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ABSTRACT: Honokiol is a phytochemical isolated from the Magnolia plant. It
exhibits significant antitumor activity against a variety of cancer cell types via
targeting of critical mediators of tumor progression, stromal remodeling, and
chemoresistance. However, poor bioavailability and inefficient tumor uptake
remain some of the hurdles in its translation as a therapeutically useful drug. Here,
we developed a nanoformulation of honokiol using mesenchymal stem cell-derived
exosomes, which are nonimmunogenic and express surface markers to support
their tumor-targeted delivery. Maximum entrapment of honokiol occurred when it
was mixed in a 1:4 weight ratio with exosomes and subjected to six cycles of
sonication. Dynamic light scattering analysis demonstrated that the average size
(∼175.3 nm), polydispersity (∼0.11), and integrity (∼12.9 mV) of exosomes
remained in the desirable range post honokiol encapsulation. Exosome-
encapsulated honokiol exhibited significantly higher therapeutic efficacy over the
free honokiol in WST-1 growth and long-term clonogenicity assays. Flow
cytometry-based cell cycle and live/dead cell assay, respectively, confirmed the enhanced effect of exosomal honokiol formulation on
cell cycle arrest and apoptosis induction. More significant alterations in the expression of cell cycle- and survival-associated proteins
were also observed in cancer cells treated with exosomal honokiol over free honokiol. Higher intracellular accumulation of honokiol
was recorded in cancer cells treated with equivalent doses of honokiol as compared to the free honokiol. Together, our work is the
first demonstration of exosomal encapsulation of honokiol and its improved antitumor efficacy resulting from improved cellular
uptake.

■ INTRODUCTION

Honokiol is a polyphenol isolated from theMagnolia officinalis/
grandiflora plant.1 It has been documented to have enormous
therapeutic potential against several pathological conditions,
including cancer. We demonstrated, for the first time, the
antitumor activity of honokiol against pancreatic cancer cells,
and it also sensitized them to gemcitabine toxicity.2 In an
orthotopic mouse model, honokiol inhibited pancreatic tumor
growth, metastasis, and desmoplasia by interfering with tumor-
stromal crosstalk.3 Honokiol has also been shown to suppress
the growth and metastasis of breast, prostate, lung, and renal
cancer as well by targeting of various cancer-relevant cell
signaling pathways.4−6 Despite having remarkable antitumor
properties, translation of honokiol as a therapeutic drug has
not been possible due to its hydrophobic nature, which makes
it less water soluble. Further, honokiol also suffers from poor
bioavailability like many other natural agents due to systemic
metabolization.1,7

Several types of synthetic nanodelivery systems, such as
metal nanoparticles, liposomes, and carbon nanotubes, have
been developed to enhance drug bioavailability in the systemic
circulation and reduce nontargeted cell toxicity.8−10 However,

these nanoformulations pose several clinical concerns,
including immunogenicity and liver and kidney toxicity.11,12

Exosomes are nanosized (30−150 nm) membrane vesicles
shed by nearly all types of cells. They are the natural delivery
vehicles that actively transfer biomaterials (protein, DNA,
RNA, miRNAs, etc.) from one cell to another to facilitate
intercellular communications.13,14 Exosomes can travel to
distant locations in the body and execute functional changes
in the recipient cells.15,16 Exosomes are currently being
investigated as a drug delivery system, and exosomes derived
from different cell types vary in their loading capacity, yield,
and antitumor efficacy.17,18 More importantly, exosomes
derived from certain cell types, such as mesenchymal stem
cells (MSCs), are nonimmunogenic and express surface
proteins that could facilitate their tumor-targeted delivery.19−21
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In this study, we isolated exosomes from MSCs and loaded
them with honokiol by the sonication method. Honokiol-
loaded exosomes were characterized for membrane integrity,
desirable size, and polydispersity. Further, antitumor efficacy of
exosomal honokiol was evaluated in several cancer cell types
and compared with the equivalent doses of free honokiol. The
effect of exosomal honokiol on cell cycle arrest, apoptosis
induction, and associated molecular changes was also
examined. The difference in intracellular accumulation of the
free drug and exosomal honokiol was also assessed. Together,
our findings present the first description of exosomal honokiol
preparation and demonstrate its enhanced antitumor efficacy
resulting from increased cellular uptake by the cancer cells.

■ RESULTS
Exosomal Preparation and Optimization of Honokiol

Loading in Exosomes. Exosomes were isolated from the
conditioned media of mesenchymal stem cells (MSCs)
through ultracentrifugation and characterized, as previously
described.15 Honokiol loading into the exosomes was achieved
by the sonication method (Figure 1a). We first examined the
effect of sonication duration and frequency on exosome
integrity and size. For this, exosomes were subjected to
sonication (30 s pulse followed by 30 s pause) for varying
number of cycles (4, 5, 6, 7, and 8) and subsequently analyzed
by dynamic light scattering (DLS) for changes in their size and
integrity. Exosomes maintained their integrity during the

different number of cycles of sonication as depicted by their
zeta potential values (−13.9 to −12.6 mV), which were
comparable with that (−14.6 mV) of unsonicated exosomes.
However, the size of exosomes increased gradually with
increasing sonication frequency. The size of unsonicated
exosomes was 120.5 nm, which increased to ∼174.2 nm after
six cycles of sonication and reached up to ∼236.2 nm after
eight cycles of sonication (Figure S1). Therefore, in
subsequent optimization steps for honokiol loading, we used
4−6 cycles of sonication and mixed the honokiol with
exosomes in 1:1 ratios (1.0 mg exosomes and 1.0 mg
honokiol). DLS analysis demonstrated that the size of
exosomes remained in the 141.4−169.5 nm range, and they
maintained their integrity (zeta potential range: −14.2 to
−11.9 mV) as well (Figure 1b). HPLC analyses showed that
the maximum loading of honokiol occurred after six cycles of
sonication (Figure 1c). Next, we optimized exosomes and
honokiol ratio to achieve maximum loading efficiency. Varying
amounts of honokiol (0.125, 0.25, 0.5, and 1.0 mg) were mixed
with a fixed amount of exosomes (1.0 mg protein) and
subjected to six cycles of sonication. Maximum entrapment
(∼80%) of honokiol was recorded when honokiol and
exosomes were used in 1:4 ratios (0.25 mg honokiol:1.0 mg
exosomes). The size of these honokiol-loaded exosomes was
∼171.7 nm, with a zeta potential of −12.5 mV (Figure 1d).

Exosomal Honokiol Formulation Shows Superior
Antitumor Activity Than the Equivalent Doses of Free

Figure 1. Optimization of honokiol loading on exosomes and their characterization. (a) Schematic describing our strategy for exosome (Exo)
isolation and honokiol (HK) loading. Mesenchymal stem cells (MSCs) were seeded in tissue culture plates and allowed to grow to near confluence.
Conditioned media were collected from subconfluent cells and subjected to ultracentrifugation for exosome isolation. Honokiol loading was
achieved by sonication method. (b) Exosomes were sonicated at different cycles in the presence of HK, and their size and integrity were monitored
by dynamic light scattering (DLS). (c) Loading of HK in the sonicated exosomes was measured by HPLC equipped with a UV detector. (d) To
optimize loading efficiency, various amounts of HK (0.125, 0.25, 0.5, and 1.0 mg) were used with a constant amount of exosomes (1.0 mg protein).
Exosome size and integrity were measured by DLS, and HK loading was determined by HPLC.
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Honokiol. To compare the effect of exosomal loading of
honokiol on its antitumor efficacy, we used multiple cancer cell
lines (pancreatic, breast, ovarian, colon, and prostate). The
cells were treated with equivalent doses of free and exosomal
honokiol (0−40 μM) for 72 h, and their effect on cell survival
was examined. A comparison of IC50 values demonstrates that
the exosomal honokiol was nearly 4−5 times more effective in
killing cancer cells than the free honokiol (Figure 2). To
further examine the effect in longer term treatment assays, we
examined the effect of exosomal or free honokiol on the
clonogenic potential of two pancreatic cancer cell lines
(MiaPaCa and Colo357). Cells were treated either with free
or exosomal honokiol in a dose range of 0−1000 nM and
incubated for two weeks. Our data demonstrate that the
plating efficiency of MiaPaCa and Colo357 cells decreased

gradually with the increasing concentrations of exosomal or
free honokiol. However, a greater decrease in clonogenicity of
cancer cells was reported in cells treated with exosomal
honokiol as compared to those treated with equivalent doses of
free honokiol (Figure 3).

Exosomal Honokiol Has a More Potent Effect on Cell
Cycle Arrest and Apoptosis Than the Free Honokiol.
Next, we examined the effect of free and exosomal honokiol on
cell cycle progression and apoptosis in pancreatic cancer cells
(Colo357). Cells were treated with the IC50 concentration of
exosomal honokiol or an equivalent dose of free honokiol (4
μM) for 24 h. Cell cycle distribution of control (vehicle and
exosomes only) and free and exosomal honokiol-treated cells
was determined by propidium iodide (PI)/RNase staining
followed by flow cytometry. The data demonstrate that the

Figure 2. Cytotoxicity of exosomal honokiol on human cancer cells. Pancreatic cancer (MiaPaCa, Colo357), breast cancer (MDA-MB-231),
ovarian cancer (SK-OV-3), colon cancer (HT-29), and prostate cancer (LNCaP) cells (5 × 103/well) were seeded in 96-well plates and treated
with either vehicle, empty exosomes, or equivalent doses of free or exosome-encapsulated HK (0−40 μM) for 72 h. Viability of cells was
determined by the WST-1 assay. The data is presented as mean ± SD (n = 3) after normalization with vehicle control (for free honokiol) or empty
exosomes (for exosomal honokiol). Signficant differences (p < 0.05) in cell survival were observed at 5−20 μM treatment doses of free and
exosomal honokiol.

Figure 3. Effect of exosomal honokiol on clonogenicity of pancreatic cancer cells. MiaPaCa and Colo357 cells were seeded in a six-well plate (1 ×
103/well), and after 24 h, treated with different doses (0, 500, and 1000 nM) of free HK or exo-HK. Cells were allowed to form colonies for two
weeks, and after that, colonies were fixed, stained, and photographed. The total number of colonies were counted using image analysis software
(Gene Tools; Syngene, Frederick, MD). Data are shown as percent inhibition of the clonogenic survival of HK and exo-HK treated cells. Bars
represent the mean ± SD (n = 3); *p < 0.05.
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treatment with exosomal honokiol resulted in enhanced
accumulation of pancreatic cancer cells in the G1 phase as
compared to that observed with free honokiol along with a
concomitant decrease in the number of cells in the replicative
S-phase. No effect of exosomes only was observed on the cell
cycle when compared to the vehicle-treated cells (Figure 4a).
To examine the effect of free and exosomal honokiol on cell
survival, we performed live/dead assay. The green fluorescence
signal of calcein dye suggests the viability of the cells while
dead cells display red ethidium bromide florescence. The data
demonstrate that exosomal honokiol-treated pancreatic tumor
cells generated ∼3.4-fold higher red fluorescence relative to
those treated with free honokiol. However, exosomes or
vehicle-treated pancreatic tumor cells did not affect tumor cell
viability (Figure 4b).
We next examined the effect of free or exosomal honokiol

treatment on the expression of proteins associated with cell
cycle and survival. Cells were treated with equivalent doses of
free and exosomal honokiol for 48 h, and protein lysates
prepared. The changes in the expression of cell cycle- and
survival-associated proteins were examined by western blotting.
The data demonstrate that exosomal honokiol treatment leads
to far greater suppression of cyclin-dependent kinases (CDK2
and CDK4) as compared to free honokiol at equivalent doses.
Similarly, we also observed a significantly higher increase in the
expression of cyclin-dependent kinase inhibitor, p21, in
pancreatic tumor cells treated with exosomal honokiol as

compared to those treated with free honokiol (Figure 4c).
Furthermore, a significantly higher expression of a proapop-
totic protein, Bax, along with a concomitant decrease in the
expression of Bcl-2 and Bcl-xL was observed in exosomal
honokiol-treated pancreatic cancer cells as compared to those
that were treated with an equivalent dose of free honokiol
(Figure 4d). Altogether, our findings demonstrate that
exosomal honokiol is more effective in reducing tumor cell
growth by altering cell cycle progression and survival as
compared to free honokiol.

Enhanced Efficacy of Exosomal-Loaded Honokiol Is
Associated with Its Improved Cellular Uptake. Since
exosomes are natural carriers and efficient delivery vehicles, we
examined if exosomal formulation more effectively delivered
honokiol into the cancer cells over its free form. To determine
this, we treated the tumor cells either with exosomal or free
honokiol for 4 h. Subsequently, cell lysates were made, and
intracellular honokiol accumulation was quantified by mass
spectrometry. The data reveal that the intracellular accumu-
lation of honokiol in cancer cells treated with the exosomal
honokiol is significantly higher [MiaPaCa (3.64-fold) and
Colo357 (4.68-fold)] as compared to those treated with free
honokiol (Figure 5). These data suggest that enhanced
cytotoxic potential of exosomal honokiol is due to its efficient
delivery of the drug to tumor cells.

Figure 4. Effect of exosomal honokiol on cell cycle progression and cell survival. (a) Pancreatic tumor cells, Colo357 (1 × 106 cells/well) were
seeded and allowed to grow for 24 h, and then cultured in serum-deprived media for 72 h for synchronization. Subsequently, media was replaced
with serum-containing media, and cells were treated with IC50 doses of exosomal honokiol or equivalent free honokiol for 24 h. The distribution of
cells in different phases of the cell cycle was analyzed by propidium iodide (PI) staining followed by flow cytometry. (b) Pancreatic tumor cells
were treated with exosomal honokiol or equivalent free HK and subjected to live/dead cell staining with calcein-AM and ethidium homodimer-1.
Live and dead cells were monitored by fluorescence imaging using an EVOS FL Imaging System. A green color indicates live cells, while a red color
is indicative of dead cells (arrow). The number of dead cells was counted in six random fields and presented as mean ± SD. *p value < .05. (c,d)
Total protein was isolated from the vehicle, exosome, free, and encapsulated honokiol-treated tumor cells and subjected to immunoblot analysis for
analyzing the expresson of cell cycle-associated (CDK2, CDK4, and p21) and antiapoptotic/proapoptotic proteins (Bcl-2 and Bcl-xL/Bax). β-actin
was used as a loading control.
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■ DISCUSSION
This study presented the data to support that honokiol can be
efficiently loaded into the exosomes derived from MSCs.
Furthermore, far superior antitumor efficacy of the exosomal
formulation was reported over the free honokiol against a
variety of tumor cell types resulting from its enhanced uptake
by the tumor cells (Figure 6). Several lines of evidence suggest
the antitumor activity of honokiol in a variety of cancer cell
types. Importantly, honokiol is shown to target critical
mediators of tumor progression, metastasis, and chemo-
resistance.2,3,5,22 Its effect on stromal remodeling has also

been demonstrated.3 Since honokiol has poor water solubility
and limited systemic bioavailability,7,23 efforts have been made
to overcome these pharmacological barriers in its therapeutic
translation. Like, nanomicellar formulation of honokiol showed
increased bioavalibility of honokiol with profound anticancer
effects in triple negative breast cancer.7 Fang et al., developed a
thermosensitive hydrogel-loaded honokiol nanoparticle and
demonstrated anticancer effects in lung cancer.24

We successfully developed an exosomal nanoformulation of
honokiol by using the sonication method. Various other
methods, such as extrusion, freeze−thaw cycles, electro-
poration, and saponin permeabilization, have been employed
for drug loading into the exosomes and other extracellular
vehicles.25,26 But these methods have certain limitations such
as the freeze−thaw method induces degradation and
aggregation of exosomes. It also has poor drug loading ability
compared to extrusion or sonication methods.25,26 Similarly,
electroporation can cause exosome instability and use of
saponin in nanoformulation is associated with the risk of
hemolytic activity in in vivo study.27,28 It was shown in a study
that the catalase could be loaded most efficiently into the
exosomes by sonication as compared to other methods.26 We
were also able to efficiently load honokiol in the exosomes by
the sonication method without having much effect on their
integrity and physical features (size and zeta potential).
However, we did observe that the size and polydispersity
index of exosomes continued to increase slightly with

Figure 5. Mass spectrometric analysis was performed to examine
intracellular honokiol. Pancreatic tumor cells, MiaPaCa and Colo357,
were treated either with exosomal honokiol or equivalent free
honokiol for 4 h. After that, cells were washed to remove extracellular
honokiol, and cell lysates were made. The level of honokiol in tumor
cells was determined by LC−MS/MS analysis. Bars represent mean
intracellular levels of HK (ng) per μg of protein ± SD. *p < 0.05.

Figure 6. Schematic summarizing honokiol loading into the exosomes, its uptake, and the mechanism of action. Honokiol encapsulated in MSC-
derived exosomes through sonication accumulates inside the cells more efficiently over the free honokiol. Mechanistic findings suggest that
increased honokiol accumulation more effectively causes cell cycle arrest and apoptosis by modulating the expression of the cell cycle- (CDK2/4,
p21) and apoptosis- (Bcl-2, Bcl-xL, and Bax)associated proteins in the tumor cells.
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increasing number of sonication cycles, but no or minimal
change in the zeta potential was recorded. The increase in size
and polydispersity index of exosomes could be due to exosomal
fusion and/or their mild aggregation. Similar observations were
also made in another study where the loading of paclitaxel in
exosomes through sonication increased exosomal size without
altering the surface charge.29 We chose six or lesser cycles of
sonication for optimization of honokiol loading as size
remained under 200 nm at these cycles. Studies have suggested
that the nanoparticles in the 100−200 nm size range have
better cellular uptake and enhanced permeability and retention
(EPR) effect with low risk of immature clearance from the
body.30 We also observed highest entrapment efficiency
(∼83%) of honokiol when honokiol and exosomes were
used in 1:4 weight ratio suggesting that while sufficient
availability of honokiol is important for optimal loading, its
excess may destabilize exosomes and reduce entrapment. In
another study, optimal gadolinium loading into the exosomes
was achieved at 1:1 ratio.31 Therefore, it appears that the
entrapment efficiency likely depends on the chemical nature of
the drug loaded into the exosomes.
We observed that exosomal honokiol formulation was more

potent than the free honokiol in inhibiting tumor cell growth.
As expected, the increased efficacy of exosomal honokiol
resulted from its enhanced cellular uptake. The utility of
exosomes in promoting delivery and enhanced tumor uptake of
various other anticancer drugs and natural compounds such as
paclitaxel, doxorubicin, and curcumin has also been demon-
strated.29,32,33 Exosomes are the natural carriers and delivery
vehicles that carry and deliver biomolecules from one cell to
another.13−15 They bear the surface proteins that allow their
desired interaction with the recipient cells leading to efficient
uptake. Exosome uptake could be through clathrin-dependent
endocytosis or clathrin-independent mechanisms such as lipid
raft-mediated internalization, macropinocytosis, and phagocy-
tosis.13,34 Therefore, it will be interesting to investigate the
route and associated mechanisms of exosomal uptake in our
system.
Intracellular accumulation of a drug is directly proportional

to the biological activity.35 Accordingly, we observed that
exosomal honokiol arrested pancreatic tumor cells in the G1

phase of cell cycle and promoted apoptosis more effectively
than the free honokiol. Similarly, the decrease in cyclin-
dependent kinases (CDK2 and CDK4) and antiapoptotic
proteins (Bcl-2 and Bcl-xL) and increase in p21 and
proapoptotic Bax expression was more potent in cancer cells
treated with exosomal honokiol as compared to free honokiol.
These findings provided further support to our previous data
on the antitumor activity of honokiol.2,3 Moreover, our data
also suggest that developing exosomal nanoformulation of
honokiol could be an attractive approach that could be
exploited for its therapeutic translation. Also, exosomes can be
further surface modified using biological or chemical
manipulations to improve their uptake and tumor-targeted
delivery. Altogether, our study is the first step demonstrating a
novel exosomal formulation of honokiol with superior
antitumor activity resulting from enhanced uptake by the
tumor cells. Further improvement and in vivo evaluation in
animal models are warranted before realizing the full potential
of honokiol as an antitumor drug in the clinics.

■ MATERIALS AND METHODS

Reagents and Antibodies. Dulbecco’s modified Eagle
medium (DMEM) and Roswell Park Memorial Institute
medium (RPMI-1640) were procured from Hyclone Labo-
ratory (Logan, UT), and fetal bovine serum (FBS) was
purchased from Atlanta Biologicals (Lawrenceville, GA).
Mesenchymal stem cell basal media and growth kit were
obtained from American Type Culture Collection (Manassas,-
VA). Penicillin and streptomycin were from Invitrogen
(Carlsbad, CA), and western blotting SuperSignal West
Femto Maximum Sensitivity Substrate Kit and LIVE/DEAD
Viability/Cytotoxicity Kit were from Thermo Fisher Scientific
(Logan, UT). Propidium iodide/RNAse staining buffer was
from BD Bioscience (San Diego, CA). Antibodies against Bcl-2
and Bax (rabbit polyclonal), Bcl-xL (rabbit monoclonal) were
from Cell Signaling Technology (Beverly, MA) and those
against p21, CDK4 (mouse monoclonal), and CDK2 (rabbit
polyclonal) as well as horseradish peroxidase (HRP)-labeled
secondary antibodies were from Santa Cruz Biotechnology
(Dallas, TX). Biotinylated anti-β-actin (mouse monoclonal)
was from Sigma-Aldrich (St. Louis, MO).

Cell Lines and Culture Conditions. Pancreatic cancer
cell lines (MiaPaCa and Colo357), breast cancer cell line
(MDA-MB-231), colon cancer cell line (HT-29), prostate
tumor cell line (LNCaP), and ovarian cancer cell line (SKOV-
3) were procured, maintained, and authenticated as previously
described.36−40 Mesenchymal stem cells (MSCs) were
procured from American Type Culture Collection (Manassas,
VA) and maintained in special mesenchymal stem cell basal
media that was supplemented with growth factors. All the cells
were routinely tested for mycoplasma contamination in our in-
house facility.

Isolation of Exosomes. Exosomes were isolated from
MSCs using the ultracentrifugation method, as previously
described.16 In brief, the conditioned media from subconfluent
MSCs were collected and centrifuged at 300 g for 10 min to
remove cell debris. After that, centrifugation at 16,500 g was
done for 30 min to remove apoptotic bodies and other
medium- to large-sized vesicles. Finally, the resulting super-
natant was centrifuged for 2 h at a speed of 120,000 g to collect
exosomes. The exosomal pellet was washed by resuspending in
5 mL of PBS followed by centrifugation at 120,000 g for 2 h.
Exosomes were aliquoted and stored at −80 °C until further
use.

Size Determination and Zeta Potential of Exosomes
by Dynamic Light Scattering. Resuspended exosomes (1
μL) were added to 999 μL of deionized water and subjected to
dynamic light scattering (DLS) analysis using DelsaMax PRO
(Beckman Coulter, Brea, CA, USA). We also performed the
phase analysis light scattering (PALS) to determine the zeta
potential in water as per the manufacturer’s recommendations.

Loading of Honokiol in Exosomes. Honokiol was mixed
with exosomes in various ratios and sonicated (10% amplitude,
4/5/6/7/8 cycles by 30 sec pulse/30 sec pause) on ice using
Misonix sonicator (Farmingdale, NY). Free honokiol was
removed by ultracentrifugation at 120,000 g for 2 h, and
loaded exosome pallets were quantified based on protein
content using protein DC assay kit as described earlier.41

Determination of Honokiol Loading by High-Per-
formance Liquid Chromatography. Honokiol loading in
exosomes was determined by high-performance liquid
chromatography (HPLC) that was equipped with a UV

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c03136
ACS Omega 2020, 5, 23299−23307

23304

http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03136?ref=pdf


detector. Honokiol standards of concentrations ranging from 1
to 250 μM were prepared using a 35:65 mixture of water/
acetonitrile. A standard curve was plotted using the area under
the curve of the standards. Subsequently, 5.0 μL of exosomal
formulation was digested, injected onto a Kromasil C18
column using an isocratic flow of 1.5 mL/min at 35 °C, and
honokiol was detected using UV absorption at 220 nm.
Cytotoxicity Assay. Cells were seeded in 96-well plates at

a density of 5 × 103/well and after 24 h were treated with
vehicle, unloaded exosomes, free honokiol, or exosomal
honokiol (0−40 μM) for 72 h. Cell viability was measured
using the WST-1 assay as previously described.16 For live/dead
assay, tumor cells (2.5 × 105/well) were seeded in six-well
plates, treated with either vehicle, unloaded exosomes, free
honokiol, or exosomal honokiol (0−40 μM) for 72 h and
stained with calcein-AM and ethidium homodimer-1 as
described earlier.36

Plating Efficiency Assay. Single-cell suspensions of cancer
cells were seeded at low density (1 × 103 cells/well) in six-well
plates and allowed to grow for 24 h. The media was replaced
the next day, and cells were treated with vehicle, exosomes
only, free honokiol, or exosomal honokiol and allowed to form
colonies for two weeks. After the end of the incubation period,
colonies were fixed with methanol, stained with crystal violet,
photographed, and counted using image analysis software
(ImageJ, National Institutes of Health).
Cell Cycle Analysis. Cell cycle analysis was performed as

previously described.2 Briefly, cells (5 × 105cells/well) were
synchronized and incubated with vehicle, unloaded exosomes,
free honokiol, or exosomal honokiol for 24 h. Subsequently,
cells were harvested, washed with 1X PBS, and fixed with 70%
methanol overnight at 4 °C. For post fixation, cells were
rewashed with 1X PBS and stained with propidium iodide
using PI/RNase kit. Flow cytometry was done on a BD
FACSCanto II cytometer (BD Biosciences, San Diego, CA).
The percentage of cell population in various phases of the cell
cycle was calculated using ModFit LT software (Verity
Software House, Topsham, ME).
Western Blot Analysis. Cells were harvested, and total

protein was isolated from the treated tumor cells as described
earlier.36 Proteins were resolved on 10−12% (sodium dodecyl
sulfate) SDS-polyacrylamide gel by electrophoresis and probed
with specific antibodies against Bcl-2, Bcl-xL, Bax, CDK2,
CDK4, and p21 (1:200) and β-actin (1:20000). All respective
secondary antibodies were used at 1:2000 dilutions. Signals
were recorded using West Femto Maximum Sensitivity
Substrate kit under Bio-Rad ChemiDoc Imager (Hercules,
CA).
Determination of Intracellular Honokiol. Pancreatic

tumor cells (Colo357 and MiaPaCa) were seeded in a six-well
plate (1 × 106 cells/well) and allowed to grow for 24 h.
Thereafter, cells were treated with free or exosomal honokiol
for 4 h, and trypsinized and cell pellets were collected. Ice cold
methanol (200 μL) was added to the cell pellets, and they were
subjected to bead-beating homogenization for 30 s with 0.5
mm glass beads. The samples were then centrifuged at 10,000
rpm for 10 min, and the supernatant was transferred to an
HPLC vial and brought to dry. Samples were resuspended in
100 μL acetonitrile and water mixture (1:1) of which 95 μL
was injected onto a C18 analytical column (2.1 × 150mm, 5
μm). Fractions were collected from 4.5 to 7 min and
centrifuged, and the supernatant was analyzed by mass
spectrometry according to an earlier study.42

Statistical Analysis. All the experiments were performed
at least three times and data were expressed as mean ± SD.
Wherever appropriate, the data were also subjected to unpaired
two-tailed Student’s t test and two-way ANOVA. *p < 0.05 was
considered as significant.
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APS);R01CA204801and R01CA231925 (to SS)]; and USAM-
CI (to APS and SS).
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