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Introduction: AT101, the R-(-)-enantiomer of the cottonseed-derived polyphenol gossypol, 
is a promising drug in glioblastoma multiforme (GBM) therapy due to its ability to trigger 
autophagic cell death but also to facilitate apoptosis in tumor cells. It does have some 
limitations such as poor solubility in water-based media and consequent low bioavailability, 
which affect its response rate during treatment. To overcome this drawback and to improve 
the anti-cancer potential of AT101, the use of cubosome-based formulation for AT101 drug 
delivery has been proposed. This is the first report on the use of cubosomes as AT101 drug 
carriers in GBM cells.
Materials and Methods: Cubosomes loaded with AT101 were prepared from glyceryl 
monooleate (GMO) and the surfactant Pluronic F-127 using the top–down approach. The 
drug was introduced into the lipid prior to dispersion. Prepared formulations were then 
subjected to complex physicochemical and biological characterization.
Results: Formulations of AT101-loaded cubosomes were highly stable colloids with a high 
drug entrapment efficiency (97.7%) and a continuous, sustained drug release approaching 
35% over 72 h. Using selective and sensitive NMR diffusometry, the drug was shown to be 
efficiently bound to the lipid-based cubosomes. In vitro imaging studies showed the high 
efficiency of cubosomal nanoparticles uptake into GBM cells, as well as their marked ability 
to penetrate into tumor spheroids. Treatment of GBM cells with the AT101-loaded cubo-
somes, but not with the free drug, induced cytoskeletal rearrangement and shortening of actin 
fibers. The prepared nanoparticles revealed stronger in vitro cytotoxic effects against GBM 
cells (A172 and LN229 cell lines), than against normal brain cells (SVGA and HMC3 cell 
lines).
Conclusion: The results indicate that GMO-AT101 cubosome formulations are a promising 
basic tool for alternative approaches to GBM treatment.
Keywords: cubosome, lipid nanoparticles, glyceryl monooleate, drug delivery, GBM 
therapy, NMR diffusometry

Introduction
In recent years, the interest in novel and efficient drug delivery platforms has been 
directed toward highly curved nanoparticle (NP) systems formed from more exotic 
cellular membrane-like lyotropic phases. Under consideration are cubosomes 
formed by bicontinuous cubic phases followed by hexosomes formed by hexagonal 
phases of, eg, glyceryl monooleate or phytantriol.1,2 The potential success of these 
lipid-based NPs as drug delivery systems relies mainly on their high degree of 
biocompatibility and biodegradability, the presence of an extensive system of water 
channels, their physical properties including an amphiphilic lipid character and 
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related drug (hydrophilic, hydrophobic, amphiphilic) load-
ing/release efficiencies, as well as on the ease in producing 
NP. The pharmaceutical applications of cubosomes and 
hexosomes are still in the development stage compared 
with the well-established liposomes, but due to their 
unique properties and the promising research results with 
lipid-based NPs they are expected to expand.

Cubosomes are colloidal NPs formed mainly by a 
steric or electrostatic stabilization process modulated by 
the self-assembly of surfactant-like lipids forming the non- 
lamellar phases in excess of water and the presence of a 
stabilizer.2,3 The internal structure of cubosomes consists 
of a membrane bilayer forming a lattice structure type 
network with two continuous intertwinings, but non-inter-
secting aqueous channels – 3D well-ordered, bicontinuous 
cubic phase (V2).4 Their extensive system of water chan-
nels is responsible for the diffusion of their cargo, such as 
therapeutics with different polarities.3 In addition, highly 
curved lipid-based cubosomes have higher membrane sur-
face-to-volume ratios, variations in membrane stress and 
increased loading capacity, compared with, eg, simple 
vesicle-like NPs (eg, liposomes), which have been the 
most exploited lipid assemblies in drug delivery systems 
so far.5,6 However, the relatively simple structure of vesi-
cle-like NPs does not entirely mimic the complexity of cell 
membranes, which affects their interaction with treated 
cells, as well as their drug loading and release profiles. 
Therefore, liposome-based formulations suffer not only 
from premature drug leakage and fast release rate but 
also from a low permeability through the cell membrane 
and solid tumors, and a lack of targeting.7,8 The larger 
membrane surface area of cubosomes compared with sim-
ple vesicle-like NPs results in a significantly larger number 
of lipid molecules per particle. This enables not only a 
larger drug payload (with different polarities) but also 
controllable drug release. Moreover, cubosomes can be 
potentially used as efficient drug carriers due to their 
increased chemical and physical stability. However, to 
fully exploit the benefits of such nanomedicines, their 
size, shape, composition, biocompatibility and other prop-
erties related to drug delivery must be optimized.

Gliomas represent the majority of primary brain tumors 
in adults and the most malignant form, glioblastoma multi-
forme (GBM), accounts for more than 15% of all intracra-
nial tumors and has a median survival time of 7–15 
months from the time of diagnosis. The current standard 
treatment includes maximal safe surgical resection, fol-
lowed by radiation with concurrent temozolomide (TMZ, 

Temodal®), an oral alkylating chemotherapy agent, and 
then adjuvant chemotherapy with TMZ. Due to the high 
degree of invasiveness and the fact that tumor cells infil-
trate the surrounding brain tissue, surgical resection of the 
GBM mass is not curative, and the disease progresses or 
recurs. The improvements in GBM treatment are greatly 
limited by the inability to deliver chemotherapeutics to the 
brain tissue through the blood–brain barrier (BBB), which 
prevents toxins as well as many essential drugs from 
reaching the brain tissue. Moreover, despite the enhanced 
permeability and leakiness of glioma-associated vessels, 
effective chemotherapeutic delivery is limited by their 
heterogeneous distribution and the paucity of tumor cells 
around them, as well as by the altered dynamics of the 
cerebrospinal fluid.9,10 In addition to the discovery of new 
therapeutics and the development of enhanced treatment 
plans, nanoparticle-based drug delivery systems are being 
developed to help address this major hurdle in effective 
GBM chemotherapy treatment.11

Currently, AT101, the R-(-)-enantiomer of the naturally 
occurring cottonseed-derived polyphenol gossypol, is 
being studied as a promising drug for GBM therapy.12,13 

AT101 is able to trigger autophagic cell death,14,15 and 
binds competitively to hydrophobic surface grooves of 
pro-survival Bcl-2 family members, counteracting their 
protective effects and facilitating apoptosis in tumor cells.-
13 Gossypol, as well as curcumin, bind to the 18 kDa 
translocator protein, previously known as the peripheral- 
type benzodiazepine receptor localized in the mitochon-
drial outer membrane, which is a key player in apoptotic 
signaling and cancer development.16 Recently, Mehner 
et al were able to show that AT101 induced cell death in 
GBM cells through regulation of the Akt-signaling path-
way and the mitochondrial membrane potential.17 

Furthermore, combined gossypol/TMZ treatment was 
associated with inhibition of tumor-associated angiogen-
esis, invasion and clonogenic growth in GBMs,18,19 AT101 
potentiated cell death induced by TMZ, and sequentially 
applied single and combined TMZ and AT101 treatment 
strategies exhibited higher cytotoxicity and better tumor 
growth control compared with single TMZ treatment in a 
GBM in vitro model. They were also less harmful for 
human astrocytes.20,21 However, although well tolerated, 
gossypol had only a low, albeit a measurable response rate 
in patients with recurrent gliomas22 indicating that AT101 
has some limitations such as, eg, poor solubility in water- 
based media and low bioavailability.
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The use of a dedicated nanocarrier has been suggested 
in order to fully utilize the anti-cancer potential of AT101, 
but there have been only few attempts, so far, to proceed 
with such nanomedicine approaches. The first was lipo-
some-based delivery of gossypol.23 Liposome formula-
tions consisting of TPGS (D-alpha-tocopheryl 
polyethylene glycol succinate) or mPEG-DSPE (distear-
oylphosphatidylethanoloamine) modified with cholesterol 
and egg phosphatidylcholine exhibited high encapsulation 
efficiencies of over 90%, a drug concentration in the lipo-
somes of more than 2 mg/mL, and a high stability. The 
authors claimed an improvement of the drug delivery 
system in terms of lower drug toxicity and better tolerated 
drug formulations for oral administration. The obtained 
increased IC50 values for the liposome-based formulations 
compared with the free drug in treatment of MCF-7 and 
KB cells indicated that the drug cytotoxicity was reduced 
by the encapsulation into liposomes. Another report 
focused on polymeric nanoparticles made from methoxy-
polyethylene glycol-maleimide (mPEG-Mal) and 
gossypol.24 The nanoparticles exhibited a favorable anti- 
cancer activity in human prostate cancer PC-3 cells via 
induction of apoptosis, with no toxicity of blank samples 
in a concentration comparable to that of the free drug. 
Another approach involved the use of gossypol-capped 
mitoxantrone-loaded mesoporous SiO2 nanoparticles for 
the coordinated and controlled release of two anti-cancer 
drugs. The prepared formulations exhibited preferential 
toxicity towards malignant breast cancer cells (MDA- 
MB-231).25 However, no studies have yet focused on the 
preparation of highly effective AT101-loaded cubosomes 
and their possibly enhanced therapeutic effects in the 
treatment of GBM. Thus, the intention of this study was 
to develop cubosome-based formulations for AT101 drug 
delivery, to analyze their physicochemical characteristics, 
and to investigate their uptake and biological effects in two 
different GBM cell lines.

Materials and Methods
Preparation of Blank and AT101- 
Encapsulating Cubosomal Nanoparticles
Cubosomes were prepared using the established top–down 
approach.3,26 Glyceryl monooleate (GMO, 90%, IOI Olea 
GmbH, Hamburg, DE) was used as the structure-forming 
lipid, and Pluronic F-127 (Merck, Darmstadt, DE) as the 
surfactant stabilizing the cubosome dispersion. For blank 
cubosomes, GMO was mixed with Pluronic F-127 in a w: 

w ratio of 1:0.25 and melted at 40°C until a viscous, 
transparent mixture was obtained. For drug-encapsulating 
nanoparticles, AT101 (Tocris Bioscience, Bristol, UK) was 
diluted in ethanol (99.8%, Avantor Performance Materials, 
Poland S.A.) and added to the mixture of lipid and surfac-
tant to give a 10% (w/w) concentration. This was stirred 
until a homogenous mixture was obtained. The ethanol 
was evaporated from the mixture under vacuum overnight. 
Pre-warmed phosphate-buffered saline (PBS; pH 7.4) was 
added to the above mixture to obtain a concentration of 20 
mg/mL (2% (w/w)) of GMO, and the solution was mixed 
and left overnight at room temperature (RT) for hydration 
to form a bulk cubic gel. To obtain a stable cubosome 
dispersion, the formed cubic gel was homogenized with a 
Branson Sonifier 250 (Emerson Electric Company, St 
Louis, MO, USA) at 60 W output power with a 2s ON 
and 2s OFF mode for a total of 15 min until a milky 
dispersion resulted. The homogenization was run in a 
jacketed vessel cooled with water. Prior to further ana-
lyses, the cubosome dispersions were allowed to stabilize 
at room temperature for 24 h.

Characterization of Cubosomal 
Nanoparticles
Transmission Electron Microscopy (TEM) – 
Morphology and Structure
Particle size and morphology were assessed by cryogenic 
transmission electron microscopy (cryo-TEM) with a 
JEM-1400 transmission electron microscope (Jeol, 
Akishima, JPN) operating at 120 kV. The samples were 
diluted with H2O(d) (1:1 (v/v) ratio). Then, 3−4 μL aliquots 
were deposited on lacey/carbon grids previously treated 
with plasma (Ted Pella, Inc, Redding, CA, USA) and 
freeze-dried at −170°C with the Cryoplunge 3 System 
(Gatan, Inc, Pleasanton, CA, USA). The temperature in 
the climate chamber was kept at about 22ºC and the 
humidity was maintained above 90% to prevent excessive 
evaporation. In order to verify the structure of the obtained 
liquid crystalline nanoparticles, a fast Fourier transform of 
selected images was performed, and a reverse transform 
was then used to obtain a filtered image showing the 
periodic, internal structure of cubosomes in more detail.

Dynamic Light Scattering (DLS) and Zeta Potential 
Measurements – Size and Surface Charge of 
Cubosomal Nanoparticles in Dispersions
The particle size distribution (Z-average, distribution by 
number and intensity) along with the polydispersity index 
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(PdI), the zeta potential (ζ) of prepared cubosomes, as well 
as their stability over time and temperature, were mea-
sured on Zetasizer Nano-ZS (Malvern Instruments, 
Malvern, UK) based on the non-invasive dynamic light 
scattering method (DLS-NIBS) using an angle of 173° and 
electrophoretic light scattering (ELS), respectively. For the 
measurements, pure GMO cubosomes, as well as AT101- 
loaded cubosomes were stored either at RT or at 37°C and 
diluted in H2Od to 40 μg/mL prior to the measurement. 
Results are given as the mean and standard deviation (SD) 
of three individual analyses. In order to investigate the 
stability of the prepared cubosomes, the measurements 
were repeated at intervals over 17 days.

Nuclear Magnetic Resonance (NMR) – Diffusometry
NMR spectra were obtained using the 14 T Agilent NMR 
spectrometer DD2 and the dedicated diffusion probe 
DOTY DSI-1372 (28 T/m). Self-diffusion coefficients 
were determined using the “dbppste_wg” pulse sequence. 
1H NMR spectra for cubosome samples in water were 
obtained using the “water_3919_watergate” pulse 
sequence. 1H NMR spectra for AT101 in methanol 
(99.8%, Avantor Performance Materials Poland SA) were 
obtained using “dpfg_water” using excitation sculpting 
pulse for selective excitation of two methanol resonance 
lines. All sequences mentioned above are based on Pulsed 
Gradient Spin Echo (PGSE) technique. The frequency 
selective rf pulse for double-resonance methanol suppres-
sion was designed using the pbox tool embedded in VnmrJ 
software. Finally, the NMR data were analyzed using 
MestReNova 12.0.4 software. Self-diffusion coefficients 
were derived from the Stejskal-Tanner equation27 describ-
ing the attenuation of the NMR signal in the presence of 
magnetic field gradient pulses:

g

Mg¼0
¼ A ¼ e� γ2δ2g2 n� 1=3δð ÞD 1 

where γ is the gyromagnetic ratio for protons, g is the 
amplitude of the magnetic field gradient pulse, δ is the 
magnetic field gradient duration, n is the diffusion time 
and D is the self-diffusion coefficient. The data were 
plotted as ln Ag2 ln A g2� �

ln A vs g2so that a single diffu-
sion coefficient would result in a linear dependence. For 
the distribution of diffusion coefficients, which resulted in 
the non-linear dependence of ln A(g2) the Bayesian DOSY 
(diffusion-ordered spectroscopy) transform was performed 
using MestReNova software.

AT101 Drug Entrapment and Release 
Studies
To separate unbound drug from the cubosome particles, 
ultrafiltration centrifugation was performed prior to the 
entrapment efficiency determination. Five hundred micro-
liters of drug-loaded cubosomes were filtrated through an 
Amicon® Ultra-0.5 or −15 centrifugal filter unit (Merck) 
with a 10,000 molecular weight cut-off (MWCO) at 
14,000 g for 30 min, according to the manufacturer’s 
protocol. During the centrifugation, the unbound AT101 
was filtrated, while loaded cubosomes remained inside the 
filter unit. To recover the cubosomes, the filters were 
placed upside down in a fresh Eppendorf tube® and cen-
trifuged at 1000 g for 2 min. The concentration of 
unbound AT101 in the filtrate was determined spectro-
photometrically at λ=290 nm with the LAMBDA 950 
UV/Vis/NIR spectrophotometer (Perkin Elmer, Waltham, 
MA, USA). As proof of principle, the recovered cubo-
somes were disrupted with ethanol, and the concentration 
of encapsulated AT101 was analyzed in the same manner. 
The entrapment efficiency (EE%) and drug loading capa-
city (DLC%) were calculated with the following formulas:

EE %½ � ¼
amount of entrappedAT101

total amount of AT101

� �

� 100 2 

DLC %½ � ¼

mass of the entrapped AT101
in cubosomes

total mass of cubosomes

0

B
B
@

1

C
C
A� 100 3 

The release of AT101 from the GMO cubosomes was 
determined by dialysis. For this purpose, 500 μL of 
AT101-loaded cubosome dispersion was filled into a 
Spectra/Por® 2 Dialysis Membrane Tubing (12,000– 
14,000 MWCO, VWR International, Radnor, PA, USA), 
which had been previously equilibrated with 0.1 M NaOH 
and then rinsed and stored in distilled water overnight. The 
filled membrane tube was then closed tightly and sub-
merged in 20 mL of an artificial cerebrospinal fluid 
(aCSF) solution (124 mM NaCl, 5 mM KCl, 26 mM 
NaHCO3, 1.3 mM MgCl2, 2 mM CaCl2, 10 mM 
D-Glucose, 0.05% (w/v) BSA in H2O) at 37°C which 
was stirred continuously for 72 h. A 500 μL sample of 
the aCSF solution with the released drug was drawn after 
3, 6, 24, 48 and 72 h and replaced with fresh solution. The 
AT101 concentration in the samples was determined spec-
trophotometrically as described above.
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Cell Culture
The human glioblastoma cell lines A172 (ECACC 
880624218) and LN229 (ATCC-CRL-2611) were pur-
chased from the European Collection of Cell Cultures 
(ECACC, Salisbury, UK) or the American Type Culture 
Collection (ATCC, Manassas, Virginia, USA). The human 
fetal astrocyte cell line SVGA was kindly provided by the 
group of Christine Hanssen Rinaldo, University Hospital 
of North Norway29 with the permission of WJ Altwood.28 

The human embryonic microglia cell line HMC3 (ATCC- 
CRL-3304) was obtained from ATCC. All cells were cul-
tivated in Dulbecco’s modified Eagle’s medium (DMEM, 
ThermoFisher Scientific, Waltham, MA, USA) supplemen-
ted with 10% fetal bovine serum (FBS, Gibco® Qualified, 
ThermoFisher Scientific), 100 units/mL penicillin-strepto-
mycin (ThermoFisher Scientific) and 2 mM L-glutamine 
(ThermoFisher Scientific), and grown under standard cell 
culture conditions at 37°C in humidified atmosphere con-
taining 5% CO2. Furthermore, the cells were routinely 
checked for Mycoplasma contamination by bisbenzimide 
staining and for identity by Short Tandem Repeat profiling 
at the Department of Forensic Medicine (Kiel, DE) 
employing the Powerplex HS Genotyping Kit (Promega, 
Madison, WC, USA) and the 3500 Genetic Analyser 
(ThermoFisher Scientific).

In vitro Viability Studies
The cytotoxic effect of AT101-loaded GMO cubosomes 
was assessed by determining cell viability and compared 
with those of free drug and control. This was evaluated in 
two different GBM cell lines (A172 and LN229), as well 
as in normal cells of the central nervous system, such as 
astrocytes (SVGA) and microglia (HMC3). For the experi-
ments, 6.0×103 cells/well were seeded into 96-well culture 
plates. To firstly estimate the toxicity of blank (empty) 
cubosomes the seeded cells were treated in triplicate with 
GMO cubosomes at concentrations increasing from 13 to 
200 μg/mL. The cells were then treated with various con-
centrations of AT101-loaded GMO cubosomes, and the 
effect was compared with equal concentrations of the 
free drug, as well as with blank cubosomes and dimethyl-
sulfoxide (DMSO) treated cells as a control. After 72 h of 
stimulation, the cell viability was determined by the col-
orimetric WST-1 assay (Hoffmann-La Roche, Basel, CH) 
according to the manufacturer’s instructions. Briefly, 10 
μL of WST-1 solution was added to each well of 96-wells 
plate containing 100 µL medium and further incubated for 

90 min at standard cell culture conditions. Afterwards, the 
absorbance was measured with the Infinite M Plex plate 
reader (Tecan Group, Männedorf, CH) at λ=450 nm and 
compared to λ=595 nm. Prior to measurement, the plate 
was orbitally shaken for 50 sec. The relative cell viability 
[%] was expressed as a percentage relative to the DMSO 
control. Data are reported as mean ± SD of experiments 
performed in triplicates.

Uptake of Cubosomal Nanoparticles – 
2D and 3D Cell Culture Models
For the uptake studies, the AT101-loaded cubosomes were 
fluorescently labeled. For this purpose, GMO cubosomes 
(20 mg/mL) encapsulating AT101 were incubated with 5 
µg/mL Nile Red (Merck) at 37°C overnight in the dark 
under constant agitation at 300 rpm. Unbound Nile Red 
molecules were removed by ultrafiltration centrifugation 
with Amicon® Ultra-4 Centrifugal Filter Devices (10000 
MWCO) according to manufacturer’s instructions. Briefly, 
250 μL aliquots of stained cubosomes were applied to the 
filter membrane and centrifuged at 3000 x g for 30 min. 
Fluorescently labeled nanoparticles were recovered from 
the filter and re-dispersed up to the initial volume of PBS. 
For visualization of cubosomal nanoparticle uptake in a 
2D cell culture model, 1.5×105 A172 or LN229 cells were 
seeded onto coverslips. The uptake of cubosomes was also 
investigated in 3D tumor spheroids, which more closely 
resemble the tumor environment. For this purpose, 1.0x104 

A172 or LN229 cells were cultured in hanging drops for 
two days. Formed spheroids were subsequently grown in 
six-well plates covered with 1% agarose for further six 
days. For staining, the spheroids were attached to cover-
slips overnight. Next, the cell layers and spheroids were 
stimulated with 26 µg/mL fluorescently marked AT101- 
loaded GMO cubosomes for 24 h. The 2D cells were then 
fixed and permeabilized with 4% (w/v) paraformaldehyde 
(Merck) for 10 min at RT. Afterwards, the coverslip was 
treated with 0.1% (v/v) Triton X-100 (Merck) for five 
minutes at RT. Unspecific binding sites were blocked 
with 1% (w/v) bovine serum albumin (BSA, Serva 
Electrophoresis GmbH, Heidelberg, DE) for 60 min at 
RT. Subsequently, the plasma membrane was stained 
with β-catenin (1:100, BD Biosciences, Franklin Lakes, 
NJ, USA) for 60 min at 37°C and fluorescently labeled 
with Alexa Fluor® 488 (1:1000, ThermoFisher Scientific) 
for 60 min at 37°C. Finally, the nuclei were stained with 
Hoechst 33,342 (1:100, ThermoFisher Scientific) for 10 

Dovepress                                                                                                                                                              Flak et al

International Journal of Nanomedicine 2020:15                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
7419

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


min at RT, and the fixed cells were embedded in Immu- 
Mount™ solution (ThermoFisher Scientific). In contrast, 
the 3D spheroids were stained with Alexa Fluor®-conju-
gated Concanavalin A (1:20, ThermoFisher Scientific) for 
30 min at 37°C without fixation in Live Cell Imaging 
Solution (ThermoFisher Scientific). Images were acquired 
by the AxioObserver.Z1 microscope (Carl Zeiss AG, 
Oberkochen, DE) using the ZEN2 software.

Effect of Cubosomal Nanoparticles on 
Cytoskeleton Behavior
The cytoskeletal rearrangement of actin filaments in cells 
was investigated after their stimulation with AT101-loaded 
cubosomes. For this purpose, 1.5×105 A172 or LN229 
cells were seeded either onto coverslips or into six-well 
culture plates. After stimulating the cells with 26 µg/mL 
AT101-loaded GMO cubosomes or with the corresponding 
amount of free AT101 and controls for 6 h, the cells were 
fixed in 4% (w/v) paraformaldehyde and treated with 0.1% 
Triton X-100 as described above. Unspecific binding sites 
were blocked with 1% (w/v) BSA for 20 min at RT. Actin 
filaments were stained with Phalloidin-Atto 488 (1:75, 
Merck) for 20 min at RT. Hoechst staining allowed for 
nuclei identification. The cells were finally embedded in 
Immu-Mount™ solution, and images were acquired with 
the AxioObserver.Z1 microscope.

Effect of Cubosomal Nanoparticles on 
mRNA Expression
Ribonucleic acid (RNA) was isolated from A172 and 
LN229 cells, stimulated with 26 µg/mL AT101-loaded 
cubosomes, free AT101 and controls, respectively, for 24 
h, using the TRIzol™ Reagent (ThermoFisher Scientific) 
according to the manufacturer’s instructions. DNase diges-
tion, cDNA synthesis, and quantitative reverse transcrip-
tion–polymerase chain reaction (qRT-PCR) were 
performed, as described earlier,30 using the TaqMan™ 
primer-probes (ThermoFisher Scientific) β-actin (ACTB, 
Hs01060665_g1) and glycerinaldehyde 3-phosphate dehy-
drogenase (GAPDH, Hs99999905_m1). Threshold cycles 
(CT) were determined, and ∆CT values of each sample 
were calculated as:

nCT ¼ CTgene of interest � CTGAPDH 4 

The induction of gene expression by stimulation is dis-
played as relative gene expression.

n � fold expression ¼ 2nCTDMSO� nCTstimulus 5 

Statistical Analysis
The data were analyzed using the GraphPad Prism 5 
Software (GraphPad Software, San Diego, CA, USA) 
using repeated one-way analysis of variance (ANOVA) 
with Tukey post-test. Statistical significance is marked 
with asterisks depending on the p-value: * p<0.05, ** 
p<0.01, *** p<0.001. The differences between the mean 
ζ potential and particles size values were analyzed using 
Students t-test, where p<0.05 indicated statistical 
significance.

Results and Discussion
Preparation and Characterization of 
Cubosomal Nanoparticles
Observing the temperature-composition phase diagram of a 
monoolein (GMO)/water system,31 pure (GMO) and drug- 
loaded cubosomes (GMO-AT101) were prepared in a top– 
down approach. The concentrations of the lipid GMO and the 
surfactant F-127 were chosen to be 10 wt% and 2.5 wt%, 
respectively, with respect to the final dispersion weight, 
while the concentration of the anti-cancer drug AT101 was 
10 wt% with respect to the GMO content in the dispersion 
(ie, 0.025 wt% with respect to the final dispersion weight). 
The chosen GMO:F-127 ratio has been shown to yield the 
most stable cubosome dispersions.26 Prepared cubosome 
dispersion appeared homogenously milky white with pure 
cubosomes and semi-opaque yellowish with AT101-loaded 
cubosomes.

Cryo-TEM images presented in Figure 1 revealed that 
the obtained nanoparticles were cube-shaped with a clearly 
resolved inner periodic arrangement. AT101 drug loading 
affected the formation of the nanoparticles, as the cubic 
nanoparticles are accompanied by a fraction of smaller 
vesicle-like nanoparticles (liposomes). The fast Fourier 
transform images and inverse fast Fourier transform 
(FFT and iFFT inset in the image panels) both confirmed 
the formation of nanoparticles with periodical arrange-
ment. Referring to the distance calculated from the insets 
in Figure 1 between interdependent networks, which cor-
responds directly to half a unit cell, it was found that the 
lattice constants for GMO and GMO-AT101 cubosomes 
were 17.4 and 16.6 nm, respectively. This result indicated 
that AT101 was able to influence the internal structure of 
the cubosomes, as well as, potentially their stabilization 
mechanism. Additionally, it was assumed that the presence 
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of vesicle-like structures was attributed to the effect of the 
drug loading and its presence in the dispersion. 
Competition with the surfactant while forming nanostruc-
tures might probably occur. The excess of surfactant-like 
molecules can sterically stabilize the nanoparticles, pre-
venting them from fusing into more exotic structures, such 
as cubosomes, which has been observed previously in 
similar systems.26,32,33

Particle size and zeta potential results of prepared 
cubosomal nanoparticle dispersions are reported in 
Table 1 and Figure 2, which summarizes the Z-average 
as the cumulant mean particle size from the distribution of 
the particle size (hydrodynamic diameter) measurements 
weighted by number (d(number)) and intensity (d(intensity)), as 
well as the polydispersity index (PdI), and the ζ potential.

Prepared and equilibrated cubosomal nanoparticles GMO 
and GMO-AT101 have diameters (Z-average) of 124.3 nm 
and 119.0 nm, respectively. It was observed that drug loading 
had little impact on particle size, which was slightly smaller 
than the unloaded ones. The particle size distribution of the 
smaller particle size of GMO-AT101cubosomes can be 
related to the presence of small vesicle-like nanostructures 
as observed by the cryo-TEM. The drug impact on nanopar-
ticles is more noticeable in the case of the ζ potential. Pure 
and drug-loaded cubosomes are, generally, negatively 
charged. However, AT101-loading causes a significant 
increase in the absolute value of the ζ potential from −17.5 

mV to −37.7 mV (p < 0.05). The high absolute value of the ζ 
potential indicates that loaded GMO-AT101 cubosomes form 
stable dispersions, which can be considered as an asset of this 
drug delivery system.34 This can be related to the reduction 
of the interfacial tension between GMO and water (according 
to the emulsification theory) resulting mainly in the forma-
tion of smaller cubosomal nanoparticles, but also in a con-
tribution of vesicle-like structures (observed by the cryo- 
TEM, Figure 1), generally considered to form stable 
solutions.35 Similar ζ potential values have been observed 
previously for lipid-based drug delivery systems: −18.9 mV 
for monoolein-based cubosomes,36 or between −22.8 and 
−29.4 mV for monoolein-based cubosomes loaded with 
fluorescent dyes or pure cubosomes, respectively.37 On the 
other hand, liposomes loaded with AT101 exhibited a ζ 
potential between −26.01 mV and −58.37 mV, depending 
on their chemical composition (used different emulsifiers).23

Results on Z-average, d(number) and PdI confirm the 
observation that prepared cubosome dispersions were 
stable over time with regard to particle size, particularly 
when stored at RT. Storing at 37°C induced particle size 
instability in unloaded GMO cubosomes, while drug load-
ing significantly affected cubosome nanoparticle behavior 
in dispersion, and prevented nanoparticles from a size 
increase over the time. Moreover, the obtained PdI values 
(Figure 2C), were generally lower than 0.5 with the excep-
tion of two points that had insignificantly higher values (ie, 

Figure 1 Cryo-TEM images of: (A) unloaded GMO cubosomes; (B) drug-loaded GMO-AT101 cubosomes. Insets in images are the FFT and iFFT of the arrowed cubosome 
showing a diffuse brightness peak, revealing the periodical internal structure of the prepared nanoparticles.

Table 1 Summary of the Results from the DLS/ζ Potential Measurements for Prepared Cubosomal Dispersions After Equilibration at 
RT for 24 h, Calculated Drug Encapsulation Efficiency (EE %) and Drug Loading Capacity (DLC %)

Samples Z-Average/nm PdI d(number)/nm d(intensity)/nm ζ potential/mV EE %/DLC %

GMO 124.30±1.32 0.16 69.61±4.95 148.70±1.27 −17.5±1.33 n/a

GMO-AT101 119.00±1.52 0.20 64.32±4.88 144.00±11.14 −37.7±6.88 97.7±1.8/9.9±0.05
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0.550 for GMO_RT after one day and 0.501 for GMO- 
AT101_37° C after ten days). This indicates that both 
dispersions have a monomodal particle size distribution 
under the given storage condition (Figure 2E and F). ζ 
potential values obtained over the time of storage and for 
both storage temperatures (Figure 2D) also showed that 
AT101 loading indeed improved the colloidal stability of 

the cubosomes. The absolute ζ potential values for GMO- 
AT101 stored at RT and 37°C remained higher (between 
−31.2 mV and −42.6 mV), compared with unloaded GMO 
formulations (between −17.9 mV and −27.2 mV). These 
results are in agreement with the cryo-TEM analysis, 
which also indicated the effect of the drug on the structure 
and morphology of formed cubosomes on the structure, 

Figure 2 DLS and zeta potential results for unloaded GMO and drug-loaded GMO-AT101 cubosomes showing: (A) Z-average, (B) particle diameter (d(number)), (C) 
polydispersity index (PdI), (D) ζ potential over a time and for two different storage temperatures RT and 37°C. In panels (E) and (F) particle size distribution curves for 
number and intensity weighted measurements are presented, respectively.
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morphology of formed cubosomes, as well as the presence 
of vesicle-like particles, due to the higher content of sur-
factant-like molecules, ie, AT101 and the Pluronic F-127 
in the formulation.

The determined drug entrapment efficiency (EE%) and 
drug loading capacity (DLC%) in prepared cubosomes 
after ultrafiltration centrifugation were 97.7%, and 9.9%, 
respectively, which is high compared with previously 
reported systems. Nasr et al achieved an EE% of 31.2% 
with 5-fluorouracil in similar monoolein/F-127-based 
cubosomes.38 In turn, Zeng et al reported an EE of 75% 
and a DLC of 0.45% in a paclitaxel-loaded mixed system 
of cubosome/hexosome nanoparticles.39 Considering 
AT101 loading in liposomes, Zhai et al reported an EE 
between approximately 79–97% depending on their che-
mical composition.23 The high EE in the studied GMO- 
AT101 system can be attributed to the fact that AT101 as 
water-insoluble hydrophobic drug embeds in the lipid 
bilayer in between hydrophobic alkyl chains of the 
GMO. In contrast, hydrophilic drugs (eg, 5-fluorouracil) 
are entrapped less efficiently in the lipid bilayer, but 
remain in water channels, where they are weakly adsorbed. 
However, the interaction and bonding of drug molecules 
with the lipids in nanoparticles also affect their drug 
release efficiency.2,40 As presented in Figure 3, the drug 
release profile of aCFS at 37°C shows that the entrapment 
of the hydrophobic AT101 drug into a lipid bilayer pre-
vented its rapid premature leakage. This is related to the 
limited diffusion of the drug in the aqueous channels and 
therefore to its continuous and sustained release over a 
longer period. This is described kinetically by the Higuchi 
model by plotting the cumulative amount of released 
AT101 versus the square root of time.41,42 However, due 
to the strong interaction with the lipid bilayer, the overall 
drug release reaches 34.79% over 72 h. Since AT101 is not 
significantly further converted under physiological 
conditions,43 drug release has been investigated only up 
to 72 h. From the therapy point of view, such release 
behavior can be considered as an advantage, and a poten-
tial of cubosomes for slow release drug delivery systems 
has been already reported.44,45 By comparison, liposome- 
based nanocarriers of AT101 attained a release of between 
25% and 60% (in FBS solution) after 48 h depending on 
the chemical composition of the liposomes.23 However, 
the high degree of drug release in this case has been 
related to the modification of liposomes with the emulsi-
fiers, such as TPGS and DSPE-PEG, which affected the 
drug entrapment efficiency via their solubilizing action. 

Such modifications could be further considered for the 
improvement of cubosome-based drug delivery systems. 
In turn, a mixed cubosome/hexosome-based system for 
paclitaxel delivery reached a release of approx. 70% in 
72 h.39 Other reports on cubosome–based drug delivery 
systems of, eg, 5-fluorouracil38 and doxorubicin36 showed 
a rapid drug release of almost 100% after 5 h. However, a 
significant release has also been observed during the pre-
paration, which undoubtedly interfered with the use of 
these systems over longer time periods in the form of 
dispersions, but only in the form of a cubic gel, as a 
semi-product for final use. Thus, a prolonged time of 
drug release is preferable, as it may allow for the sustained 
drug accumulation at the tumor site. Yet, the observed EE 
and DLC of the investigated GMO-AT101 system are still 
very high, and therefore ensure the therapeutic efficacy, 
which will be presented below.

We resolved the translational motion of each of the 
compounds in the cubosome-water dispersion and investi-
gated whether AT101 was loaded into the cubosome par-
ticles using high-resolution diffusion NMR. The 1H NMR 
spectra for AT101 in methanol is shown in Figure 4A, the 
1H NMR spectrum for GMO is shown in Figure 4B, and 
that for AT101 in H2O/GMO is shown in Figure 4C. The 
resonance lines for AT101 molecules are observed 
between 6.5 and 8.5 ppm (Figure 4A and C). Since the 
GMO/H2O sample did yield distinctive resonance lines in 
the aforementioned spectral region, the appearance of new 
resonance lines in this region was attributed to AT101 
entrapped in GMO particles. Accordingly, this region of 
chemical shifts was further analyzed in the Fourier trans-
formed 2D PGSE data as shown in Figure 4D–F. The 
particular interest was on whether AT101 was bound 
inside the cubosome particle. For this reason, the bound- 
unbound analysis was employed, similar to one described 
previously by Szutkowski et al.46 Although the self-diffu-
sion coefficients of the colloidal dispersion components 
were measured taking into account all possible chemical 
groups existing in the system, only the region from 6.5 to 
8.5 ppm corresponding to AT101 molecules, and the line 
at 3.5 ppm assigned to GMO were further analyzed in 
details. The PGSE NMR Fourier-processed 2D data 
along with the Stejskal-Tanner27 fits are shown in 
Figure 5.

The self-diffusion of AT101 in methanol is derived 
from the slope of the ln A(g2lnAðg2Þ) plot. The single 
self-diffusion coefficient is characterized by a linear 
dependence. Accordingly, the self-diffusion coefficient of 
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AT101 was around 1.9×10−9 m2/s. The analysis of diffu-
sion decay for GMO revealed that the size distribution of 
GMO was responsible for the non-linear dependence of 
the ln A(g2lnAðg2) decay.

Further studies revealed that the self-diffusion of GMO 
varied between 4.3 and 6.7×10−12 m2/s resulting in a distribu-
tion of the hydrodynamic radii between 30 and 46 nm (calcu-
lated from Einstein-Smoluchowski equation). Finally, the 
information about the AT101 entrapped in GMO cubosomes 
was obtained from data shown in Figure 5C, where the self- 
diffusion coefficient of AT101 is nearly the same as that 
obtained for GMO (Figure 5D). This fact clearlnAðg2ly indi-
cated that these two components, ie, AT101 and GMO, diffuse 
in colloidal dispersion as a combined construct of drug and 
lipid nanoparticle.

GMO-AT101 Cubosomes Penetrate into 
3D Tumor Spheroids and are Taken Up by 
GBM Cells
The cytotoxicity of GMO-AT101 cubosomes was evalu-
ated and compared with that of the free drug. Since the 
prepared nanoparticles in this study consisted of lipid 
subunits that formed structures closely resembling the 
plasma membrane structures of cells, one can assume 
that they would be efficiently incorporated into the cells 
giving an increased activity. Penetration of the nanoparti-
cles into 3D tumor spheroids and their uptake into cells 
was confirmed by Nile Red labeling of cubosomes. Cell 
margins were defined with either concanavalin A in the 
case of spheroids, or β-catenin for fixed cell layers 
(Figure 6). Indeed, GMO-AT101 cubosomes were taken 
up by LN229 and A172 spheroids (~780 µm and ~535 µm, 

respectively) after 24 h of incubation. Beyond that, nano-
particles were strongly incorporated by single glioma cells 
(Figure 6, indicated by white arrows), probably due to 
internalization processes associated with endocytic path-
ways, which are known to play a pivotal role in the uptake 
of cubosomal nanoparticles.47 The large uptake of cubo-
somes into cells might yield an enhanced cytotoxic effect 
of AT101. Another study showed good penetration of 
cubosomes into brain tissue in vivo,48 thereby ensuring 
that they would reach tumor cells at distant tumor sites and 
with the tumor core guaranteeing to additionally reach 
tumor cells at distant tumor sites and within the tumor 
core.

Encapsulated AT101 Exhibits Stronger 
Cytotoxic Effects and More Extensive 
Rearrangement of Actin Fibers in GBM 
Cells Than Free AT101
Cubosomes consisting of GMO:F-127 are known to be 
biocompatible in HepG2 hepatoma cells at concentrations 
up to 25 µg/mL after 4 h of stimulation.47 As no informa-
tion regarding glioblastoma cells, astrocytes or microglia 
is given in the available literature, different concentrations 
of blank GMO cubosomes were tested with regard to their 
cytotoxic effects in A172 and LN229 cells, as well as in 
SVGA and HMC3 after 72 h of treatment (Figure 7A). 
Indeed, blank cubosomes exhibited the greatest cytotoxi-
city in HMC3 cells (IC50 = 32.5 µg/mL), while in LN229 
(IC50 = 54.8 µg/mL), A172 (IC50 = 64.5 µg/mL) and 
SVGA (IC50 = 51.7 µg/mL) the same effect was only 
seen with higher concentrations (Figure 5A). This was 
further considered during the preparation of AT101-loaded 

Figure 3 AT101 release profile from GMO cubosomes (mean±SD, n=3) in aCFS solution at 37°C presented as the cumulative amount of released drug vs time (up to 72 h) 
(A) and vs the square root of time (B).
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cubosomes in order to reduce the cytotoxic effect of cubo-
somes themselves, but to aim therapeutically relevant con-
centrations of AT101. In the following, the cytotoxic effect 
of various concentrations of encapsulated AT101 com-
pared with equal concentrations of free AT101 and blank 
cubosomes, respectively, was investigated in GBM cells 
(LN229, A172), as well as in normal brain cells (SVGA, 
HMC3) after 72 h of treatment to estimate the potentially 
harmful effects on healthy tissue (Figure 7B). Although 
treatment with 2.5 or 3.75 µM of free AT101 had no 
relevant effect on the viability of both GBM cell lines 
compared with DMSO-stimulated controls, cytotoxic effi-
cacy was significantly improved after encapsulation of 
AT101 into GMO cubosomes (Figure 7B, left). In compar-
ison, the same amounts of empty cubosomes were not 
toxic to LN229 and A172 cells. In contrast to this, stimu-
lation of SVGA and HMC3 with encapsulated AT101 did 
not significantly change their viability compared with con-
trols and free drug administration (Figure 7B, right). A 
slight cytotoxic effect was observed after the application 
of empty cubosomes in HMC3 corresponding to a 3.75 
µM AT101 stimulation concentration. This is explained by 
a stronger response of microglia to the blank nanoparticles 

as shown in Figure 5A. However, addition of AT101 in 
such concentrations did not further decrease the n-fold 
viability of HMC3 (Figure 7B, right).

The improvement of the AT101 cytotoxicity after load-
ing it into GMO cubosomes can be the result of several 
factors. Firstly, cubosomes are known to exist in stable 
colloidal water-based dispersions, preferentially exploited 
in biomedical formulations.2–4,34,49 These nanoparticles 
ensure the chemical and physical stability of drug mole-
cules, that are often rapidly degraded in the body, particu-
larly in the cell environment. Moreover, when considering 
the delivery of hydrophobic drugs, such as AT101, the 
benefit of using cubosomes is the improvement in the 
bioavailability of the drug due to its greater solubility in 
the lipid membrane of formed nanoparticles and finally 
their dispersion in water-based media. A similar approach 
to enhancing the solubility and, hence, the bioavailability 
of hydrophobic drugs by using monoolein- and phytan-
triol-based cubosomes was described by Ali et al.50,51 The 
improved cytotoxicity response to GMO-AT101 cubo-
somes can be further related to the pronounced internaliza-
tion associated with endocytic pathways, as reported 
previously by Abdel-Bar et al (Figure 6).47 Moreover, 

Figure 4 1H NMR 1D spectra and corresponding Fourier transformed 2D PGSE NMR spectra vs the increasing magnitude of the pulsed field gradient. (A and D) AT101 
drug in methanol. (B) 1D spectra of GMO cubosomes in the region of the AT101 signal. (E) 2D spectra in the range of chemical shifts used for further analysis of GMO 
diffusion coefficients. (C and F) GMO cubosomes with AT101.
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Figure 5 The detailed analysis of 2D PGSE data from Figure 4E-F. (A) AT101 diffusion decay from Figure 4D, the self-diffusion coefficient is shown in the figure. (B) The 
diffusion decay from Figure 4E, the distribution of self-diffusion coefficients of GMO was obtained from 2D Bayesian DOSY display shown as an inset. (C) The diffusion decay 
of AT101 in a GMO/water system taken from line intensity at 8 ppm, the self-diffusion coefficient corresponds to the diffusivity of GMO. (D) Overlaid data points from 
AT101 in GMO (B) and GMO (C).

Figure 6 Uptake of GMO-AT101 cubosomes into 3D glioma spheroids and cell layers of A172 and LN229 cells. 3D spheroids were produced by the hanging drop technique 
and further cultivation of cell aggregates on 1% agarose over six days. Prior to stimulation, GMO-AT101 cubosomes were fluorescently stained with 5 µg/mL Nile Red for 24 
h. Spheroids and native cells were seeded onto coverslips and stimulated with 26 µg/mL GMO-AT101-Nile Red for 24 h. Finally, glioma cell spheroids were further stained 
with concanavalin A to enable membrane identification, while the cell bodies of native cells were visualized with β-catenin (green). Nuclei were marked with Hoechst (blue). 
White bars indicate 50 µm (n=2). White arrows in the images point the area where the nanoparticles were successfully  incorporated into cells.
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AT101 molecules exhibit a high binding affinity to pro-
teins resulting in a reduced AT101 activity.52,53 Another 
factor that improves the cytotoxicity of GMO-AT101 
cubosomes, is that the cubosome-based carriers prevent 
AT101 from binding to the proteins in the culture medium. 
In addition, cubosomes are characterized by a good ability 
to penetrate into brain tissue as shown by Ahirrao et al, 
which predestines them as excellent tools, particularly for 

the treatment of glioblastoma multiforme in vivo.48 As 
cubosomes can be also further functionalized, similar to 
other nanoparticles used for drug delivery, their uptake 
into cancer cells can be enhanced. Such active targeting 
approaches can include, eg, modifications with specific 
cancer cell membrane lipids and proteins, where the can-
cer cells are powerful sources for providing intrinsic 
homotypic or heterotypic cell properties to the drug 

Figure 7 Cytotoxic efficacy of GMO-AT101 cubosomes compared with free AT101 in GBM cells, astrocytes and microglia, as well as cytoskeletal rearrangement after 
treatment. To estimate the biocompatibility of empty cubosomes, LN229 and A172, SVGA and HMC3 cells were stimulated with 13 to 200 µg/mL GMO cubosomes for 72 
h. The n-fold viability was measured by WST-1 assay (n=3, A). Additionally, different concentrations of encapsulated AT101, free drug and blank cubosomes, respectively, 
compared with DMSO were applied to tumor and normal brain cells. Cytotoxicity was analyzed in the same manner (n=3-4, B). (After 6 h of treatment of LN229 and A172 
cells with 26 µg/mL GMO-AT101 cubosomes or the same concentrations of free AT101, empty cubosomes and DMSO, actin rearrangement was visualized by phalloidin 
(green), and the nuclei were stained blue with Hoechst (blue) (n=2, C). White bars indicate 20 µm. Furthermore, the transcriptional regulation of ACTB was determined after 
24 h of stimulation. The induction of gene expression by stimulation is displayed as relative gene expression (DMSO=1; n=3, C). *p<0.05, **p<0.01, ***p<0.001.
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carriers.54,55 Another approach involves common modifi-
cations with specific ligands to protein receptors expressed 
on the surface of the cancer cells, typically folic acid 
ligands56 or the tumor-homing and tumor-penetrating cyc-
lic iRGD peptide, also due to its ability to increases the 
tumor vascular permeability.57,58 Of course, the anti-can-
cer efficacy of the GMO-AT101 formulation requires 
further investigation in the GBM model in vivo.

Interestingly, nanoparticle approaches employing 
AT101 loaded into liposomes, micelles or polymeric cap-
sules did not show an increased cytotoxicity of the encap-
sulated compared with free drug in prostate, ovarian or 
breast cancer cell lines.23,24,59,60 To our knowledge, no 
such studies focusing on GBM cells have yet been con-
ducted. Exceptional tumor-growth control was established 
by multi-drug stimulation and functionalization of nano-
particles for targeted therapy.25,59-61 However, the poten-
tial cytotoxic effects of such nanoparticles on healthy 
tissue were not evaluated. With respect to our prepared 
nanoparticle formulation, the cytotoxicity of AT101 was 
augmented by encapsulation, while normal brain cells 
were not harmed to a significant extent. Thus, GMO- 
AT101 cubosomes represent a promising basic tool for 
alternative therapy attempts in GBMs.

The cytotoxic benefit of encapsulated AT101 in GBM 
cells is further underlined by the induction of marked cytos-
keletal rearrangement of actin fibers by GMO-AT101 stimu-
lation compared with application of the free drug 
(Figure 7C). Reorganization of the cytoskeleton is essential 
in the execution phase of apoptosis resulting in cell contrac-
tion, plasma membrane blebbing and other effects.62,63 

Particularly the rearrangement and shortening of actin fibers 
is important for nuclear fragmentation and membrane 
blebbing.64–66 In detail, the actin-myosin system has been 
proposed to be the source of the contractile force that drives 
bleb formation. In this, the Rho effector protein ROCK I, 
which contributes to phosphorylation of myosin light-chains, 
myosin ATPase activity and coupling of actin-myosin fila-
ments to the plasma membrane, is cleaved during apoptosis 
to generate a truncated active form. The activity of ROCK 
proteins is both necessary and sufficient for the formation of 
membrane blebs and for re-localization of fragmented DNA 
into blebs and apoptotic bodies.64 Phalloidin, a toxin from the 
death cap mushroom, was used since it binds to actin fila-
ments, thereby visualizing actin remodeling.67 A network of 
actin fibers was still visible after 6 h of treatment with free 
AT101, particularly in LN229 cells, whereas GMO-AT101 
administration led to a slight condensation of fibers at poles 

accompanied by reduced intensity of stained actin 
(Figure 7C, upper panel). Albeit a fiber network was less 
clearly visible in control-stimulated A172 cells, and, as 
above, the intensity of the phalloidin signal only decreased 
after GMO-AT101 stimulation (Figure 7C, lower panel). 
This rearrangement of actin fibers accompanies the destruc-
tion of the cell morphology during apoptosis and indicates 
the pronounced cytotoxic activity of AT101-loaded cubo-
somes. Thus, the reorganization of the cytoskeleton is one 
possible molecular mechanism of action for the greater anti- 
tumorigenic potential of AT101 cubosomes. A closer look at 
the transcriptional changes of β-actin after 24 h revealed 
significant downregulation in LN229 cells after treatment 
with both encapsulated and free AT101 (Figure 7C). 
Accordingly, the expression of ACTB was also significantly 
reduced in A172 after stimulation with GMO-AT101 cubo-
somes but not with free AT101. However, a slight down-
regulation of ACTB was also induced by blank cubosomes 
(Figure 7C). Thus, relevant rearrangement of the cytoskele-
ton due to the treatment of GBM cells with encapsulated 
AT101 might have only occurred at the protein level but was 
not associated with transcriptional changes of β-actin.

Conclusions
In this study, the AT101 drug, considered a promising drug 
in the treatment of glioblastoma multiforme, albeit with 
poor solubility in water-based media and low bioavailabil-
ity, was successfully encapsulated into cubosomal nano-
particles prepared from glyceryl monooleate. The GMO- 
AT101 cubosomes were stable colloids with a high drug 
entrapment efficiency and a continuous sustained drug 
release. Efficient binding of AT101 to GMO cubosomes 
was verified by NMR diffusometry. The GMO-AT101 
cubosomes were efficiently taken up by GBM cells and 
GBM 3D tumor spheroids. AT101 encapsulated in cubo-
somes had a stronger cytotoxic effect on GBM cells in 
vitro as evidenced by the induced rearrangement of cytos-
keletal actin fibers in treated GBM cells, while normal 
brain cells were not significantly affected. GMO-AT101 
cubosomes are a promising basic tool for alternative ther-
apy attempts in GBM.
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