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Abstract: One of the main challenges in gene therapy is the transport of genetic material into target 

cells. This is mainly due to the need for overcoming several obstacles like rapid genetic material 

degradation by the physiological environment, low endosomal escape, and limited cell uptake. A 

meaningful way to increase the efficacy of genetic material delivery is to incorporate magnetite 

nanoparticles to transport biomolecules with high biocompatibility and relative ease of handling. 

Moreover, magnetite offers the possibility of controlled fate by magnetic fields and the excretion as 

ferritin. This study aims to develop a nanostructured platform for the immobilization and 

intracellular release of nucleic acids for gene therapy applications. The system also included co-

immobilized the potent cell-penetrating protein OmpA. The delivery of the conjugated material was 

first transiently tested in vitro in the presence of reducing agents via spectrofluorimetry. This was 

achieved by the presence of a reducible linker in the nanoplatform where the fluorophore 

Rhodamine B was conjugated for proof-of-concept purposes. Based on the in vitro results, we 

decided to deliver to Neuroblastoma and Vero cells to confirm an endosomal escape of about 85% 

as calculated by colocalization. Future experiments will be focused on the hybridization of a gene 

sequence for the expression of the fluorescent protein mCherry. The obtained nanobioconjugate will 

also be delivered to cells to evaluate transfection efficiencies. 
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1. Introduction 

Currently, it is estimated that genetic alterations or hereditary conditions cause over 10,000 

human diseases. A promising approach to treating these diseases is gene therapy, where defective or 

altered genes are repaired by a normal gene or nullify/reduce the defective gene expression [1–3] To 

develop gene therapy, it is necessary to first identify the affected genes to then transport the replacing 

or regulating ones to the target tissues. Some of the methods to accomplish this include viral and non-

viral vectors and direct physical manipulation of target cells [4,5]. Vectors require considerable 

engineering to assure that they can overcome several biological barriers, which often involves 
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interfacing them with molecules that interact with such barriers and mediate their trespassing. 

Effective molecules include polymers, lipids, and translocating protein and peptides [6–8]. Besides 

their abilities to come across such barriers, vectors should exhibit high biocompatibility, and once 

they reach the target cells, the capability to escape endosomal entrapment [9,10]. Furthermore, they 

should display pharmacokinetic and pharmacodynamic profiles that assure appropriate time-scales 

and adequate concentration levels. 

Within the non-viral vectors, nanocarriers offer some advantages such as safeness, ease of 

production, customization (in terms of size and topology) and functionalization, large surface to 

volume ratio, and even the possibility of controlling their fate to specific tissues aided by external 

stimuli [5,11–13]. Nanotechnology has reached a stage of significant maturity, and now it makes 

available a large arsenal of platforms to transport numerous types of cargoes. As a result, effective 

delivery of enzymes, therapeutic proteins, polysaccharides, and even DNA/RNA. One 

nanostructured material that has emerged as a versatile workhorse for biomedical applications is 

magnetite, which is well suited for cell imaging, biological separation, localized heat dissipation, and 

drug and nucleic acid transport [14–16]. Despite the important advances in magnetite-based vehicles, 

a major challenge is to overcome endosomal entrapment upon cellular uptake. We have been 

addressing this major hurdle by interfacing magnetite with cell-penetrating peptides and proteins 

with remarkable results [17–22] Here, we selected magnetite functionalized with the translocating 

and endosome escaping protein OmpA as a nanocarrier to deliver nucleic acids. To accomplish this, 

magnetite obtained via co-precipitation was functionalized with an organosilane followed by a 

surface spacer (Polyether Amine (PEA) or Polyethylene Glycol (PEG)) and 3-[(2-

aminoethyl)dithio]propionic acid (AEDP), a molecule with a reducible disulfide linker to which a 

thiolated DNA tag complementary with a linear sequence of the delivery vector will be conjugated. 

And finally, OmpA [19] was co-immobilized directly on the silanized particles or the PEA/PEG-

AEDP-modified magnetite nanoparticles. Once the OmpA-magnetite-AEDP-DNA or the OmpA-

magnetite-PEA/PEG-AEDP-DNA nanobioconjugates reach the intracellular space, the disulfide bond 

is reduced, and the genetic material is delivered. To test the potential for delivery, the model 

fluorophore molecule Rhodamine B was conjugated to the OmpA-magnetite-AEDP or OmpA-

magnetite-PEA/PEG-AEDP nanobioconjugates. The delivery of Rhodamine B was first tested in vitro 

with the aid of reducing agents. The delivery was transiently tracked with the assistance of 

spectrofluorimetry. And later, we decided to deliver to Neuroblastoma and Vero cells to confirm 

effective endosomal escape. 

2. Materials and Methods 

2.1. Synthesis and Functionalization of Magnetite Nanoparticles 

The nanoparticles were obtained by the chemical co-precipitation method, in which solutions of 

iron chloride (ll) 0.1 M and iron chloride (lll) 0.2 M were mixed in the presence of 1 M sodium 

hydroxide. The mixture was then heated up to 80 °C. Further details of the synthesis can be consulted 

elsewhere [19,23]. The as-synthesized magnetite nanoparticles were then put under constant 

mechanical stirring at 300 RPM, followed by the addition of 1000 µL of tetramethylammonium 

hydroxide (TMAH), 50 µL of glacial acetic acid, and 1000 µL of the organosilane 3-Amino Propyl 

Triethoxy-Silane (APTES). The mixture was then heated up to 60 °C and left to react for 1 h. Next, 

two types of functionalization were performed on the silanized nanoparticles, which exhibit free 

amine groups on their surface. On the one hand, the amine-amine conjugations to form imine bonds 

aided by glutaraldehyde, which were intended for immobilizing PEA and OmpA molecules, to react 

for 24 h to form imine bonds. On the other hand, amine-carboxyl ones with the aid of N-[3- 

(dimethylamino propyl] -N’- ethyl carbodiimide (EDC) and N-hydroxysuccinimide (NHS) to form 

amide bonds. In this case, the conjugation was for immobilizing PEG, AEDP, and Rhodamine B 

molecules. In both cases, the conjugation reaction was carried out for 24 h at room temperature and 

under vigorous agitation. After each functionalization, the obtained nanobioconjugates were washed 

several times with MilliQ water aided by a magnetic separation between washes. 
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2.2. Nanoparticle Characterization 

Particle size distribution for magnetite nanoparticles and nanobioconjugates was performed 

with dynamic light scattering (DLS, Zeta-Sizer Nano-ZS). The effectiveness of immobilization was 

confirmed by Fourier transform infrared spectroscopy (FTIR) using a Bruker Alfa II FTIR Eco-ATR. 

Spectra were collected in the range of 4000–400 cm−1 with a spectral resolution of 2 cm−1. TGA was 

carried out by ramping up a 10 mg sample temperature at a rate of 10 °C/min from 25 to 800 °C in a 

simultaneous TGA/DSC instrument. A transmission electron microscope (TEM) Tecnai F30, at a 

resolution of 134 eV and reference energy of 5.9 keV, was used to analyze the magnetite. 

2.3. Delivery Test 

The testing of the disulfide linker present in the OmpA-magnetite-AEDP(vehicle A), OmpA-

magnetite-PEG-AEDP (vehicle B), and OmpA-magnetite-PEA-AEDP (vehicle C) nanobioconjugates 

was conducted after conjugation of Rhodamine B to the amine terminal of each of them. The delivery 

of Rhodamine B was induced by reduction of the disulfide bond in the presence of dithiothreitol 

(DTT), 10 mM. Two sets of experiments were conducted independently, in the presence (every 30 

min) and the absence of ultrasonic bath sonication. The delivery was followed for 8 h at 37 °C and 

210 RPM by taking supernatant aliquots after 1, 2, 4, and 8 h. The sample intensity was analyzed in a 

spectrofluorometer with excitation at 550 nm and emission at 574 nm (Flourolog 4, Horiba Scientific). 

2.4. Cell Translocation and Endosomal Escape 

Cell translocation and endosomal escape of the vehicles A, B was evaluated in Neuroblastoma 

(ATCC® SH-SY5Y) cells, and vehicle C was assessed in Vero (ATCC® CCL-81). The cells were cultured 

in DMEM media supplemented with 10% FBS and 1% P/S, at 37 °C and 5% CO2, to promote the 

adhesion in a glass slide. The cells were exposed to nanobioconjugates, and then the cells were 

washed and exposed to DMEM solution with DAPI (Thermo Fisher, Waltham, MA, USA) and 

Lysotracker Green DND-26 (Thermo Fisher, Waltham, MA, USA). The cell translocation and 

endosomal escape of the vehicles were evaluated by a decrease in the fluorescence intensity and 

colocalization between vehicles with immobilized Rhodamine B and Lysotracker Green DND-26 after 

internalization. The vehicles were delivered to the cells in a ratio of 1:100 in 1 mL of RPMI and were 

incubated for two hours at 37 °C and 5% CO2. Finally, the images obtained were analyzed in ImageJ 

and Fiji 

3. Results and Discussion 

To investigate the role of the surface spacer, we prepared three different nanobioconjugates. The 

first one was produced by directly conjugating the AEDP to the surface of the silanized nanoparticles 

called vehicle A (OmpA-magnetite-AEDP) (Figure 1a), the second one, called vehicle B, contained 

PEG (OmpA-magnetite-PEG-AEDP) (Figure 1b) before AEDP, and the third one, called vehicle C, 

with PEA (OmpA-magnetite-PEA-AEDP) (Figure 1c). 
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Figure 1. Schematics of the prepared nanobioconjugates (a) OmpA-magnetite-AEDP (Vehicle A), 

(b) OmpA-magnetite-PEG-AEDP (Vehicle B), (c) OmpA-magnetite-PEA-AEDP (Vehicle C). 

The nanobioconjugates were characterized by FTIR (Figure 2a), DLS (Figure 2b) and TEM 

(Figure 2c). Regarding the FTIR, without immobilizing the nanoparticles we found iron oxide (Fe-O) 

vibrations at 610 cm−1 [24,25]. After silanization with APTES, we identified the Si-O stretching 

vibrations at 1047 cm.1, the C-H bending vibrations at 1307 cm−1, and the N-H bending vibrations 

1641 cm.1. After immobilizing the AEDP, we found the C=O stretching vibrations at 1769 cm−1, and 

the S-S vibrations at 623 cm−1 [25,26]. Additionally, the C-O-H stretching vibrations at 1113 cm−1 and 

the C-H bending vibrations at 1457 cm−1 confirmed the presence of PEG [22], and we identified the 

Amide I and the Amide II at 1641 cm−1 and 1519 cm−1, which can be attributed to the presence of 

immobilized OmpA. 

The magnetite nanoparticles exhibited a hydrodynamic diameter of 137 nm with a 

polydispersity index of 0.216, while vehicles A and B showed hydrodynamic diameters of 188 nm 

and 194 nm with polydispersity indexes of 0.234 and 0.253, respectively. TGA analysis confirmed a 

conjugation efficiency of PEG of about 1.5% and PEA of about 5%, while for OmpA, the efficiency 

approached 1.5%. TEM allowed us to confirm the nanoparticles’ typical spherical morphology and 

an average diameter for individual particles of about 15–18 nm. 

The release of Rhodamine B was then studied with the spectrofluorometer’s help showing the 

disulfide bond’s reduction by the presence of DTT in the medium. This simulated the reducing 

conditions of the intracellular space. As time progressed, the release of Rhodamine B was evidenced 

by an increase in the fluorescence intensity of the medium. After this, we decided to test the 

developed vehicles in the neuroblastoma cell line. 
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Figure 2. Characterization of vehicles A and B. (A) Fourier transform infrared spectroscopy (FTIR) 

spectra were used to evaluate the effectiveness of the synthesis and each immobilization step for 

magnetite (green), Vehicle A (orange) and Vehicle C (blue). (B) Nanoparticles size distribution via 

dynamic light scattering DLS, (C) TEM micrograph of magnetite nanoparticles with diameters 

ranging from 15.8 nm to 17.3 nm. 

Our results indicated that the vehicles translocated the cell membrane without affecting their 

viability (data not shown). From colocalization analyses in Neuroblastoma (ATCC® SH-SY5Y) cells 

between the nanobioconjugates and the endosome labeling probe LysoTracker Green, we concluded 

that, after two hours of exposure, vehicle A showed an endosomal escape of 67.1%, (Figure 3A) 

vehicle B of 70.7% (Figure 3B), and vehicle C of 85% (Figure 3C). In addition, colocalization analyses 

with Vero (ATCC® CCL-81) cells for Vehicle C led to an endosomal escape of 31.4%. This corroborates 

that the proposed strategy for internalization and subsequent escape appears robust enough for 

further transfection experiments where the genetic material should reach the cytosol. 
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Figure 3. Cell translocation and endosomal escape. (A) Confocal microscopy images of effective 

cellular and nuclear internalization of vehicle A in Neuroblastoma cells after two hours. (B) Confocal 

microscopy images of effective cellular and nuclear internalization of vehicle B in Neuroblastoma 

cells after two hours. (C) Confocal microscopy images of effective cellular and nuclear internalization 

of vehicle C in Neuroblastoma cells after two hours. (D) Confocal microscopy images of effective 

cellular and nuclear internalization of vehicle C in Vero cells after half hour. Yellow arrows point to 

endosomal compartments where the nanobioconjugates remained trapped while the white ones point 

to nanobioconjugates that likely escaped the endocytic trafficking routes. 
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4. Conclusions 

The need for more potent vehicles for the delivery of gene therapies has propelled the search for 

novel viral and non-viral platforms. Due to biosafety issues, non-viral vehicles and particularly 

nanostructured materials emerge as attractive alternatives. The past two decades have seen the 

development of a large arsenal of nanomaterials some of which can be easily synthesized at relatively 

low cost. One attractive nanoplatform is magnetite nanoparticles (MNPs) due to the well-established 

and optimized protocols for their synthesis and functionalization as well as properties such as high 

biocompatibility and superior magnetic responsiveness. Despite their potential for drug delivery 

applications, MNPs penetration can be improved further by interfacing them with cell translocation 

proteins and peptides. Over the past three years, we started a research program to advance in such 

conceptual direction by immobilizing on MNPs the antimicrobial peptide BUF-II and the 

translocating protein OmpA. Due to their remarkable endosomal escape abilities, here we decided to 

explore the potential application of these cell-penetrating agents in the delivery of genetic material. 

To accomplished this, we successfully synthesized and characterized (via, TGA, TEM and DLS) three 

nanovehicles where the active agent (i.e., OmpA) is co-immobilized with a reducible linker system 

(based on a disulfide bond) on MNPs. We explored the potential benefits of immobilizing the linker 

on MNPs modified with two polymeric surface spacers. Delivery in vitro confirmed the suitability of 

the linker and the spacers for high delivery levels and continued with cell delivery. The results 

confirmed endosomal escape above 60% as calculated from colocalization experiments in a confocal 

microscope. 

5. Future Work 

Next steps involve the conjugation of a thiolated DNA sequence of 65 bp length that is 

complementary to a non-encoding region of a CRISPR/Cas9 plasmid for gene edition in some innate 

inborn error of metabolism diseases. In this regard, we expect to linearize the plasmid and hybridize 

it for delivery to diseased cells. 
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