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Abstract

Sponge-type nanocarriers (spongosomes) are produced upon dispersion of a liquid
crystalline sponge phase formed by self-assembly of an amphiphilic lipid in excess
aqueous phase. The inner organization of the spongosomes is built-up by randomly
ordered bicontinuous lipid membranes and their surfaces are stabilized by alginate
chains providing stealth properties and colloidal stability. The present study elaborates
spongosomes for improved encapsulation of Brucea javanica oil (BJO), a
traditional Chinese medicine that may strongly inhibit proliferation and metastasis
of various cancers. The inner structural organization and the morphology
characteristics of BJO-loaded nanocarriers at varying quantities of BJO were
determined by cryogenic transmission electron microscopy (Cryo-TEM) ,small angle
X-ray scattering (SAXS) and dynamic light scattering (DLS). Additionally, the drug
loading and drug release profiles for BJO-loaded spongosome systems also were
determined. We found that the sponge-type liquid crystalline lipid membrane
organization provides encapsulation efficiency rate of BJO as high as 90%. In
vitro cytotoxicity and apoptosis study of BJO spongosome nanoparticles with
A549 cells demonstrated enhanced anti-tumor efficiency. These results suggest

potential clinical applications of the obtained safe spongosome formulations.

Keywords:  nanosponges, liquid crystalline  nanocarriers,  self-assembly,
phytochemical anticancer nanomedicines



Introduction

Development of nanosized drug delivery systems for Chinese herbal medicines
has received considerable attention over the past years [1-10]. Nanoformulations such
as nanoemulsions, liposomes, polymeric nanoparticles, and lyotropic liquid crystalline
nanoparticles have been used for encapsulation of Chinese herbal medicines and have
demonstrated remarkable advantages over conventional formulations [1-11].

Brucea javanica seed oil (BJO) is a traditional herbal medicine with antitumor
activity resulting from synergistic effects of its oleic and linoleic acid constituents,
anthraquinone, and tetracyclic triterpene quassinoids [2,3] (see ESI, Fig. S1). BJO is
extracted from the seeds of Brucea javanica (L.) through a circulation extraction
method in petroleum ether [2]. Oleic and linoleic acids are the main bioactive
components of BJO [3]. Previous studies have reported that BJO may induce
apoptosis at low concentrations, while it induces necrosis at elevated concentrations
[4]. At the subcellular level, BJO provokes apoptosis through both mitochondrial and
death receptor pathways [5]. Moreover, BJO can arrest the cell cycle in the GO/G1
phase [6,7] and thus it enables the inhibition of the cancer cell growth.

BJO is practically insoluble in water. Different delivery systems have been
proposed for improvement of its absorption and bioavailability towards tumor
treatment. Brucea javanica oil emulsion (BJOE) has been clinically used to treat
carcinomas since many years in China [8]. Its clinical applications have included lung,
prostate, and gastrointestinal cancers [8-10]. BJOE has found limited applications as
an oral formulation because of its unpleasant smell causing patients discomfort.
BJO-loaded liposomes have been prepared as a potential BJO delivery system of
nanosized dimensions in antitumor therapy, but the achieved drug loading of 3.6% has
been found insufficient [12]. Nanostructured lipid carriers have permitted to increase
BJO loading to a value of 10.4% [13]. Ongoing research on BJO nanoencapsulation
and carrier systems should still resolve the shortcomings of low drug loading and poor
aqueous solubility.

Recently, liquid crystalline lipid nanocarriers have been utilized in the

nanomedicine field for different applications including the development of
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theranostics [14-35]. They are also attractive nanocarriers for solubilizing
nutraceuticals and functional foods [17-37]. Moreover, they have received increased
attention for drug delivery purposes due to their high capacity for encapsulation of
active molecules, potential to protect the therapeutic compounds from degradation,
and sustained release properties [36-75]. Biomolecular self-assembly has been used in
the design of different innovative drug delivery systems [15-18,49,60-75].
Drug-loaded nanoparticles have been obtained from self-assembled liquid crystalline
phases upon surfactant-assisted dispersion under physical agitation [15-18,36-56,67].
The agitation methods for generation of fine and uniform dispersions of liquid
crystalline nanoparticles usually include high energy input devices, e.g. combinations
of magnetic stirring, vortexing, sonication bath, pulsed sonication, high pressure/high
shear microfluidic homogenization, and heating in autoclave [14-24,65-69,74,75].
Guest molecules have been embedded in either ordered or random channel network
architectures constituting the biocompatible liquid crystalline nanocarriers
[19,29,50,55-65]. The small angle X-ray and neutron scattering methods have been
broadly employed towards controlled fabrication of drug delivery systems
[14-22,27-39,49-51,54-58,66,67,76-80]. The obtained structural knowledge has been
valuable for optimization of the nanocarriers stability and loading capacity (aqueous
hydrophilic channel compartments and lipid hydrophobic compartments).

The aim of the present study is to design and prepare stable sponge-type liquid
crystalline nanodelivery systems of BJO [BJO-spongosomes] with nanodimensional
sizes, high drug upload, and optimized cytotoxicity. Self-assembled liquid crystalline
mixtures of the amphiphilic lipid glycerol monooleate (GMO) were dispersed via the
surfactant polysorbate 80 (P80). It was taken into account that P80 is not very
efficient solubilizer of the bicontinuous membranes of GMO in the absence of oil
additives and that stable colloidal dispersions can be obtained upon incorporation of
amphiphilic substances [33,65-67,73]. We determined the encapsulation efficiency of
various amounts of BJO in spongosome nanocarriers. Morphologies and
high-resolution structural characteristics of the BJO-loaded nanoparticles were

determined by cryogenic transmission electron microscopy and SAXS. The sustained
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drug release properties of the nanocarriers were evaluated in connection with the
investigated biological effects. The A549 cells were investigated as a model of cancer

cells pathology.

Materials and methods
1. Materials

Brucea javanica seed oil (BJO) was received as a generous gift from Yan’an
Changtai Pharmaceutical Co., Ltd. (China) and was used as received. Information
obtained from the supplier indicated that BJO comprises 63.3% oleic acid and 21.2%
linoleic acid. Glycerol monooleate (GMO) was obtained from General-Reagent Co.
Ltd. (China). Alginic acid sodium salt, polysorbate 80 (P80) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma Aldrich (USA). Hoechst 33342 was provided by Beyotime Biotechnology
Company (China). All experiments were performed in phosphate buffered saline (PBS)
with a concentration of 0.01M at pH 7.4. The water used in the experiment was

double distilled.

2. Sample preparation

Table 1 presents the compositions studied for spongosome nanoparticle
fabrication. Samples were prepared using a modification of a previously reported
protocol [11]. Brieflyy, GMO was melted and mixed with the fluid-phase P80 to
prepare a homogeneous GMO/P80 blend. The weight ratio for the GMO/P80 mixture
was 22/33. Vortex and sonication steps we employed followed by high-pressure
homogenization for the sake of fragmentation of the lipid mixtures and low
polydispersity of the obtained dispersions. Practically, the GMO/P80 blend was
hydrated, after cooling to room temperature, with appropriate volumes of buffer
solution (PBS pH 7.4, 0.5 wt% sodium alginate) by applying vortex shaking every 10

minutes during 1 hour. The dispersions were further stirred intensely at 10 000 rpm



for 1 min and sonicated in ice bath for 15 min. Then, the dispersions were processed
through a high-pressure homogenizer apparatus (HPH ATS Engineering, Canada) for
five homogenization cycles performed at 850 bars. Samples loaded with BJO were
prepared using the same procedure for different amounts of BJO in the lipid mixtures

(Table 1).

Table 1. Compositions of liquid crystalline systems used for preparation of

drug-loaded spongosome dispersions.

Sample GMO (mg) P80 (mg) BJO (mg)
BJO-2* 500 66.7 100
BJO-5 500 66.7 250
BJO-10 500 66.7 500
Blank 500 66.7 -

*The sample codes BJO-2, BJO-5, BJO-10 correspond to total BJO
concentrations in the samples of 2 mg/ml, 5 mg/ml, and 10 mg/ml,
respectively. The aqueous phase volume was 50 mL.

3. Nanoparticle size and zeta potential

The mean hydrodynamic nanoparticle diameters, nanoparticle size distributions,
and zeta potentials of the samples were determined by dynamic light scattering (DLS)
and zeta potential measurements using a Delsat Nano C Particle Analyzer (Beckman
Coulter, USA). Prior to analysis, samples were diluted with PBS (1:10) to avoid
additional scattering effects caused by high turbidity of the dispersions.

Measurements were performed at a fixed angle of 165° and at 25 °C.

4. Determination of encapsulation efficiency (EE) and drug loading (DL)
BJO is water insoluble material detectable at an absorption wavelength of 270
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nm in ethanol-containing phosphate buffer solution without added sodium alginate.
Spongosome nanoparticles were separated from the supernatant using the
ultrafiltration centrifugal method. The dispersions were centrifuged for 15 min at
9500 rpm using centrifugal filter tubes (MWCO = 30 kDa; Millipore, USA). It was
assumed that the free drug, nonencapsulated in the entrapped nanocarriers, should
remain dispersed in the supernatant. The UV-Vis spectrophotometer (UV-1800,
Shimadzu, Japan) was set at a wavelength of 270 nm for detection of BJO by its
maximal absorption upon addition of ethanol. All experiments were performed at

room temperature (25C).

The encapsulation efficiency (EE) and drug loading (DL) were determined using

Equations (1) and (2) below:

EE% = (1— Cp/Cy) X 100% (1)

where Cr, Cg, and C, are the total concentration of BJO present in the dispersion
system, the concentration of the non-entrapped BJO free drug, and the total

concentration of the lipids, respectively.

5. Small angle X-ray scattering experiments

Small angle X-ray scattering (SAXS) experiments were performed at beamline
BL19U2 of the National Center for Protein Science Shanghai (NCPSS) at Shanghai
Synchrotron Radiation Facility (SSRF). The wavelength, A, of X-ray radiation was set
as 1.033 A. Scattered X-ray intensities were measured using a Pilatus 1M detector
(DECTRIS Ltd). The sample-to-detector distance was set such that the detecting
range of momentum transfer g [g=4r sin6/A, where 20 is the scattering angle] of the
SAXS experiments was 0.01-0.5A™. A flow cell made of a cylindrical quartz capillary
with a diameter of 1.5 mm and a wall of 10 um was used to diminish the radiation
damage. The exposure time was set to 1-2 seconds. The X-ray beam was with a size

of 0.40 x 0.15 (H x V) mm? and was adjusted to pass through the center of the
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capillaries for every measurement. Ten 2D images were recorded for each sample and
buffer solution in order to obtain good signal-to-noise ratios. The 2D scattering
images were converted into 1D SAXS curves through azimuthally averaging
procedure after solid angle correction. The normalization by the intensity of the

transmitted X-ray beam was done using the BioXTAS RAW software package. [78]

6. Cryogenic transmission electron microscopy (Cryo-TEM)

For cryo-transmission electron microscopy studies, a sample droplet of 2 pul. was
placed on a lacey carbon-filmed copper grid (Science Services, Muenchen), which
was hydrophilized by air plasma glow discharge (Solarus 950, Gatan, Muenchen,
Germany) for 30 s. Subsequently, most of the liquid was removed with blotting paper,
leaving a thin film stretched over the lace holes. The specimens were instantly
shock-frozen by rapid immersion into liquid ethane, cooled to approximately 90 K by
liquid nitrogen in a temperature-controlled freezing unit (Zeiss Cryobox, Carl Zeiss
Microscopy GmbH, Jena, Germany). The temperature was monitored and kept
constant in the chamber during all sample preparation steps. After freezing the
specimens, the remaining ethane was removed using blotting paper. The specimen
was inserted into a cryo transfer holder (CT3500, Gatan, Muenchen, Germany) and
transferred to a Zeiss/Leo EM922 Omega EFTEM (Zeiss Microscopy GmbH, Jena,
Germany). Examinations were carried out at temperatures around 90 K. The TEM
was operated at an acceleration voltage of 200 kV. Zero-loss filtered images (AE = 0
eV) were taken under reduced dose conditions (100-1000 e nm™). All images were
registered digitally by a bottom-mounted CCD camera system (Ultrascan 1000, Gatan,
Muenchen, Germany), combined and processed with a digital imaging processing

system (Digital Micrograph GMS 1.9, Gatan, Muenchen, Germany).

7. In vitro release of BJO

The in vitro release studies were performed using the dialysis method.



BJO-spongosomes solution (3 mL) was placed into a dialysis tube with 14 kDa MW
cutoff. The latter was incubated in release medium (PBS, pH 7.4; 150 mL) with 0.5
wt% of P80 to enhance the solubility of the released free BJO at 37 °C. The water
bath was equipped with a rotary shaker. 4 mL dissolution medium was taken out at
different time points and replace with the same volume of fresh medium.
Subsequently, the amount of released BJO was quantified by means of a UV-Vis

spectrophotometer (UV-1800, Shimadzu, Japan) at a wavelength 270 nm.

8. In vitro cellular cytotoxicity assays

The A549 human lung carcinoma cell line was obtained the American Type
Culture Collection (ATCC). The cells were cultured in PRMI-1640 medium
supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA) and 1%
penicillin at 37 °C in a humidified atmosphere with 5% CO,.

Cell  viability was measured by  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The A549 cells were plated in 96-well
plates at a density of 5x10° cells per well in 100 pL medium. After 24 hours, the
growth medium was removed and the cells were exposed during 72 hours to various
concentrations of blank spongosomes, free drug BJO, BJO-2, BJO-5 and BJO-10
carriers dispersed in medium with no fetal bovine serum. Then, the culture media
were discarded and replaced with fresh culture medium containing 1mg/ml MTT. The
incubation lasted another 4 h at 37 °C. The resulting formazan crystals were
solubilized with 100 pLL DMSO. The absorbance was measured using a plate
enzyme-linked immunosorbent assay reader at 570 nm, with the absorbance at 630
nm as the background correction. The effect of the nanoparticle formulations on the
cell proliferation was expressed as cell viability percentages. Untreated cells were
considered as 100% viable. The calculation of the ICsy value (50% inhibiting

concentration) was done by using the Graph Pad Prism software.

9. Cell apoptosis assay



The A549 cells were seeded in 24-well plates (1x10* cells/well). After 24 h, the
cells were exposed to blank lipid nanocarriers, BJO-loaded nanoparticles, and a
solution of the free drug BJO (20ug/mL of BJO) during 72 h. Subsequently, the
medium was removed, the cells were washed with cold PBS buffer and a solution of
Hoechst 33342 (5pug/mL) was added to the medium towards incubation for 15 min at
room temperature. Cold PBS buffer was used to remove the excess dye. The stained
cells were analyzed under a fluorescent microscope (ECLIPSE Ti-S, Nikon, Japan) to

examine the degree of cell apoptosis.

Results and Discussion
1. Nanoparticle Preparation and Characterization

Spongosomes were fabricated by hydration of melted lipid mixtures in excess
aqueous buffer solutions followed by vigorous physical agitation. This fabrication
method produced supramolecular structures comparable to other self-assembled
GMO-based nanocarrier systems, which have been prepared by either the lipid
thin-film-hydration technique [11,73] or via hydration of Ilipid/P80 mixtures
homogenized by a heat-treatment procedure using autoclave [65]. The performed
SAXS and Cryo-TEM analyses are presented below (Figs. 1 and 2). The employed
sample preparation method appeared to be convenient as it avoids the use of organic
solvents. The optimal amount of BJO that may be loaded in stable liquid crystalline
lipid carriers was determined after systematic experiments. Three self-assembled
nanoparticulate formulations were selected as representative for further in vitro
investigations based on the data for the nanocarriers stability, nanoparticle
hydrodynamic sizes, polydispersity index (PDI), drug loading, and encapsulation
efficiencies. The results for different nanocarrier compositions, measured at day 1 and

day 30 of sample storage, are summarized in Table 2.
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Table 2. Physico-chemical characterization of BJO loaded spongosomes at day 1

and day 30 after preparation of the dispersions. The data are presented as the mean

values £ standard deviation (SD) (n = 3)

Sample code® Blank BJO-2 BJO-5 BJO-10
Dayl Day30 Dayl Day30 Dayl Day30 Dayl Day30
Mean hydrodynamic  190+1  197+#1 174+1 1781 170+1 175+1 126+1 131+l
diameter (nm)
PDI 0195 0.232 0187 0206 0.210 0.231 0.230 0.243
Zeta potential (mV)  -25+1  -21+1  -36+1 -35+1 -36+1 -33x1 -32+1 -32+1
EE (%) - - 92+1 88+1 89+2 79+1 82+2 62+2
DL (%) - - 16+1 16+1 39+1 35+1 72+1 55+2

*The sample codes BJO-2, BJO-5, BJO-10 correspond to total BJO concentrations in
the samples of 2 mg/ml, 5 mg/ml, and 10 mg/ml, respectively.

Table 2 indicates that the mean hydrodynamic nanoparticle diameters, PDI and
zeta potentials of the studied liquid crystalline samples remained almost unchanged
during 30 days. It was found that the mean nanoparticle sizes become smaller with the
increase of the BJO content. The nanocarriers hydrodynamic volume tended to adopt
a more compact configuration with the increase of the BJO content as suggested by
the decreased mean nanoparticle size. The stability of the BJO-loaded formulations
was confirmed by the measured zeta-potential values (Table 2). The absolute
zeta-potential values were relatively elevated for lipid systems. The negative charge
on the nanoassemblies may be explained by the adsorbed polymeric alginate shells
that surround the nanoparticle cores in addition to the partial charge of the fatty acids
at pH 7.4 (negatively charged carboxylic groups of oleic and linoleic acids may be
exposed at the nanoparticles surfaces). The repulsion between the P80 coronas of the
nanoparticles provided enhanced steric stability of the prepared formulations.

Table 2 also shows that the encapsulation efficiency (EE) of freshly prepared
BJO-spongosomes reaches values of 79-92%. The obtained EE results revealed the
affinity of the studied lipid matrix for the guest lipophilic BJO ingredient. For BJO-2

samples, no significant changes in the drug loading and encapsulation efficiencies
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were observed after 30 days of BJO-2 nanocarriers storage. At variance, the EE values
of BJO-5 and BJO-10 samples were less steady with time, which may be due to the
saturation of the aqueous lipid dispersion by BJO and phase separation of the oil
component on prolonged storage. Data for blank spongosomes confirm the results of
previous studies [14,33,66,73]. The latter have indicated that the dispersion of GMO
lipid assemblies by amphiphilic polymers results in coexistence of vesicles and larger
liquid crystalline nanoparticles with inner nonlamellar organization. Figure 2 below
shows that a smaller fraction of vesicles is detected and the population of vesicles is

on the decrease upon progressive loading of the oil-type lipophilic drug BJO.

2. Structural analyses of soft nanocarriers loaded with BJO

The effect of BJO loading on the inner organizations of the sponge-type
nanocarriers was investigated by SAXS. Representative SAXS patterns at different
BJO contents are shown in Fig. 1. The obtained patterns demonstrated that the
internal structure of the P80-stabilized nanoparticles does not involve long-range
inner crystalline order. Bragg peaks are absent in the SAXS curves, which adopted
shapes typical for sponge-type lipid membrane assemblies or precursors of cubosomes
[34,65,73]. The blank lipid carrier (lacking BJO) showed a maximum in the large g
(0.16+0.01 A™) interval (Fig. 1A), which points to the presence of correlated lipid
bilayers in the inner organization of the nanoparticles [11]. The defined distance
between the lipid membranes (38.41 A) is linked with the mean aqueous channels
thickness in the sponge assemblies [34]. Depending on the molar fraction of P80 and
aqueous buffer composition, the first reflection for a GMO bicontinuous cubic phase
has been observed in the lower q region (e.g. first Bragg peak centred at g = 0.048 —
0.058 A [65,73]), which differs from the features of our obtained SAXS patterns.

The addition of the BJO leads to disappearance of this maximum, i.e. there is no
more a defined position of the peak of the interacting lipid membranes due to the BJO
incorporation in the nanoparticles. The inner water-filled nanochannel structure gets

modified and partly disrupted by the uploaded BJO. The SAXS patterns (Fig. 1B-D)
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evidence strong intercalation of BJO in the host membrane assemblies. Thus, the BJO

appears to be incorporated and well solubilized in the hydrophobic domains of the

lipid nanocarriers.

+ blank [ BIo2
+ BIO-10 -

« BIOSS 1

- BIO-2

log Tig)
Tog liq)

= RBIO-3 ®_ BJO-10

log I(g)

Fig. 1 SAXS patterns of self-assembled blank and BJO loaded lipid nanocarriers at 25

°C.

To further characterize the inner structure of the BJO loaded nanocarriers, the
low-q part of the SAXS curves (Fig. 1) was investigated in more detail. The obtained
slopes for the BJO-2, BJO-5, and BJO-10 plots were -2.42 (Fig. 1B), -2.76 (Fig. 1C),
and -2.80 (Fig. 1D), respectively. These values, between -2 and -3, indicated the
formation of dense nanoparticle cores and rough interfaces between the particles and
the solvent [79,80]. This result confirmed that BJO loading in the nanocarriers exerts
a pronounced influence on the scattering curves. Moreover, the increase in the BJO

upload (from Fig. 1B to Fig. 1D) was associated with an increased absolute value of
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the slope. This suggests that the BJO-2 carrier has the roughest surface as compared
to the BJO-5 and BJO-10 ones.

High resolution Cryo-TEM revealed the morphology of the BJO-loaded
spongosomes (Fig. 2). The obtained Cryo-TEM micrographs demonstrated the
complex topologies of the drug-loaded liquid crystalline nanoparticles. The
nanocarriers were characterized by core—shell structures (Fig. 2, right column). The
images confirmed the sponge-type inner organization of the nanoparticles. The
nanoparticle core involves a sponge membrane assembly encapsulating BJO, whereas
the corona comprises a shell of stabilizing alginate chains. The topology of the surface
phase covering the liquid crystalline nanoparticles has been recently discussed in
these literatures [33,39,42,65,66,73]. It has been emphasized that the nonlamellar
nanoparticles are surrounded by lamellar surface layers upon steric stabilization by
amphiphilic stabilizers. The cryo-TEM images revealed that the average size of the
studied nanocarriers decreased with the increase of the BJO amount encapsulated in
the nanoparticles (Fig. 2, left column). This result is consistent with the DLS data
shown in Table 2. Moreover, the density of the core part increased upon encapsulation
of BJO. The resulting increased electron density was evidenced by the SAXS data as
well (Fig. 1). The established overall morphology of the lipid dispersions reflected the
stabilization of the nanocarriers by the P80 corona and by the alginate polyelectrolyte

chains.
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Fig. 2 Cryo-TEM images of BJO-2 (A), BJO-5 (B), and BJO-10 (C) nanocarriers
displaying typical sponge-type inner nanoorganization. Left column: the scale bar is
100 nm (A-C). Right column: zoom of up to 6x was performed to visualize the single

nanoparticle topologies as a function of the increasing BJO content (A-C).

Recent studies of cellular interaction and toxicity of different types of liquid
crystalline nanoparticulate formulations (sponge phase nanoparticles, hexagonal phase
nanoparticles, and cubic phase nanoparticles) have demonstrated that the topology
plays a role in the efficiency of nanoparticles fusion with membranes and cell
membrane destabilization [81,82]. Therefore, it may be expected that the observed
nanochannel-type membrane topology of the BJO-2 nanocarriers may affect the
interaction of these nanoparticles with cancer cell membranes. The results on

apoptotic behaviour of A549 cancer cells are presented below.
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3. Drug release and biological evaluations of the nanocarriers at the cellular level

It was expected that the small sizes of the studied drug delivery nanocarriers,
established by DLS, will be beneficial for their uptake by tumor cells. The cellular
cytotoxicity of BJO-loaded spongosomes was evaluated in human lung carcinoma cell
line A549 using an MTT assay. Figure 3 shows that the viability of the A549 cells
decreases with the increase in the administered dose of BJO-loaded spongosomes.
The viability of A549 cells treated with 12.5 pg/mL and 100 ug/mL pure BJO for 72 h
was about 86% and 35%, respectively. The cytotoxicity of BJO-spongosomes against
A549 cells was significantly higher than the free BJO in the concentration range from
12.5 to 100 pg/mL. This evidenced the sustained release characteristics of the
prepared BJO-spongosomes. Figure 3 revealed that the BJO-2 nanosystem possesses
the highest inhibition potential among the studied formulations in terms of anti-cancer
apoptotic effect in the indicated concentration range. It may be attributed to the
highest encapsulation efficiency of the BJO-2 formulation. Moreover, the specific
surface area [79] of the BJO-2 nanoparticles, which is exposed for interaction with the
cells, is highest as indicated by the SAXS plots (Fig. 1) and the cryo-TEM
investigation of their morphology (Fig. 2).
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Fig. 3 In vitro cytotoxicity of spongosome nanocarriers system against A549 cancer
cells determined after 72 h incubation. Cell viability is expressed as the percentage of

untreated controls. Data are given as mean £ SD (n = 6).

The determined 1Csy values of every experimental group are summarized in
Table 3. Spongosomes with encapsulated BJO displayed approximately 1.8-2.4 times
lower 1Cso value than that of pure BJO. This result confirms that the
BJO-spongosomes may essentially improve the bioavailability of BJO through
sustained release. Whereas the blank spongosomes did not show detectable
cytotoxicity to the A549 cells at concentrations up to 4 mg/ml after 72 h exposure, the

cytotoxicity effect of BJO-2 carriers was particularly evident.

Table 3. 1Cs values determined upon treatment of A549 cells by spongosome

nanocarriers in MTT assays
17



Treatment group ICs0 (Mg/mL) (n=3)

Free BJO 68.5+3.1
BJO-2 28.1+3.3
BJO-5 33.3+1.3
BJO-10 37.7+2.7
Blank spongosomes >5000

Apoptotic study was performed to estimate the initial cell death [83] occurring
with A549 cancer cells exposed to BJO-2 carriers (Fig. 4). Human cancer cells were
stained without fixation after incubation with the spongosomes by a DNA-specific
fluorescent dye Hoechst 33342, which is appropriate for analysis of living cells
undergoing early apoptosis. After Hoechst coloration, nuclei of apoptotic cells
appeared bright blue in the fluorescent images (due to chromatin condensation),
whereas dark colour may be observed with the nuclei of normal cells. Additional
characteristics of cellular apoptosis are the cytoplasm vacuolization, mitochondrial
degradation, and DNA fragmentation accompanied by the morphological changes
(cell shrinkage) and cellular breakdown into apoptotic bodies [84].

Our results indicated that the A549 cancer cells are intact in the control sample
(Fig. 4A). Cells incubated with blank spongosomes showed the same morphology as
the control group, which evidenced that the blank spongosomes did not cause cell
apoptosis. At variance, the BJO-2 drug-treated A549 cancer cells displayed irregular
apoptotic bodies and bright staining (Fig. 4C), which is characteristic of chromatin
condensation associated with the apoptosis. Compared with the pure BJO-treated cells
(Fig. 4D), the bigger number of brightly blue stained cells observed in Fig. 4C
suggested that the degree of DNA condensation and the number of apoptotic bodies in

the group treated by BJO-2 carriers had significantly increased.
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Fig. 4 Effect of four different treatments on the apoptotic behavious of A549 cells. A:
Control cells (no treatment); B: Treatment by blank spongosomes; C: BJO-2

nanocarriers; D: Free drug BJO solution. BJO concentration is 20 pg/mL.

The release profiles of BJO from BJO-2 spongosomes were studied in vitro using
the dialysis method (Fig. 5) in PBS medium (pH=7.4) at 37 °C. Free drug suspension
was investigated as a control. Figure 5 shows that 80% of BJO was released from the
free BJO suspension within 10 h, and the accumulative release reached a value of
100% in the following hours. BJO-2 carriers showed a smooth release curve. Notably,
no burst release of drug was observed from the BJO-2 nanocarriers. The cumulative
release of drug from BJO-2 carriers was 47+2% after 86 hours. This implies that BJO

was encapsulated in the spongosome nanocarriers, which ensured the sustained drug
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release over time. The observed sustained release may explain the high cytotoxicity of

BJO-2 loaded spongosome nanoformulation in the MTT experiments.
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Fig. 5 Comparison of cumulative in vitro release of BJO in release medium of PBS
(pH=7.4) at 37°C for BJO-loaded nanocarriers versus BJO control. The values are

expressed as a mean + SD (n=3).

The obtained results are in agreement with previous works [15,36,37,72], which
have suggested that the internal structure of the nanocarriers is crucial for the drug
distribution within the matrix assembly and therefore for the drug release profiles. For
instance, single bilayer vesicles may provide significant initial burst release upon lipid
bilayer rupture [85,86]. The inner organization of the spongosomes is built-up by
randomly ordered bicontinuous lipid membranes. When BJO was incorporated into
spongosome nanocarriers, such unique structure can effectively avoid the burst release
of BJO and showed a more smooth and sustained release for BJO. Although the
system may have some small fraction of vesicles, the behavior is mainly determined
by the features of the sponge-type nanocarriers. The sponge-type bicontinuous lipid
bilayers within the 3D inner organization of the studied nanocarriers evidently

contribute to the sustained release profile of BJO. The internal structure of the
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nanocarriers results from intermolecular interactions and packing constrains. In this
context, the investigated BJO appeared to be lipophilic and showed high affinity for
partitioning in the lipid bilayer membranes building-up the nanocarriers. The created
large specific surface area of the lipid/water interfaces inside the spongosome
nanoparticles may be suggested to be determinant for the observed sustained drug

release.

Conclusion

Spongosomes loaded with anticancer BJO were successfully formulated using
self-assembled mixtures of the amphiphilic lipid glycerol monooleate (GMO) and the
amphiphile polysorbate 80 (P80) in the presence of alginate polymer (0.5 wt% alginic
acid sodium salt) dissolved in the aqueous phase. Optimal drug formulation in
nanocarriers was achieved for the BJO-2 system, i.e. 2 mg/ml BJO solubilized in the
lipid dispersion. The latter was characterized by high encapsulation efficiency and
drug loading, long-term stability, and sustained release properties. The obtained ICs
values revealed enhancement of the cytotoxicity of BJO encapsulated in spongosomes,
i.e. 1Cs for BJO-2 was about 2.4 times higher in comparison to that of the free drug.
In addition, BJO-spongosomes considerably increased the number of apoptotic cancer
cells, which might result from the improved bioavailability of the drug encapsulated
in spongosomes as compared to the BJO alone. The proposed nanotechnology
demonstrates considerable potential for translation in Chinese medicine. Therefore, in
vivo evaluations of the BJO-spongosomes would be the rational perspective of this

work.
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