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Purpose: Gene-mediated enzyme replacement is a reasonable and highly promising approach 

for the treatment of Fabry disease (FD). The objective of the present study was to demonstrate 

the potential applications of solid lipid nanoparticle (SLN)-based nonviral vectors for the 

treatment of FD.

Methods: SLNs containing the pR-M10-αGal A plasmid that encodes the α-Galactosidase 

A (α-Gal A) enzyme were prepared and their in vitro transfection efficacy was studied in Hep 

G2 cells. We also studied the cellular uptake of the vectors and the intracellular disposition of 

the plasmid.

Results: The enzymatic activity of the cells treated with the vectors increased significantly rela-

tive to the untreated cells, regardless of the formulation assayed. When the SLNs were prepared 

with protamine or dextran and protamine, the activity of the α-Gal A enzyme by the transfected 

Hep G2 cells increased up to 12-fold compared to that of untreated cells.

Conclusion: With this work we have revealed in Hep G2 cells the ability of a multicomponent 

system based on SLNs to act as efficient nonviral vectors to potentially correct low α-Gal A 

activity levels in FD with gene therapy.
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Introduction
Fabry disease (FD) is an X-linked lysosomal storage disorder caused by an activity-

deficient lysosomal hydrolase called α-Galactosidase A (α-Gal A).1 The absence of 

sufficient enzymatic activity results in a systemic accumulation of neutral glycosphin-

golipids, predominantly globotriaosylceramide (Gb3), especially in endothelial cells 

and the smooth muscle cells of blood vessels.2 FD has a wide variety of clinical 

phenotypes. This spectrum ranges from the classic severe phenotype in males to an 

apparently asymptomatic disease observed in heterozygous females. Patients suffer 

progressive multiple organ pathology, including chronic neuropathic pain; gastroin-

testinal disturbances; angiokeratoma; and renal, cardiac, and cerebral complications 

that lead to premature mortality.3

At present, enzyme replacement therapy (ERT) is the only specific treatment 

available for FD. ERT has been reported to improve renal pathology and cardiac 

function, reduce the severity of neuropathic pain, and improve pain-related quality of 

life.3 The need for the early establishment of the treatment – prior to irreversible organ 

damage – and the potential production of anti-α-Gal A antibodies are important disad-

vantages of ERT.4 Another important drawback, as with other recombinant therapies, is 

the financial cost of human α-Gal A treatment. At the registered dose, the annual cost of 
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the drug reaches approximately €210,000 per 70-kg patient.5 

To overcome these problems, several alternative therapies 

are being studied, including gene therapy. FD is an excellent 

candidate for gene therapy, as it corresponds to a single gene 

disorder and is not subject to complex regulation mechanisms; 

in addition, enzyme activity of only 15%–20% of the normal 

level is, in general, sufficient for clinical efficacy.6 Moreover, 

it offers long-term therapeutic effects, reduces the need for 

repeated administration, and is less expensive.

Most of the studies of gene therapy for FD have been 

carried out using viral vectors, with promising results.7–9 

However, nonviral vectors are safer, cheaper, and more repro-

ducible than viral vectors and have no restriction in the size of 

DNA they can carry. In particular, nonviral vectors based on 

cationic lipids such as solid liquid nanoparticle (SLN) have 

become a promising approach for gene delivery systems. In 

previous studies, we have already shown the ability of SLN 

for transfection both in vitro and in vivo.10–13

The objective of the present study was to demonstrate the 

ability of SLN-based nonviral vectors to increase α-Gal A 

activity levels in vitro. As part of our efforts to achieve this 

goal, we prepared SLN containing the pR-M10-αGal A plas-

mid that encodes the α-Gal A enzyme. We measured α-Gal 

A activity in Hep G2 cells after in vitro transfection.

Material and methods
Preparation of vectors
Two different plasmids were used depending on the aim of 

the assay. The pCMS-EGFP plasmid, encoding the EGFP 

(Clontech, Palo Alto, CA), and the pR-M10-αGal A plas-

mid were purchased from Origene (Rockville, MD). Both 

plasmids were amplified by drobiosystems (San Sebastián, 

Spain). To prepare DNA-SLN vectors, a plasmid solution 

was mixed with an aqueous suspension of SLN prepared by 

a solvent emulsification–evaporation technique.14 Protamine-

DNA-SLN vectors and dextran-protamine-DNA-SLN vectors 

were prepared as previously described by Delgado et al.15,16 

The SLN-to-DNA ratio, expressed as the ratio of DNA to 

DOTAP (w:w), was fixed at 1:5 for the pCMS-EGFP plasmid-

containing vectors, and varied between 1:5 and 1:8 for the 

pR-M10-αGal A-containing vectors.

Size and superficial charge determination
The sizes and superficial charges of vectors, diluted in 

Milli-Q™ (EMD Millipore, Billerica, MA) water, were 

determined on a Zetasizer Nano ZS (Malvern Instruments, 

Malvern, UK) by photon correlation spectroscopy and laser 

Doppler velocimetry, respectively.

Binding, DNase I protection,  
and SDS-induced release of DNA
Vectors in a 0.03 µg DNA/µL concentration were subjected 

to electrophoresis on an ethidium bromide-containing gel 

(1% agarose). Subsequently, bands were photographed 

with an Uvidoc D-55-LCD-20M Auto transillumina-

tor (UVItec Limited, Cambridge, UK). In the protection 

study, Deoxyribonuclease I (DNase I) (Sigma-Aldrich, 

St Louis, MO) at a concentration of 1.5 U DNase I/2.5 µg 

DNA was incubated (37°C) with the vectors for 30 minutes. 

Afterward, a 1% sodium lauryl sulfate (SDS) (Sigma-Aldrich) 

solution was added as a DNA release reagent. In addition, 

the vectors were mixed only with SDS to separately analyze 

the ability of DNA to be released. Samples were subjected 

to agarose gel electrophoresis and compared to untreated 

DNA. The gel electrophoresis materials were acquired from 

Bio-Rad Laboratories (Hercules, CA).

Cell culture and transfection protocol
For in vitro assays, human hepatocellular carcinoma (Hep G2) 

cells from the American Type Culture Collection ([ATCC] 

Manassas, VA) were used. Cells were maintained in Eagle’s 

minimal essential medium (ATCC), supplemented with 

10% fetal bovine serum (Life Technologies, Carlsbad, CA) 

and 1% Normocin™ (InvivoGen, San Diego, CA). Cells 

were incubated at 37°C and 5% CO
2
 and subcultured every 

2–3 days. For pCMS-EGFP transfection, 120,000 cells per 

well were seeded on 24-well plates 24 hours before treating 

with the vectors, whereas for transfection with pR-M10-αGal 

A plasmid, 550,000 cells per well on six-well plates were 

cultured. The formulations were diluted in Hank’s balanced 

salt solution and added to the cell cultures. Vectors carrying 

2.5 µg of DNA were added to each well. Transfection efficacy 

was quantified at 24 and 72 hours.

α-Galactosidase A activity
A fluorimetric assay for α-Gal A determination17 was per-

formed. At 24 and 72 hours posttransfection, Hep G2 cells 

were washed with 600 µL of phosphate-buffered saline (PBS), 

scraped, and collected for centrifugation at 4°C and 5000 rpm 

for 5 minutes. Cell pellets were resuspended in 200 µL of 

Milli-Q water and sonicated. An aliquot was incubated 

with 5  mM 4-methylumbelliferyl-α-D-galactopyranoside 

in the presence of 100 mM N-acetylgalactosamine (Sigma-

Aldrich), a specific inhibitor of α-Gal B activity.18 The 

reaction was stopped 30 minutes later with a 0.2 M glycine 

buffer (pH 10.4). Protein concentrations were determined by 

a Micro BCA™ Protein Assay (Thermo Fisher Scientific, 
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Waltham, MA). One unit of α-Gal A activity is equivalent 

to the hydrolysis of 1 nmol of substrate for 1 hour at 37°C.

Transfection and cell viability evaluation 
by flow cytometry
The transfection efficacy of the vectors containing the 

pCMS-EGFP plasmid was measured in a FACSCalibur 

flow cytometer (BD, Franklin Lakes, NJ) as previously 

described by Delgado et  al.15 The percentage of EGFP-

positive cells was measured at 525 nm (FL1) and the cell 

viability at 650  nm (FL4) after incubation with the BD  

Via-Probe kit (BD).

EGFP fluorimetric quantitative analysis
In order to determine the amount of EGFP produced by 

the Hep G2 cells, a fluorimetric analysis was carried out. 

Cells were washed once with 400 µL of PBS and 200 µL of 

Reporter Lysis Buffer 1X (Promega, Sunnyvale, California) 

were added. Cells were then scraped and centrifuged at 

10,000 rpm. An aliquot of the supernatant was employed 

to measure the fluorescence at 525 nm in a Glomax Multi+ 

Detection System (Promega). In order to normalize the 

results, another aliquot was used to measure the total protein 

quantity by Micro BCA.

Cellular uptake
Flow cytometry was also used to quantify the entry of the 

vectors into the cells by using Nile Red-labeled SLN.10 Two 

hours after the addition of the vectors, the cells were washed 

three times with PBS and detached from the plates. Nile 

Red-positive cells were analyzed at 650 nm (FL4). For each 

sample, 10,000 events were collected.

Intracellular EMA-labeled DNA detection
DNA distribution inside the cells was studied by fluorescence 

microscopy using vectors carrying DNA-EMA,10 labeled 

by drobiosystems. Nuclei were labeled with Hoechst 33258 

(Life Technologies). Images were analyzed with an inverted 

fluorescent microscopy (Eclipse TE2000-S; Nikon Corpora-

tion, Tokyo, Japan).

Statistical analysis
SPSS 19.0 (IBM Corporation, Armonk, NY) was used to 

carry out the statistical analysis. Shapiro–Wilk and Levene 

tests were performed to assess the normal distribution of 

samples and the homogeneity of variance, respectively. 

A student’s t-test was applied to compare the different 

formulations. Statistical significance was set at P , 0.05.

Results
Particle size and zeta potential
Table  1  summarizes the particle size, zeta potential, and 

polydispersity indices of vectors prepared with or without 

protamine or protamine and dextran, and either the plasmid 

pCMS-EGFP or the plasmid pR-M10-α-Gal A. Protamine 

and dextran did not induce any significant change in DNA-

SLN zeta potential or particle size, irrespective of the 

plasmid. Moreover, no significant differences in the particle 

size of vectors prepared with the plasmid pR-M10-α-Gal 

A at different DNA-to-DOTAP ratios were detected. How-

ever, superficial charges of the formulation containing the 

plasmid pR-M10-α-Gal A at a DNA-to-DOTAP ratio of 1:5 

was significantly lower (P , 0.05) than the surface charge 

of the vectors prepared with higher DNA-to-DOTAP ratios. 

The polydispersity index was always lower than 0.4. When 

vectors were labeled with Nile Red or EMA for trafficking 

studies, no changes in particle size or zeta potential were 

observed.

Binding, DNase I protection,  
and SDS-induced release of DNA
All formulations were able to bind all DNA (Figure 1A and B). 

Both plasmids were protected from DNase I action when for-

mulated with SLN; SLN and protamine; or SLN, protamine, 

and dextran, except with the formulation containing the 

pR-M10-α-Gal A plasmid at a 1:5 ratio (DNA-SLN) that 

hardly protected the DNA (Figure  1B, lane 9). The addi-

tion of protamine to the formulations increased the DNA 

Table 1 Physicochemical characterization of SLN-based 
formulations

Formulation Size  
(nm)

PI Z-potential  
(mV)

pCMS-EGFP-containing vectors
  DNA-SLN (1:5) 281 ± 13 0.35 ± 0.03 36 ± 3
  Protamine-DNA-SLN (2:1:5) 258 ± 14 0.35 ± 0.03 41 ± 1
 � Dextran-protamine- 

DNA-SLN (1:2:1:5)
267 ± 12 0.35 ± 0.03 40 ± 2

pR-M10-αGal A-containing vectors
  DNA-SLN (1:5) 267 ± 21 0.31 ± 0.02 12 ± 1*
  DNA-SLN (1:8) 298 ± 24 0.31 ± 0.01 47 ± 4
  Protamine-DNA-SLN (2:1:5) 253 ± 20 0.29 ± 0.01 39 ± 4
  Protamine-DNA-SLN (2:1:8) 278 ± 22 0.32 ± 0.02 43 ± 4
 � Dextran-protamine- 

DNA-SLN (1:2:1:5)
269 ± 22 0.35 ± 0.02 39 ± 3

 � Dextran-protamine- 
DNA-SLN (1:2:1:8)

306 ± 21 0.38 ± 0.02 44 ± 2

Notes: Mean ± standard deviation (n = 3). *P , 0.05 with respect to the other 
formulations containing the same plasmid.
Abbreviations: PI, polydisperity index; SLN, solid liquid nanoparticle.
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Figure 1 Binding, protection, and release of DNA with DNA–SLN, protamine–DNA–SLN, and dextran-protamine–DNA–SLN vectors visualized by agarose gel electrophoresis. 
(A) pCMS-EGFP plasmid: lane 1, free DNA (EGFP); lane 2, DNA-SLN vector (1:5); lane 3, protamine-DNA-SLN vector (2:1:5); lane 4, dextran-protamine-DNA-SLN vector 
(1:2:1:5); lane 5, DNase-treated free DNA; lane 6, DNase-treated DNA-SLN vector (1:5); lane 7, DNase-treated protamine-DNA-SLN vector (2:1:5); lane 8, DNase-treated 
dextran-protamine-DNA-SLN vector (1:2:1:5); lane 9, SDS-treated DNA-SLN vector (1:5); lane 10, SDS-treated protamine-DNA-SLN vector (2:1:5); lane 11, SDS-treated 
dextran-protamine-DNA-SLN vector (1:2:1:5). (B) pR-M10-α-Gal A plasmid: lane 1, free DNA (α-Gal A); lane 2, DNA-SLN vector (1:5); lane 3, DNA-SLN vector (1:8); lane 
4, protamine-DNA-SLN vector (2:1:5); lane 5, protamine-DNA-SLN vector (2:1:8); lane 6, dextran-protamine-DNA-SLN vector (1:2:1:5); lane 7, dextran-protamine-DNA-
SLN vector (1:2:1:8); lane 8, DNase-treated free DNA; lane 9, DNase-treated DNA-SLN vector (1:5); lane 10, DNase-treated DNA-SLN vector (1:8); lane 11, DNase-treated 
protamine-DNA-SLN vector (2:1:5); lane 12, DNase-treated protamine-DNA-SLN vector (2:1:8); lane 13, DNase-treated dextran-protamine-DNA-SLN vector (1:2:1:5); 
lane 14, DNase-treated dextran-protamine-DNA-SLN vector (1:2:1:8); lane 15, SDS-treated DNA-SLN vector (1:5); lane 16, SDS-treated DNA-SLN vector (1:8); lane 17, 
SDS-treated protamine-DNA-SLN vector (2:1:5); lane 18, SDS-treated protamine-DNA-SLN vector (2:1:8); lane 19, SDS-treated dextran-protamine-DNA-SLN vector 
(1:2:1:5); lane 20, SDS-treated dextran-protamine-DNA-SLN vector (1:2:1:8).
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Figure 2 α-Gal A activity levels obtained after transfection with vectors containing 
the pR-M10-α-Gal A plasmid. 
Notes: Results were compared to non-treated cells; error bars represent the SD 
(n = 3); *P , 0.05 relative to non-treated cells; #P , 0.05 with respect to DNA-SLN 
formulations.

protection capacity. After treatment of the vectors with SDS, 

DNA was released from all formulations.

α-Galactosidase A activity
Figure 2 shows the α-Gal A activity in Hep G2 cells after 

treatment with vectors carrying the pR-M10-α-Gal A 

plasmid. The enzymatic activity of the cells treated with 

the vectors increased significantly with respect to the 

untreated cells, regardless of the formulation used. With the 

protamine-DNA-SLN and dextran-protamine-DNA-SLN 

vectors, the enzymatic activity levels were significantly 

higher than those obtained with the DNA-SLN vectors. 

α-Gal A activity increased from 24 h to 72 h in all cases 

except in the untreated cells. No differences in cell viability 

were found between untreated cells and those treated with 

the vectors.

Transfection and cell viability studies with vectors 
containing the pCMS-EGFP plasmid
When the vectors were prepared with the pCMS-EGFP 

plasmid, transfection efficacy was evaluated in Hep G2 cells 

at 24 and 72 hours posttransfection. Figure 3 features the 

percentage of cells transfected. It can be seen that the pres-

ence of protamine in the SLNs produced a significant increase 

(P , 0.05) in the transfection level at every time point. This 

feature was even higher at 72 hours when dextran was added 

to the complex. Cell viability did not differ significantly 

between treated and nontreated cells.
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Besides quantifying the percentage of transfected cells, 

the production of EGFP in Hep G2 cells was also measured. 

Figure 4 shows that EGFP levels increased over time with 

every formulation assayed. Moreover, the production of 

EGFP after transfecting the cells with the protamine-DNA-

SLN and dextran-protamine-DNA-SLN vectors was signifi-

cantly higher (P , 0.05) than that produced after transfection 

with the DNA-SLN vector. Differences were detected at 24 

and 72 hours.

Cellular uptake of nonviral vectors
Figure 5 presents the histograms obtained by flow cyto

metry where the high entry rate of the vectors into the 

cell is demonstrated, irrespective of the formulation or the 

plasmid (pCMS-EGFP or pR-M10-α-Gal A). The presence 

of protamine or dextran did not vary the entry of vectors 

carrying the pCMS-EGFP plasmid (Figure 5A). However, 
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Notes: Error bars represent the SD (n  =  3). #P  ,  0.05 relative to DNA-SLN 
formulation.
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Figure 5 Entry of nonviral vectors in Hep G2  cells 2  hours posttransfection 
with Nile Red-labeled SLN. (A) Entry of DNA-SLN (1:5), protamine-DNA-SLN 
(2:1:5), and dextran-protamine-DNA-SLN (1:2:1:5) vectors carrying the pCMS-
EGFP plasmid. (B) Entry of DNA-SLN (1:8), protamine-DNA-SLN (2:1:8), and 
dextran-protamine-DNA-SLN (1:2:1:8) vectors carrying the pR-M10-α-Gal A 
plasmid.

when the vectors contained the pR-M10-α-Gal A plasmid, 

the presence of protamine or dextran induced a slight 

decrease in the internalization, since a higher leftward 

shift of the histogram is detected in comparison with the 

DNA-SLN formulation (Figure 5B).

Intracellular distribution of EMA-labeled 
DNA in culture cells
Figure 6 presents images captured by fluorescence micro

scopy at 4 h after the addition of the vectors containing the 

EMA-labeled pCMS-EGFP plasmid. When Hep G2  cells 

were treated with the DNA-SLN vector, red fluorescence 

appeared homogeneously distributed in the cytoplasm; 

however, DNA was much more condensed and closer to the 

nucleus when the cells were treated with protamine-DNA-

SLN and dextran-protamine-DNA-SLN vectors.
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Discussion
Gene-mediated enzyme replacement is a reasonable and 

highly promising approach for the treatment of FD. Although 

many investigators have attempted to treat FD with gene 

therapy, mainly viral vectors have been used in these 

studies.7–9,19,20 Even though these works provide consider-

able support for the potential of gene therapy, safety issues 

are important obstacles to consider when deciding whether 

to proceed with studies in humans. The present work has 

revealed the ability of SLNs to increase by means of gene 

therapy the enzymatic activity of α-Gal A in vitro.

Several formulations based on SLNs were prepared, with 

and without protamine or protamine and dextran. Every 

formulation studied was able to bind the pR-M10-α-Gal 

A plasmid (6916 base pairs) and the pCMS-EGFP plasmid 

(5500 base pairs). Except for the formulation containing 

the pR-M10-α-Gal A plasmid at a DNA-to-SLN ratio of 

1:5 (Figure 1B, lane 9), the rest of the vectors were able to 

protect DNA from DNase I. The lower protection capacity 

of this formulation is due to a lower condensation degree 

of the DNA in the complex, which is more exposed to 

components in the medium and, thus, the digestion by 

enzymes becomes easier. The lower condensation degree is 

confirmed by the lower surface charge. Apart from this, all 

formulations were able to release the DNA in the presence 

of SDS. These results emphasize how important it is that 

the complexes have enough DNA condensation capacity to 

create an equilibrium between gene protection from DNases 

and DNA release.14

Once the vectors were characterized, we evaluated their 

capacity to transfect Hep G2 cells, a human hepatocellular 

carcinoma cell line. Hep G2 cells are well-known models of 

hepatic parenchymal cells. As previously reported,21 enzymes 

produced in the liver and distributed via the blood are the 

primary source of enzymes for somatic tissues. Therefore, 

the liver could be used as a depot organ to produce large 

amounts of a therapeutic enzyme that will be secreted 

into the bloodstream and recaptured by other organs.22,23 

Additionally, Hep G2 cells have been used by other authors 

as a cell model for Fabry disease to evaluate the intracellular 

disposition of the α-Gal A enzyme.24 These are the reasons to 

employ this cell line to demonstrate the capacity of the vec-

tors to transfect and promote the production of the α-Gal A 

enzyme. In previous studies, we had already shown the ability 

of SLN-based vectors to efficiently induce transgenic expres-

sion in mice livers after intravenous administration.12,16

Transfection studies with nanoparticles containing the 

pR-M10-α-Gal A plasmid showed the power of the carriers 

to induce the expression of the α-Gal A enzyme (Figure 2). 

Seventy-two hours after the administration of the vectors, the 

enzymatic activity increased up to 12-fold in comparison with 

untreated cells depending on the formulation. These results 

show that the nanocarriers were able to transfect the Hep 

G2 cells and stimulate the production of the active therapeutic 

enzyme. On the one hand, α-Gal A activity was similar when 

the cells were treated with DNA-SLN vectors, in spite of the 

lower capacity of protection against DNase of the vector 

prepared with the DNA-SLN ratio of 1:5. It is important to 

take into account that the impact of the protection capacity 

against DNases on transfection will be more relevant after 

in vivo administration. On the other hand, α-Gal A activity 

was significantly higher when cells were treated with the 

protamine-DNA-SLN and the dextran-protamine-DNA-SLN 

vectors. Protamine has been widely used in transfection 

studies due to its high condensation capacity and its ability to 

translocate DNA molecules from the cytoplasm to the nucleus 

of living cells.25 In a previous study, protamine induced a 

6-fold increase in the transfection of SLN in retinal cells.15 

In the present study, the addition to the protamine-DNA-SLN 

vector of dextran, a polyanion biocompatible polysaccharide, 

increased even more the α-Gal A activity in vitro. We had 

previously shown16 that the incorporation of dextran in the 

vector for an in vivo administration in mice induced a longer 

circulation time of the lipid nanoparticles, probably due to 

a lower opsonization and a slower uptake by the reticuloen-

dothelial system. These data make protamine-DNA-SLN 

Hep G2
cells

4 hours

A B C

(60x)

DNA:SLN
(1:5)

Protamine:DNA:SLN
(2:1:5)

Dextran:protamine:DNA:SLN
(1:2:1:5)

Figure 6 Fluorescence microscopy images of Hep G2 cells after the addition at 4 hours of (A) DNA-SLN, (B) protamine-DNA-SLN, and (C) dextran-protamine-DNA-SLN 
vectors. 
Note: Red coloring shows EMA-labeled DNA and blue coloring cell nuclei stained with Hoechst 33258.
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vectors, particularly dextran-protamine-DNA-SLN vectors, 

promising tools for future in vivo approaches to correct the 

low α-Gal A production in Fabry disease.

Further studies are needed to know the real potential of 

these new vectors. For instance, the evaluation of the formu-

lation in a Fabry mouse model will allow us to test not only 

the efficacy of the vector in terms of alpha-GalA production, 

but also the reduction of Gb3.

Yoshimitsu et al26 transfected a rat cardiomyocytes cell 

line, H9c2, with a recombinant lentiviral vector. The level of 

the increase they obtained in α-Gal A activity with respect to 

untreated cells was of the same order as that obtained in our 

study. The same authors, after in vivo administration of the 

viral vector to a mouse model of Fabry disease, showed that 

the α-Gal A in cardiac tissue rose to 25% of normal levels 

by day 7, which is encouraging because levels of correction 

approximating 5% of the normal value may be curative for 

this disorder.26

In order to better know the behavior of the vectors in 

Hep G2 cells, we performed transfection studies with nano-

particles bearing the pCMS-EGFP plasmid that encodes 

the green fluorescent protein. In the process of developing 

new vectors for gene therapy, reporter genes such as EGFP, 

ß-galactosidase, or luciferase plasmids are frequently used 

since its evaluation, both in vitro and in vivo, is simple 

and quick. In our case, EGFP expression could be easily 

measured by flow cytometry and/or fluorimetry in order 

to determine both the percentage of transfected cells and 

the amount of protein produced. Transfection of the Hep 

G2 cells with the vectors bearing the pCMS-EGFP plasmid 

(Figure 3) revealed that all formulations assayed were able 

to produce transfection. With the protamine-DNA-SLN and 

dextran-protamine-DNA-SLN formulations, the percentage 

of transfected cells was twice that of the DNA-SLN vector 

(P , 0.05).

To further relate the percentage of transfected cells 

and the level of protein expressed, we also measured the 

amount of EGFP produced in the transfected Hep G2 cells 

(Figure 4). We observed that, with every formulation, the 

EGFP increased over time, with large and significant differ-

ences from 24 to 72 hours. Furthermore, EGFP levels were 

again significantly higher with the protamine-DNA-SLN and 

dextran-protamine-DNA-SLN formulations in comparison 

with the DNA-SLN formulation. A 7-fold increase was 

reached in spite of the fact that the variation in the percent-

age of cells transfected was only double (Figure 3). These 

data show that the increase of the number of cells transfected 

due to addition of protamine or protamine and dextran to the 

vectors was not proportional to the increase in the amount of 

the protein produced. Therefore, it is important to note that 

the measurement of the therapeutic protein and not only the 

percentage of transfected cells is necessary for the develop-

ment of these kinds of vectors.

It is known that transfection is conditioned by the entry 

and intracellular trafficking of the vectors, which are cell 

line-dependent processes.27,28 We studied the cellular uptake 

of the vectors in Hep G2 cells by means of flow cytometry. 

No difference in cellular uptake that could justify the dif-

ferences in cell transfection was found (Figure  5). The 

intracellular disposition of the transfected genetic material 

was also analyzed. Figure 6 shows that DNA (red) presents 

a higher condensation degree when cells were transfected 

with the carriers prepared with protamine (Figure 6B and C). 

We also observed this in other cell lines,15 which confirms 

that protamine is an excellent DNA condenser. This feature 

makes this compound especially effective in reducing the 

exposition-to-degradation by different cytoplasmic agents, 

such as DNases, and additionally helps the transport of 

DNA to the nucleus. Moreover, protamine favors the trans-

port of the complexes into the nucleus due to its content 

of nuclear localization signals and improves intra-nuclear 

transcription.29 All of these effects of protamine explain the 

higher percentage of transfected cells and the higher levels of 

protein produced; in particular, the content of nuclear local-

ization signals of protamine and its effect on the transcription 

could also explain the high protein production with respect 

to the percentage of transfected cells.

Conclusion
This study shows for the first time the ability of a nonviral vec-

tor based on SLNs to increase up to 12-fold the α-Gal A activity 

in Hep G2 cells. Moreover, we observed that the percentage of 

transfected cells was not proportional to the quantity of protein 

synthesized; this observation has been attributed to the effect 

of protamine on transcription and also due to the presence of 

nuclear localization signals in the protamine.
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