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Purpose: Hepatocellular carcinoma is the most frequent liver cancer and constitutes one of the main causes of cancer mortality. The 
combination of targeted therapy drugs, such as selumetinib and perifosine that inhibit cell signaling pathways involved in cell survival 
and proliferation, with the expression of tumor suppressor transgenes, such as PTEN, may result in an efficient therapeutic approach 
against HCC. Thus, the main objective of this work was to develop a new lipid-polymer hybrid nanosystem (HNP), composed of 
a PLGA core coated with a pH-sensitive lipid bilayer functionalized with the targeting ligand GalNAc, in order to specifically and 
efficiently deliver this novel combination of therapeutic agents in HCC cells.
Methods: Transmission electron microscopy, zeta potential, Fourier transform infrared spectroscopy, and dynamic light scattering 
were used to determine the physicochemical properties of hybrid nanosystems and their components. The biological activity and 
specificity of nanosystems were evaluated using luminescence and flow cytometry. A variety of techniques were used to assess the 
therapeutic activity of hybrid nanosystems, including the Alamar Blue assay for cell viability; flow cytometry for cell death 
mechanisms, mitochondrial membrane potential and cell cycle; luminescence for caspase activity; flow cytometry and fluorescence 
microscopy for cell proliferation; and Western blot for molecular targets levels.
Results: The obtained results showed that this new hybrid nanosystem not only has a high loading capacity of both drugs, but also 
allows for substantial expression of the PTEN transgene. In addition, the developed formulation has high stability, adequate 
physicochemical properties and high specificity to HCC cells. Moreover, the achieved data revealed that this innovative nanosystem 
presents a high antitumor effect, demonstrated not only by the enhancement on the programmed cell death, but also by the reduction in 
cell proliferation capacity.
Conclusion: The generated formulation shows a high anticancer effect, demonstrating a high translational potential for future clinical 
application in HCC treatment.
Keywords: hybrid nanosystem, gene and drug delivery, chemotherapy, gene therapy, hepatocellular carcinoma

Introduction
About ninety percent of primary liver tumors, which constitute the third main cause of cancer mortality worldwide, are 
hepatocellular carcinomas (HCC).1–3 The treatment of HCC depends not only on the stage at which the disease is 
diagnosed, but also on the patient’s baseline clinical conditions. Liver transplantation, surgical resection, chemotherapy, 
targeted therapy and immunotherapy are the main therapeutic strategies for HCC.4 Over the years, several studies 
involving immunotherapy, targeted therapy, alternative therapies, gene therapy, among others, have been carried out in 
order to develop a more effective treatment against HCC.5–8 However, the prognosis for HCC remains poor in all regions 
of the world. The incidence and mortality rates are approximately equivalent, being the five-year survival rate for HCC 
around 18%. The development of HCC is influenced by numerous risk factors, such as exposure to toxic compounds 
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(alcohol or aflatoxin B), hepatitis infections (HBV or HCV), as well as metabolic and genetic/epigenetic alterations, that 
can change several important cell signaling pathways and the expression profile of oncogenes and tumor suppressor 
genes, leading to HCC.

One of the most critical signaling pathways involved in the initiation and development of HCC is the PI3K/AKT/ 
mTOR pathway, which is essential to the proliferation and survival of tumour cells.9,10 In non-cancerous tissues, this 
pathway activity is under control of the tumour suppressor protein PTEN. However, alterations in PTEN expression and 
function are frequently detected in HCC, leading to hyperactivation of the PI3K/AKT/mTOR pathway. In fact, most HCC 
patients present high levels of AKT phosphorylation, which result in early recurrence and poor prognosis.11

On the other hand, RAF/MEK/ERK pathway is a ubiquitous signal transduction pathway that regulates crucial 
cellular processes, including differentiation, angiogenesis, proliferation and cell survival.12 It is known that in this cancer 
disease the RAF/MEK/ERK pathway is constitutively active and that there is a very significant increase in mitogen- 
activated protein kinase 1 and 2 (MEK1/2) phosphorylation compared to normal liver tissues, suggesting its involvement 
in tumorigenesis.13,14

Several works have shown that increasing PTEN expression not only significantly reduces the proliferation of cancer 
cells, but also makes them more sensitive to targeted therapy drugs such as sorafenib.15,16 On the other side, Phase 2 
clinical trials are presently testing perifosine, an oral bioactive alkylphospholipid. Perifosine interferes with the pleckstrin 
homology domain of AKT inhibiting its activity.17,18 Studies have shown that perifosine induces cell cycle arrest and 
promotes apoptosis of cancer cells by blocking AKT phosphorylation.19 In turn, selumetinib strongly and selectively 
inhibits MEK1/2. Several studies have shown that this MEK1/2 inhibitor blocks growth and promotes apoptosis of cancer 
cells, suppressing tumor growth in HCC xenografts.7,20 Since hepatocellular carcinoma is a highly complex and difficult- 
to-treat disease, the generation of combined and multitarget therapies can result in a superadditive therapeutic activity. In 
this regard, a combined strategy involving perifosine, selumetinib and the expression of PTEN transgene could induce 
a high anticancer effect. However, both perifosine and selumetinib present associated toxicity that results in very adverse 
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side effects,21,22 likewise genetic material encoding PTEN is not able to efficiently and selectively target HCC cells on 
its own.

In this regard, nanotechnology can have a decisive role in circumventing these limitations, as it enables the generation 
of functionalized nanostructures that allow the simultaneous transport and delivery of one or more therapeutic agents, 
improving their stability, prolonging their systemic circulation half-life and releasing them in the target tissue at 
a controlled rate, consequently increasing their therapeutic efficiency and minimizing the associated side effects. The 
therapeutic use of nucleic acids is challenging, not only because of their unfavorable physicochemical characteristics, 
which prevent their efficient internalization in target cells by themselves, but also because they are vulnerable to 
enzymatic degradation in the bloodstream and undergo rapid renal clearance.23,24 In this respect, poly (lactic-co- 
glycolic acid) (PLGA) nanoparticles and liposomes have been extensively studied as drug and gene delivery systems. 
Both liposomes and PLGA nanoparticles exhibit long circulation times, ability to efficiently load different types of 
molecules, biocompatibility, biodegradability and physicochemical versatility.25,26 However, they also present exclusive 
characteristics. PLGA nanoparticles allow the control of the degradation rate, just by changing the lactic acid/glycolic 
acid molar ratio, in addition to permit the loading of molecules with different physicochemical properties.27 Regarding 
the liposomes, the choice of the lipid type and concentration used for their formulation allows them to have different 
surface chemistries and responsiveness to a diverse range of stimuli, such as pH and temperature, that permits to obtain 
a controlled release of the encapsulated molecules.28,29 In turn, lipid-polymer hybrid nanosystems are designed to merge 
the advantageous features of liposomes with those of PLGA nanoparticles.30 The hybrid structure of these formulations 
allows the simultaneous transport and delivery of different therapeutic molecules, great drug loading capacity, high serum 
stability, surface functionality, and adjustable release profile.31 Moreover, they have shown high ability to overcome 
multidrug resistance (MDR), which is increasingly common in cancer, thus promoting an enhanced therapeutic 
response.7,32 Furthermore, these nanosystems can also induce high therapeutic efficacy with reduced toxicity, since 
coating by targeting ligands allows them to perform a specific delivery of the therapeutic agents in target cells.

In this context, the functionalization of nanosystems with targeting ligands to the asialoglycoprotein receptor has 
allowed the specific and efficient delivery of therapeutic molecules to various HCC models.6,7 The asialoglycoprotein 
receptor, a plasma membrane protein found in hepatocytes, regulates the levels of glycoproteins that expose alpha 
2,6-linked sialic acid residues at the terminals. This receptor has an excellent binding capacity to terminal carbohydrate 
residues of D-galactose and N-acetyl-D-galactosamine, promoting their efficient cellular uptake.7 Practically non-existent 
in other tissues, it is expressed in the liver and overexpressed in HCC.33,34 We already proved that the incorporation of 
triantennary N-acetylgalactosamine (GalNAc) cluster, which has a great binding ability to this receptor, in a new lipid- 
polymer hybrid formulation results in specific and efficient drug delivery in HCC cells.7

In the present study, we developed a new lipid-polymer hybrid nanocarrier constituted of PLGA nanoparticles 
sequentially coated with genetic material and a pH-sensitive lipid bilayer containing DSPE-PEG(2000)-GalNAc. This 
targeted formulation was developed to mediate a new therapeutic strategy to HCC, involving the combination of 
selumetinib, perifosine and the expression of PTEN transgene, allowing a specific and simultaneous drug and gene 
delivery to target cells, in order to induce high therapeutic efficiency and reduced side effects.

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), didodecyldimethylammonium bromide (DMAB), ethyl acetate, acetone, JC-1 probe, fluorescein diacetate, 
propidium iodide, and perifosine were obtained from Sigma-Aldrich. Sulfo-Cyanine3 azide, FAM azide 6-isomer, and 
5-ethynyl-2′-deoxyuridine (EdU) were acquired from Lumiprobe. 1-palmitoyl-2-oleoyl-sn-glycero-3-ethylphosphocho
line (EPOPC), cholesterol (Chol), cholesteryl hemisuccinate (CHEMS), 1,2-dioleoyl-sn-glycero-3-phosphoethanola
mine (DOPE), N-palmitoyl homocysteine (PHC), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino 
(polyethylene glycol)-2000] (DSPE-PEG2000) were obtained from Avanti Polar Lipids. Triantennary N- 
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acetylgalactosamine (GalNAc) cluster was gently provided by Ionis Pharmaceuticals and selumetinib was generously 
given by AstraZeneca.

Nanoparticles Production
In this work, the solvent emulsification and diffusion-evaporation method was used to produce the PLGA 
nanoparticles.35 Succinctly, 50 mg of PLGA 50:50 block copolymer (24–38 kDa) solution in 2.5 mL ethyl acetate was 
dispensed in 5 mL of aqueous phase having various quantities of PVA and/or DMAB and stirred for 30 minutes, to get 
a primary emulsion, using a homogenizer (T 10 basic, Ultra Turrax, IKA). In order to extract the organic solvent, the 
main emulsion was diluted with water at 50 °C and agitated overnight. For uptake studies and for studies with 
selumetinib, 50 µg of coumarin-6 or 1 mg of selumetinib, respectively, were dissolved in the organic phase. 
Nanoparticles were recovered by ultracentrifugation at 17,000 g which allowed the removal of non-encapsulated 
selumetinib 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-ethylphosphocholine (EPOPC) and cholesterol (Chol); 
0.6:1:0,4 (molar ratio) mixtures of EPOPC, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and cholesteryl 
hemisuccinate (CHEMS); or 0.6:1:0,4 (molar ratio) mixtures of EPOPC, DOPE and N-palmitoyl homocysteine (PHC). 
Briefly, lipids dissolved in chloroform were mixed and dried under vacuum in a rotator evaporator. Then, deionized water 
was used to hydrate the dried lipid films and the resultant MLVs were subsequently sonicated for three minutes. For drug 
studies, different molar ratios of perifosine (relative to the total lipid amount) were added in chloroform.

Liposomes containing the GalNAc ligand were prepared by the postinsertion method.36 The DSPE-PEG2000-amine 
micelles dissolved at a concentration of 1.1mM in sodium tetraborate buffer at pH 8.5 were coupled to 3 equivalent of 
GalNAc PFP ester dissolved in acetone. The coupling reaction was performed overnight with stirring. After evaporation 
of acetone, the GalNAc O-acetyl groups were removed by the addition of aqueous ammonia. 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 lyophilized product was analysed by Jasco FTIR-420 (Jasco, USA), and 32 scans were collected 
at a resolution of 2 cm−1 in the range of 4000–650 cm−1.

The insertion of DSPE-PEG-GalNAc conjugate or plain DSPE-PEG-amine on the preformed liposomes, at 3 mol % 
(relative to the total lipid amount), was done through micelles incubation with liposomes in a water bath at 40 °C for 
16 hours under agitation.

The PLGA nanoparticles/DNA complexes were prepared by sequentially mixing 1 μg of pCMVluc DNA plasmid 
encoding luciferase (a gift of Dr. P. Felgner, Vical, CA, USA), or 1 μg of pCMVgfp DNA plasmid encoding green 
fluorescent protein (GFP) (Clontech, CA, USA), or 1 μg of the DNA plasmid pcDNA3-FLAG PTEN (Addgene) with 
PLGA nanoparticles (the volume necessary to obtain the desired PLGA nanoparticles/DNA (±) charge ratio). The 
mixtures were then incubated for 15 min at room temperature. The PLGA nanoparticles/DNA complexes were used 
immediately after being prepared.

Hybrid nanosystems (HNP) were prepared by adding a dispersion of PLGA nanoparticles/DNA complexes, contain
ing 1 μg of DNA, to preformed liposomes containing DSPE-PEG-GalNAc or DSPE-PEG-amine (the volume required to 
obtain the desired DNA/lipid mass ratio). The mixture was agitated for 1 hour at 60 °C (T> Tm) and 300 rpm.

In the case of PEI/DNA complexes (polyplexes), they were prepared by mixing 1 μg of pCMVluc or 1 μg of 
pCMVgfp with polyethylenimine (PEI) (the volume necessary to obtain the desired PEI/DNA (±) charge ratio). The 
mixtures were then incubated for 15 min at room temperature. The polyplexes were used immediately after being 
prepared.

Physicochemical Characterization of Nanoparticles
Transmission electron microscopy, zeta potential, hydrodynamic diameter, and polydispersity index were evaluated to 
accomplish the physicochemical characterization of the HNP and their components, as we have previously described.7 

Regarding the hydrodynamic diameter and polydispersity index, a Zetasizer Nano-ZS (Malvern Instruments Ltd., UK) 
was used to measure the dynamic light scattering (DLS) of nanoparticles and their components and, then, DLS 
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measurements were translated into average hydrodynamic diameter and polydispersity index using the software Zetasizer 
7.02. The zeta potential was also evaluated using a Zetasizer Nano-ZS (Malvern Instruments Ltd., UK) coupled to laser 
Doppler electrophoresis and determined using a Smoluchovski model. The analyses were performed at 25 °C, in water, 
and at a backward scattering angle of 173°.

Transmission electron microscopy was used to analyze the size and structure of nanosystems. The nanosystems were 
adsorbed on copper grids covered with formvar film and samples contrast was ensured by using uranyl acetate. A JEM 
1400 Transmission Electron Microscope (Jeol, Tokyo, Japan) was employed to examine the grids. Images were digitally 
recorded using a SC1000 ORIUS CCD camera (Gatan, PA, USA) and analysed with an EDX Microanalysis System 
(Oxford Instruments, Abingdon, UK).

Ethidium Bromide Intercalation
The accessibility of ethidium bromide to the DNA of PLGA nanoparticles/DNA complexes and HNP was analyzed by 
fluorescence measurements in a SPECTRAmax GEMINI EM fluorometer (Molecular Devices, CA, USA). PLGA 
nanoparticles/DNA complexes and HNP, prepared at pH 5 or pH 7.4, containing 0.5 μg of DNA were mixed with 
EtBr in order to obtain a final EtBr concentration of 400nM. Following 10 min incubation, fluorescence was measured 
with excitation and emission wavelengths of 518 and 605 nm, respectively. The fluorescence scale was calibrated so that 
residual fluorescence corresponded to EtBr fluorescence with a final concentration of 400nM, and the fluorescence 
obtained with 0.5 μg of free DNA (control), in the presence of 400nM EtBr, corresponded to 100%. The amount of DNA 
available to interact with the probe was calculated by subtracting the value of residual fluorescence from those obtained 
for the samples and expressed as the percentage of the control.

Agarose Gel Electrophoresis Assay
To evaluate the DNA complexation in the PLGA nanoparticles/DNA complexes, agarose gel electrophoresis was 
performed. Nanosystems were produced as referred above and then mixed with loading buffer (15% v/v Ficoll® 400, 
0.05% w/v bromophenol blue, 1% w/v SDS, 0.1 M EDTA, pH 7.8). The samples were then transferred to a 1% agarose 
gel prepared in TBE solution (89 mm Tris-buffer (pH 8.6), 89 mm boric acid, and 2.5 mm EDTA) and containing 1 μg/ 
mL of EtBr. Electrophoresis was then performed at 100 mV for 60 minutes. Visualization of samples on the gel was 
performed in a GelDoc® system (BioRad®, USA) using QuantityOne® software.

In vitro Release Studies
The in vitro release studies were performed using a dialysis membrane, with a molecular weight cut-off of 14,000 Da, 
against phosphate buffer solutions with two different pH values (5 and 7.4). Briefly, 50 mg of HNP loaded with 
coumarin-6 were added to a dialysis bag which was then introduced 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, dissolved in DMSO and the fluorescence intensity was 
measured 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 (calibration curves) 
submitted to the same conditions.

Cell Cultures
HepG2 and HuH-7 human hepatocellular carcinoma cell lines were cultured in Dulbecco’s modified Eagle’s medium- 
high glucose (DMEM-HG) (Sigma–Aldrich, MO, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine 
serum (FBS) (Alfagene), 100 U/mL penicillin, and 100 mg/mL streptomycin. The cells were maintained at 37 °C and 5% 
CO2. The HepG2 and HuH-7 cells, were seeded at a density of 60 × 103 cells/cm2 and 65 × 103 cells/cm2, respectively. 
The cell lines were obtained from ATCC.
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Spheroid Cultures
The cells suspended in complete culture medium were seeded at a density of 6×103 cells/well in 96-well round-bottomed 
ultra-low attachment microplates (Corning® Costar®) to create spheroids. The plates were then incubated at 37 °C for 
a minimum of three days in a humidified atmosphere with 5% CO2.

Transfection Activity
For luminescence evaluation of luciferase expression, twenty-four hours before incubation with the nanosystems, HepG2 
and HuH-7 cells were seeded in 48-well culture plates. The different formulations of nanosystems containing the 
pCMVluc plasmid were added to HepG2 or HuH-7 cells, previously covered with DMEM-HG medium. In the 
competition studies, 30 min after incubating cells with DMEM-HG medium, containing or not 1.5 mg/mL of asialofetuin, 
the nanosystems were added to each well. After 48 hours incubation (5% CO2 at 37 °C), cells were washed twice with 
phosphate-buffered saline solution (PBS) and lysed with lysis buffer (1 mM dithiothreitol; 1 mM ethylenediaminete
traacetic acid; 25 mM Tris-phosphate (pH 7.8); 8 mM MgCl2; 15% glycerol; 1% (v/v) Triton X-100). The levels of 
luciferase expression in the lysates were quantified through measurement of light production by luciferase in a Synergy 
HT luminometer (Biotek, USA). The protein content of the lysates was measured by the DC Protein Assay reagent (Bio- 
Rad CA, USA) using bovine serum albumin (BSA) as the standard. The data were expressed as relative light units of 
luciferase per milligram of total cell protein.

For flow cytometry analysis of GFP expression, twenty-four hours before incubation with the nanosystems, HepG2 
and HuH-7 cells were seeded in 12-well culture plates. Nanosystems containing 4 μg of pCMVgfp plasmid were added to 
HepG2 or HuH-7 cells, previously covered with DMEM-HG medium. After 48 h incubation (5% CO2 at 37 °C), cells 
were washed twice with PBS and detached with trypsin (5 min at 37 °C). After that, cells were washed and resuspended 
in PBS, and immediately analysed in a FACSCalibur flow cytometer (Becton Dickinson, NJ, USA). Live cells were gated 
by forward/side scattering from a total of 20000 events and data was analysed using CellQuest software.

Cellular Uptake
Twenty-four hours before incubation with HNP, HepG2 and HuH-7 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, were added to each well. Following 4 hours incubation 
at 37 °C, cells were washed twice with PBS, detached, and resuspended in PBS. Then, the samples 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.

Cell Viability
The Alamar Blue assay was selected to assess the cytotoxicity of the different formulations as we previously performed.7 

This assay measures the redox capacity of the cells due to the production of metabolites as a result of cell growth. Briefly, 
after incubation with nanosystems for 48 or 72 hours, DMEM-HG medium containing 10% (v/v) alamar blue dye was 
added to each well. This medium was prepared from a 0.1 mg/mL stock solution of alamar blue. Then, after one hour of 
incubation at 37 °C, the absorbance was determined at 570 and 600 nm in a SPECTRAmax PLUS 384 spectrophotometer 
(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 levels promoted by the various therapeutic approaches, flow cytometry was employed by 
using the probes FITC-Annexin V (Immunostep, Salamanca, Spain) and propidium iodide (PI, Sigma) in agreement 
with our established procedure.7 After a 72-hour HNP incubation period, the 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 1 µL of PI (0.05 mg/mL) and 2 µL of FITC-annexin V (0.05 mg/mL) were added. The 
samples were analysed in a FACSCalibur flow cytometer (Becton Dickinson, NJ, USA) after being incubated for five 
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minutes at room temperature in the dark. Twenty thousand events were collected, propidium iodide was evaluated in 
the FL-3 channel, and FITC fluorescence was assessed in the FL-1 channel. The data were analysed using CellQuest 
software.

Caspases Activity
The activities of caspase-3/7, −8 and −9 were measured by a luminescence assay, using Caspase-Glo 3/7, Caspase-Glo 8 
and Caspase-Glo 9 assay kit (Promega, USA).7 The evaluation was carried out in compliance with the manufacturer’s 
protocol. Twenty-four hours after HepG2 and HuH-7 cells have been plated on 96-well plates, they were incubated with 
the different nanosystems for 72 hours. In the case of spheroids, after 3 days of spheroid formation, they were incubated 
(5% CO2 at 37 °C) with the various therapeutic strategies for 12 days. Following that, each well received 100 µL of assay 
reagent, being then incubated for one hour at room temperature. Finally, a Synergy HT luminometer (Biotek, USA) was 
used to measure the luminescence.

Mitochondrial Membrane Potential
JC-1 fluorescent dye was used to study the mitochondrial membrane potential through flow cytometry as described 
previously.7 Briefly, 24 hours after HepG2 and HuH-7 cells have been plated on 12-well plates, they were incubated with 
the different nanosystems for 48 hours. Then, the cells were resuspended and incubated with fresh culture medium 
having JC-1 dye (2.5 µg/mL), for 40 minutes at 37 °C in the dark. Following incubation, the cells were washed with PBS 
and examined using a FACSCalibur flow cytometer (Becton Dickinson, NJ, USA). The decrease in mitochondrial 
membrane potential was indicated by the shift from red (JC-1 oligomer) to green (JC-1 monomer) fluorescence.

Cell Proliferation
Cell proliferation was measured by incorporation of 5-ethynyl-2’-deoxyuridine (EdU).37,38 Four hours before the end of 
the 48 hours treatment with the different therapeutic strategies, HepG2 and HuH-7 cells were incubated with 10 µM EdU 
(5% CO2 at 37 °C) for 4 hours. After this incubation the cells were detached with trypsin and washed with PBS, and then 
fixed with 70% (v/v) ethanol and incubated overnight at 4 °C. Posteriorly, the cells were washed with PBS containing 2% 
(m/v) BSA. Cell pellets were collected by centrifugation, resuspended and incubated in the dark for 30 minutes with 
a reaction cocktail containing 5 μM FAM azide 6-isomer, 2 mm copper sulfate pentahydrate and 20 mg/mL ascorbic acid. 
Finally, the cells were washed and resuspended in PSB and analysed in a FACSCalibur flow cytometer (Becton 
Dickinson, NJ, USA). Emitted FAM fluorescence was measured at FL1 and 15000 events were collected for each 
sample. The data were analysed using CellQuest software.

To obtain fluorescence microscopy images, cells were incubated with Edu for 4 hours, then washed with PBS and 
fixed with 4% paraformaldehyde for 15 minutes. Posteriorly, they were washed with PBS and permeabilized with PBS 
containing 0.2% Triton X-100 for 10 minutes. The cells were then washed again with PBS and incubated for 30 minutes 
in the dark with a reaction cocktail containing 5 μM Sulfo-Cyanine3 azide, 2 mm copper sulfate pentahydrate and 20 mg/ 
mL ascorbic acid. Nuclei were stained with 2 μg/mL of Hoechst 33258 dye (Molecular Probes) in PBS for 5 min. Cells 
were then washed, maintained in PBS and analysed under a widefield fluorescence microscope (Zeiss Axio Observer Z1; 
Carl Zeiss, Oberkochen, Germany).

Cell Cycle Analysis
After 72 hours of incubation with the nanosystems, HepG2 and Huh-7 cells were detached with trypsin and washed with 
PBS. Posteriorly, the cells were fixed with 70% (v/v) ethanol and incubated overnight at 4 °C. After washing with PBS 
containing 2% (m/v) BSA, cellular pellets were collected by centrifugation, resuspended and incubated for 15 minutes in 
the dark with a FxCycle™ PI/RNase Staining Solution (Thermo Fisher). Finally, the cells were analysed in 
a FACSCalibur flow cytometer (Becton Dickinson, NJ, USA). Emitted PI fluorescence was measured at FL2 and 
10000 events were collected for each sample. The percentages of cell populations in different phases of the cell cycle 
were determined using ModFit LT software.
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Western Blotting
Total protein extracts were obtained from pellets of HepG2 and HuH-7 cells treated with the different nanosystems for 
48 hours. Cells were lysed for 30 minutes in 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-Aldrich) and phosphatase 
inhibitors. The concentration of protein lysates was determined using the BC protein assay kit (Biorad, CA, USA). 
Samples with 30 μg of protein each were resuspended in loading buffer (20% glycerol, 10% SDS, 0.1% bromophenol 
blue) and incubated at 95 °C for 5 minutes. Then, they were resolved on SDS-PAGE in a 12% polyacrylamide gel. After 
that, proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore). The membrane was then 
blocked with 5% BSA for 1 hour at room temperature and incubated, overnight at 4 °C, with anti-PTEN (#9552, 1:1000) 
anti-ERK1/2 (#9107, 1:2000), anti-pERK1/2 (Thr202/Tyr204) (#4370, 1:2000), anti-AKT (#4685, 1:1000), anti-pATK 
(Ser473) (#4058, 1:1000) (Cell Signaling), anti-FLAG (F1804, 1:1000) (Sigma-Aldrich), 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 temperature. Following the antibody incubation period, the membranes underwent 
four TBS-T washes before being incubated for five minutes at room temperature with the enzyme substrate ECF (Thermo 
Fisher). A ChemiDoc Touch System (Bio-Rad) was used to detect the chemofluorescence and the Quantity One software 
(Bio-Rad) was used to analyse the band intensity.

Spheroid Treatment and Growth
After the initial 3 days of formation, spheroids were incubated with different nanosystems for the desired time, at 37 °C 
and in a humidified atmosphere of 5% CO2. To monitor spheroid diameter and compaction over the course of treatment, 
phase contrast images (Analysis imaging system CELENA® S, Logos Biosystems) were obtained. Spheroids were 
stained with fluorescein diacetate (FDA) and propidium iodide for the live-dead analysis. Briefly, 100μL of a solution 
containing 2 mg/mL propidium iodide in PBS and 2 µL of 5 mg/mL FDA in acetone was added to the spheroids and 
incubated for 5 minutes at room temperature. Then, after being washed with PBS, spheroids were visualized using 
CELENA® S Digital Imaging System by Logos Biosystems.

Statistical Analysis
Statistical significance of the differences between the data was assessed with Prism software (version 7.04) using one- 
way ANOVA and Student’s t-tests. A value of p < 0.05 was considered significant.

Results and Discussion
In this work, a new nanosystem formulation with the ability to specifically co-deliver two targeted therapy drugs and a DNA 
plasmid containing a tumor suppressor gene into HCC cells was developed. As illustrated in Figure 1, these nanosystems 
consisted of a core-shell nanostructure comprising a PLGA core complexed with DNA, through electrostatic interactions, 
coated with a lipid bilayer composed of EPOPC, DOPE, PHC, DSPE-PEG2000-amine and DSPE -PEG2000-GalNac.

The production of these lipid/polymer hybrid nanoparticles (HNP) was carried out in two steps. In the first step, the 
polymeric core was produced with the biodegradable and biocompatible PLGA copolymer using the solvent emulsifica
tion diffusion-evaporation method.39 In order to produce PLGA nanoparticles with a positive surface charge and reduced 
size, the influence of different combinations of DMAB and PVA surfactants on these parameters was evaluated. As 
illustrated in Figure S1A and B, it was found that as the quantity of DMAB increases, there is a reduction in the size and 
an enhancement in the surface charge of the PLGA nanoparticles, that is in line with what was expected, since the 
DMAB surfactant, in addition to be a positively charged surfactant, allows the formation of small nanoparticles.39 Based 
on the obtained data, the PLGA nanoparticles produced with 30 mg of DMAB and 175 mg of PVA were selected to 
develop the HNP, since in these conditions it was attained nanoparticles smaller than 100 nm (≅ 92.3 nm), with 
moderately positive zeta potential (≅ +19.2 mV). The PLGA nanoparticles/DNA complexes were prepared, by electro
static interactions, at different (±) charge ratios, by maintaining constant the genetic material amount and varying the 
PLGA nanoparticles quantity.
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The PLGA nanoparticles showed the ability to complex the genetic material at higher charge ratios (Figure S1C), 
however none of the produced complexes showed transfection activity in the HCC cell lines used (data not shown). The 
absence of biological activity may be due, in the case of high charge ratios, to the reduced ability to release the genetic 
material or, in the case of low charge ratios, to the reduced capability to complex and protect nucleic acids from 
enzymatic and/or mechanical degradation, as well as to a decreased ability to interact and be internalized by the target 
cells.40,41 In order to circumvent this problem, PLGA nanoparticle/DNA complexes with lower charge ratios were coated 
with three distinct HCC-targeted lipid bilayers (Figure 2A–C). Thus, in the second stage of hybrid nanoparticle 
production, the PLGA nanoparticles/DNA complexes were mixed with preformed liposomes, as previously 
described.7,42 Four charge ratios of PLGA nanoparticles/DNA complexes and three mass ratios of DNA/lipid, for the 
three distinct lipid bilayers, were tested. To confer specificity to HNPs for HCC cells, we conjugated the triantennary 
N-acetylgalactosamine (GalNAc) cluster to the DSPE-PEG2000-amine. This cluster has high affinity for the asialogly
coprotein receptor (ASGP-R), which is overexpressed in HCC cells.7 The conjugation of the cluster to the DSPE- 
PEG2000-amine was evaluated by FITIR. As observed in Figure S2, DSPE-PEG2000-amine does not present bands 
above 3000 cm−1 that are characteristic of secondary amines. On the other hand, DSPE-PEG-GalNac as well as GalNac 
cluster present bands above 3000 cm−1, indicating the successful conjugation of the GalNAc cluster to DSPE-PEG2000- 
amine.

The biological activity of the different HNP formulations was evaluated and, as illustrated in Figure 2, there was only 
significant biological activity, in both HCC cell lines, with HNP prepared with the lipid bilayers constituted by EPOPC/ 
DOPE/CHEMS/DSPE-PEG2000-amine/DSPE-PEG-GalNac and EPOPC/DOPE/PHC/DSPE-PEG2000-amine/DSPE- 

Figure 1 Schematic representation of the hybrid nanosystems preparation.
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PEG-GalNac, at the mass ratio of 1µg DNA to 50 µg of lipid. This biological activity was higher for nanosystems 
prepared with the lipid bilayer composed of EPOPC/DOPE/PHC/DSPE-PEG2000-amine/DSPE-PEG-GalNac 
(Figure 2C), being the best HNP formulation constituted by PLGA nanoparticle/DNA complexes prepared at a charge 
ratio of 1/8 (±) and coated by the lipid bilayer at a mass ratio of 1 µg DNA to 50 µg of lipid. The biological activity of 
these best hybrid nanoparticles was about twice as high as the biological activity obtained with PEI-based polyplexes 

Figure 2 Transfection activity of HNP. Luciferase gene expression (RLU/mg of total cell protein) in HepG2 (Ai, Bi and Ci) and HuH-7 (Aii, Bii and Cii) cells treated, for 
48 hours, with HNP produced with the lipid bilayer composed of: EPOPC/Chol/DSPE-PEG2000-amine/DSPE-PEG2000-GalNac (Ai and Aii); EPOPC/DOPE/CHEMS/DSPE- 
PEG2000-amine/DSPE-PEG2000-GalNac (Bi and Bii); EPOPC/DOPE/PHC /DSPE-PEG2000-amine /DSPE -PEG2000-GalNac (Ci and Cii). Different charge ratios (PLGA 
nanoparticles/DNA) and mass ratios (DNA/lipid) were tested, keeping the amount of DNA fixed and varying the quantity of PLGA nanoparticles and lipid, respectively. Cells 
were transfected in 48-well plates with different HNP formulations containing 1 μg of DNA. Transfection efficiency in HepG2 (Di) and HuH-7 (Dii) cells treated, for 48 hours, 
with HNP composed of EPOPC/DOPE/PHC/DSPE-PEG2000-amine/DSPE-PEG2000-GalNac, prepared at different charge ratios (PLGA nanoparticles/DNA) and at 1/50 DNA/ 
lipid mass ratio. Cells were transfected in 12-well plates with different hybrid formulations containing 4 μg of DNA. Transfection efficiency (Percentage of cells expressing GFP) 
was evaluated by flow cytometry. PEI/DNA polyplexes prepared at the charge ratio 10/1 (±) were used as a positive control. Data are expressed as mean ± SD (n=3) obtained 
from three independent experiments.
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(positive control). This new hybrid nanoformulation also showed the highest transfection efficiency, with approximately 
60% of transfected cells, in both HCC cell lines, a value that once again was twice of that obtained with the positive 
control (Figure 2D). In subsequent studies, this best HNP formulation was used.

The stability of these new hybrid nanosystems was evaluated, and they did not exhibit major changes in their 
transfection activity and their physicochemical properties (mean diameter, polydispersity index, and zeta potential), over 
30 days, when kept at room temperature or at 4 °C, the same being not observed when they were stored at −20 °C (Figure S3 
and Table S1). The reduction of transfection activity after storage at −20 °C was probably due to the fact that the freezing/ 
thawing process promoted changes in their structure (Table S1) and consequently loss of biological activity. Additionally, 
contrary to what was observed in the PLGA nanoparticles/DNA complexes, these new hybrid nanosystems allowed 
a greater protection of the genetic material at pH 7.4, observed through a significant decrease on the access of ethidium 
bromide to the DNA when compared to that observed with the PLGA nanoparticles/DNA complexes at this pH (Figure 3A). 
These results, together with those observed both in terms of size (no substantial changes in the mean diameter of the 
formulation throughout the hybrid nanoparticles preparation), and in terms of zeta potential (positive surface charge for the 
PLGA nanoparticles, negative for the PLGA nanoparticle/DNA complex, and positive for the HNP produced without 
GalNac) (Table 1), as well as in the TEM images (Figure S4), suggest that the formation of this HNP formulation occurred 
initially via the coating of the PLGA nanoparticles by a DNA layer, resulting in the formation of the complexes, which were 
then coated by the lipid bilayer forming the new hybrid nanosystems.

As illustrated in Figure 3A, the increase of ethidium bromide access to DNA of the HNP, when the pH was decreased 
from 7.4 to 5, suggests that the lipid bilayer (EPOPC/DOPE/PHC /DSPE-PEG2000-amine/DSPE-PEG2000-GalNac) of 
the HNP undergoes destabilization at acidic pH, most probably because of the presence of the lipids PHC and DOPE, 
which can allow the creation of pH-sensitive lipid bilayers when used simultaneously.43 This pH sensitivity of the HNP 
may allow the transport and protection of the nucleic acids at pH 7.4, while once within the endocytic pathway, it may 
facilitate the release of the nucleic acids to the cytoplasm.44,45 In this regard, we also found that this best formulation of 
nanosystems exhibited a faster release of the coumarin-6 under acid conditions (pH 5) than at pH 7.4, thus corroborating 
that the developed nanosystems are pH-responsive, and are most likely sensitive to the acidic pH of the endosome 
(Figure S5).

On the other hand, it was observed that the incorporation of the GalNac cluster increased the transfection activity 
(Figure 3B) and the cell uptake (Figure S6) of the hybrid nanoparticles, most probably due to the specific interaction of 
GalNac with the ASGP-R, which is highly expressed in HCC cells, resulting in greater cell binding and uptake when 
compared to HNP prepared without GalNac (Figure S6), thus leading to a greater biological activity.7,46 To support this 
hypothesis, we evaluated the influence of pre-incubation with free asialofetuin, a specific ligand for the ASGP-R, on the 
biological activity (Figure 3B) and cell uptake (Figure S6) of HNP prepared with or without the GalNac cluster. We 
found that 1.5 mg/mL of free asialofetuin significantly reduced the cellular internalization and the transfection capacity of 
the hybrid nanoparticles containing the GalNac ligand, but did not change these parameters in the case of the HNP 
prepared without this cluster (Figures 3B and S6). These results, together with the fact that the hybrid nanoparticles 
prepared with the GalNac cluster have a negative surface charge (avoiding their nonspecific interaction with the cellular 
membrane) (Table 1), support the hypothesis that cell binding and internalization of targeted HNP occur through the 
specific interaction of the GalNac cluster with the ASGP-R.7,46,47 Xunan Li et al and Youngsoo Kim et al also 
demonstrated that conjugation with N-acetylgalactosamine allows efficient targeting to the asialoglycoprotein receptor, 
promoting the specific delivery of micelles with therapeutic agents and antisense oligonucleotides, respectively, to HCC 
cells.48,49

As the aim of our work was to produce a new hybrid nanosystem with the capacity to efficiently deliver a therapeutic 
gene and two antitumor drugs, the concentration and dosage of the therapeutic agents was optimized based on that 
objective. In this regard, the selected dosage of DNA (1 µg of DNA/cm2) was chosen taking into account the amount of 
nanosystems, prepared without drugs, that resulted in a higher expression of the transgene (the reporter gene luciferase) 
without causing unspecific cytotoxicity (Figure S7). The amount of selumetinib used (0.73 µg/mg HNP, corresponding to 
a loading efficiency of 67%) was the quantity of drug loaded onto the PLGA nanoparticles that corresponded to the 
number of positive charges needed to complex DNA and allow the highest transgene (luciferase) expression in the target 
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cells (Figures 2 and 3C and D). On the other hand, the selected amount of perifosine was 3 mol% (in relation to the total 
amount of lipids) (27.5 µg of perifosine/mg HNP, corresponding to a loading efficiency of 100%) because it was the 
lowest concentration that showed targeted toxicity without significantly affecting the transfection activity of nanosystems 
(Figures S7 and 3C and D). As shown in Figure 3C and D, although the presence of these drugs did not promote 
substantial changes in transfection activity in terms of luciferase gene expression (Figure 3C), a significant decrease in 

Figure 3 Properties of HNP and effect of encapsulation of chemotherapeutic drugs on their transfection activity. (A) Access of Ethidium bromide to DNA in HNP and in 
PLGA nanoparticles/DNA complexes at pH 5 and pH 7.4. The PLGA nanoparticle/DNA complexes were produced at the charge ratio (1/8) (±), and the HNP were 
prepared at the charge ratio 1/8 (±) and at the DNA/lipid mass ratio of 1/50. (B) Influence of free asialofetuin on biological activity of HNP with and without GalNac on 
HepG2 and HuH-7 cells. Luciferase expression (RLU/mg of total cell protein) in HCC cells treated, for 48 hours in 48-well plates, with HNP produced at the charge 
ratio 1/8 (±) and at the DNA/lipid mass ratio of 1/50, containing 1 μg of DNA. (C and D) Effect of selumetinib and/or perifosine on the biological activity of HNP in 
HepG2 (Ci and Di) and HuH-7 (Cii and Dii) cells. HNP were produced with and without selumetinib (0.73 µg/mg HNP) and/or perifosine (27.5 µg/mg HNP). (C) 
Luciferase expression (RLU/mg of total cell protein) in cells treated, for 48 hours in 48-well plates, with HNP containing 1 μg of DNA. (D) Percentage of cells expressing 
GFP, evaluated through flow cytometry, after cells treatment, for 48 hours in 12-well plates, with HNP containing 4 μg of DNA. Results are presented as mean ± SD 
(n=3) obtained from 3 independent experiments. (&&&&P< 0.0001) Denotes a statistically significant difference when compared to ethidium bromide access at pH 7.4 for 
the same formulation. (****P< 0.0001) Denotes a statistically significant difference in comparison to the biological activity observed with the HNP prepared without 
GalNac, for the same cell line. (##P< 0.01) Denotes a statistically significant difference when comparing with the biological activity registered with the same formulation in 
the lack of asialofetuin, for the same cell line. ($$P< 0.01); ($P< 0.05) Denotes a statistically significant difference in comparison to the percentage of cells expressing GFP 
obtained with HNP without drugs.
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the percentage of transfected cells, with greater evidence in HepG2 cells, namely when both drugs were present, was 
observed (Figure 3D). This reduction in transfection efficiency was most probably due to the fact that these drugs induce 
some cell death that was more evident when both drugs were incorporated in the HNP (Figure S8). In the case of the 
evaluation by luciferase expression the possible reduction on transfection was annulled by the normalization with the 
total cell protein. It should also be noted that drug-free hybrid nanoparticles did not show cytotoxicity (Figure S8).

The developed HNP not only allow the simultaneous transport of antitumor drugs and genetic material, but also their 
targeted delivery into HCC cells. In order to generate an effective combined antitumor approach, comprising chemother
apy and gene therapy, we evaluated the potential of the generated HNP to mediate such therapeutic strategy, involving 
two targeted therapy drugs (selumetinib loaded in the PLGA nanoparticles, and perifosine incorporated in the lipid 
bilayer) and a DNA plasmid encoding PTEN, in two HCC cells lines (HepG2 and HuH-7). The selection of these 
therapeutic agents is justified by the fact that selumetinib acts as an inhibitor of MEK, which is normally overactive in 
HCC; perifosine acts as an inhibitor of AKT, which is also overactive in HCC; and PTEN is a tumor suppressor protein 
that normally is underexpressed in HCC.11,14,15 In order to determine the potential of this triple therapeutic approach, the 
other possible combinations and the individual strategies were also evaluated. Furthermore, the cytotoxicity of the free 
drugs, in the same concentration as used in nanoparticles, was also assessed. As demonstrated by the data presented in 
Figure 4A, the cytotoxicity profile of the various therapeutic conditions was identical in both HCC cell lines. The 
achieved results revealed that the combined strategies were always more toxic than the individual approaches. Moreover, 
the triple combination demonstrated to be significantly more efficient in promoting cancer cell death than the other 
approaches, with about 70% of cytotoxicity in HepG2 cells (Figure 4Ai) and about 60% in HuH-7 cell line (Figure 4Aii). 
On the other hand, the HNP and the different therapeutic conditions did not show significant cytotoxicity in a non-tumor 
control cell line (Figure S9).

In an attempt to identify the mechanisms involved in the anticancer activity induced by the individual and combined 
strategies, mediated by the new HNP, we evaluated the extent of early apoptosis and necrosis/late apoptosis using 
annexin V and PI. As presented in Figure 4B and C, for both HCC cell lines, incubation for 72 hours with the HNP 
containing the triple combination resulted in a greater number of cells stained with PI and/or annexin V than registered 
with the other therapeutic conditions, whether in double combinations or individually, which confirmed once again the 
higher capacity of the triple combination to promote cancer cell death. Although there was a significant percentage of 
cells labelled only for annexin V, an indicator of initial apoptosis, there was also a significant percentage of cells with 
double labelling, annexin V and PI, not allowing the distinction between cells in late apoptosis or necrosis. However, we 
can assume that these latter ones are cells that have evolved from an early apoptosis process to a late apoptosis phase.7,50 

In order to corroborate the hypothesis that the triple therapeutic strategy induces cell death through a process of 
programmed cell death, we proceeded to assess the activity of caspases, since the activation of caspases is a critical 
event in the induction process of cellular apoptosis. The apoptotic process is carried out through the cleavage of cellular 

Table 1 Physicochemical Characterization of Selected Hybrid Nanosystems and Their 
Components

Size (nm) Polydispersity  
Index (PDI)

Zeta Potential  
(mV)

PLGA nanoparticles 92.3 ± 0.4 0.02 ± 0.01 21.5 ± 0.61

PLGA nanoparticles/DNA (1/8 ratio) 112.5 ± 2.3 0.20 ± 0.02 −31.2 ± 7.39

Liposomes without Galnac 97.9 ± 0.4 0.17 ± 0.05 25.3 ± 1.28

Liposomes with Galnac 102 ± 0.1 0.18 ± 0.03 −15.4 ± 2.01

Hybrid nanoparticles without Galnac 129 ± 0.8 0.08 ± 0.07 19.5 ± 0.78

Hybrid nanoparticles with GalNac 135 ± 0.5 0.07 ± 0.09 −17.6 ± 0.93

Notes: Results are presented as mean ± SD obtained at least from four independent samples.
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components by effector caspases (caspases-3/7). These caspases are activated by initiator caspases, such as caspase-9 and 
caspase-8, that in turn are activated by intrinsic and extrinsic apoptotic pathways, respectively.51 In this context, the 
activity of caspases-3/7, −8 and −9 was evaluated in order to measure the activation of caspases and determine the 
apoptotic pathway associated with HCC cell death promoted by the different treatments. The results presented in 
Figure 5A show that treatment of HCC cells with the new HNP, containing the triple combination, resulted in a strong 
increase in the activity of caspases-3/7 and −9, this activation being significantly higher than that obtained for the 

Figure 4 Therapeutic potential of the different approaches mediated by HNP. HepG2 (Ai) and HuH-7 (Aii) cells were treated with the different therapeutic formulations, 
corresponding to 1 μg of DNA/well, for 72 hours, and then cell viability was analyzed using the Alamar blue assay. The tested formulations were: empty HNP containing the 
luciferase plasmid (the control gene); HNP containing perifosine and/or selumetinib and luciferase plasmid; HNP containing only the PTEN plasmid; HNP containing 
perifosine and/or selumetinib and PTEN plasmid; free drugs used in the same concentration as in the HNP. HepG2 (Bi and Ci) and HuH-7 (Bii and Cii) cells lines were 
stained with Annexin V and PI double-staining for 15 min after being treated, for 72 hours in 12-well plates, with the different formulations corresponding to 4 μg of DNA. 
The apoptosis levels were evaluated by flow cytometry. The percentages of live cells, cells in early apoptosis and cells in late apoptosis/necrosis were presented in bar graphs 
(Ci and Cii). Data are presented as mean ± SD (n=3) obtained from three independent experiments. Asterisks represent significant differences in cell viability. Cardinals 
represent significant differences in terms of living cells. (**** and ####P < 0.0001); (** and ##P < 0.01) Denotes a statistically significant difference when compared with cells 
incubated with HNP containing perifosine, selumetinib and PTEN plasmid.
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remaining therapeutic strategies. On the other side, activation of caspase-8 was shown to be residual for both HCC cell 
lines, exhibiting no significant differences between the different therapeutic conditions. Thus, the increased activation of 
caspases-3/7 and caspase-9 demonstrated that the intrinsic apoptotic pathway is involved in the apoptotic process induced 
by the treatment comprising the triple therapeutic combination. These facts indicate that most probably the cytochrome 
c is released from the mitochondria to cytosol, triggering the activation of caspase-9 that in turn activated caspases-3/7. 
This cytochrome c release involves mitochondrial changes, such as the collapse of the mitochondrial membrane potential, 
that in turn originate alterations in mitochondrial permeability and consequent release of cytochrome c.52,53 Considering 
this, we proceeded to analyze the mitochondrial membrane potential, after treatment of HCC cells with the different 
therapeutic approaches, by using the JC-1 fluorescent cation probe. This probe, in case of high mitochondrial membrane 
potential, accumulates in the mitochondria forming aggregates that produce a red fluorescence, and in case of mitochon
drial membrane potential collapse, it remains in the cytosol in low concentrations not allowing the creation of aggregates 
and, consequently, exhibiting green fluorescence.54,55 As can be seen in Figure 5B, the treatment of both HCC cell lines 
with the HNP mediating the triple therapeutic approach caused an enhancement in the percentage of cells that exhibited 
green fluorescence. This increase was significantly higher comparing with those percentages registered with the other 

Figure 5 Caspase activation levels and mitochondrial membrane potential of treated cells. Luminescence generated by the activity of caspase −3/7, −8 and −9 in (Ai) HepG2 
and (Aii) HuH-7 cells incubated, for 72 hours in 96-well plates, with HNP containing the luciferase plasmid (the control gene); HNP containing perifosine and/or selumetinib 
and the luciferase plasmid; HNP containing the PTEN plasmid; and HNP containing perifosine and/or selumetinib and PTEN plasmid (nanoparticles corresponding to 0.5 μg 
of DNA). Percentage of HepG2 (Bi) and HuH-7 (Bii) cells with JC-1 green or red fluorescence, quantified by flow cytometry, after treatment with the different therapeutic 
approaches. The percentage of green and red cells are expressed as mean ± SD obtained at least from three independent experiments (n=3). Asterisks represent significant 
differences in caspase−9 activity. Cardinals represent significant differences regarding the activity of caspase−3/7. Ampersands represent significant differences regarding the 
percentage of cells with JC-1 green fluorescence. (****, #### and &&&&P < 0.0001); (###P< 0.001); (&&P < 0.01) (& and #P< 0.05) Denotes a statistically significant difference 
when compared with cells treated with HNP containing perifosine, selumetinib and PTEN plasmid (triple combination).
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tested conditions. These data revealed that the new HNP mediating the triple therapeutic strategy were capable of 
inducing a substantial reduction in mitochondrial membrane potential, which normally occurs during the apoptotic 
process. These results once again prove that the triple combination approach, mediated by our HNP, has a greater 
therapeutic potential than the dual combinations or the individual strategies.

In addition to assessing the death mechanisms involved in the antineoplastic effect of individual and combined 
strategies, mediated by the new HNP, we also evaluated their influence on cell proliferation through the EdU incorpora
tion assay. EdU is a thymidine nucleotide analogue and can be used to measure the synthesis of new DNA, since during 
the S phase of the cell cycle it is integrated into the newly synthesized DNA of replicating cells.38 The EdU assay 
provides reliable and direct measurements of cellular multiplication in actively dividing cells.56 As shown in Figure 6A 
and B, treatment of HepG2 and HuH-7 cells with the new HNP, containing the triple combination of therapeutic agents, 
promoted a significant decrease in the percentage of EdU positive cells. This decrease was greater than that achieved for 
the other therapeutic conditions, as demonstrated by the results obtained not only through flow cytometry (Figure 6A) but 
also by fluorescence microscopy (Figure 6B). The obtained results demonstrated that HCC cells treatment with HNP, 
mediating the triple therapeutic strategy, promoted the highest decrease in cell proliferation. In an attempt to verify 
whether the effect observed in cell proliferation was also associated to changes in the cell cycle, this latter parameter was 
evaluated after treatment with the different approaches. As elucidated in Figure 6C, the HNP delivering the triple 
combination resulted in significant alterations in cell cycle phases when comparing with those registered with the other 
treatments either combined or individual. For HepG2 cells, incubation with the best therapeutic formulation resulted in 
a significant increase in cells in the G2/M phase, while for HuH-7 cells, it promoted a significant enhancement in the G0/ 
G1 phase. As previously reported by other authors, these differences found between the two cell lines are probably due to 
cellular heterogeneity, and genetic and epigenetic factors.57,58

The increase in apoptotic cells and the decrease in cell proliferation, promoted by the new HNP containing the triple 
combination, is possibly due to a high ability of this combined approach to inhibit the signaling pathways involved in 
both cell survival and proliferation, namely the RAS/RAF/MEK/ERK and PI3K/AKT/mTOR pathways.59,60 Possibly, the 
inhibition of MEK and AKT proteins induced by the targeted therapy drugs selumetinib and perifosine, respectively, in 
combination with the PTEN transgene expression, which acts as a negative regulator of the activation of the PI3K/AKT 
pathway and has nuclear functions regulating and maintaining the integrity of the genome, resulted in an enhancement in 
the antitumor activity, observed through increased programmed cell death and decreased cell proliferation capacity. In an 
attempt to elucidate the process and pathways involved in the anticancer strategies, we evaluated not only the levels of 
pERK and pATK but also the levels of PTEN transgene expression in HCC cells, through immunoblotting, after 
treatment with the HNP mediating the combined and individual approaches. As demonstrated by the results presented 
in Figure 7A, the incubation of HCC cells with the HNP containing the plasmid encoding PTEN promoted a substantial 
increase in the levels of PTEN protein in both cell lines, which was not obtained after treatment with nanosystems 
prepared with the plasmid containing the luciferase transgene. Indeed, the increase observed in PTEN protein levels was 
a result of the PTEN transgene expression, since the protein expressed by the used PTEN plasmid has a FLAG 
(polypeptide protein tag) labelling.61 Treatment of both cells with HNP containing the PTEN plasmid promoted 
a decrease in the p-AKT levels, this reduction being more evident in the HuH-7 cell line, quite possibly because of 
the superior transgene expression observed in these cells (Figure 2C and D). Therefore, the higher levels of PTEN 
promoted a greater inhibition of AKT protein and, consequently, lower p-AKT levels.62 The decrease in p-AKT levels 
was further accentuated when cells were incubated with HNP containing not only the plasmid encoding PTEN but also 
the drug perifosine (Figure 7B). In contrast, cells treated with HNP containing the drug selumetinib presented lower 
p-ERK levels. However, the lowest levels of p-AKT and p-ERK were only achieved concomitantly when cells were 
incubated with nanosystems mediating the triple combination strategy (Figure 7A–C). In fact, cells treatment with 
nanoparticles simultaneously loaded with selumetinib (MEK inhibitor), perifosine (AKT inhibitor) and the plasmid 
encoding PTEN, caused a robust inhibition of target proteins that most probably promoted a lower activity of the 
signalling pathways involved in cell proliferation and survival (RAS/RAF/MEK/ERK and PI3K/Akt/mTOR pathways), 
consequently inducing a greater antitumor activity than the other therapeutic approaches.
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In an attempt to obtain more physiologically relevant data and overcome some limitations associated with 2D cell 
cultures, the use of three-dimensional (3D) cell culture systems has gained prominence.63 In this way, the anticancer 
effect of the individual and combined therapeutic approaches, mediated by the new HNP, was assessed in HCC-tumor 

Figure 6 Cell proliferation and cell cycle of treated cells. Evaluation of cell proliferation, through the incorporation of EdU, in HepG2 (Ai and Bi) and HuH-7 (Aii and Bii) 
cells treated, for 48 hours in 12-well plates, with HNP containing the luciferase plasmid (the control gene); HNP containing perifosine and/or selumetinib and luciferase 
plasmid; HNP containing the PTEN plasmid; and HNP containing perifosine and/or selumetinib and PTEN plasmid (nanoparticles corresponding to 4 μg of DNA). Percentage 
of EdU positive and EdU negative HepG2 (Ai) and HuH-7 (Aii) cells quantified by flow cytometry. Representative microscopy imagens of EdU positive HepG2 (Bi) and 
HuH-7 (Bii) cells (magenta, Sulfo-Cyanine3), nuclear staining (cyan, Hoechst 33258) and the merged imagens (scale bars, 50 μm). Percentages of the various phases of the 
cell cycle for HepG2 (Ci) and Huh-7 (Cii) cells treated, for 72 hours in 6-well plates, with the different therapeutic formulations (nanosystems corresponding to 8 μg of 
DNA). Data are expressed as mean ± SD obtained from three independent experiments (n=3). Asterisks represent significant differences in percentage of EdU positive cells. 
Cardinals represent significant differences in the G0/G1 phase of the cell cycle. Ampersands represent significant differences in the G2/M phase of the cell cycle. Dollar sign 
represent significant differences in the S phase of the cell cycle. (**** and $$$$P< 0.0001); (***, ### and &&&P< 0.001); (##, && and $$P< 0.01); (*, # and &P< 0.05) Denotes 
a statistically significant difference when compared with cells treated with HNP containing perifosine, selumetinib and PTEN plasmid (triple combination).
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Figure 7 Influence of the therapeutic strategies on PTEN, ATK and ERK protein levels. Western blot analysis of phosphorylated (p) and total (t) AKT and ERK proteins in HepG2 (Ai, 
Bi and Ci) and HuH-7 (Ai, Bi and Ci) cells treated, for 48 hours in 6-well plates, with HNP containing the luciferase plasmid; HNP containing perifosine and/or selumetinib and luciferase 
plasmid; HNPcontaining the PTEN plasmid; and HNP containing perifosine and/or selumetinib and PTEN plasmid (nanosystems corresponding to 8 μg of DNA). Representative Western 
blot images displaying the levels of PTEN, FLAG, p/t-AKT and p/t-ERK in HepG2 (Ai) and HuH-7 (Aii) cells. Graphical representation of the p-AKT/t-AKT (Bi and Bii) and p-ERK/t-ERK 
(Ci and Cii) ratios in HepG2 and HuH-7 cells. Data are expressed as mean ± SD obtained from three independent experiments (n=3). (**** P < 0.0001); (*** P< 0.001); (** P< 0.01); 
(* P< 0.05) Denotes a statistically significant difference when compared with cells treated with HNP containing perifosine, selumetinib and PTEN plasmid.
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spheroid, obtained with HepG2 and HuH-7 cells, with an initial average diameter of approximately 300 µm. As 
elucidated in Figure 8A, the spheroids of both cell lines did not show an enhancement in their sizes over 21 days of 
incubation with the HNP containing the triple therapeutic combination. Although a similar size was observed in 
spheroids treated with nanoparticles containing the combination of the two drugs, this being particularly evidence in 
HepG2 spheroids (Figure 8Ai), the number of live cells at the end of the 21 days of treatment was significantly lower in 

Figure 8 Impact of the treatment approaches mediated by the HNP in 3D cultures of HCC cells. Growth curves of (Ai) HepG2- and (Aii) HuH-7-derived spheroids after 
treatment, over 21 days, with HNP containing the luciferase plasmid; HNP containing perifosine and/or selumetinib and luciferase plasmid; HNP containing the PTEN 
plasmid; and HNP containing perifosine and/or selumetinib and PTEN plasmid (corresponding to 5 μg of DNA). Representative fluorescence images of (Bi) HepG2- and (Bii) 
HuH-7-derived spheroids, at the end of 21 days of incubation with the different therapeutic approaches, using FDA-PI as live-dead staining (scale bar = 150 µm). Relative 
luminescence produced by the activity of caspase-3/7, −8 and −9 in (Ci) HepG2- and (Cii) HuH-7-derived spheroids treated, for 12 days, with the different therapeutic 
formulations. Data are expressed as mean ± SD obtained from three independent experiments (n=3). Cardinals represent significant differences regarding the activity of 
caspase 9. Asterisks represent significant differences in caspase 3/7 activity. (**** and ####P< 0.0001); (***P< 0.001); (##P< 0.01); (* and #P< 0.05) Denotes a statistically 
significant difference when compared with cells treated with HNP containing perifosine, selumetinib and PTEN plasmid (triple combination).
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spheroids incubated with nanosystems delivering the triple therapeutic combination (Figure 8B). In fact, the spheroids of 
both cell lines, at the end of 21 days of treatment with the HNP containing the triple combination, not only exhibited the 
smaller size but also the smaller number of living cells, when compared with the other therapeutic strategies. Regarding 
the activation of caspases, as shown in Figure 8C, the treatment with nanosystems containing the triple therapeutic 
combination promoted a robust activation of caspases-3/7 and −9 in both HepG2 and HuH-7 spheroids. This activation 
was significantly higher than that achieved with the other strategies. In contrast, as in monolayer cultures, caspase-8 
activation was practically non-existent and no substantial differences were observed. These data indicate that the 
programmed cell death occurred through the participation of the intrinsic apoptotic pathway. Thus, these results 
demonstrated that also in 3D HCC cell cultures hybrid nanoparticles containing the triple therapeutic combination 
exhibited greater antitumor activity than the other tested approaches.

Conclusion
In the present study, we generated a new hybrid nanosystem with adequate physicochemical properties, namely, negative 
zeta potential and sizes below 200 nm, which is biocompatible and biodegradable. This new nanosystem allows the 
simultaneous transport of different therapeutic agents, namely antitumor drugs and nucleic acids, and their specific 
delivery in HCC cells, due to its functionalization with the GalNAc ligand. In fact, this formulation has the capability to 
mediate combined chemotherapy and gene therapy, as it efficiently loaded and delivered, in target cells, the drugs 
selumetinib and perifosine, and the PTEN transgene. The treatment of liver cancer cells with this new nanosystem, 
containing these three therapeutic agents, promoted a high antitumor effect involving the inhibition of the signalling 
pathways associated with both HCC cell proliferation and cell survival. This antitumor effect occurred not only through 
the enhancement in programmed cell death, demonstrated by the increase in the number of cells in initial apoptosis, by 
the activation of initiator and effector caspases and by the loss of mitochondrial membrane potential, but also through the 
reduction of the ability of HCC cells to proliferate, observed by the decreased ability to incorporate EdU and by the cell 
cycle changes. Moreover, the therapeutic potential of this new HNP was also demonstrated in 3D HCC cell cultures, 
where it was verified not only a smaller growth capacity of the spheroids tumor mass, but also an increased programmed 
cell death. Therefore, this new formulation allows a concerted action of chemotherapy and gene therapy, promoting 
a high therapeutic effect, and has the capacity to reduce the side effects associated to the therapeutic drugs because of its 
specific to HCC cells. To conclude, our data revealed that this new therapeutic approach, mediated by the generated 
nanosystems, can be considered an auspicious strategy for future clinical application in hepatocellular carcinoma 
treatment.
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