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Cervical cancer is one of the most common cancers affecting women worldwide. There are an estimated
570.000 new cases of cervical cancer each year and conventional treatments can cause severe side effects.
In this work, we developed a platform for vaginal administration of lipophilic drugs for cervical cancer
treatment. We formulated mucoadhesive cubosomes for the delivery of curcumin, a lipophilic drug for
cervical cancer treatment, to increase its bioavailability and local absorption. This study tests the use
of cubosomes for vaginal drug administration and assesses their potential efficiency using the CAM (chick
embryo chorioallantoic membrane) model. SAXS (small-angle X-ray scattering), cryo-TEM (cryo-
transmission electron microscopy), and dynamic light scattering (DLS) were employed to characterise
the system. With ex vivo permeation and retention studies, we find that the curcumin released from
electron
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Vaginal administration
Cervical cancer
Chorioallantoic membrane model
our system is retained in the vaginal mucosa. In vitro cytotoxicity assay and cellular uptake showed an
increased cytotoxic effect of curcumin against HeLa cell line when incorporated into the cubosomes.
The curcumin-loaded cubosomes also demonstrated an antiangiogenic effect evaluated in vivo by the
CAM model.

� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Cervical cancer is one of the most common cancers that affect
women globally [1–3]. The conventional treatments are surgery,
radiotherapy, or radiochemotherapy. In addition to being expen-
sive, these treatments negatively impact the quality of women’s
lives by causing several side effects, such as hair loss, immunosup-
pression and nausea, and often have an unfavourable prognosis [3].
One current strategy to reduce the side effects of treatments is to
explore less invasive drug delivery routes.

Interest in the vaginal drug delivery route has increased mark-
edly in recent years, because it is non-invasive, and serves as an
alternative administration route for drugs that are poorly absorbed
orally [4–7]. The human cervicovaginal surface presents a dense
network of blood vessels that makes it an excellent route of drug
delivery for both systemic and local effect. Among other advan-
tages are the ability to bypass first pass metabolism, the reduction
in the incidence and severity of gastrointestinal and/or hepatic side
effects, ease of administration, high permeability for many active
ingredients, high drug levels at the target site, minimization of side
effects associated with systemic therapy, and self-administration
at longer intervals [7–9]. Extant literature reports that curcumin-
loaded microemulsion for vaginal administration can be employed
as efficient antifungal against Candida albicans [10], and that PLGA
(poly (D,L-lactide-co-glycolide)) nanoparticles with chitosan are
efficient vaginal delivery systems for antimycotic drugs [11]. More-
over, PEGylated liposomes with siRNA (small interfering RNA) can
be employed as a vaginal delivery system for gene therapy [12].

Curcumin is a natural product isolated from rhizomes of the
curcuma longa plant, and has an intense yellow pigment. In addi-
tion to its analgesic, wound healing, antioxidant, antidiabetic, anti-
hypertensive, antihepatotoxic, antipsoriasis, antimicrobial,
antifungal, anti-inflammatory, antiproliferative and antiangiogenic
properties [13–15], it presents a potent effect against cervical can-
cer [16–18]. However, curcumin has limited clinical application
since it is poorly water soluble, has a low half-life and is chemically
instable, which decreases its bioavailability and consequently its
therapeutic action [19]. In order to increase its bioavailability, cur-
cumin can be loaded in drug delivery systems [14,19].

Engineered nanoparticles are a promising tool for the develop-
ment of modern drug delivery systems aiming to improve the effi-
ciency of drug treatments and minimize their side effects [20–24].
Among various nanocarrier systems, lipidic nanoparticles possess-
ing an internal cubic phase structure, known as cubosomes, have
attracted increasing interest [25–28].

Cubosomes are stable colloidal dispersions, have sizes ranging
from 100 to 300 nm, and exhibit a complex nanostructure
[28,29]. They are characterized by a bicontinuous lipid bilayer
extending in three dimensions and two interwoven, but uncon-
nected, aqueous nanochannels. Three main structures of bicontin-
uous cubic phases can be identified: the diamond (Pn3m), the
primitive (Im3m), and the gyroid (Ia3d) [29,30]. Cubosomes offer
several advantages, such as the ability to improve drug bioavail-
ability and reduce drug toxicity [31,32], to encapsulate hydrophilic
as well as hydrophobic drugs, and protect them against physical
andchemical degradation and enable their controlled release
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[25,33–35]. Furthermore, this system allows the administration
of drugs by safer and more effective routes with minimal toxicity,
such as the topical route [29].

In this study, we incorporated curcumin into cubosomes with
the objective of facilitating its use for the topical treatment of cer-
vical cancer. The developed cubosomes were composed of (Mono-
olein) MO, DOTAP, Pluronic� F127, and acetate buffer (Fig. 1). Their
structure and stability were characterized by SAXS, DLS, and cryo-
TEM techniques. The permeation and retention of curcumin were
evaluated ex vivo, the cytotoxicity and cellular uptake were evalu-
ated in vitro, and the antiangiogenic effect was verified using the
chick embryo chorioallantoic membrane (CAM) model. The results
showed that curcumin is successfully incorporated into the cubo-
somes, which delivered and retained the drug in the vaginal
mucosa. In addition, the curcumin-loaded cubosomes exhibited
antiangiogenic activity, decreasing the number and diameter of
blood vessels in the CAM model. This study suggests that cubo-
somes are a potential nanotechnological platform capable of
improving the vaginal bioavailability of lipophilic drugs, such as
curcumin, and enhancing topical cervical cancer treatment.
2. Materials and methods

2.1. Materials

1-Monooleoyl-sn-glycerol C18:1 (monoolein, MO) > 99% was
purchased from Nu-Chek Prep, Inc., U.S.A. DOTAP > 99% was pur-
chased from Cordenpharma, Switzerland. Pluronic� F127 > 99%
was purchased from BASF, U.S.A. Acetonitrile (HPLC grade) was
purchased from J.T. Baker, U.S.A., and chloroform � 99.8% was pur-
chased from Merck, Germany. Ethanol 99.5%, methanol 99.8%, and
sodium acetate trihydrate > 99% were purchased from Sigma
Aldrich, Brazil. Propylene glycol � 99.5% and acetic acid � 99%
were purchased from Synth, Brazil. Span 60 45 – 55% was pur-
chased from Audaz, Brazil, and curcumin � 65% was purchased
from Sigma Aldrich, Switzerland. All solutions were prepared using
Mili-Q water (18.2 MX cm�1; Millipore, U.S.A.). Sephadex PD
MiniTrapTM G-25 column was purchased from Sigma Aldrich,
Switzerland. CellToxTM Green Cytotoxicity Assay kit and Apo-
ONE� Homogeneous Caspase-3/7 Assay kit were purchased from
Promega Madison, U.S.A. MitoTracker� Red and DAPI were pur-
chased from Vector Laboratories Inc., U.S.A.
2.2. Development of cubosomes

Cubosomes were formed by adapting the protocol described by
Martiel et al. (2015) [36]. MO, DOTAP and curcumin were weighed
in a tube, and the components for each formulation are reported in
Table 1. The lipids with or without curcumin were dissolved in
chloroform, and then the co-solvent was evaporated in a rotary
evaporator to provide a lipid film. After overnight storage in a des-
iccator under reduced pressure, the film was hydrated with a solu-
tion containing acetate buffer pH 4.4 and Pluronic� F127 1.5%. The
formulation was vortex-mixed and sonicated at 45% amplitude in a
cycle of 0.8 s on/0.8 s off for 5 min to obtain monodispersed cubo-
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Fig. 1. Study outline. (A) Components of the cubosomes, (B) blank cubosomes (BC) and curcumin-loaded cubosomes (CLC), and (C) the interaction of the cubosomes with the
negatively-charged mucosa.

Table 1
Nomenclature and composition of formulation.

Formulations Monoolein Curcumin DOTAP Acetate buffer

BC 9.5% – 0.5% 90%
CLC 9.4 – 9.0% 0.1 – 0.5% 0.5% 90%

Francesca Damiani Victorelli, L. Salvati Manni, S. Biffi et al. Journal of Colloid and Interface Science 620 (2022) 419–430
somes. Curcumin was incorporated in the concentrations of 5 mg/
mL or 1 mg/mL.

2.3. Small-angle X-ray scattering (SAXS)

SAXS measurements were performed to determine the internal
nanostructure of the lipidic nanoparticles. We used a Bruker AXS
Micro instrument with a microfocused X-ray source, operating at
50 kV and 1000 lA. The Cu Ka radiation (kCu Ka = 1.5418 Å)
was collimated by a 2D Kratkycolimator, and the data were col-
lected by a 2D Pilatus 100 K detector. The scattering vector q =
(4 p/k) sinh, with 2h being the scattering angle, was calibrated
using silver behenate. Data were collected and azimuthally-
averaged using the Saxsgui software to produce unidimensional
intensity versus scattering vector q, with a q interval of 0.004 to
0.4 Å�1. The measurements were performed at 25 �C, which was
the room temperature considered for the administration of the for-
mulation to the patient, and at 37 �C, the temperature of the vagi-
nal mucosa. The scattering intensity was collected for 2 h.

2.4. Cryo-transmission electron microscopy (cryo-TEM)

For cryo-TEM, grids were prepared in a controlled environment
vitrification system Vitrobot Mark IV (Thermo Fisher Scientific, U.S.
A.) kept at 22 �C with humidity close to saturation to prevent evap-
oration during preparation. A droplet of the cubosomes, diluted
5 � in MilliQ, was placed onto a hydrophilized lacey carbon-
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coated copper grid (Quantifoil, D), gently blotted with filter paper
to remove excess liquid, and immediately submerged into liquid
ethane/propane for vitrification. The grid was stored in liquid
nitrogen and transferred into a Tecnai F20 transmission electron
microscope (Thermo Fisher Scientific, U.S.A.) operated at 200 kV
in bright-field mode. Digital images were recorded under low dose
conditions with a Falcon II direct electron detector (Thermo Fisher
Scientific, U.S.A.).

2.5. Hydrodynamic diameter and polydispersity evaluation

The mean hydrodynamic diameter, polydispersity index and
zeta potential of cubosomes were measured at 25 �C and 37 �C,
through dynamic light scattering, using a Zeta Sizer Nano ZS (Mal-
vern Instruments, Malvern, U.K.).

2.6. Encapsulation efficiency of curcumin-loaded cubosomes

Excess nonincorporated curcumin was separated from the
cubosomes by size exclusion chromatography using a Sephadex
PD MiniTrapTM G-25 column. Two protocols were performed: a
gravity protocol, which was used to prepare the formulation
employed in ex vivo permeation and retention studies, and to eval-
uate the vascular response using the CAMmodel; and a spin proto-
col, which was used to prepare the formulation employed in
in vitro cytotoxicity and cellular uptake assays. Gravity protocol:
approximately 0.2 mL of formulation with 5 mg/mL was added
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to the Sephadex column, and eluted using acetate buffer pH 4.4 as
the mobile phase. The eluted fractions were monitored by turbidity
measurements at 425 nm using a microplate reader (Tecan, Aus-
tria). Approximately 60 fractions were collected. Then, the frac-
tions with similar turbidity were joined and solubilized in
ethanol, and the curcumin concentration was analyzed in a micro-
plate reader at 425 nm. Spin protocol: approximately 0.5 mL of for-
mulation with 1 mg/mL was added to the Sephadex column, and
eluted by centrifugation at 1000 RCF (Labgene Scientific, Switzer-
land). The encapsulated curcumin was measured at 425 nm using
a microplate reader (Tecan, Austria). The concentration of the solu-
tion added in the Sephadex column was considered 100%, and the
concentration obtained after elution in the fractions corresponding
to the encapsulated curcumin was compared with this value,
resulting in the encapsulation efficiency of curcumin in
cubosomes.

2.7. Ex vivo permeation and retention studies

The ex vivo permeation and retention studies of the control,
composed of free curcumin in acetate buffer and incorporated cur-
cumin into the cubosomes, were performed using Microette (Han-
son, U.S.A.) equipment consisting of Franz diffusion cells. In these
experiments, a receptor solution composed of acetate buffer pH
4.4 with 15% propylene glycol, 5% ethanol and 1% Span� 60 at
37 �C and under stirring at 300 rpm, was used with adaptations
according to Rodero et al. (2018) [37]. A porcine vaginal mucosa
prepared as described by DosSantosRamos et al. (2016) [38] was
used. The samples were placed on the vaginal mucosa at the donor
compartment of the Franz diffusion cell. The amount of curcumin
permeated through the mucosa was collected automatically after
5 min, 10 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, and 12 h, and quan-
tified using high performance liquid chromatography (HPLC, Agi-
lent, Japan) with a wavelength of 425 nm. The quantification was
performed using a column type C18, 4.6 mm � 250 mm (Symme-
try, U.S.A) 5 mm; flow, 1.2 mL/min, and acidified water with 2%
acetic acid and acetonitrile 50:50 (v/v) as eluent. The calibration
curve was determined from a standard curcumin solution of 0.5–
70.0 lg/mL according to the analytical method validated by
Fonseca-Santos et al. (2017) [39]. Curcumin retained in the porcine
vaginal mucosa was extracted according the method adapted from
Victorelli et al. (2018) [40]. After 12 h, the mucous membranes
were cleaned using soft paper and cut into small fragments. The
cut mucosa was placed in 15 mL centrifuge tubes (BD Falcon�, U.
S.A.) containing 4 mL of methanol, and ground in Turrax� at
10.000 rpm for 2 min. Then, the tubes were immersed in an ultra-
sonic bath for 30 min. The supernatant was filtered, and the
amount of curcumin was quantified by HPLC, using the same
method described above and through the calibration curve in
methanol.

2.8. In vitro cytotoxicity assay

2.8.1. Cells and culture conditions
HeLa cell line (purchased from American Type Culture Collec-

tion, ATTC�, U.S.A., and provided by Euroclone, Italy) was cultured
in DMEM medium supplemented with 10% fetal bovine serum, 1%

L-glutamine, and 1% penicillin/streptomycin. Cell culture was kept
at 37 �C with a humidified atmosphere of 5% CO2.

2.8.2. Cytotoxicity and apoptosis assays
The CellToxTM Green Cytotoxicity Assay kit was used to quantify

cytotoxicity, and the Apo-ONE� Homogeneous Caspase-3/7 Assay
kit was employed to determine apoptosis in treated cells as previ-
ously described [41,42]. Fluorescence was determined by a Glo-
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Max� Discover Microplate Reader instrument (Promega Madison,
U.S.A.).
2.9. In vitro cellular uptake

HeLa cells were seeded onto a 6-well coverglass (Thermo Fisher
Scientific Inc., U.S.A.) at a density of 15x104 /well. After 24 h, the
initial medium was replaced by a fresh medium containing free
curcumin or curcumin-loaded cubosomes. After 1.5 h, mitochon-
dria and cellular nuclei were stained as previously described [41]
with MitoTracker� Red, DAPI, and Vectashield as mounting med-
ium. Caspase activity was expressed as relative fluorescence unit
(RFU), measured after 30 min by the Glomax MultiDetection Sys-
tem (Promega Madison, U.S.A.). The fluorescent images were cap-
tured using the Cytation 5 cell imaging multi-mode reader with
objective lens 10 � or 60 �, and processed by GEN.5 software (Bio-
Tek, Germany).
2.10. Evaluation of vascular response using the CAM model

This study was approved by the Ethics Committee on the Use of
Animals of the Sao Carlos Institute of Physics - University of São
Paulo (CEUA/IFSC) under protocol number 9261230819. Chicken
eggs were donated by local producers (Mario Salviato - Ovos
Férteis Porto Ferreira/SP, Brazil and AD’ORO S.A., São Carlos/SP,
Brazil). The assays were performed with adaptations according to
Buzza et al. (2019) [43]. On the first day of embryo development
(ED1), the eggs were cleaned with 70% alcohol and incubated at
37.7 �C with approximately 60% humidity, in constant slow rota-
tion motion - half cycle each 30 min. A window of approximately
2 cm2 was opened in the thinnest part of the shell on ED4. Subse-
quently, using a syringe and a needle, approximately 3 mL of albu-
min was extracted from the egg, and then the window was sealed
with adhesive tape. The eggs were returned to the incubator and
the assay started on ED7, when the blood vessels reached the
appropriate size for analyses. All procedures were performed
inside of a laminar flow hood to avoid contamination. The dilution
of the formulation was based on the effective concentration range
of CLC in the CAM model. Considering 1 mg/mL the concentration
of the curcumin in CLC, the samples were diluted 10 � (0.1 mg/mL
curcumin) and 25 � (0.04 mg/mL of curcumin). For the assessment
of vascular changes in CAM, on ED7, 50 uL of the formulations BC
and CLC diluted 10 � and 25 � were added to the CAM. A USB Dig-
ital Microscope� (Avant-Garde, China) was used, and the images
were captured prior to treatment and after 4 h and 24 h. For the
quantitative analysis, the number of nodes that comprise at least
three branches was determined with Image J software.
2.11. Statistical analysis

The significance of the effect of the formulation on curcumin
retention (%) was evaluated by two-tailed Student’s t-test. The
effects of formulations (blank cubosomes and curcumin-loaded
cubosomes) and temperature (25 �C and 37 �C) on particle size
and polydispersity index of cubosomes were analyzed using two-
way ANOVA (post hoc by Bonferroni). These analyses were per-
formed using IBM Statistics 26 software. For the in vitro cytotoxic-
ity assay results, the statistical analyses were performed using an
unpaired two-tailed Student’s t-test. The analyses with p val-
ues < 0.05 at a 95% confidence interval were considered signifi-
cantly different.
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3. Results and discussion

Cubosomes are composed of biodegradable and biocompatible
lipids, e.g., glyceryl monooleate (monoolein, MO) [28], dispersed
in water with the aid of a polymer stabilizer, such as Pluronic�

F127 [27]. Monoolein is an amphiphilic lipid due the presence of
a polar head group and a non-polar hydrocarbon chain (Fig. 1A)
[44] that self-assembles in water to form liquid crystalline phases,
including the bicontinuous cubic phase that can be dispersed to
form cubosomes [27,30,45]. Monoolein is widely utilized in the
pharmaceutical and food industries, since it is considered nontoxic,
biodegradable, biocompatible, and reported in the FDA’s Inactive
Ingredients Guide [34,46]. Pluronic� F127 is a linear, nonionic,
water-soluble triblock polymer that contains a hydrophobic
polypropylene oxide (PPO) between two hydrophilic blocks of
polyethylene oxide (PEO) (Fig. 1A) [47], and acts as a hydrotope
and stabilizing agent [48,49]. 1,2-dioleoyl-3-trimethylammo
nium-propane (DOTAP) is a cationic lipid, which was used in the
development of cubosomes to give adhesive properties to the for-
mulation [50]. The cationic charge of the lipid increases the attrac-
tion of the formulation with negatively-charged surfaces, such as
the vaginal mucosa [51,52], optimizing the topical administration
of cubosomes to the vaginal track (Fig. 1C).
3.1. Structural stability

The SAXS analysis of curcumin-loaded and unloaded cubosomes
is shown in Fig. 2 at room temperature 25 �C and vaginal mucosa
temperature 37 �C. The scattering curves of blank (Fig. 2A) and
curcumin-loaded cubosomes (Fig. 2B) are very similar, as both
exhibited the primitive cubic phase (Im3m) at 25 �C and 37 �C, con-
firming that the incorporation of curcumin in the cubosomes does
not affect their internal nanostructure. The Im3m unit lattice
parameters estimated for blank cubosomes were 160.78 Å and
152.54 Å, and for curcumin-loaded cubosomes were 157.82 Å
and 152.43 Å at 25 �C and 37 �C, respectively. The lattice parameter
of both samples decreased with increasing temperature, as the cur-
vature of the lipid system decreases at higher temperatures [53].
The nanostructure is also confirmed by cryo-transmission electron
microscopy (cryo-TEM) (Fig. 2C and D), which shows the presence
of cubosomes and vesicles, which are typically formed in monoo-
lein dispersions [54,55].
3.2. Size, zeta potential and encapsulation efficiency

The mean hydrodynamic diameter, polydispersity index (PDI)
and zeta potential (n) of the cubosomes were analyzed at 25 �C
and 37 �C by dynamic light scattering (DLS), and the results are
presented in Fig. 3. Particles with a homogeneous size distribution
with a PDI lower than 0.4 [56,57] were formed. The nano-sized
particles and the internal nanostructure create a large surface area
that is ideal to optimize drug delivery [58,59]. In addition, nano-
metric sizes strongly influence the ability of cells to recognize
and internalize nanoparticles [60]. The increase of temperature to
37 �C increased the PDI and the particles’ diameter. Nevertheless,
as the particles stayed nanometric and the PDI was below 0.4,
the system remained suitable for the application. Zeta potential
measurements confirm the positive charge of the systems.

The nature of the systems and the characteristics of the drug
influence the efficiency of encapsulation [61]. We quantified the
encapsulation efficiency by size exclusion chromatography. For
the formulation with 5 mg/mL of curcumin, the encapsulation effi-
ciency was approximately 20.2%. The encapsulation efficiency was
successfully increased to 86%, reducing the concentration of cur-
cumin to 1 mg/mL.
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3.3. Ex vivo permeation and retention studies

The permeation and retention of curcumin-loaded cubosomes
in contact with vaginal mucosa were investigated. The vaginal
mucosa is characterized by an epithelial layer, the surface of which
is covered by mucus. The mucus contains lipids, inorganic salts,
glycoproteins, 95% water, and has a negative net charge [51,52].

The first step of mucoadhesion is contact between the system
and the vaginal mucosa. The second step is consolidation, in which
the system and the glycoproteins of the mucus mutually interact
[52,62]. This interaction can be driven by electrostatic forces, as
both mucoadhesive and biological materials possess opposing
electrical charges and are capable of attracting each other
[52,63]. The developed cubosomes constitute positively-charged
systems [50], which increase the mucoadhesion [52] (Fig. 1C),
leading to longer contact time between the system and the
mucosa, which prolongs drug absorption and its effects [64].

The vaginal mucosa presents tight junctions, adherens junc-
tions, and desmosomes that may hamper the permeability of the
drugs [65,66]. Free curcumin dissolved in acetate buffer was
employed as a control system. Both free curcumin and curcumin-
loaded cubosomes did not permeate through the vaginal mucosa,
showing that the diffusion of curcumin is limited. This is an impor-
tant result, since the focus of the study is local, allowing a selective
effect at the application site and not on a systemic treatment. As
curcumin is a lipophilic drug, it precipitates in the acetate buffer,
which impedes its absorption in the mucosa. This poor solubility
causes low bioavailability and consequently low therapeutic
effects [67].

Approximately 5.7% of free curcumin and 8.6% of curcumin-
loaded cubosomes were retained on the vaginal mucosa (Fig. 4).
The retention of curcumin in cubosomes is increased by nearly
50% compared to the free curcumin (p < 0.0001). A greater reten-
tion may have been modulated by the presence of DOTAP in the
formulation, which is a cationic lipid that increases the attraction
to the vaginal mucosa [50,52], and improves the cubosomes
mucoadhesion and, in turn, the retention of the drug.

Although the curcumin released from the cubosomes did not
permeate the vaginal mucosa, it was retained in the membrane.
This observation suggests that the interaction of curcumin in the
vaginal environment would occur mainly in the mucosa, being lim-
ited in deeper layers. Therefore, such curcumin-loaded cubosomes
are ideal for topical use, in which a local effect is desired [68]. Our
system is capable of solubilizing lipophilic drugs and releasing
them in the outer layers for the topical treatment of vaginal
diseases.

3.4. In vitro cytotoxicity assay

HeLa cells were exposed to different isoconcentration solutions
of free curcumin and curcumin-loaded cubosomes with a concen-
tration range of 5–100 lM for 24 h of exposure. As a control, cells
were exposed to blank cubosomes (206.5 – 4130.4 lg/mL monoo-
lein) (Fig. 5A). We then investigated the cell viability and the cas-
pase 3/7 activity (Fig. 5B) in Hela cells, i.e., our toxicity model. Cell
viability and caspase 3/7 activity were not affected by blank cubo-
somes at the examined concentration range, demonstrating the
high biocompatibility profile of the system. The system developed
is highly concentrated and consists of 95,000 lg/mL of monoolein.
We could observe that when applying the system to the HeLa cells
at a monoolein concentration of approximately 4,000 lg/mL, the
higher concentrated nanoparticles accumulated on the cell mem-
branes, forming a layer, and the nanoparticle internalization was
saturated [69–71]. This may explain why the high concentration
of monoolein was not toxic to this cell line, since the cells could
not internalize all of the nanoparticles available. In contrast, cubo-



Fig. 2. (A) SAXS curve of blank cubosomes (BC) (B) SAXS curve of curcumin-loaded cubosomes (CLC) (C) cryo-TEM of blank cubosomes (BC) (D) cryo-TEM of curcumin-loaded
cubosomes (CLC).

Fig. 3. Hydrodynamic diameter, PDI and zeta potential (n) of blank cubosomes (BC) and curcumin-loaded cubosomes (CLC) at 25 �C and 37 �C. *Denotes statistical differences
between groups, two-way ANOVA, Bonferroni (n = 9: n = 3 in three different replications *p < 0.0001).
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somes with the same monoolein concentration and loaded with
curcumin are cytotoxic to HeLa cells, indicating that the cytotoxi-
city is caused by curcumin. Curcumin-loaded cubosomes produced
a statistically significant dose-dependent toxicity with an increase
in cell mortality from 6.34% (p-value = 1,65604E-05) to 100% (p-
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value = 3,80262E-08) for HeLa cells, as curcumin is able to cause
apoptosis in this cell line [72,73]. Cells treated with free curcumin
showed a markedly reduced toxicity compared to the curcumin-
equimolar cubosomes formulation, with a mortality of less than
20% over the concentration range tested (Fig. 5A). Curcumin-



Fig. 4. Curcumin retention from free curcumin and curcumin-loaded cubosomes
(CLC). *Denotes statistical differences between formulations, unpaired t-tests
(*p < 0.0001, n = 3).
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loaded cubosomes exhibited significantly higher caspase 3/7 activ-
ity than free curcumin (Fig. 5B). This may occur because the cubo-
somes fuse with the lipidic membrane of the cell [74] and are able
to release curcumin into HeLa cells, as can be seen in the in vitro
cellular uptake. These results indicate that the incorporation of
curcumin into developed cubosomes contributed to increase the
drug’s bioavailability, thus improving the effectiveness of the
treatment.

3.5. In vitro cellular uptake

We performed a microscopy analysis to compare the cellular
uptake of curcumin-loaded cubosomes with free curcumin. HeLa
cells were exposed for 1.5 h to the formulation solution at a con-
centration of 50 lM, and then fixed. As shown in Fig. 5C, the cur-
cumin gave a stronger signal in cells treated with curcumin-
loaded cubosomes than in cells treated with free curcumin. The
developed cubosomes comprise a cationic lipid (DOTAP) in their
composition, and it may allow the nanoparticles to have more
intense contact with the cells with negatively-charged outer cell
membranes. A strong cell adhesion increases the retention of
nanoparticles at the site of administration and may allow a depot
effect of nanoparticles around the cell. This process increases the
exposure time of curcumin to cancer cells and improves its entry
into the cell [74–77], enhancing intracellular drug accumulation
and consequently treatment efficacy. The effects of curcumin-
loaded cubosomes on cell morphology were consistent with their
reported ability to cause cell death, as shown in the bright field
images. Control and curcumin-treated cells’ mitochondria looked
like structures forming a regular network in perinuclear positions.
In contrast, after curcumin-loaded cubosomes treatment, mito-
chondria formed more heterogeneously-distributed clusters, indi-
cating that the cells underwent apoptosis [78]. This result
strengthens the results obtained in the in vitro cytotoxicity exper-
iment discussed above, confirming the increased efficiency of the
treatment of cervical cancer with curcumin-loaded cubosomes.

3.6. Application of curcumin-loaded cubosomes in the chorioallantoic
membrane (CAM) model

Angiogenesis is the process of forming new blood vessels from
pre-existing ones [79] and it is stimulated by angiogenic factors,
such as vascular endothelial growth factor (VEGF). This process
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occurs in physiological conditions, but several diseases are also
associated with abnormal angiogenesis, such as inflammatory
and infectious disorders and tumor [79–81]. Curcumin is able to
inhibit the induction pathways of the pro-angiogenic factor FGF-
1, and acts as an antiangiogenic drug [82]. To evaluate the angio-
genic activity of drugs and drug delivery systems, the chick embryo
chorioallantoic membrane (CAM) has been a widely used model
[43,83–85]. The CAM is an extraembryonic membrane that is
formed during chick embryo development and presents a rich vas-
cular system, which allows the visualization of pro and antiangio-
genic effects [86].

As an example of application, we tested the capacity of the
curcumin-loaded cubosomes to decrease the angiogenic effect by
the CAMmodel. Buzza et al. (2019) [43] studied the antiangiogenic
effect of curcumin in this model and they verified that curcumin
exhibits a vascular effect related to its angio-inhibitory effect.
The CAM model provides a rapid method for investigating the
release of curcumin in a biological system and the antiangiogenic
activity of the formulation. However, there are few studies in the
literature that verified the anti-angiogenic effect of curcumin-
loaded drug delivery by the CAM model. To the best of the authors’
knowledge, this study is the first example reported in the literature
of angiogenesis inhibition induced by curcumin-loaded cubo-
somes. Yadav et al. (2009) [83] developed solid lipid microparticles
with curcumin, and revealed a vascular regression using free cur-
cumin and the system developed. Mandracchia et al. (2016) [87]
showed that curcumin-loaded inulin-vitamin E micelles (INVITE)
presented an antiangiogenic affect. Sethuraman et al. (2019) [88]
reported that lumefantrine with calcium phosphate nanoparticle-
loaded cubosomes presented a better antiangiogenic effect than
pure lumefantrine, showing that cubosomes may potentialize the
antiangiogenic effect of drugs.

The vascular network grows during embryonic development,
and this growth may increase or decrease in response to specific
stimuli [89]. The effect of the samples was analyzed qualitatively
(visually) and quantitatively, using the branch counting methodol-
ogy [89]. The formulations BC and CLC, when tested at the initial
concentration (standard formulation – 1mg/mL curcumin), showed
such an exacerbated effect that they led to the embryo’s death,
which indicates that the concentrated formulations are highly tox-
ic, regardless of the presence of curcumin. Thus, looking for a lower
concentration that would not cause death to the embryo, the for-
mulations were diluted 10 and 25 times.

In the 10 � dilution, the blank cubosomes (BC) caused an
increase in the number of the vessels, resulting from dilation of
large vessels and destruction of small ones (Fig. 6.1A). Despite this
toxic effect, all embryos remained alive, which allowed analysis for
up to 24 h. Using curcumin-loaded cubosomes (CLC), the effect on
the vessels was much more evident both qualitatively (Fig. 6.1B)
and quantitatively (Fig. 6.2A) and, therefore, we assumed that this
severe effect of the CLC compared to the BC was due to the antian-
giogenic effect of curcumin. The quantitative results (Fig. 6.2A) also
suggest that both samples BC and CLC presented some toxicity
effect, as the vascular network increased after 4 h. After 24 h, how-
ever, the vascular network decreased but remained denser com-
pared to the control. Nevertheless, it is clear in the images of
Fig. 6.1A and 6.1B that these vessels are malformed, not being con-
sidered healthy vessels. This toxicity effect could be attributable to
the presence of DOTAP and Pluronic� 127. The cationic lipid pre-
sents a quaternary amine headgroup that could be responsible
for the inhibition of protein kinase C, which may be associated
with their toxicity [90]. Moreover, Pluronic� 127 may produce
some inflammation, since it activates the complement of the
immune system [41]. Therefore, as the blank cubosomes caused
changes in the vascular network, it was still necessary to increase
the dilution to analyze the real effect of curcumin.



Fig. 5. Cytoxicity assessment and cellular uptake of the free curcumin and curcumin-loaded cubosomes by HeLa cell line. (A) Cellular mortality of HeLa cells incubated with
formulations at different concentrations for 24 h. Data are shown as mean ± SD of three individual experiments. (B) Effects on caspase 3/7 activity in HeLa cells induced by
treatment with different formulations. (C) Fluorescence microscopy images of cellular uptake by HeLa cells of free curcumin and curcumin-loaded cubosomes. The first
column represents the bright field, the second column DAPI staining (nuclei, blue), the third columnthe curcumin fluorescence emission of the free curcumin and curcumin-
loaded cubosomes treated cells, and the last columnMitoTracker� labelling (mitochondria, red). Scale bar 200 lm, insert 30 lm. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Effectively, when the blank cubosomes were diluted 25 �, al-
most no toxicity or antiangiogenic effects were observed after
24 h in all replicates, as shown in Fig. 6.1C. This behavior indicated
that this dilution was ideal for analyzing the antiangiogenic effect
of curcumin-loaded cubosomes by the CAMmodel. Fig. 6.1D shows
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that the CLC diluted 25 � presented a decrease in the number and
the diameter of the vessels, suggesting again that the curcumin
released from the cubosomes was able to impart an antiangiogenic
effect. The quantitative results confirmed the qualitative results for
the 25 � diluted samples, even with a mild effect. The graph in



Fig. 6. 1- Qualitative angiogenic effect: (A) blank cubosomes (BC) diluted 10 �, (B) curcumin-loaded cubosomes (CLC) diluted 10 �, (C) blank cubosomes (BC) diluted
25 �, (D) curcumin-loaded cubosomes (CLC) diluted 25 �. 2- Quantitative angiogenic effect: (A) blank cubosomes (BC) diluted 10 � and curcumin-loaded cubosomes (CLC)
diluted 10 �, (B) blank cubosomes (BC) diluted 25 � and curcumin-loaded cubosomes (CLC) diluted 25 �.
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Fig. 6.2B shows that CLC 25� decreased the vascular network com-
pared with the control and BC 25 �. Therefore, it can be seen that
the curcumin-loaded cubosomes should be an effective system to
decrease the angiogenic effect caused by several diseases.

4. Conclusion

Lipidic nanoparticles with an internal cubic nanostructure,
known as cubosomes, were designed with DOTAP, a cationic lipid,
to improve the mucoadhesion and allow the vaginal application of
lipophilic drugs, such as curcumin, for the topical treatment of cer-
vical cancer. The curcumin-loaded cubosomes were characterised
with SAXS, cryo-TEM, and DLS. They exhibited nanometric size,
homogeneous hydrodynamic diameter, and Im3m nanostructure.
The curcumin released from the cubosomes was retained in the
vaginal epithelium, showing that the system has potential for topi-
cal administration. In vitro cytotoxicity and cellular uptake assays
427
demonstrated that Hela cells were able to internalize the cubo-
somes, and that these nanoparticles enhanced the curcumin’s
effect against cervical cancer cells. Although the concentration of
cubosomes used in this study may be too high for systemic admin-
istration, the efficacy of the proposed approach may be ideal for
depot application. The in vivo study using the CAM model showed
that the curcumin-loaded cubosomes presented antiangiogenic
activity, reducing the diameter and number of blood vessels after
4 h of treatment. These promising results confirm that our cubo-
somes constitute a highly promising platform for the incorporation
of lipophilic drugs for the topical treatment of cervical cancer.
Moreover, compared to other developed cubosomes [26,91,92]
the present investigation brings a strategy to design mucoadhesive
cubosomes and improve the vaginal application of lipophilic drugs.
As future work, we suggest performing in vivo cancer model assays
to better understand the behavior and efficiency of the cubosomes
in the vaginal environment.
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