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ABSTRACT
Purpose To design and synthesize chemoembolization particles for
the delivery of Ophiobolin A (OphA), a promising fungal-derived
chemotherapeutic, directly at the tumour location. To investigate cell
death mechanism of OphA on a Rhabdomyosarcoma cancer (RD)
cell line. Rhabdomyosarcoma is the most common soft tissue sarco-
ma in children; with a 5-year survival rate of between 30 and 65%.
Methods Multimodal chemoembolization particles were pre-
pared by sintering mesoporous silica nanoparticles, prepared by
the sol-gel method, onto the surface of polystyrene microspheres,
prepared by suspension copolymerisation. The chemoembolization
particles were subsequently loaded with OphA. The effects of
OphA in vitro were characterised by flow cytometry and nanopar-
ticle tracking analysis (NanoSight).
Results High loading of OphA onto the chemoembolization
particles was achieved. The subsequent release of OphA onto
RD cells in culture showed a 70% reduction in cell viability. OphA
caused RD cells to round up and their membrane to bleb and
caused cell death via apoptosis. OphA caused both an increase in
the number of microvesicles produced and an increase in DNA
content within these microvesicles.
Conclusions The prepared chemoembolization particles
showed good efficacy against RD cells in culture.
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silica . microvesicles . Ophiobolin A

ABBREVIATIONS
AIBN Azobisisobutyronitrile
CTAB Cetyl trimethylammonium bromide
CytoD CytochalasinD
DCM Dichloromethane
DMEM Dulbecco’s Modified Eagle’s Medium
EGDMA Ethylene glycol dimethacrylate
Em Emission
Ex Excitation
GFP Green fluorescent protein
HMSNP Hexagonal mesoporous silica nanoparticles
LC Liquid chromatography
mtDNA Mitochondrial DNA
NTA Nanoparticle tracking analysis
OphA Ophiobolin A
PBS Phosphate buffered saline
PI Propidium iodide
PS Polystyrene spheres
PS-HMSNP Polystyrene-(hexagonal mesoporous silica

nanoparticle) composite particles
PVA Poly(vinyl alcohol)
RD Rhabdomyosarcoma cancer cell line
RMS Rhabdomyosarcoma
SD Standard deviation
SEM Scanning electron microscopy
TEM Transmission electron microscopy
TEOS Tetraethyl orthosilicate

Pharm Res (2014) 31:2904–2917
DOI 10.1007/s11095-014-1386-3

Electronic supplementary material The online version of this article
(doi:10.1007/s11095-014-1386-3) contains supplementary material, which is
available to authorized users.

R. Morrison :H. Townley (*)
Department of Engineering Science, Oxford University, Parks Road
Oxford, UK
e-mail: helen.townley@eng.ox.ac.uk

C. Gardiner :H. Townley
Nuffield Department of Obstetrics and Gynaecology, John Radcliffe
Hospital, Oxford University, Oxford, UK

A. Evidente
Dipartimento di Scienze Chimiche, Università di Napoli Federico II
Complesso Universitario Monte Sant’Angelo, Via Cintia 4
80126 Napoli, Italy

R. Kiss
Laboratoire de Cancérologie et de Toxicologie Expérimentale, Faculté de
Pharmacie, Université Libre de Bruxelles, Brussels, Belgium



INTRODUCTION

Combining chemotherapy drugs with embolic particles has
been shown to have a synergistic effect on the reduction of
tumour size (1). Herein we describe the design and synthesis of
a new embolic particle, and combination with a novel chemo-
therapeutic. Embolic particles can be introduced in to the
blood stream close to the target, and by lodging in the
small vessels which feed the tumour restrict the nutrient
and oxygen supply shrink the tumour (2). Incorporation
of chemotherapeutic drugs into an embolization particle
(chemoembolization) also allows a drug to be delivered
directly to the cancerous cells, and whereas systemic
chemotherapy delivers the drug into the bloodstream and
exposes the whole body to the toxic effects of the compound,
chemoembolization hones in on the site of the cancerous cells.
The embolic particles in this study were designed to have a
high surface area for maximal drug loading. Spherical micro-
particles were therefore coated with mesoporous silica nano-
particles which have a nanoporous structure for a high loading
capacity. Silica is known to have good biocompatibility, and
could be further functionalized if desired with, for example,
peptides or siRNA (3). The pores are also tunable to the size of
the particular drug to be delivered for maximum loading and
unloading (4).

The agent chosen for investigation and incorporation into
the chemoembolic particles was a fungal phytotoxic derived
compound, Ophiobolin A (OphA). OphA is a secondary
metabolite produced by the pathogenic fungi Bipolaris species
which is known to attack rice, maize and sorghum to produce
brown spot lesions (5). This sestertepene-type compound
(C25) is one of a group of over 25 ophiobolin analogues which
all feature a unique tricyclic chemical structure (Fig. 1).
Historically, much of the research on ophiobolins focused on
their effects on plants showing that they cause rapid
disorganisation of the plant cell membrane resulting in elec-
trolyte and sugar leakage, (6) and inhibition of calmodulin-
activated cyclic nucleotide phosphodiesterase (7). More re-
cently, OphA has been shown to exhibit a broad spectrum
of inhibitory activity in vitro on various cancer cell lines

including A549 (lung cancer), SKMEL28 (melanoma),
Hs683 (brain cancer), and OVCAR3 (ovarian cancer) (8,9).
IC50 values were found to vary between 0.28 and 0.62 μM
after 3 days treatment. We therefore wanted to investigate
whether OphA might be effective in treating rhabdomyosar-
coma (RMS); a cancer of the connective tissue most common-
ly found in young children and adolescents. RMS may occur
in many places in the body, although the most common sites
are structures of the head and neck, the urogenital tract, and
the arms or legs. There is precedent for the use of pre-
operative arterial embolization in cases of RMS, for example,
in uterine RMS, (10) perineal RMS (11) and resection of an
orbital RMS (12).

While the mechanism of OphA on plants has been studied
extensively, the interaction with mammalian cells is not well
understood. It has been observed in U373-MG (brain cancer)
cells that vacuolization occurs and that these vacuoles are
ejected from the surface of the cells over time (13). The
expulsion of microvesicles from RMS cells after treatment
with OphA was therefore quantified and characterized.
Such extracellular microvesicles are released by most cells
and encompass three main types: (i) exosomes (40–100 nm)
which are constitutively released by the exocytosis of
multivesicular bodies (ii) shedding microvesicles (50–
1000 nm) which arise due to the direct budding of the plasma
membrane and (iii) apoptotic bodies (50–5000 nm) which are
produced during apoptosis and contain cellular content and
organelles (14).

This study therefore investigates the cell death mechanisms
induced in an RMS cell line, and the concomitant release of
microvesicles. Furthermore, the development of an embolic
particle is described to give high drug carrying capacity for
slow release of a drug in close proximity to the tumour, and
the efficacy of delivering OphA in such a chemoembolic
particle is investigated.

MATERIALS AND METHODS

Synthesis of Drug Delivery System

Mesoporous Silica with Hexagonal-Symmetry (HMSNP)

Synthesis of mesoporous silica nanoparticles with hexagonal
symmetry of the pores (HMSNP) was performed by a
surfactant-templated base catalysed sol-gel reaction, as previ-
ously described by Hom et al. (15). Briefly, 100 mg of Cetyl
trimethylammonium bromide (CTAB, Aldrich; 99%) was dis-
solved in 48 ml of ddH2O and 350 μl of 2 M NaOH (Aldrich)
and stirred at 500 rpm in a round bottomed flask. Themixture
was heated to 80°C and once the temperature was stable,
0.5 ml of tetraethyl orthosilicate (TEOS; Aldrich) was added.
After 15 min incubation, 127 μl of 3-(trihydroxysilyl) propylFig. 1 Chemical structure of Ophiobolin A.
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methylphosphonate was added. After a further 2 h incubation
the nanoparticles were collected by centrifugation and washed
twice in methanol (Rathburn). The nanoparticles were resus-
pended in 20 ml of methanol and 1 ml of 37% hydrochloric
acid (Aldrich) and then refluxed overnight at 80°C to remove
the CTAB. The nanoparticles were collected by centrifugation
and washed in ethanol (Fisher) twice before drying under
vacuum.

Polystyrene Spheres (PS)

Synthesis of polystyrene spheres (PS), for the core of the em-
bolic particle, was performed by suspension copolymerisation
of styrene and ethylene glycol dimethacrylate (EGDMA), as
previously described by Ihara et al. (16,17). Briefly, 2.5 ml of
styrene (Aldrich), 2.5 ml of EGDMA (Aldrich) and 50 mg of
azobisisobutyronitrile (AIBN; Aldrich) were mixed to create an
oil phase. The oil phase was added to the 30 ml of an aqueous
phase containing 4 wt.% poly (vinyl alcohol) (PVA) (87–90%
hydrolyzed, average molecular weight 30,000–70,000;
Aldrich) in a round bottomed flask. The mixture was stirred
at 250 rpm for one hour at room temperature and then left to
stand for 24 h at 60°C. The particles were collected by centri-
fugation, washed in ddH2O twice, resuspended in 30 ml
ddH2O and refluxed overnight to remove any remaining
PVA. The particles were then collected by centrifugation,
washed with methanol twice and dried under vacuum.

Coating of the Embolic Particle with HMSNP

The coating of the PS with HMSNP to create PS-HMSNP
embolic particles was performed by mixing PS with (1:9 v/v)
HMSNP. The mesoporous silica was then sintered onto the
surface of the polysytrene spheres by heating the mixture to
230°C at a ramping rate of seven degrees per minute and then
holding at 230°C for two hours in a Carbolite RWF 1200
furnace. The PS-HMSNP were separated from the excess
HMSNP using a sucrose density gradient containing 60%
and 15% sucrose. The gradient was centrifuged at
9,000 rpm for one hour and then the band containing the
PS-HMSNP was extracted, centrifuged and washed in
ddH2O three times to remove sucrose. Finally the prepared
PS-HMSNP particles were dried overnight under vacuum.

Particle Characterisation

HMSNP and PS-HMSNP were characterised using transmis-
sion and scanning electron microscopy (TEM and SEM), disc
centrifugation and electokinetic (ζ) potential. TEM was used
to measure the size, surface morphology and nanopores of the
HMSNP. TEM was performed using a JEOL JEM-2010
microscope equipped with a LaB6 thermionic electron gun
operating at a primary beam energy of 200 keV. TEM

specimens were prepared by resuspending the nanoparticles
in ethanol and drop casting onto holey carbon coated grids
(Agar Scientific).

SEMwas used to evaluate the size and surface morphology
of the HMSNP and the size distribution and surface coverage
of the PS-HMSNP. SEM was performed using a JEOL JSM-
840 F microscope operated at a primary beam energy of 3 kV
and images were collected in secondary electron imaging
mode. SEM specimens were prepared by dusting onto a
carbon taped SEM stub (Agar Scientific) and then coated with
a 3 nm layer of platinum. The platinum layer adds a
conductive layer which reduces charging during operation.

The hydrodynamic size distribution was measured using a
Disc Centrifuge (DC 18000; CPS instruments). The machine
was operated at 24,000 rpm and a sucrose density gradient
was prepared inside the disc. Samples (100 μl) were injected
into the centre of the disc and from the time taken to reach the
detector, the density of the particles and the rotation speed the
size distribution can be calculated. Samples were calibrated
against particles of a known diameter (Polyvinyl chloride,
0.377 μm, CPS instruments). Samples were prepared by
resuspending the particles in ddH2O and sonicating using an
ultrasonic probe (Sonic Vibra-Cell) for 5 min (104 W, (80%
amplitude and 5 s on/5 s off). The electrokinetic (ζ) potential
was measured by electrophoretic light using a Malvern
Zetasizer Nano. Samples were resuspended in ddH2O
buffered to physiological pH.

Ophiobolin A

Ophiobolin A (OphA) was obtained as white crystals from
Drechslera gigantea culture filtrates according the procedure
previously reported (18). The purity of OphA was determined
by RP-HPLC-UV to be >95%.

Cell Culture

The biological effects of OphA were tested in vitro on RD cells
(American Type Tissue Culture Collection; ATCC no. CCL-
136). These are an embroyonal rhabdomysarcoma (ERMS)
cell line; rhabdomysarcoma is the most common soft-tissue
sarcoma found in children and adolescents. RD cells express-
ing green fluorescent protein (GFP) were prepared using a
lentiviral vector to transfect RD cells with GFP following the
modified method presented by Kafri et al. (19) (a kind gift from
Xinyue Huang, Oxford University, UK).

Cells were grown in growth medium (Dulbecco’s Modified
Eagle’s Medium (DMEM); Aldrich) supplemented with 10%
fetal calf serum (Aldrich), 2 mM L-Glutamine (Aldrich),
100 U/ml Penicillin (Aldrich) and 0.1 mg/ml Streptomycin
(Aldrich) and incubated at 37°C in a 5% CO2 atmosphere.
Cells were passaged every 3 to 4 days.
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Flow Cytometry

RD cells expressing green fluorescent protein (GFP) were
plated at a density of 8×104 cells per well (24 well plate) in
0.5 ml of growth media and incubated for 24 h. Subsequently
cells were either incubated with (i) free OphA in phosphate
buffered saline (PBS; Aldrich) at a concentration ranging from
0 to 100 μM, (ii) HMSNP loaded with OphA (3.5 mg nano-
particles containing between 330 and 835 μmoles of OphA
depending on the solvent used for loading) and resuspended in
growthmedia, (iii) PBS only as a control. Cells were incubated
for a further 24 h.

The supernatant, containing the non-adherent cells, was
removed to a microcentrifuge tube, the adherent cells were
washed and trypsinized (Trypsin-EDTA; Aldrich) and then
combined with the first supernatant. The combined cells were
then centrifuged and washed in PBS, before being resuspend-
ed in 50 μl of annexin V binding buffer (BioLegend). Two
fluorescent dyes were used to determine cell viability:
propidium iodide (PI; Aldrich) and APC-Annexin V
(Biolegend). PI (2.5 μl) and APC-Annexin V (2.5 μl) was
added to the cells in the annexin V binding buffer and incu-
bated in the dark at room temperature for 15 min.
Subsequently 200 μl of binding buffer was added to the cells
and then the samples were analysed by flow cytometry.

The samples were analysed using an Accuri C6 Flow
Cytometer (BD). Gating was used to select the area containing
GFP expressing RD cells and this area was used for further
analysis. Fluorescence intensity of both the PI and the APC
channels was used to determine the cells which were live,
undergoing early apoptosis or were dead due to either apo-
ptosis of necrosis. Quantitative analysis was conducted by
determining the percentage of stained cells compared to the
total number of cells. Experiments were performed in tripli-
cate and repeated on three separate occasions.

Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA), using a NanoSight
NS500 (Nanosight, Amesbury, UK) was used to monitor the
release of microvesicles from the RD cells after treatment.

NanoSight

NTA uses a finely focused laser beam which illuminates the
particles within the sample. The particles resident within the
beam can be visualised using a conventional optical micro-
scope, fitted with a video camera, which can detect the light
scattered from the particles within the field of view. Five
separate videos of 30 s were recorded at camera level 12
and then the particle movement due to Brownian motion
was analysed using NTA 2.3 software (NanoSight). The ve-
locity of the particle movement is used to calculate the particle

size by applying the two- dimensional Stokes-Einstein Eq. 1:

< x; y>2 ¼ K BT ts

3πηdh
ð1Þ

where <x,y>2 is the mean squared displacement, KB is
Boltzmann’s constant, T is the temperature of the solvent in
Kelvin, ts is the sampling time, η is the viscosity and dh is the
hydrodynamic diameter.

NanoSight Sample Preparation

RD cells were plated at a density of 75×104 cells per flask
(T25 flask) in 3 ml of OPTIMEM (Gibco) and allowed to
attach to the flask for 24 h. OPTIMEM was used as it is a low
serum media and therefore the background level of
microvesicles was low and because the phenol red within
DMEM was known to cause interference with the NTA.
Subsequently cells were treated with 200 μl of (i) PBS only
as a control, (ii) 1 μM OphA, (iii) 10 μM OphA, (iv) 1 μM
OphA +5 μM CytochalasinD (CytoD; Aldrich), (v) 10 μM+
5 μMCytoD, (vi) 5 μMCytoD. The cells were incubated for a
further 24 h.

The size and concentration of the microvesicles released
from the cells into the supernatant was measured using a
NanoSight NS500. The microvesicles were diluted in PBS
to ensure the concentration of particles was within the opti-
mum range of 2–10×108 particles per ml for NanoSight
measurement and then each sample was measured in light
scatter mode. Experiments were repeated on three separate
occasions.

Fluorescent Labelling of Microvesicles

The microvesicles were labelled with SYBR® green (Ex.
554 nm, Em. 567 nm; Life technologies), as a marker for
DNA, and CellMaskTM orange (Ex. 554 nm, Em. 567 nm;
Life technologies), as a marker for plasma membrane.
Microvesicles from the supernatant (250 μl) were incubated
with either 10 μl of SYBR® green (×1000 stock solution) or
0.5 μl of 5 μg/ml CellMaskTM orange for 30 min at 37°C,
protected from light. The microvesicles were pelleted by cen-
trifugation at 30,000 rpm for one hour and washed in PBS to
remove any residual dye. Finally the cells were resuspended in
0.5 ml of PBS, centrifuged at 10,000 rpm for 10 min to pellet
any cell debris whilst keeping the microvesicles in suspension
before analysis by NTA.

The NanoSight NS500 equipped with a 488 nm laser has
been adapted to allow for the detection of microvesicles la-
belled with fluorescent dyes. A 500 nm long pass filter is used
so that only fluorescent emitted light can be measured. The
fluorescent microvesicles are tracked in real time, similarly to
conventional NTA analysis, and the microvesicles size,
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concentration and fluorescence intensity can be determined.
Under conventional light scatter mode the total number of
particles can be determined and subsequently compared to
the number of dyedmicrovesicles. Experiments were repeated
on three separate occasions.

Loading of OphA into the HMSNP and PS-HMSNP

HMSNP (10 mg) were incubated in 2 ml of 0.5 mg/ml OphA
in either dichloromethane (DCM; Aldrich), ethanol (Fisher) or
toluene (Aldrich). Samples were agitated using a magnetic
stirrer at 500 rpm for 3 days at room temperature. The
samples were centrifuged at 12,000 rpm for 5 min to pellet
the nanoparticles and the supernatant was removed. Finally
the loaded HMSNP@OphA were dried overnight at 18°C
under vacuum. A similar procedure was used for loading the
PS-HMSNP with OphA.

The concentration of OphA remaining in the supernatant
after loading was measured by liquid chromatography (LC).
An Agilent LC 1120 Compact LC equipped with an Agilent
Eclipse Plus C18, 4.6×150 mm I.D., 5 μm particle size
column was used for the analysis. OphA samples (20 μl) were
injected into a water-acetonitrile (Aldrich) gradient with a flow
rate of 0.5 ml/min. The gradient started with water-
acetonitrile (85:15) mix, changed to water-acetonitrile
(10:90) mix over 10 min, held the water-acetonitrile mix
constant for 7 min, returned to the start conditions over
3 min and then equilibrated for 5 min prior to the next
sample. The UV detector voltage was set to 236 nm. Under
these settings OphA had a retention time of 14.7 min. A
calibration curve for OphA concentration against peak area
was prepared for each solvent used (DCM, ethanol, toluene)
and R2 values of 0.99 were obtained. The change in concen-
tration of OphA from before loading to after loading within
the particles was used to infer the loading of OphA by the
particles (Eqs. 2 and 3)

% uptake ¼ area of OphA peak after loading

area of OphA peak initally; prior to loading
ð2Þ

moles of OphA uptaken ¼ %uptake � c � V ð3Þ

where c is the initial concentration of OphA prior to loading
and V is the volume of loading solvent.

Release of OphA from HMSNP and PS-HMSNP

The release of OphA from the HMSNP@OphA and PS-
HMSNP@OphA was monitored in chemico over 24 h.
HMSNP@OphA loaded in DCM, ethanol or toluene
(2.5 mg) or PS-HMSNP@OphA loaded in DCM (2.5 mg)

were resuspended in 0.5 ml of PBS and placed on a rocking
table at room temperature. HMSNP@OphA and PS-
HMSNP@OphA samples were centrifuged at 12,000 rpm
for 5 min to pellet the particles and then 20 μl of the super-
natant was removed for further analysis. An equal volume of
PBS was added to the HMSNP@OphA and PS-
HMSNP@OphA samples to maintain a constant volume of
PBS throughout the experiment. Sampling occurred after 1,
4, 8 and 24 h incubation times. The removed supernatant was
diluted in 180 μl of PBS and then the concentration of OphA
within the sample was determined by LC using the same setup
as described in “Loading of OphA into the HMSNP and
PS-HMSNP”. Experiments were performed in triplicate on
three separate occasions.

Degradation of OphA

The degradation of free OphA was monitored in chemico over
72 h. OphAwas resuspended in 2ml of PBS at a concentration
of 0.1 mg/ml. Samples (250 μl) were taken after 0, 24, 48 and
72 h and analysed by LC (as described in Loading of OphA
into the HMSNP and PS-HMSNP). OphA degradation peaks
were observed at Rt=13.3, 14.5, 15.5 and 15.9 min.

Statistical Analysis

The data is presented as mean ± standard deviation (SD).
Statistical analysis was performed by a one tailed students t-
test in excel. p<0.05 was taken as the criteria for statistical
significance.

RESULTS AND DISCUSSION

OphA Induces Apoptosis in RD Cells

Ophiobolin A was assessed in terms of its ability to effect cell
death in Rhabdomyosarcoma (RD) cells. Morphologically
RD cells in culture present as a spindle shape with large
multinucleated cells (Fig. 2a). Incubation of the cells with
10 μM OphA for 24 h caused cells to round up and become
more spherical. Cytoplasmic shrinkage could also be seen,
along with membrane blebbing (Fig. 2b). To further interro-
gate the mechanism of action of OphA on RD cells, an
inhibitor of actin polymerisation, Cytochalasin D (CytoD)
was employed (20,21). Incubation of RD cells with CytoD
alone was shown to induce microfilament formation (Fig. 2c).
Combination of OphA and CytoD, however, resulted in RD
cells which still exhibited the characteristic spherical shape,
membrane blebbing and cytoplasm shrinkage seen in cells
treated only with OphA (Fig. 2d).

To investigate the mechanism of cell death in RD cells
exposed to OphA, cells were tagged with fluorescent markers
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and analysed by flow cytometry. The fluorophores used were
propidium iodide (PI), a membrane impermeant dye that is
generally excluded from viable cells, and APC-Annexin V.
Annexin V binds to phosphatidylserine, a cell surface marker
of apoptotic cells and therefore indicates cells undergoing
early apoptosis. Cells stained with both fluorochromes are
deemed to be late apoptotic, those stained with PI only to be
necrotic, and cells stained with neither fluorophore to be
viable. Representative scatter plots of PI and APC fluores-
cence for RD cells treated with 0, 1, 10 or 100 μMOphA for
24 h are shown in Fig. 3a. Cells can be seen to fall into distinct
groups and these were used to gate for live, early apoptotic
and dead cells. Low concentrations of OphA (1 μM) induced
early apoptosis in RD cells (Fig. 3a (ii)) while 10 and 100 μM
OphA showed late apoptotic or dead cells (Fig. 3a (iii) and (iv)).
Quantification of the data showed that treatment with
10 μM OphA showed a peak in the percentage of apopto-
tic cells (Fig. 3b). Treatment with 100 μM caused all the cells
to have died via apoptosis when the samples were analysed
(Fig. 3b).

The IC50 of OphA on RD cells after 24 h treatment is
between 1 and 2 μM (Fig. 3b). This is higher than previously
reported IC50 values for OphA on a number of different cell
lines, (8,9) however, these studies all applied the OphA treat-
ment for 3 days rather than 24 h which could explain the
higher level of IC50 found in this study.

Previously Bury et al. (13) found that GBM cells incubated
with OphA did not show Annexin V binding and therefore
cell death proceeded via paraptosis rather than apoptosis.
This difference could be accounted for because GBM cells
are known to have a defective apoptotic signalling path-
way meaning they are resistant to apoptosis, (22) where-
as there are many reports showing that apoptosis can be
induced in RD cells (23,24). Another plant derived
compound, honokiol, has been shown to induce
paraptosis in NB4 and K562 leukaemia cell lines at
low concentrations (25). In those cells where vacuoles
were observed in the cytoplasm, a hallmark of paraptosis,
no annexin V binding was observed. However at higher
concentrations, honokiol induced apoptosis and necrosis.
Therefore, apoptosis could have been observed in this study
because higher concentrations of OphA were used than by
Bury et al. (13) or because RD cells have a greater propensity
to die via apoptosis.

OphA Increases Microvesicle Production and Size

Nanoparticle tracking analysis (NTA) was used to further
investigatemembrane blebbing effects in terms ofmicrovesicle
production. A representative NTA trace of microvesicle con-
centration versus microvesicle size shows the increase in
microvesicle production after treatment with 1 μM OphA

Fig. 2 Representive bright field
images of RD cells with different
treatments applied. (a) RD cells
treated with PBS as a control, (b)
RD cells treated with 10 μM OphA
showing the cells rounding up and
becoming more spherical. Blebbing
at the membrance surface and
cytoplasmic shrinkage can be seen
due to the presence of OphA. (c)
RD cells treated with 5 μM
Cytochalasin D (CytoD) showing
microtuble formation due to the
inhibition of actin polymerisation
caused by CytoD. (d) RD cells
treated with 10 μM OphA plus
5 μM (CytoD) showing that the
OphA still causes cells to round up
and the membrane to bleb. Scale
bars are all 50 μm.
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for 24 h (Fig. 4a). There was a significant increase (p<0.05) in
the concentration of microvesicles produced from (72±6) to
(180±31)×108 microvesicles/ml after treatment with 1 μM
OphA compared to the control (Fig. 4d). There was a very
significant (p<0.005) increase from (72±6) to (170±11)×108

microvesicles/ml in the concentration of microvesicles pro-
duced after treatment with 10 μM OphA (Fig. 4d) compared
to the PBS only treated control. Microvesicle release in re-
sponse to drug has been observed previously, for example,

Shedden et al. (26) observed that doxorubicin could be found
in microvesicles after treatment and the rate of vesicle shed-
ding was proportional to doxorubicin resistance across various
cell lines.

There was a slight shift in the mode, mean and peak size of
the microvesicles produced due to OphA treatment (Table I).
Themodemicrovesicle size increases from 117 nm (control) to
126 nm (1 μM OphA) or 121 nm (10 μM OphA), mean
microvesicle size increases from 158 nm (control) to 160 nm

Fig. 3 Effect of OphA on cell viability measured by flow cytometry. (a) Representative flow cytometry results for RD cells treated with 0–100 μM OphA
illustrating the cell staining with PI and APC-Annexin V. High PI fluorescence shows dead cells while high APC-Annexin 5 fluorescence show apoptotic cells, live
cells show no fluorescence in these channels. (b) Representative results from n=3 independent experiments showing the percentage of live, apoptotic and dead
cells. Data is presented at mean ± SD.
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(1 μM) or 189 nm (10 μM) and peak microvesicle size in-
creases from 115 nm (control) to 122 nm (1 μM) or
121 nm (10 μM) (Table I). Since OphA induces apo-
ptosis in RD cells this could be due to apoptotic bodies
forming as a result of the OphA treatment, and hence the
increase in microvesicle size.

Cytochalasin D Prevents the Release of Large
Microvesicles

CytoD is often used in combination with a drug to further
probe its mechanism of action (27,28). In this study CytoDwas
used to investigate whether changes in the cytoskeleton affect

Fig. 4 Effect of OphA and CytoD on microvesicle production. (a) Representative nanoparticle tracking analysis trace showing the change in microvesicle
concentration with microvesicle size for PBS control treated cells and cells treated with 1 μM OphA. (b) Representative fluorescence nanoparticle trace (cells
treated with 1 μMOphA) showing that microvesicles produced can be stained with CellMaskTM orange showing that the shed microvesicles originate from the
plasma membrane. (c) Representative fluorescence nanoparticle trace (cells treated with 1 μMOphA) showing that microvesicles produced can be stained with
SYBR® green suggesting that they contain DNA. (d) Representative results from an independent experiment showing the change in microvesicle concentration
after different treatments (PBS only, 1 and 10 μMOphA, 1 and 10 μMOphA plus 5 μMCytoD and 5 μMCytoD only) n=3. Data is presented at mean± SD of
triplicate samples and significance was tested using a one tailed t-test (*p<0.05, **p<0.005). (e) Representative results from an independent experiment
showing the fluorescence intensity of SYBR® green stained microvesicles indicating the presence of DNA in the microvesicles. Data is presented as the geometric
mean fluorescence intensity.

Table I Effect of OphA and CytoD
on Microvesicle Size. Representa-
tive Results from an Independent
Experiment Showing the Mode,
Mean and Peak Microvesicle Size

Mode microvesicle
size (nm)

Mean microvesicle
size (nm)

Peak microvesicle
size (nm)

PBS only treated RD cells 117 157.92 115

1 μM OphA treated RD cells 125.8 160.15 122

10 μM OphA treated RD cells 121.2 180.22 121

1 μM OphA +5 μM CytoD treated RD cells 127.2 170.06 115

10 μM OphA +5 μM CytoD treated RD cells 111.6 142.48 97

5 μM CytoD treated RD cells 116.2 171.56 115
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microvesicle production. In the presence of CytoD only there
is no significant increase in the number of microvesicles pro-
duced above the control, (72±6) and (104±30)×108

microvesicles/ml (Fig. 4d). The mode and peak microvesicle
size observed for CytoD treated cells are 116 nm and 115 nm,
respectively (Table I). Thus there is no significant change from
the mode (117 nm) and peak microvesicle size (115 nm) pro-
duced by the PBS control (Table I). This indicates that CytoD
does not have any significant effect on the production of
microvesicles under normal culture conditions. When cells
are incubated in a combination of OphA and CytoD, both
the number and size of the microvesicles produced is the same
as that observed in the PBS only control (Fig. 4d, Table I).
This indicates that the CytoD inhibits the formation of the
larger apoptotic bodies but the smaller constitutively
expressed exosomes, as seen in the control, are still
produced. Thus our results are in line with the pro-
posed mechanism whereby the actin-myosin system is
the source of contractile force which drives both mem-
brane blebbing and apoptotic body formation, (29) and
this is prevented by the inhibition of actin polymerization
with CytoD. Previous work has shown that CytoD (10 μM)
inhibits microvesicle formation from activated platelets by
70% (30) and Cytochalasin B, which also inhibits actin poly-
merisation prevents the formation of 200–800 nm
microvesicles from leukocytes (31).

Microvesicles Originate from the Plasma Membrane

To determine the origin of the microvesicles, samples were
stained with CellMaskTM orange; a fluorescent dye which
stains the plasma membrane. Signals from both light scatter
(showing the total number of microvesicles) and fluorescence
(showing the number of fluorescently labelled microvesicles)
were recorded by NTA. A representative NTA trace, showing
the scatter and fluorescence signal for cells treated with 1 μM
OphA has been provided (Fig. 4b). This shows that there is a
good agreement between the scatter and fluorescence signals
indicating that the majority, >86%, of the microvesicles were
stained with the CellMaskTM orange and hence they originat-
ed from the plasma membrane.

Microvesicles Contain DNA

Apoptotic bodies are known to contain DNA and therefore we
used SYBR® green, a nucleic acid stain which preferentially
stains double stranded DNA, to determine if the shed
microvesicles contained DNA. This was done using fluores-
cence NTA using a similar method as for the CellMaskTM

orange. There was good agreement between the scatter and
fluorescence traces which suggests that the DNA is found
within the shed microvesicles and not in larger cell debris
(Fig. 4c). However, not all the microvesicles were stained with

SYBR® green which indicated that not all the microvesicles
contained DNA (Fig. 4e). There was an increase in the fluo-
rescence intensity by 164% (1 μM OphA) and 258% (10 μM
OphA) compared to the PBS only control treated cells
(Fig. 4e). A smaller increase of 147% was observed in the cells
treated with CytoD only. This suggests that the cells are
releasing more DNA under stress conditions (32) or during
apoptosis. Guescini et al. showed both glioblastoma cells and
astrocytes constitutively release exosomes containing mito-
chondrial DNA (mtDNA) (33). Additionally, Bergsmedh et al.
(34) and Waldenström et al. (35) have both shown that DNA
contained within either tumour apoptotic bodies or shedding
microvesicles can be taken up by fibroblast cells. This suggests
that cells may be releasing DNA within microvesicles as a
means of cell-to-cell signalling. Here, the highest DNA release
was seen in the cells which were treated with the highest
concentration of OphA and would likely be under the most
stress.

Chemoembolic Particles for Targeted Drug Delivery

OphA has therefore been shown to be an effective chemo-
therapeutic both here and in previous studies; however, to
avoid off-target effects it is optimal to deliver the therapeutic at
the site of action. Novel composite embolic particles
(PS-HMSNP) have been designed comprising a polysty-
rene microsphere (PS) at the core, covered with meso-
porous silica nanoparticles (HMSNP) to create a shell
layer (Fig. 5a). The PS core has been designed to effec-
tively obstruct the tumour vasculature, while the HMSNP
shell can be loaded with drug. The chemoembolization par-
ticles allow the drug to be delivered directly at the tumour
location.

The mesoporous silica particles were examined by TEM
(Fig. 5b) and SEM (Fig. 5c) and shown to have a hexagonal
arrangement of the pores channels, and the overall shape to
be roughly spherical with a slight elongation of the nanopar-
ticles in the direction of the channels. The HMSNPs were
determined to be approximately 120 nm in diameter, with a
pore diameter of approximately 2 nm. Another study from
our group measured a large sample of these HMSNPs and the
nanoparticles were shown to be (105.66±23.11) nm (n=431)
and to have a pore size of (2.13±0.21) nm (n=544) (36). The
mean hydrodynamic diameter of the HMSNP was deter-
mined to be 120 nm by disc centrifugation; which is similar
to the diameter measured by TEM. The zeta potential of the
HMSNP was (−39±1) mV at pH7, and therefore at physio-
logically relevant pH values the nanoparticles are stable (elec-
trokinetic (ζ) potential <−30 mV), and will form a stable
suspension without aggregation.

As a basis for the embolic particles, polystyrene spheres
were synthesized and used as a carrier for the HMSNP. The
polystyrene spheres were synthesised by the copolymerization
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of styrene with ethylene glycol dimethacrylate, and the reac-
tion was initiated by AIBN as described by Ihara et al. (16,17).
Based on the reactivity ratios for styrene and ethylene glycol
dimethacrylate (37), the copolymer is calculated to contain
55% styrene monomers and 45% ethylene glycol
dimethacrylate monomers. The synthesised PS-HMSNP are
very polydisperse with particles ranging from 5 μm to 200 μm
with a large number of small, <10 μm, particles and a second
peak at 90 μm (Fig. 5d; insert). This range of sizes will allow
good blockage along the vasculature tree as the blood vessels
narrow as they get closer to the tumour (Morrison et al., in

preparation). The coverage of the PS with HMSNP was
optimised by changes in both the duration and temperature
of sintering. Samples were assessed using SEM and good
coverage of the PS-HMSNP was observed in samples sintered
at 230°C for 2 h (Fig. 5e).

High Loading of OphA into the Pores of HMSNP
and PS-HMSNP

Successful loading of OphA into the pores of the mesoporous
silica is required for the drug to be carried by the embolic

Fig. 5 Electronmicroscopy images
of the as synthesized HMSNP and
PS-HMSNP. (a) Schematic of the
prepared PS-HMSNP
chemoembolization particles. The
polystyrene core acts an embolic
agent obstructing the tumour
vasculature and the HMSNP shell
can be loaded with a chemotherapy
drug (Image not to scale) (b) TEM
image of the HMSNP showing the
size and hexagonal orientation of
the pores (scale bar: 50 nm). (c)
SEM image of the HMSNP (3 kV,
scale bar: 500 nm). (d) SEM image
of the PS-HMSNP and insert
showing the size dispersion of the
PS particles (3 kV, scale bar:
700 μm). (e) SEM image of the PS-
HMSNP microparticle (3 kV, scale
bar: 20 μm) and insert showing the
HMSNP on the surface of the
polystyrene microparticle (3 kV,
scale bar: 4 μm).

Table II Loading and Release of OphA into PBS from HMSNP and PS-
HMSNP. The Table Details the Percentage Loading OphA into the Particles
Depending on the Solvent it was Loaded in, the Absolute Number of Moles

of OphA per mg of HMSNP and the Maximum Moles of OphA Released
from the Particles After 24 h in PBS

HMSNP in DCM HMSNP in Ethanol HMSNP in toluene PS-HMSNP in DCM

Proton acceptor solubility parameter of the solvent 0.5 5 0.5 0.5

% loaded based change in area of the OphA peak measured
using liquid chromatography

94.6±5.1 38.1±4.2 95±1.4 95.4±6.2

Moles of OphA loaded per mg of HMSNP (μmoles) 23.7±1.3 9.5±1.1 23.8±0.4 23.8±1.6

Moles of OphA released after 24 h per mg of HMSNP (μmoles) 9.2±2.3 0.6±0.3 11.6±0.2 3.9±0.9

% moles released after 24 h 38.8 6.3 48.7 16.4
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particles. Liquid chromatography was used to monitor the
loading of OphA into the pores of both HMSNP and PS-
HMSNP. A number of solvents were trialled for drug loading;
the highest loading of OphA was found in dichloromethane
(DCM) (95%) and toluene (95%) whereas ethanol (38%)
showed poor loading (Table II). This is due to the solubility
of OphA in each solvent and their respective solubility pa-
rameters (Table II). The proton acceptor solubility parameter
indicates the degree of dissolving of alcohol, phenol and
carboxylic acid functional groups. OphA has both hydroxyl
groups and carbonyl groups which allow for hydrogen bond-
ing, hence it has a good affinity for solvents with high solubility
parameters of proton acceptors like ethanol (5). DCM and
toluene have low solubility parameters of proton acceptors
(0.5), therefore the OphA had a greater interaction with the
silanol groups in the mesoporous silica than the solvent and
hence the OphA was adsorbed into the pores of the silica (38).
Although loading HMSNP with OphA in toluene was suc-
cessful, this could not be used for loading of OphA into

Fig. 6 Representative release profiles of OphA into PBS from the HMSNP
and PS-HMSNP from an independent experiment. Data is presented as
mean ± SD of triplicate samples.

Fig. 7 Showing the ratio of live,
apoptotic and dead cells after the
release of OphA from loaded
HMSNP and PS-HMSNP into RD
cells. (a) Results from the mean of
three experiments showing the
ratio of live, apoptotic and dead cells
after treatment with HMSNP
loaded in DCM, ethanol and
toluene. (b) Representative results
from an independent experiment
showing the ratio of live, apoptotic
and dead cells after treatment with
PS-HMSNP loaded with OphA.
Data is presented as mean ± SD
and significance was tested using a
one tailed t-test (*p<0.05,
**p<0.005, ***p<0.0005).
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PS-HMSNP since it causes the polystyrene to swell and
degrade (39) and therefore the integrity of the PS-HMSNP
would not be maintained.

Successful Release of OphA from HMSNP
and PS-HMSNP

Good temporal release of OphA from the pores of the
mesoporous silica is required to ensure that sustained
drug delivery will be achieved. OphA has been success-
fully released from the pores of HMSNP both in chemico

into PBS and in vitro onto RD cells grown in complete
growth media. Release was shown in all the samples with
the full cargo being released after approximately 24 h
(Fig. 6). The highest release was observed for the samples
loaded in toluene and DCM both in terms of absolute
moles released and as a percentage of the total number
of moles adsorbed into the silica pores (Table II).
Samples loaded in toluene released 11.6±0.2 μmoles of
OphA per mg of HMSNP over 24 h, while samples
loaded in DCM released 9.2±2.3 μmoles of OphA per
mg of HMSNP (Fig. 6). This equates to 49% and 39%
release of the total encapsulated OphA for samples load-
ed in toluene and DCM respectively over the duration of
the experiment. Poor release was observed in the
HMSNP loaded in ethanol, with only 0.6±0.3 μmoles
OphA per mg of HMSNP, which is only 6.3% of the
total encapsulated cargo. The relative size of the drug
compared to the pore size of the silica will also affect its
loading and unloading profile. A large ratio of pore size
to drug molecule size results in a high release rate
whereas a small ratio will result in a sustained release
due to the confinement effect of the pore (40).

Flow cytometry was used to determine the in vitro effect of
cell death due to the release of OphA from the HMSNP and
the PS-HMSNP on RD cells in growth media. There was a
significant (p<0.05) decrease in cell viability after treatment
with HMSNP@OphA loaded in either ethanol or toluene
compared with unloaded control HMSNP (Fig. 7a). The
number of live cells was reduced by 46% and 37% for cells
treated with HMSNP@OphA loaded in either ethanol or
toluene respectively. The in vitro results from the release of
OphA from PS-HMSNP showed a very significant
(p<0.0005) reduction in cell viability, approximately 70%,
compared to the blank PS.

There was no significant difference between the unloaded
control HMSNP or the PS particles and the PBS control
which suggests that both the HMSNP and the PS are not
toxic to the cells without the presence of the drug (Fig. 7b).
This shows good biocompatibility of the developed drug de-
livery system which only causes cell death when OphA is
present.

HMSNP Protects OphA from Degradation

One of the limiting factors in the clinical development of
OphA is its poor chemical stability. The stability of the free
drug in PBS was monitored by liquid chromatography over a
period of 72 h (Figure S1). During this time the OphA peak
area reduced by 75% and the main degradation products
were observed at retention times of 13.3, 14.5, 15.5 and
15.9 min (Fig. 8a). These products have been previously
identified by Bury et al. (8), and the main OphA degradation
product was shown to be 3-anhydro-6-epi-ophiobolin A,
which was significantly less potent than OphA itself.

Fig. 8 Degradation of OphA. (a) Representative results from an indepen-
dent experiment showing the degradation of 0.1 mg/ml free OphA
(Rt=14.7 min) to 4 main degradation products at Rt=13.3, 14.5,
15.5 and 15.9 min. Data is presented as the change in peak area as
a percentage of the OphA peak at the start of the experiment. (b)
Representative results from an independent experiment showing the
degradation of OphA after 24 h release from the HMSNP@OphA
and PS-HMSNP@OphA. The largest degradation peak was observed
at Rt=15.9 min. Data is presented as the mean ± SD of the ratio of the
peak area for OphA to the peak area for Rt=15.9 min and significance was
tested using a one tailed t-test (**p<0.005).
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Interestingly, the OphA released from the HMSNPs has
undergone significantly less degradation compared to free
OphA. After 24 h release from the HMSNP@OphA and
PS-HMSNP@OphA the largest degradation product for all
samples occurred at Rt=15.9 min (Fig. 8b). Quantifying the
ratio of this peak area to that of the OphA peak area (Rt-
14.7 min) showed a very significant (p>0.005) reduction in
degradation of OphA for the HMSNP@OphA (16%±1,
21%±5 and 28%±3 for samples loaded in DCM, ethanol
or toluene respectively) and PS-HMSNP (14%±11 for sam-
ple loaded in DCM) compared to the free drug (78%±8).
Therefore we have shown that nanoparticles can be used to
successfully protect a fragile chemical molecule and therefore
increase its half-life within the body. Other studies, such as
those of Karve et al. (41), where wortmannin was loaded into
lipid polymer nanoparticles, show an increase in the stability
of the molecules upon encapsulation.

CONCLUSIONS

In conclusion, we have designed and synthesised a
chemoembolic particle which has a high surface area for
loading with a novel chemotherapeutic drug OphA. OphA
has been shown to be effective at inducing apoptosis in an
RMS cancer cell line causing the cells to round up, their
membrane to bleb and the cytoplasm to shrink. Membrane
blebbing caused an increase in the number microvesicles shed
due to OphA treatment. The microvesicles were shown to
originate from the plasma membrane and they contained
DNA which may have implications in cell-to-cell signalling.
Successful encapsulation of OphA into the designed drug
delivery system was observed and good release in chemico was
achieved. Furthermore, significant cell death was shown in
RD cells exposed to the OphA loaded chemoembolic parti-
cles. Subsequent experiments will be performed to assess the
efficacy of the particles in animal models.
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