparticles (15 ug/mL, 2 h incubation). The images showed that most nanoparticles were

in the cytoplasm of VSMCs (B).

an exceptionally high biological affinity and excellent uptake
efficiency to the VSMCs, making a greater potency for inhibiting
the growth and migration of the VSMCs. This study suggests that
the use of a polysaccharide shell renders a significant improve-
ment in chemical affinity toward the cell membrane, as a result of
a potential interaction between amino residues on the membrane
surface and carboxyl groups along the CHC shell.*®

To further quantify the cellular uptake of nanoparticles in cells,
the fluorescence intensity in the cells after incubation with the
CHC and magnolol-CHC nanoparticles was determined by flow
cytometry. Upon treatment with 50 #g/mL CHC nanoparticles
in VSMCs for 4 h, the green fluorescence intensity was elevated
in a time-dependent manner (Figure 6A); similar behavior was
displayed with a 15 ug/mL dose of the magnolol-CHC nano-
particles (Figure 6B). The proportional amount of the CHC
nanoparticles taken by the cells (M1) was very much the same
over time periods of 0.5 h, 1 h, 2 h and 4 h corresponding to
91.7%, 93.8%, 94.8% and 96.1%, respectively. The VSMCs also
took the magnolol-CHC nanoparticles in an efficient way,
showing the accumulated nanoparticles for 0.5 h, 1 h, 2 h and
4 h corresponding to 89.1%, 93.1%, 93.9% and 93.5%, respec-
tively (Figure 6C). However, upon analyzing 10,000 events using
the CHC nanoparticles, the fluorescence intensity displayed an
increment of about 150-fold compared with a 32-fold increment
when treated with magnolol-CHC nanoparticles for 4 h. The
results proved a faster internalization of the CHC nanoparticles
by VSMCs than that of magnolol-CHC nanoparticles, as illu-
strated in Figure 6D. The internalization process of the CHC and
magnolol-CHC nanoparticles was further examined using differ-
ent endocytosis inhibitors. The quantitative analysis of the
cellular internalization of the nanoparticles was carried out by
flow cytometry, and cellular uptake (%) on VSMCs was cal-
culated by comparison with that in the absence of inhibitor

(as 100%) for both CHC and magnolol-CHC nanoparticles.
Figure 6E gives several endocytosis inhibitors that were employed
to inhibit their specific target pathways. CHC and magnolol-
CHC nanoparticles were individually coincubated with different
inhibitors, and inhibitory behavior of the nanoparticle uptake was
determined. When treated with CytD, the efliciency of cellular
uptake for the magnolol-CHC nanoparticles was reduced to 82%.
However, following the treatment of CPZ, the cellular uptake for
the CHC nanoparticles improved to as high as 67%, while it was
reduced to 77% for the magnolol-CHC nanoparticles. For CHC
nanoparticles, the pathway of uptake behavior was found to be
associated with clathrin-mediated endocytosis; for the magnolol-
CHC nanoparticles, the cellular uptake pathway appeared to come
through macropinocytosis and clathrin-mediated endocytosis.

B DISCUSSION

Many core—shell hydrogel nanoparticles have been reported
in numerous medical applications in vitro and in vivo.*~*
However, it is less extensive in studying the intracellular release
with improved therapeutic potency (compared with free drug)
for migration inhibition of normal cells, especially using the
amphiphilically modified chitosan developed from this lab.
The great advantage of this system is clearly demonstrated in the
study, and what is more interesting is that such a core—shell nano-
particle drug delivery system was colloidally stable (surfactant
free) and exhibited excellent structural integrity without employ-
ing cross-linkers, compared with similar reports, especially in the
chitosan-related studies in literature.*”*’ The resulting magno-
lo]-CHC nanoparticles exhibited a negative zeta potential, which
is due to the presence of carboxyl groups in the CHC molecules,
mainly distributed on the outer surface of the nanoparticles and
contributing hydrophilic potential. Increased nanoparticle size
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Figure 6. Cell uptake efficiency measured by flow cytometry analysis for CHC (A) and magnolol-CHC nanoparticles (B) in VSMCs. VSMCs were
treated with or without magnolol-CHC nanoparticles for 0—4 h. At the end of treatment, the cells were trypsinized and then subjected to flow cytometer
analysis. Comparison of proportional amount of particles (C) and relative fluorescence intensity (D) with CHC and magnolol-CHC nanoparticles in
VSMCs (M1). Effects of endocytic inhibitors on the internalization of CHC and magnolol-CHC nanoparticles. VSMC cultures were either untreated or
pretreated with CPZ (10 uM, inhibitor of clathrin-mediated endocytosis), genistein (150 4M, inhibitor of caveolae-mediated endocytosis), or CytD
(S uM,, inhibitor of macropinocytosis) for 30 min. Subsequently, cells were treated with magnolol-CHC nanoparticles (15 #g/mL) for 1 h (E). Analysis
with flow cytometer by 10000 cells was randomly selected for imaging analysis. Each data point is represented as mean & SD (n = 3).

with increasing magnolol concentration, from 0.05 mg/mL to Although the resulting loading efficiency is reduced from 91.6%
0.2 mg/mL, Table 1, can result from a considerable increment, to ~80%, enhanced drug payload encourages its potentiality for
by 3 times, of drug payload, from 0.045 mg/mL to 0.145 mg/mL. practical applications. The increase in the core size is proportional
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Table 2. Release Kinetics of Magnolol-CHC Nanoparticles

. . 2
release kinetics:

formulation first order Higuchi Korsmeyer—Peppas
CHC 0 mg 0.8166 0.9499 09922 (0.1)"
CHC 0.5 mg 0.8427 0.9792 0.9966 (0.3)
CHC 1 mg 0.7875 0.9386 09822 (0.2)

“n in parentheses.

to the increase in the final nanoparticle, rendering a reasonable
assumption that the shell phase formed may have similar thickness,
although it is hard to clearly identify from Figure 1A, upon deposi-
tion on the core phase.

The shell acted as an effective barrier for magnolol release.
However, an early phase burstlike release of magnolol from the
nanoparticles was observed which is probably due to the surface
dissolution or desorption of the drug that resided on the outer
surface of the shell layer during the preparation procedure, while
the same diffusion mechanism dominated a subsequent slower
release over a long period of time for those magnolol-CHC
nanoparticles. Release profile can be further reduced for the
nanoparticles with higher CHC concentration, Table 2, which is
primarily a result of increasing shell thickness. To this point, it
can be summarized that a sustained release of the magnolol over a
much longer releasing period, probably weeks, can be technically
achievable to meet diverse therapeutic demands.

Figure 2B shows the drug release profiles from the nanopar-
ticles having a CHC concentration of 0.5 mg/mL and magnolol
of 0.2 mg/mL because such a combination offered a relatively
high drug payload and encapsulation efliciency and was selected
as an ideal formulation in forthcoming analysis, in a buffer
solution of pH 7.4 at 37 and 4 °C. A temperature-dependent
release behavior was observed: higher release rates were obtained
at 37 °C, while a lower release rate was detected at 4 °C. For
release monitored over a time period of 7 days, the magnolol
was 15—30% higher in amount at 37 °C than at 4 °C. This
temperature-dependent releasing manner is due mainly to the
temperature-responsive CHC shell, since the CHC molecule
possesses hydrophobic groups (—CHj3) and hydrogen-bonding-
favoring groups (—COOH, and —NH,).*° It is well-recognized
that increasing ionic strength and/or temperature enhances the
hydrophobic effect for chitosan.”* On the other hand, increasing
temperature decreases hydrogen-bonding interactions in
chitosan.”>” Since the temperatures under current study exerted
little influence on the sink condition designed for the eluting test,
drug diffusion mechanism (having the same releasing patterns)
and drug dissolution may be considered constant in the resulting
release profiles. Therefore, it is reasonable to assume that, at
lower temperature (4 °C), water molecules are presumed to
enclose the CHC chains as being revealed in an earlier report,>
where free diffusion of the magnolol may thus be inhibited to a
certain extent to across the “enclosed” shell phase of the
nanoparticles, resulting in a slower release. However, increasing
temperature enhances the vibration and rotation energy of water,
weakening intermolecular and intramolecular hydrogen bonds,
rendering a further orientation of the water molecules around the
polymer chains,* making more favorable in releasing magnolol.

The release kinetics was characterized by fitting the data obtained
from the release profiles. The results obtained are presented in
Table 2. The model that best fit the release data was selected based

on the correlation coefficient value (+*) of different models, and a
diffusion-controlled release as indicated by the Higuchi model can
be used to best describe the current drug delivery system. Associated
with curve-fitting analysis using the Korsmeyer—Peppas model,
giving the 7 value that is best defined the magnolol release, being a
Fickian diftusion from the magnolol-CHC nanoparticles.

Previous investigation reported that apoptosis was not ob-
served in umbilical vein endothelial cells (HUVEC) when magnolol
concentration was increased to 100 uM (26.6 ug/mL).>* These
results demonstrated that magnolol would inhibit the growth of
smooth muscle cells rather than endothelial cells at concen-
trations below 20.0 ug/mL (Figure 3B). This confirmed that
magnolol with optimal dose could inhibit the proliferation and
migration of VSMCs into the arterial intima while exerting no
adverse effect on the growth of vascular endothelial cells.

Speaking of restenosis, previous studies have also proved the
significant role in VSMCs migration, from the media into the
intima, following arterial injury, and it has been widely accepted
that blocking the migration of the VSMCs can reduce the
neointimal lesion size.>*> To this end, cell migration is con-
sidered as another key contributor to restenosis. The reports
showed that cells undergoing cell division were only rarely
observed in any wells up to 24 h.** As a result, we chose the
24 h treatment for evaluation of cell migration. The migration of
VSMCs treated with CHC nanoparticles indicated that the CHC
were nontoxic to inhibit the growth and migration of cells, while
either free magnolol or magnolol-CHC nanoparticles alone were
found to inhibit over a significant extent the migration of VSMCs
over 24 h of treatment. The magnolol-CHC nanoparticles
exhibited the greatest inhibitory effect on cell mobility compared
to free magnolol at the same dose; one plausible explanation is
due to the 15 #g/mL dose for the magnolol-CHC nanoparticles
proving less potent in killing the cells but rendering a slow
release, including both intercellular and intracellular elution, of
the magnolol to deteriorate cell mobility, while the free magnolol
was exhausted rapidly after extensive exposure to the cells. The
experimental observations indicate that the medical potential of
the magnolol-CHC nanoparticles prepared in this work can
render them useful as candidates for sustained magnolol delivery
for a number of medication purposes, such as anti-restenosis.

The size of the intracellular vesicles containing the endocytosed
nanoparticles may give important information regarding the uptake
mechanism.*® Particle size and shape are two of the important
factors for the cellular membrane surface to recognize and eventually
internalize through the cellular pathways.”” The size of CHC
nanoparticles (~200 nm in average) was about 2-fold smaller than
magnolol-CHC nanoparticles (~400 nm in average). The differ-
ence of size distribution could affect the uptake ability. CHC
nanoparticles were taken by VSMCs much faster than magnolol-
CHC nanoparticles. However, smooth muscle cells are also known
to exert phagocytosis, generally associated with the ugtake of large
particles and internalization of particles >500 nm;**> therefore,
magnolol-CHC nanoparticles could be efficiently internalized by
VSMCs, still carrying a high enough dose of magnolo], released into
cytosol, to effectively inhibit cell migration.

Internalization of particulates occurs through various pro-
cesses, such as macropinocytosis, clathrin-mediated endocytosis,
and caveolae-mediated endocytosis. It is identifiable that these
nanoparticles entered VSMCs by the pathways of clathrin-
mediated endocytosis. Clathrin-mediated endocytosis (for par-
ticles in the size range of ~120 nm) is the most important
mechanism occurring constitutively in all mammalian cells.*® For
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the CHC nanoparticles, the major pathway included clathrin-
mediated endocytosis. However, for the magnolol-CHC nano-
partices, the pathways were mainly associated with macropino-
cytosis, together with clathrin-mediated endocytosis. Reports
showed that the clathrin-mediated endocytosis pathway is initiated
by a specific ligand—receptor interaction on the extracellular
surface. Upon entry, internalized nanoparticles are generally
entrapped in the intracellular vesicles (i.e., endosomes). Certain
internalization pathways such as clathrin-mediated endocytosis
may lead to a complete degradation of macromolecular carriers at
the later lysosomal stage.””** Both efficient endocytic mechanisms
permitted an intracellular release of magnolol into the cells to
effectively inhibit the migration and growth of the VSMCs.

Bl CONCLUSIONS

This study describes a unique design and synthesis of magnolol-
CHC core—shell nanosystem for drug delivery purpose. Experimental
outcomes have demonstrated outstanding cytocompatibility of
the magnolol-CHC nanoparticles with VSMCs and the capability
of providing a sustained intracellular release of magnolol after sig-
nificant cellular internalization over a short period of contact.
Magnolol-CHC nanoparticles reduced the cell viability of VSMCs
in vitro more effectively than the free drug, where an intracellular
drug release should play a critical role. Confocal laser scanning
microscopy confirmed the efficient uptake of magnolol-CHC
nanoparticles, even though the magnolol-CHC nanoparticles are
relatively large in dimension, 235—420 nm. Furthermore, magno-
lol-CHC nanoparticles could exert a strong antimetastatic effect
onto VSMC:s to inhibit significantly the cell mobility. These find-
ings support the rationale for the design of a magnolol-CHC
core—shell hydrogel nanosystem with improved biocompatible
and intracellular therapeutic features. Besides the diverse medical
advantages of the herbal drug, magnolol, a successful manipula-
tion of controlled cytotoxicity via intracellular magnolol delivery
envisions its potential nanotherapeutic medications for a vast
number of practical needs. A subsequent in vivo study using
the current delivery system is under investigation and will be
reported separately.
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