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Background: Hepatocellular carcinoma (HCC) is one of the main causes of cancer-related 
death. Sorafenib, which is the first-line therapy for this disease, is associated with reduced 
therapeutic efficacy that could potentially be overcome by combination with selumetinib. In 
this context, the main goal of this work was to develop a new nanosystem, composed of 
a polymeric core coated by a lipid bilayer containing the targeting ligand GalNAc, to 
specifically and efficiently co-deliver both drugs into HCC cells, in order to significantly 
increase their therapeutic efficacy.
Methods: The physicochemical characterization of hybrid nanosystems (HNP) and their 
components was performed by dynamic light scattering, zeta potential, matrix-assisted laser 
desorption ionization – time of flight mass spectroscopy, and transmission electron micro-
scopy. Cellular binding, uptake and specificity of HNP were evaluated through flow cyto-
metry and confocal microscopy. The therapeutic activity was evaluated namely through: cell 
viability by the Alamar Blue assay; cell death by flow cytometry using FITC-Annexin V; 
caspases activity by luminescence; mitochondrial membrane potential by flow cytometry; 
and molecular target levels by Western blot.
Results: The obtained data show that these hybrid nanosystems present high stability and 
loading capacity of both drugs, and suitable physicochemical properties, namely in terms of 
size and surface charge. Moreover, the generated formulation allows to circumvent drug 
resistance and presents high specificity, promoting great cell death levels in HCC cells, but 
not in non-tumor cells. This potentiation of the antitumor effect of co-loaded drugs was 
carried out by an increased programmed cell death, being associated with a strong reduction 
in the mitochondrial membrane potential, a significant increase in the activity of caspases 3/7 
and caspase 9, and much greater number of annexin V-positive cells.
Conclusion: The developed formulation resulted in a high and synergistic antitumor effect, 
revealing a translational potential to improve therapeutic approaches against HCC.
Keywords: hepatocellular carcinoma, hybrid nanosystems, drug delivery, GalNAc, 
sorafenib, selumetinib

Introduction
Primary liver cancer is the seventh most common cancer in the world and 
the second leading cause of cancer mortality.1 Hepatocellular carcinoma (HCC) 
represents about 75–85% of primary liver cancers.2 Currently, surgical resection 
and liver transplantation are the most effective therapeutic approaches for HCC in 
early stages. However, for the majority of HCC patients, it is not possible to 
perform surgery at the time of diagnosis.3 In these cases, sorafenib, which is 

Correspondence: Henrique Faneca  
CNC - Center for Neuroscience and Cell 
Biology (CNC), University of Coimbra, 
Coimbra, 3004-504, Portugal  
Tel +351-239-820-190  
Fax +351-239-853-607  
Email henrique@cnc.uc.pt

International Journal of Nanomedicine 2021:16 3385–3405                                               3385
© 2021 Farinha et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 16 January 2021
Accepted: 27 April 2021
Published: 18 May 2021

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/ o

n 
26

-J
an

-2
02

3
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0001-5554-7829
mailto:henrique@cnc.uc.pt
http://www.dovepress.com/permissions.php
https://www.dovepress.com


a multikinase inhibitor, represents the standard therapy for 
patients with advanced HCC and in intermediate-stage that 
are not eligible for locoregional therapies.3,4 In most stu-
dies carried out, sorafenib has shown improved survival 
when compared with placebo.5 Sorafenib can block tumor 
cell proliferation by inhibiting the activity of RAF-1, 
B-RAF and other kinases in the RAS/RAF/MEK/ERK 
signaling pathway.6 Furthermore, sorafenib can inhibit 
angiogenesis through targeting vascular endothelial 
growth factor receptor −2/-3 (VEGFR-2/-3), platelet- 
derived growth factor receptor (PDGFR-β) and other tyr-
osine kinases.7,8 Although treatment with sorafenib is 
potentially associated with inhibition of tumor growth 
and angiogenesis, exposure to sorafenib leads to up- 
regulation of pERK, thus promoting cellular resistance to 
chemotherapy and consequently treatment failure.9 In this 
context, the combination of sorafenib with a mitogen- 
activated protein kinase (MEK) inhibitor could hypotheti-
cally abrogate this effect and potentiate the antitumor 
activity. Selumetinib (AZD6244, ARRY142886) is 
a potent and selective allosteric MEK1/2 inhibitor.10,11 

MEK1/2 is a critical component of the RAS/RAF/MEK/ 
ERK pathway, and its activation is essential for cell pro-
liferation and central to drive the growth and progression 
of cancer.12,13 In fact, owing to the complexity of hard-to- 
treat diseases such as cancer, current developments have 
gently shifted from a focus on monotherapy to combined 
or multiple therapies since the synergy of therapeutic 
agents or techniques could give rise to superadditive ther-
apeutic effects.14 However, both sorafenib and selumetinib 
have an inherent toxicity that leads to highly undesirable 
side effects. In this way, unspecific toxicity and low water 
solubility strongly limit the use of these drugs in many 
clinical applications.15,16

Nanotechnology could play a fundamental role in cir-
cumventing these limitations, since it allows the develop-
ment of functional nanostructures which can improve the 
solubility of drugs that are poorly soluble in water; target 
them to the specific tissue/site to minimize side effects; 
prolong their half-life in the systemic circulation by redu-
cing immunogenicity; release them at a sustained rate; and 
deliver two or more drugs simultaneously.17,18 In this 
regard, liposomes and poly (lactic-co-glycolic acid) 
(PLGA) nanoparticles have been used as drug delivery 
systems. They have common characteristics, such as bio-
compatibility, high drug loading capacity, long circulation 
time and tunable size.19,20 Nevertheless, they also have 
unique properties. In the case of PLGA nanoparticles, 

they easily incorporate substances with distinct physico-
chemical characteristics, including proteins and anticancer 
drugs, and their degradation rate can be flexibly controlled, 
varying the molar ratio between glycolic acid and lactic 
acid.21 On the other hand, liposomes can load hydrophobic 
drugs within the lipid bilayer and hydrophilic drugs in the 
aqueous nucleus, and their surface chemistry can be easily 
changed to meet different requirements, simply by adjust-
ing both the concentrations and the type of lipids.22 It is 
also possible to produce liposomes sensitive to a wide 
range of external stimuli, which allows for a highly con-
trolled release of their load.23 Lipid-PLGA hybrid nano-
particles make it possible to combine the desirable 
characteristics of PLGA nanoparticles and liposomes.24 

This type of nanoparticles exhibits great potential as deliv-
ery systems for cancer drugs, enabling the encapsulation 
of drugs in both the PLGA nucleus and the lipid bilayer.24 

They also play an important role in overcoming the 
increasingly prevalent multidrug resistance (MDR), allow-
ing a high therapeutic index with low toxicity.24,25 

Moreover, the therapeutic responses are even more 
improved when these nanosystems are coated with target-
ing ligands, allowing them to specifically deliver into 
target cells.26,27 The asialoglycoprotein receptor is 
a hetero-oligomer that is expressed in the liver and over-
expressed in HCC and is practically absent in the other 
tissues.28 This receptor is found in the hepatocyte mem-
brane and regulates the levels of plasma glycoproteins 
with α2,6-galactose-linked sialic acid as terminal 
residue.29 In fact, it has high binding capacity to 
D-galactose and N-acetyl-D-galactosamine terminated car-
bohydrate residues, promoting its efficient cellular 
uptake.27 Several studies have shown that the use of spe-
cific ligands for this receptor allows the efficient and 
specific targeting of nanosystems to HCC models.28,30,31 

In this regard, Ionis Pharmaceuticals Inc. developed 
a triantennary N-acetylgalactosamine (GalNAc) cluster 
that has a high affinity for the asialoglycoprotein 
receptor.32

In this study, we designed a novel delivery nanosystem, 
composed of PLGA nanoparticles coated with a lipid 
bilayer containing DSPE-PEG (2000)-GalNAc, to mediate 
a targeted therapeutic strategy to HCC involving the com-
bination of selumetinib and sorafenib. This new hybrid 
nanosystem (HNP) allows not only a high encapsulation 
of selumetinib and sorafenib, but also their targeted and 
controlled release into hepatocellular carcinoma cells, 
bypassing several limitations associated with the use of 
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free drugs, consequently promoting a great therapeutic 
effectiveness.

Experimental Section
Materials
Poly(d,l-lactic-co-glycolic acid) (PLGA) 50:50 DL (24– 
38kDa), polyvinyl alcohol (PVA) (MW 9000–10,000, 
80% hydrolyzed), ethyl acetate (Sigma Aldrich), acetone, 
coumarin-6, JC-1 probe, fluorescein diacetate and propi-
dium iodide were purchased from Sigma-Aldrich; Nile 
Red (TCI chemicals); 1-palmitoyl-2-oleoyl-sn-glycero 
-3-phosphocholine (POPC), cholesterol (Chol) and 
1.2-distearoyl-sn-glycero-3-phosphoethanolamine- 
N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000) 
were purchased from Avanti PolarLipids; Selumetinib 
was kindly offered by AstraZeneca; sorafenib was kindly 
provided by Bayer HealthCare Pharmaceutical; and trian-
tennary N-acetylgalactosamine (GalNAc) cluster was 
kindly offered by Ionis Pharmaceuticals.

Production of Nanoparticles
The PLGA nanoparticles were prepared by solvent emul-
sification and diffusion-evaporation method.33 Briefly, 
50 mg of PLGA 50:50 block copolymer (24–38 kDa) 
solution in 2.5 mL ethyl acetate was poured in 5 mL of 
aqueous phase containing 5% PVA and stirred for 30 
minutes, to get a primary emulsion, using a homogenizer 
(T 10 basic, Ultra Turrax, IKA). The primary emulsion 
was then diluted with water at 50 °C and stirred overnight 
to remove the organic solvent. The effect of variables like 
PVA concentration, PLGA concentration and homogeniza-
tion time, on the particle characteristics was studied. For 
binding/uptake studies and for studies with drugs, 50 µg of 
coumarin-6 or 1 mg of drugs, respectively, were dissolved 
in the organic phase. Nanoparticles were recovered by 
ultracentrifugation at 17,000 g which allowed the removal 
of non-encapsulated coumarin-6 or drugs in PLGA 
nanoparticles.

Large unilamellar liposomes (LUV) were prepared by 
extrusion of multilamellar liposomes (MLV) composed of 
1:1 (molar ratio) mixtures of 1-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphocholine (POPC) and cholesterol 
(Chol). Briefly, lipids dissolved in chloroform were 
mixed and dried under vacuum in a rotator evaporator. 
The dried lipid films were hydrated with deionized water 
and the resulting MLV were then sonicated for 3 min and 
extruded through two stacked polycarbonate filters of 200 

nm pore diameter using a Liposofast device (Avestin, 
Toronto, Canada). For binding/uptake studies and for stu-
dies with drugs, 30 µg of nile red or 0.5 mg of drugs, 
respectively, were added in chloroform.

Liposomes containing the GalNAc ligand were pre-
pared by the postinsertion method.34 The GalNAc PFP 
ester dissolved in acetone was coupled to DSPE- 
PEG2000-amine micelles, prepared in sodium tetraborate 
buffer at pH 8.5. The coupling reaction was performed 
overnight with stirring. GalNAc O-acetyl groups were 
removed by the addition of aqueous ammonia. Different 
organic solvent/aqueous solution ratios and reaction tem-
peratures were tested in order to optimize the conjugation. 
Micelles were purified by size exclusion chromatography 
on a Sephadex G-25 M (GE Healthcare) column using 
water as running buffer to remove unreacted GalNAc. 
The product was analysed by MALDI-TOF-MS, by 
using an UltrafleXtreme mass spectrometer (Bruker, 
Bremen, Germany) operating in reflector positive ion 
detection mode with laser smartbeam 2 and under 
Compass flex Series 1.4 software control (Bruker, 
Bremen, Germany).

The insertion of DSPE-PEG-GalNAc conjugates or 
plain DSPE-PEG-amine onto the preformed liposomes, at 
2 mol % (relative to the total lipid amount), was performed 
through micelles incubation with liposomes in a water bath 
at 40 °C for 16 hours under agitation.

Hybrid nanosystems (HNP) were prepared by adding 
a dispersion of PLGA nanoparticles to the preformed 
liposomes containing DSPE-PEG-GalNAc or DSPE-PEG- 
amine. The mixture was vortexed for 1 hour at 60 °C (T> 
Tm) and 1000 rpm. Thereafter, the dispersion was centri-
fuged at 9000 g for 30 min at 15 °C to separate particles 
from non-adsorbed lipids. The supernatant was used to 
determine the free lipid concentration and consequently 
the amount of non-adsorbed lipids.

Physicochemical Characterization of 
Nanoparticles
The physicochemical characterization of HNP and their 
components was performed in terms of average hydrody-
namic diameter, polydispersity index, zeta potential and 
transmission electron microscopy.

The measurements of dynamic light scattering (DLS) 
of the nanoparticles and their components were performed 
in a Zetasizer Nano-ZS (Malvern Instruments Ltd., UK) 
and converted into average hydrodynamic diameter and 
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polydispersity index through the software Zetasizer 7.02. 
Nanosystems were also characterized in relation to their 
zeta potential using a Zetasizer Nano-ZS (Malvern 
Instruments Ltd., UK) that measures electrophoretic and 
zeta mobility potential distribution by a method of light 
scattering by phase analysis. The analyses were performed 
at 25 °C, in water, and at a backward scattering angle 
of 173°.

Nanosystems were analysed in terms of their size/ 
structure by transmission electron microscopy. The nano-
systems were absorbed on copper grids covered with for-
mvar film. To promote contrast, uranyl acetate was used. 
The grids were examined in a JEM 1400 Transmission 
Electron Microscope (Jeol, Tokyo, Japan). Images were 
digitally recorded using a SC1000 ORIUS CCD camera 
(Gatan, PA, USA) and analysed with an EDX 
Microanalysis System (Oxford Instruments, 
Abingdon, UK)

In vitro Release Studies
The in vitro release of nile red and coumarin-6 from 
hybrid nanosystems was studied by using dialysis mem-
branes, with a molecular weight cut-off of 14,000 Da, 
against phosphate buffer solutions with two different pH 
values (5 and 7.4) and in the absence or presence of HCC 
cell extracts. Briefly, 50 mg of HNP was added to 
a dialysis bag which was then suspended in 50 mL of 
release medium at 37 °C and stirred continuously at 
250 rpm. Small aliquots (1 mL) of release medium were 
removed over time and replaced with the same volume of 
fresh medium. Then, the aliquots were lyophilized, dis-
solved in DMSO and the fluorescence intensity was mea-
sured in a SPECTRAmax GEMINI EM fluorometer 
(Molecular Devices, CA, USA). The concentration of the 
probes was determined by comparing the fluorescence 
intensity of the samples to that of the standards (calibra-
tion curves).

Cell Cultures
The human hepatocellular carcinoma cell lines (HepG2 
and Hep3B cells), the human glioblastoma cell line 
(DBTRG-05MG cells) and the human skin fibroblast cell 
line (HFF-1 cells) were maintained at 37 °C, under 5% 
CO2, in Dulbecco’s modified Eagle’s medium-high glu-
cose (DMEM-HG) (Sigma–Aldrich, MO, USA) supple-
mented with 10% (v/v) heat-inactivated fetal bovine 
serum (FBS) (Alfagene), penicillin (100 U/mL) and strep-
tomycin (100 mg/mL). The HepG2, Hep3B, DBTRG- 

05MG and HFF-1 cells were seeded at a density of 60 ×  
103 cells/cm2, 30 × 103 cells/cm2, 15 × 103 cells/cm2 and 
20 × 103 cells/cm2, respectively. All cell lines used were 
purchased from ATCC.

Spheroid Cultures
To generate spheroids, cells suspended in the complete 
medium were seeded at a density of 6 × 103 cells/well in 
96-well round-bottomed ultra-low attachment microplates 
(Corning® Costar®) and incubated at least for 3 days, at 
37 °C, in a humidified atmosphere of 5% CO2.

Cellular Uptake and Internalization
Twenty-four hours before incubation with HNP, HepG2, 
Hep3B and DBTRG-05MG cells were seeded in 12-well 
culture plates. In the competition studies, 30 min after 
incubating cells with 1.7 mL of DMEM-HG medium, 
containing or not 1.5 mg/mL of asialofetuin, the hybrid 
nanosystems, prepared with coumarin-6 and nile red, were 
added to each well. Following 4 hours incubation at 4 °C 
(binding) or 37 °C (uptake), cells were washed twice with 
PBS, detached, and resuspended in PBS. Then, the sam-
ples were evaluated by flow cytometry (FACSCalibur flow 
cytometer, Becton Dickinson, NJ, USA). Live cells were 
gated by forward/side scattering from a total of 20,000 
events and data was analysed using CellQuest software.

For confocal microscopy, HepG2, Hep3B and 
DBTRG-05MG cells were incubated with HNP, containing 
coumarin-6 and nile red, for 4 hours at 37 °C. Afterwards, 
cells were washed with PBS and fixed with 4% parafor-
maldehyde, for 15 min at room temperature. Then, cells 
were washed again with PBS and nuclei were stained with 
1 μg/mL Hoechst 33258 dye (Molecular Probes) in PBS 
upon cell incubation for 5 min. Cells were finally washed 
with PBS and directly observed for intracellular fluores-
cence distribution under a confocal scanning laser micro-
scope Zeiss LSM 510 Meta (Carl Zeiss, Oberkochen, 
Germany), using the 63× oil immersion objective.

Cell Viability
The cytotoxicity of the different hybrid nanosystems or the 
free drugs was evaluated through the Alamar Blue assay.30 

This assay measures the redox capacity of the cells due to 
the production of metabolites as a result of cell growth. 
Briefly, 0.2 mL of DMEM-HG medium containing 10% 
(v/v) alamar blue dye, prepared from a 0.1 mg/mL stock 
solution of alamar blue, was added to each well after 72 
hours of incubation with HNP or free drugs. After 1 hour 
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of incubation at 37 °C, the absorbance at 570 and 600 nm 
was measured in a SPECTRAmax PLUS 384 spectrophot-
ometer (Molecular Devices, CA, USA). Cell viability (as 
a percentage of untreated control cells) was calculated 
according to the formula (A570 - A600) of treated cells 
x 100/(A570 - A600) of control cells.

Cell Death
To evaluate the cell death promoted by the different con-
ditions, flow cytometry was used by using the probes 
FITC-Annexin V (Immunostep, Salamanca, Spain) and 
propidium iodide (PI, Sigma). After 48, 72 and 96 hours 
of incubation with hybrid nanosystems or free drugs, cell 
media and detached cells were harvested, washed with ice- 
cold PBS and resuspended in 100 μL of binding buffer (10  
mM HEPES (pH 7.4), 2.5 mM CaCl2, 140 mM NaCl) to 
which 2 µL of FITC annexin V (0.05 mg/mL) and 1 µL of 
PI (0.05 mg/mL) were added. Samples were incubated for 
5 min in the dark at room temperature and after that 
analysed in a FACSCalibur flow cytometer (Becton 
Dickinson, NJ, USA). FITC fluorescence was evaluated 
in the FL-1 channel, propidium iodide was evaluated in the 
FL-3 and 20,000 events were collected. The data were 
analysed using CellQuest software.

Caspases Activity
The activities of caspase-3/7, −8 and −9 were measured 
using a luminescence assay, with Caspase-Glo 3/7, 
Caspase-Glo 8 and Caspase-Glo 9 assay kit (Promega, 
USA). The assessment was performed according to the 
protocol given by the manufacturer. Twenty four hours 
after HepG2 and Hep3B cells have been plated on 96- 
well plates, they were incubated with the different HNP or 
the free drugs for 72 hours. In the case of spheroids, after 3 
days of spheroid formation, they were incubated with the 
different HNP or the free drugs for 96 hours, under gentle 
agitation at 37°C. After the different treatments, 100 µL of 
assay reagent were added to each well and incubated for 
1 hour at room temperature. Finally, the luminescence was 
measured in a Synergy HT luminometer (Biotek, USA).

Mitochondrial Membrane Potential
Mitochondrial membrane potential was analysed by flow 
cytometry using JC-1 fluorescent dye. Briefly, 24 hours 
after HepG2 and Hep3B cells have been plated on 12-well 
plates, they were incubated with the different hybrid nano-
systems or the free drugs for 48 hours. Then, the cells 
were resuspended and incubated with fresh culture 

medium, containing JC-1 dye (2.5 µg/mL), for 40 minutes 
at 37 °C in the dark. After incubation, the cells were 
washed with PBS and analysed in a FACSCalibur flow 
cytometer (Becton Dickinson, NJ, USA). The shift from 
red (JC-1 oligomer) to green (JC-1 monomer) fluorescence 
indicates the decrease in mitochondrial membrane 
potential.

Western Blotting
Total protein extracts were prepared from pellets of 
HepG2 and Hep3B cells treated with the different HNP 
or the free drugs for 48 hours. The cells were lysed for 30 
minutes in 1 × RIPA buffer (150 mM NaCl, 50 mM Tris- 
base, 5 mM EGTA, 1% Triton X-100, 0.5% DOC and 
0.1% SDS) that contained a protease inhibitor cocktail 
(Sigma) and phosphatase inhibitors. The concentration of 
protein lysates was determined using the BC protein assay 
kit (Biorad, CA, USA). Samples containing equal amounts 
of protein (30 μg) were resuspended in loading buffer 
(20% glycerol, 10% SDS, 0.1% bromophenol blue) and 
incubated for 5 min at 95 °C. Then, they were resolved on 
SDS-PAGE in a 12% polyacrylamide gel. After that, pro-
teins were transferred to a polyvinylidene fluoride (PVDF) 
membrane (Millipore). The membrane was then blocked in 
5% BSA for 1 hour at room temperature and incubated, 
overnight at 4 °C, with anti-MEK (#9122, 1:1000), anti- 
pMEK (Ser217/221) (#9154, 1:1000), anti-ERK1/2 
(#9107, 1:2000), anti-pERK1/2 (Thr202/Tyr204) (#4370, 
1:2000) (Cell Signaling), and anti-GAPDH (#MAB1667, 
1:1000) (Millipore) antibodies, and with the appropriate 
alkaline phosphatase labelled-secondary antibodies 
(1:10,000) (Thermo Fisher) for 2 hours at room tempera-
ture. After antibody incubation, the membranes were 
washed four times with TBS-T, and then incubated with 
the enzyme substrate ECF (Thermo Fisher) for 5 min at 
room temperature. The chemofluorescence was detected 
through a ChemiDoc Touch System (Bio-Rad) and the 
analysis of band intensity was made using the Quantity 
One software (Bio-Rad).

Spheroid Treatment and Growth
After the initial 3 days of formation, spheroids were incu-
bated with different HNP or free drugs for the desired time, 
under gentle agitation, at 37 °C and in a humidified atmo-
sphere of 5% CO2. Phase contrast images (Analysis imaging 
system CELENA® S, Logos Biosystems) were used to 
observe spheroid diameter and compaction over the treat-
ment time. Live-dead staining of spheroids was done using 
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fluorescein diacetate (FDA) and propidium iodide. Briefly, 
100 μL of a solution containing 2 mg/mL propidium iodide 
in HBS and 2 µL of 5 mg/mL FDA in acetone was added to 
the spheroids and incubated for 5 minutes at room tempera-
ture. Spheroids were washed with PBS and visualized using 
an Axio Imager Z2 microscope (Zeiss, Munich, Germany) 
using an AxioCamHRc camera (Zeiss, Germany).

Statistical Analysis
Data were analysed using the Prism software (version 5.0). 
Statistical significance of differences between data was 
evaluated by Student’s t-tests and one-way ANOVA. 
A value of p < 0.05 was considered significant. To assess 
the normality of the population, the Shapiro–Wilk test was 
used.

Results and Discussion
Synthesis and Characterization of Hybrid 
Nanosystems
In this work, a new nanosystem formulation to mediate the 
specific co-delivery of two chemotherapeutic agents into 
HCC cells was developed. As illustrated in Figure 1, these 

nanocarriers consisted in a core-shell nanostructure con-
stituted by a core of PLGA coated with a lipid bilayer 
composed of POPC, Chol, DSPE-PEG2000-amine, and 
DSPE-PEG2000-GalNac.

The production of these hybrid nanoparticles (HNP) 
was performed in two stages. In the first step, the poly-
meric core was produced with the biodegradable and bio-
compatible PLGA copolymer using the solvent 
emulsification diffusion-evaporation method.35 Several 
parameters, such as polymer and surfactant concentration, 
and homogenization time, that are known to affect the 
physicochemical properties of PLGA nanoparticles, were 
tested.36 The obtained results (Supplementary Figure 
S1A–C) showed that the best formulation of PLGA nano-
particles was obtained with 2% of PLGA, 5% of PVA for 
30 min of homogenization. As shown in Figure 2A, these 
nanoparticles presented a mean diameter of approximately 
170 nm and a superficial charge near the −40 mv that 
remained almost unchanged during 120 days at room 
temperature, showing their high stability even at long- 
term storage, which is a critical issue in drug delivery 
formulation development.

GalNAc ligand

Preformed liposomes

Postinsertion

DSPE-PEG-GalNAc
micelles

Liposomes with GalNAc

PLGA nanoparticles

Hybrid nanosystems

Lipid Bilayer

DSPE-PEG(2000)amina

DSPE-PEG(2000) GalNac

PVA

PLGA

Sorafenib Selumetinib

Figure 1 Schematic representation of the hybrid nanosystems preparation.
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Then, in the second stage, the PLGA nanoparticles 
were coated with the lipid bilayer, through their mixture 
with the preformed liposomes, as previously described.37 

Different PLGA/lipid mass ratios were tested in the pro-
duction of the hybrid nanosystems (HNP), in order to 
determine the lowest amount of liposomes needed to 
cover all PLGA nanoparticles. As illustrated in Figure 
2C–E, the TEM images revealed that for the PLGA/lipid 
mass ratios tested the PLGA nanoparticles were entirely 

coated, which is denoted by the darker outline, having 
been observed an excess of free liposomes in the case of 
the 1/1 mass ratio (Figure 2C) that was not detected for the 
4/1 mass ratio (Figure 2D). These results were corrobo-
rated through the quantification of the non-adsorbed lipids 
(Figure 2B), which demonstrated that for the 1/1 mass 
ratio it was observed 62% of free liposomes, while in the 
case of the 4/1 ratio, only 2% of free lipids was registered. 
Moreover, as shown in Table 1, the differences between 
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from four in dependent samples (n= 4). (C) and (D) Transmission electron microscopy representative images of HNP with different PLGA/lipid mass ratios ((C) 1/1 mass 
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Table 1 Physicochemical Characterization of Hybrid Nanosystems and Their Components

Size (nm) Polydispersity Index (PDI) Zeta Potential (mV)

PLGA nanoparticles 172,6 ± 0.88 0,02 ± 0.01 −41,0 ± 0.41
Liposomes without GalNac 94,5 ± 0.43 0,17 ± 0.04 20,3 ± 2.4

Liposomes with GalNac 128,9 ± 1.13 0,19 ± 0.06 −17,5 ± 3.6

Hybrid nanoparticles without GalNac 185,5 ± 0.52 0,05 ± 0.02 18,3 ± 2.7
Hybrid nanoparticles with GalNac 194,4 ± 0.71 0,08 ± 0.03 −21,5 ± 2.3

Note: Data are expressed as mean ± SD obtained at least from four independent samples.
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the physicochemical properties of the HNP (4/1 mass 
ratio) and those of the PLGA nanoparticles also confirmed 
the coating of the later with the lipid bilayer. In this 
context, to prepare the hybrid nanosystems for the subse-
quent studies the 4/1 PLGA/lipid mass ratio was selected.

Since the triantennary N-acetylgalactosamine 
(GalNAc) cluster was recently described as having high 
affinity to the asialoglycoprotein receptor (ASGP-R), 
which is overexpressed in HCC cells, we selected this 
cluster as the targeting moiety of our HNP to confer 
specificity to HCC cells.32,38–40 To this purpose, we con-
jugated the GalNAc cluster to the DSPE-PEG2000-amine, 
testing different conjugation conditions as described in the 
material and methods section, and evaluated it by MALDI- 
TOF-MS.41–43 As presented in Supplementary Table S1, 
for the best conditions of reaction it was obtained 
a conjugation efficiency of 93%. This high yield was 
confirmed by MALDI-TOF-MS since, as illustrated in 
Figure 3A, the profile of the detected molecular weights 
of DSPE-PEG2000 suffered a shift to the right (higher 
molecular weights) after GalNAc cluster conjugation. In 
fact, the peak of the DSPE-PEG2000-amine was observed 
between 2300 and 3360 m/z, while the peak of the DSPE- 
PEG2000-GalNAc was registered between 3970 and 
4660 m/z, demonstrating the successful conjugation of 
the GalNAc cluster to DSPE-PEG2000-amine.41

Additionally, the physicochemical properties of the 
nanosystems (Table 1), both the liposomes and the hybrid 
nanosystems, also confirm the effective GalNAc cluster 
conjugation to DSPE-PEG2000-amine, since this conjuga-
tion induced an increase in their mean diameter and a strong 
decrease in their zeta potential, most probably due to the 
suppression of the positive charge of the DSPE-PEG2000 
terminal end amine group by the conjugation of the GalNAc 
cluster, which exposes the N-acetylgalactosamine groups at 
the surface of the nanosystems conferring them a negative 
surface charge.44 The surface charge of nanosystems, such 
as this negative zeta potential of HNP, favours the electro-
static repulsions between them, contributing to their stabi-
lity even over long storage periods at room temperature 
(Figure 3B).45

Loading and Release Capacity of the 
Hybrid Nanosystems
In order to evaluate the ability of the HNP to transport 
more than one chemotherapeutic agent, we loaded the 
nanosystems with two hydrophobic fluorescent dyes, 

coumarin-6 and nile red.46 The coumarin-6 was encapsu-
lated in the polymeric core, while the nile red was loaded 
in the lipid bilayer of the hybrid nanosystems. The loading 
efficiency was 76% for coumarin-6 and 44% for nile red, 
most probably due to the higher hydrophobic area of the 
PLGA core when compared with that of the lipid bilayer. 
Regarding the release kinetics of the fluorescent dyes, as 
illustrated in Figure 4, it was observed a greater and faster 
release for nile red than for coumarin-6, possibly justified 
by the fact that the later needs to cross both the polymeric 
core and the lipid bilayer.47 Moreover, it was registered 
a faster release of the dyes in acid conditions (pH 5), than 
at pH 7.4, and in the presence of HCC cell lysates, indicat-
ing that the developed hybrid nanosystems are responsive 
to these factors, most probably being sensitive to the 
endosome acidic pH as well as to the interaction with 
cells, which could result in a more efficient release of the 
drugs in target cells.48,49

Cell Binding, Uptake and Specificity of 
Hybrid Nanosystems
The effect of GalNAc cluster association on the cell bind-
ing and internalization of HNP as well as on their speci-
ficity to target cells was evaluated in different cell lines, 
both ASGP-R-expressing and non-expressing cells. For 
this purpose, the HNP, loaded with the fluorescent dyes 
coumarin-6 and nile red, and prepared with or without the 
GalNAc cluster, were incubated with two HCC cell lines 
(HepG2 and Hep3B) and one non-liver cancer cell line 
(DBTRG-05MG glioblastoma cell line) at 4°C (for cell 
binding) or at 37°C (for cell uptake).31,50 After incubation, 
cells were analysed by flow cytometry (Figure 5A, B and 
E) and confocal microscopy (Figure 5C and D).

The obtained results showed that the extent of cell 
binding and uptake of HNP prepared without GalNAc 
did not present significant differences between the three 
cell lines, as observed both by flow cytometry (Figure 
5A) and confocal microscopy (Figure 5C). However, the 
comparison between the results presented in Figure 5A 
with those presented in Figure 5B showed that the con-
jugation of the GalNAc cluster to nanosystems promoted 
a substantial increase in their levels of cell binding and 
uptake in both HCC cell lines but not in the glioblastoma 
cells. In fact, with DBTRG-05MG cells, it was even 
observed a slight decrease in those levels when HNP 
prepared with GalNAc were used. These observations, 
which were corroborated by confocal microscopy data 
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A

B

Figure 3 Coating nanosystems with triantennary N-acetylgalactosamine (GalNAc) cluster. (A) Successful synthesis of DSPE-PEG2000-GalNAc demonstrated by MALDI- 
TOF-MS analysis; Ai) DSPE-PEG2000; Aii) DSPE-PEG2000-GalNAc. (B) Stability and physicochemical characteristics, size and zeta potential, of HNP with (blue) and without 
(green) DSPE-PEG2000-GalNAc, over 30 days at room temperature.
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(Figure 5C and D), were most probably due to the fact 
that HNP containing the GalNAc cluster have the ability 
to interact with the ASGP-R, resulting in a higher cell 
binding and internalization in HCC cells than their coun-
terpart without GalNAc.30,32,39 In the case of glioblas-
toma cells, the slight decrease in cell binding and uptake 
of nanosystems prepared with GalNAc is justified by the 
absence of the ASGP-R in these cells and by the nega-
tive surface charge of these nanosystems (Table 1) that 
hampers their interaction with the negatively charged 
cell membrane, which most possibly do not happen 
with the positively charged HNP prepared without 
GalNAc.35

In order to clarify if the potentiation of cell binding and 
internalization of HNP in HCC cells, promoted by the 
association of GalNAc to nanosystems, is due to 
a specific interaction with the ASGP-R, a competitive 
inhibition study with asialofetuin (a specific ligand for 
the ASGP-R30,51) was performed. As illustrated in Figure 
5E, the presence of 1.5 mg/mL of free asialofetuin 

promoted a significant decrease in the cellular uptake of 
HNP produced with GalNAc but not in those prepared 
without the cluster. This effect was not associated with 
any cytotoxicity (Supplementary Figure S2). These results 
(Figure 5) indicate that binding and internalization of these 
HNP by HCC cells are due to the GalNAc cluster interac-
tion with the ASGP-R.

Drug Loading and Extent of Cytotoxicity
The developed hybrid nanosystems have the ability to 
simultaneously transport different chemotherapeutic 
agents and to specifically deliver them into HCC cells, 
potentially resulting in an increase of their therapeutic 
efficiency and reduction of side effects, strongly asso-
ciated with antineoplastic drugs such as selumetinib and 
sorafenib. In order to maximize the transport of these 
drugs in our nanosystems several loading strategies were 
tested, from individual to simultaneous drug loading in 
the polymeric core and/or in the lipid bilayer. The 
results presented in Table 2 show that the highest 
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Figure 4 Release profiles of probes in the hybrid nanosystems. (A) Effect of pH and HCC cell extracts on the release kinetics of nile red encapsulated in the lipid bilayer of 
HNP. (B) Effect of pH and HCC cell extracts on the release kinetics of coumarin-6 encapsulated in the PLGA nucleus of HNP. (***P< 0.001) Denotes a statistically significant 
difference in the release kinetics at 72 hours when compared to the release kinetics occurred at pH 7.4, for each probe.
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loading capacity for the two drugs was obtained for the 
encapsulation of the selumetinib in the polymeric core 
(7,76 µg/mg HNP) and the sorafenib in the lipid bilayer 
(6,58 µg/mg HNP) of HNP. On the other hand, the 
smallest loading capacity was registered for the simul-
taneous encapsulation of selumetinib (2,62 µg/mg HNP) 

and sorafenib (2,53 µg/mg HNP) in the lipid bilayer 
(Table 2).

In order to correlate the several loading strategies with 
the therapeutic potential of the obtained formulations, the 
cytotoxicity of different amounts of HNP, prepared with 
the GalNAc cluster, was evaluated in two HCC cell lines 
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(HepG2 and Hep3B). As illustrated in Figure 6A and B, 
the cell death effect was dose-dependent for all formula-
tions and the highest outcome was obtained, for both cell 
lines, with HNP encapsulating selumetinib in the poly-
meric core and sorafenib in the lipid bilayer, which corre-
sponds to the formulation with maximum loading capacity. 
This formulation was consequently selected to the subse-
quent studies.

The cytotoxicity of HNP by themselves (unloaded 
nanosystems) was also evaluated to clarify if the registered 
cell death effect was exclusively due to the chemothera-
peutic agents. For this purpose, HepG2 and Hep3B HCC 
cell lines and one non-cancer cell line (HFF-1) were incu-
bated with increasing doses of unloaded HNP. The 
obtained data showed a complete absence of cytotoxicity 
until 100µg of unloaded HNP per well (100µg/well) 
(Supplementary Figure S3), which corresponds to a large 
excess of nanosystems, indicating that the observed cell 
death effect registered with loaded HNP (Figure 6) was 
only due to the selumetinib and sorafenib.

Therapeutic Potential of the Combined 
Strategy Mediated by Hybrid 
Nanosystems
After selection of the formulation and verification of the 
non-cytotoxicity of the unloaded HNP, the therapeutic 
potential of the combined strategy, mediated by the nano-
systems, was compared with the combination of free drugs 
and with the individual approaches (selumetinib alone or 
sorafenib alone), mediated or not by the hybrid nanosys-
tems, in the above-mentioned cell lines (HepG2, Hep3B 
and HFF-1). The results presented in Figure 6C and 
D demonstrated that the therapeutic potential of the com-
bined and individual strategies, mediated by the developed 
hybrid nanosystems, was higher, in both HCC cell lines, 
than that of the corresponding free drugs, since the IC50 

values of these HNP-mediated strategies were always 
smaller than those of the corresponding free drugs. This 
difference was particularly evident in the case of the 
combined approach, as the IC50 values obtained after 
HCC cell treatment with HNP containing both selumetinib 
and sorafenib were approximately 4-fold smaller than 
those registered with the combination of these free drugs 
(Figure 6C and D). The lower IC50s of chemotherapeutic 
agents delivered by HNP, when compared with the corre-
sponding free drugs, was most probably due to the higher 
cellular internalization of the drugs mediated by the tar-
geted HNP, through their interaction with the ASGP-Rs 
overexpressed in HCC cells, such as HepG2 and Hep3B, 
that promoted their cellular uptake. This higher internali-
zation of the drugs resulted in a better therapeutic effi-
ciency and consequently in the reduction of the IC50s. 
Moreover, this effect could also involve the ability of 
HNP to avoid the drug efflux process of cancer cells, 
which could also contribute to lower IC50s.52 Our data 
also revealed that the combined strategies were always 
much more toxic to HCC cells than individual approaches, 
showing a synergistic effect.

On the other hand, with the non-cancer HFF-1 cell line 
the IC50s of free drugs, both combined and individually 
used, were much lower than that observed with the HNP- 
mediated strategies (Figure 6E), most probably due to the 
lack of the ASGP-R in HFF-1 cells and to the negative 
surface charge of the generated HNP, which impaired the 
interaction and internalization of the targeted nanosystems 
by HFF-1 cells, consequently reducing the cellular inter-
nalization of the drugs and the subsequent cell death effect 
on non-cancer cells.28,35 These observations constitute an 
evidence that the combined strategy mediated by HNP 
presents higher therapeutic potential and less side effects 
that the free drugs.

Cell Death Mechanisms
In order to clarify the mechanisms involved in the anti-
tumor activity of the individual and combined strategies, 
mediated by the targeted HNP, the extent of apoptosis and 
necrosis/late apoptosis was evaluated by cell staining with 
annexin V and PI. As illustrated in Figure 7A and C, for 
both HCC cell lines, cell treatment for 72h with HNP 
containing both selumetinib and sorafenib resulted in 
almost all cells stained with PI and/or annexin V, which 
was not observed in no other experimental condition, 
neither the individual strategies mediated by the HNP 
nor the free drug combination (at the same concentration), 

Table 2 Loading Capacity for Sorafenib and Selumetinib in the 
Hybrid Nanosystems

Loading Capacity (µg/mg HNP)

cSel-lbSor cSor-lbSel cSorSel lbSorSel

Selumetinib 7,76 4,34 4,21 2,62
Sorafenib 6,58 5,21 3,08 2,53

Abbreviations: cSel-lbSor, Selumetinib in the polymeric core and sorafenib in the 
lipid bilayer; cSor-lbSel, Sorafenib in the polymeric core and selumetinib in the lipid 
bilayer; cSorSel, Sorafenib and Selumetinib in the polymeric core; lbSorSel, 
Sorafenib and Selumetinib in the lipid bilayer.
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Figure 6 Therapeutic potential of the different formulations and of the distinct strategies mediated or not by the new hybrid nanosystems. (A) HepG2 and (B) Hep3B cells 
were treated with different amounts (0–25 μg/well) of distinct formulations of HNP, for 72 hours, and then the viability was analysed using the Alamar blue assay. The tested 
formulations were: (cSel-lbSor) Selumetinib encapsulated in the polymeric core and sorafenib in the lipid bilayer of the HNP; (cSor-lbSel) Sorafenib encapsulated in the 
polymeric core and selumetinib in the lipid bilayer of the HNP; (cSorSel) Sorafenib and Selumetinib encapsulated in the polymeric core of the HNP; (lbSorSel) Sorafenib and 
Selumetinib encapsulated in the lipid bilayer of the HNP. Dose-response curves for (C) HepG2, (D) Hep3B and (E) HFF-1 cells after treatment for 72 hours with: (i) HNP 
containing only selumetinib (red) or free selumetinib (blue); (ii) HNP containing only sorafenib (red) or free sorafenib (blue); and (iii) HNP containing selumetinib and 
sorafenib (red) or the combination of both free drugs (blue). Drug concentrations from 0 to 14μM were tested. Cell viability was analysed using the alamar blue assay and is 
expressed as a percentage of untreated control cells. Curves represent the average values from at least three independent experiments (n=3). (***P< 0.001); (**P< 0.01); 
(*P< 0.05) Denotes a statistically significant difference in cell viability when compared with cells treated with hybrid nanosystems containing selumetinib encapsulated in the 
polymeric core and sorafenib in the lipid bilayer (cSel-lbSor), for the same µg/well of hybrid nanoparticles. (##P< 0.01) Denotes a statistically significant difference in the IC50 
values when compared to the IC50 of the drugs encapsulated in the hybrid nanoparticles, in the same cell line.
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validating the higher cell death effect observed with the 
combined strategy mediated by HNP (Figure 6).

Moreover, this observation was reinforced by the 
strong synergistic effect, in terms of the amount of cells 
with double staining, registered with the combined strat-
egy mediated by HNP, but not with the combined free 
drugs, when compared to the individual approaches.

Nevertheless, the high staining with annexin V and PI 
(Figure 7A and C) did not allow the elucidation between 
cells in late apoptosis or in necrosis.53 However, looking for 
the obtained data at 48 h (Figure 7B and D; and 
Supplementary Figure S4) it was possible to observe that 
treatment with the combined strategy mediated by HNP 
resulted in a small percentage of HCC cells with double 
staining (annexin V and PI), while still promoted a high 
percentage of HCC cells stained with annexin V. On the 
other hand, at 96 h (Figure 7B and D; and Supplementary 
Figure S4) it was registered an increase in the percentage of 
HCC cells with double staining (annexin V and PI), when 
compared to that observed at 72 h, indicating that most 
probably this combined therapeutic strategy promoted an 

early apoptotic process that evolve to late apoptosis.53 

These studies demonstrated that the simultaneous treatment 
of HCC cells with these two drugs mediated by our HNP 
was more efficient than the combination of the free drugs. 
As previously referred, this fact is most probably due to the 
higher cellular internalization of the drugs, when delivered 
by the targeted nanosystems, and to the ability of these HNP 
to overcome at least partially the chemoresistance. In fact, 
HCC cells are known to overexpress the ABC (ATP-binding 
cassette) transporters, including P-glycoprotein (P-gp/ 
MDR1/ABCB1), multidrug resistance-associated protein 1 
(MRP1/ABCC1), and breast cancer resistance protein 
(BCRP/MXR/ABCG2), that are responsible for their high 
resistance to chemotherapy.51,54 Therefore, the encapsula-
tion of selumetinib and sorafenib in HNP hinder the drugs 
access to the ABC transporters, reducing their efflux and 
consequently increasing the cell death effect.

Caspases activation is a crucial event in the apoptosis 
induction. Initiator caspases, caspase-9 and caspase-8, are 
activated by intrinsic and extrinsic apoptotic pathways, 
respectively, leading to the activation of effector caspases 
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(caspase-3/7) that executed the apoptosis through the clea-
vage of cellular components.55 In order to quantify the 
caspases activation and to determine the involved apopto-
tic pathway in HCC cells death induced by the different 
treatments, the activity of caspases-3/7, −8 and −9 were 
evaluated. As shown in Figure 8A and B, the obtained 
results revealed a strong activation of caspases-3/7 and −9, 
in both HCC cell lines, after treatment with the combined 
strategy (selumetinib and sorafenib) mediated by the 
developed HNP, this activation being much higher than 
that observed with the individual drugs and better than the 

combination of free drugs. On the other hand, the activa-
tion of caspase-8 was residual for both HCC cells, not 
presenting significant differences between the different 
experimental conditions.

The parallel up-regulation of caspase-3/7 and caspase-9 
demonstrated the involvement of the intrinsic apoptotic 
pathway, indicating that most probably occurred mito-
chondrial changes, such as the collapse of mitochondrial 
membrane potential, alterations in mitochondrial perme-
ability, and release of cytochrome c to cytosol.56,57 In this 
context, we analyzed the mitochondrial membrane 
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potential through the JC-1 assay. This fluorescent cationic 
probe accumulates and aggregates in the mitochondria in 
the case of high mitochondrial membrane potential, yield-
ing a red fluorescence, and remain as monomers in the 
cytosol at low concentration in the case of collapse of 
mitochondrial membrane potential, exhibiting green 
fluorescence.58–60 As illustrated in Figure 8C–F, the treat-
ment of both HepG2 and Hep3B cells with the combina-
tion of selumetinib and sorafenib, delivered by the targeted 
HNP, resulted in a much higher percentage of green cells 
than that obtained with the other experimental conditions, 
including the simultaneous treatment with the two free 
drugs.

These data clearly revealed that the combined strategy 
mediated by the developed nanosystems promoted a strong 
reduction in the mitochondrial membrane potential, char-
acteristic from the apoptotic processes, that was not 
observed with the other therapeutic approaches. This fact 
corroborates the results presented above demonstrating 
that this strategy (combined treatment mediated by the 
HNP) has much more therapeutic potential than individual 
approaches or treatment with the combined free drugs.

Then, we evaluated the levels of pERK and pMEK in 
the two HCC cell lines through immunoblotting, after 
treatment with HNP containing the two drugs in combina-
tion or separately and the free drugs under the same con-
ditions (Figure 9). As expected, in cells treated with free 
sorafenib, we identified an up-regulation of phospho-ERK 
(Figure 9A–C and E).8 This up-regulation was signifi-
cantly attenuated when sorafenib was encapsulated in 
HNP (Figure 9A–C and E). This is possibly due to the 
fact that hybrid nanoparticles allow to circumvent the cell 
resistance mechanisms associated with sorafenib. As 
expected, we found that in the presence of selumetinib, 
ERK phosphorylation was reduced (Figure 9A–C and 
E).9,10 This observation becomes more evident when selu-
metinib is encapsulated in HNP, as well as when combined 
with sorafenib. The exposure to the MEK inhibitor selu-
metinib resulted in an increase of p-MEK (Figure 9A, B, 
D and F). This is possibly due to the fact that the aromatic 
fluorine of allosteric MEK inhibitor selumetinib interacts 
with MEK residue S212, which results in exposure of the 
phosphorylation sites S218/S222 that are then susceptible 
to RAF mediated phosphorylation due to the feedback 
loop of MAPK pathway inhibition.61,62 Although MEK 
phosphorylation in presence of selumetinib can still 
occur, the transduction of the signal by MEK-mediated 
phosphorylation of ERK is no longer possible. These 

results, as well as those presented above, demonstrate 
once again that the combined strategy mediated by HNP 
has much more therapeutic potential than individual 
approaches or treatment with combined free drugs.

Antitumor Activity in Three-Dimensional 
Cell Culture Systems
The three-dimensional (3D) cell culture systems have been 
used to overcome some limitations associated with 2D cell 
cultures, allowing to obtain data physiologically more 
relevant and more extrapolative. In this regard, we eval-
uated the different therapeutic approaches in spheroids 
obtained with HepG2 and Hep3B cells, with a mean dia-
meter of approximately 300 µm. The results presented in 
Figure 10A–D demonstrated that both HepG2 and Hep3B 
spheroids suffered a substantial reduction in their sizes/ 
volumes only in the cases they were treated with the 
combination of both chemotherapeutic agents, this being 
particularly evident when mediated by the developed HNP, 
not only in terms of the spheroid size (Figure 10A and B) 
but also in terms of their structure (Figure 10C) and 
amount of live cells (Figure 10D). In fact, at the end of 
treatment (8 days), only spheroids incubated with the 
combined strategy mediated by HNP did not present 
a spheroid structure but rather a structure of small aggre-
gates (Figure 10Cii), which were composed in its majority 
by dead cells (Figure 10Dii).

Regarding the activation of caspases, as illustrated in 
Figure 10E and F, the observed data showed a robust 
activation of caspases-3/7 and −9, in both HepG2 and 
Hep3B spheroids, after treatment with the combination of 
selumetinib and sorafenib. This activation was particularly 
evident when the combined strategy was mediated by HNP 
and was much greater than that obtained with individual 
drugs. In contract, the activation of caspase-8 was inexis-
tent. These results constituted an evidence of the involve-
ment of the intrinsic apoptotic pathway. Overall, these data 
showed that the combined strategy mediated by the hybrid 
nanosystems presented a higher therapeutic efficiency than 
the individual approaches or the combination of free drugs.

Conclusion
In this work, we have developed a biocompatible and 
biodegradable hybrid nanosystem with suitable physico- 
chemical properties, namely, a size lower than 200 nm and 
a negative zeta potential. This new nanoformulation is 
specific for HCC cells, due to the presence of the 
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GalNAc ligand, which promoted a strong increase of bind-
ing and internalization of the HNP by HCC cells. This 
formulation allowed the simultaneous and efficient loading 
of both drugs, selumetinib and sorafenib, substantially and 
specifically potentiating their antitumor effect in HCC 
cells. In fact, when these drugs were encapsulated in the 

hybrid nanosystems, it was observed a significant increase 
in HCC cell death and a substantial decrease in death of 
non-tumor cells, comparing to that observed with the 
combination of the two free drugs. The potentiation of 
the antitumor effect occurred through the increase of the 
programmed cell death, since there was a significant 
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Figure 9 Effect of therapeutic strategies in ERK and MEK protein levels. Western blot analysis of phosphorylated (p) and total (t) ERK, and phosphorylated (p) and total (t) 
MEK in HepG2 (A, C and D) and Hep3B (B, E and F) cells after being treated, with empty HNP; HNP containing only selumetinib or sorafenib; HNP containing sorafenib 
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blot images displaying the levels of p/t-ERK and p/t-MEK in HepG2 (A) and Hep3B (B) cells. Graphical representation of the p-ERK/t-ERK (C and E) and p-MEK/t-MEK 
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Figure 10 Impact of the therapeutic approaches mediated by the hybrid nanosystems in 3D cultures of HCC cells. Growth curves of (A) HepG2- and (B) Hep3B-derived 
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enhancement in the number of cells in initial apoptosis, 
associated to an increased activation of the initiating and 
effector caspases, and loss of mitochondrial membrane 
potential. The new hybrid nanosystems were able to 
potentiate the antitumor effect of selumetinib and sorafe-
nib both in 2D cell cultures and 3D cultures, where it was 
observed a greater spheroid-mass reduction, due to pro-
grammed cell death, than with the combination of free 
drugs. This new drug delivery formulation has proven 
not only to be specific for HCC cells, which allows to 
reduce the side effects of the drugs, but also to potentiate 
the synergistic antitumor effect of this combination and to 
induce a reduction of the cell resistance to these drugs. 
The promising results obtained with our new HNP formu-
lation need to be further verified in vivo, in an animal 
model of HCC, in order to evaluate its clinical transla-
tional potential. These studies should include the analyses 
of its biodistribution, pharmacokinetics and therapeutic 
efficacy, involving the evaluation of both the antitumor 
activity and the possible side effects.

Overall, our data show that this nanoformulation has 
the potential to overcome the main restrictions associated 
with conventional chemotherapy and may therefore con-
stitute a promising approach for future clinical application 
in hepatocellular carcinoma treatment.
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