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A B S T R A C T   

Lipid nanoparticles (LNPs) currently dominate the RNA delivery landscape; however their limited diffusivity 
hampers targeted tissue dissemination, and, hence, their capacity for intracellular drug delivery. This is espe
cially relevant for tissues such as the central nervous system (CNS), where overcoming proactive brain barriers is 
crucial for the efficacy of genetic therapeutics. This research aimed to create ionizable nanoemulsions (iNEs), a 
new generation of RNA delivery systems with enhanced diffusivity. The developed iNEs (consisting of the 
combination of C12–200, DOPE, Vitamin E, and DMG-PEG) with a size below 100 nm, neutral surface charge, 
and high RNA loading capacity, showed excellent cell viability and transfection efficiency in various cellular 
models, including neurons, astrocytes, and microglia. Subsequently, iNEs containing mRNA GFP were tested for 
CNS transfection, highlighting their exceptional diffusivity and selective transfection of neurons following intra- 
parenchymal administration.   

1. Introduction 

Currently, the potential of RNA therapeutics for treating multiple 
medical conditions heavily relies on nanotechnology. Among nano
carriers, lipid nanoparticles (LNPs) are the sole market-approved de
livery system for messenger RNA (mRNA) and small interfering RNA 
(siRNA) delivery [1]. The first LNP-based genetic therapeutic, Onpat
tro® (Alnylam), was approved in 2018 for the treatment of hereditary 
transthyretin-mediated amyloidosis [2]. In late 2020, mRNA vaccines, 
Comirnaty® (BioNTech/Pfizer) and Spikevax® (Moderna), were 
approved against the severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), the cause of the coronavirus disease 2019 (COVID-19) 
pandemic [3]. 

In these formulations, LNPs encapsulate mRNA with components 
including an ionizable lipid, cholesterol, a helper lipid, and a PEGylated 
lipid [4]. Ionizable lipids are responsible for the complexation of the 

RNA. They possess the ability to transition from neutral to positively 
charged in acidic endosomal pH, promoting fusion with the endosomal 
membrane and cargo release in the cytoplasm of the targeted cells [5–7]. 
While the unsaturated ionizable lipid DLin-MC3-DMA was used in 
Onpattro®, further optimization introduced multi-tail ionizable lipids in 
the research field, such as C12–200, enhancing endosome disruption 
[8–10]. Unfortunately, the degradability of these ionizable lipids re
mains a limitation, mainly due to their stable backbones [11]. Recent 
advances in the field focus their efforts on the development of the next 
generation of ionizable lipids, aiming to enhance their transfection 
performance while improving their biodegradability, ensuring their 
overall safety and low toxicity profile [12–14]. 

When designing a nanocarrier, successful in vivo transfection is not 
the sole requirement for nanocarrier design. After administration, the 
nanocarrier must reach the intended tissue, diffuse across it, and effec
tively reach the targeted cell. The limited diffusion of LNPs in the central 
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nervous system (CNS) has been extensively noted. For example, studies 
on LNP diffusion in the brain revealed reduced PTEN (phosphatase and 
tensin homolog-1) levels in neurons within 1 mm after the administra
tion of LNPs containing PTEN-siRNA [15]. This was corroborated by 
Cy5-labeled mRNA LNPs administered in the striatum, detecting signals 
1–1.5 mm from the injection site [16]. Unfortunately, the majority of 
studies quantifying nucleic acids in the brain do not provide information 
about their specific localization across the tissue [17,18]. 

The hypothesis of this work was that the limited diffusivity of LNPs 
across the brain may stem from their dense core and relative rigidity 
[19]. The same may apply to other solid-core nanoparticles [20,21]. 
Hence, our objective was centered on the development of softer, fluid, 
and deformable cores, such as in nanoemulsions (NEs). NEs, with 
nanometric droplet sizes, typically consist of an oil-in-water suspension 
of oils and surfactants [22,23]. Up until now, NEs have been extensively 
used for the solubilization of small hydrophobic molecules and some 
preliminary efforts have been oriented to accommodate RNA molecules 
[24]. For example, some authors have found that incorporating cationic 
lipids and surfactants into NEs allowed RNA absorption, and proposed 
their use in the field of mRNA vaccination [25–27]. In addition, cationic 
NEs containing 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) 
were reported for the intranasal administration of siRNA anti-tumor 
necrosis factor-α (TNF-α), showing a positive reduction of anti- 
inflammatory markers in the brain. [28]. Similarly, a DOTAP- 
containing NE, intranasally delivered siRNA CD73 for glioblastoma 
treatment, significantly reduced tumor growth in an animal model [29]. 
However, none of these studies elucidated the role of deformability or 
particle composition of the positive results on successful drug delivery 
across the brain. Aligned with the soft and fluid core concept, studies 
indicate that both the particle size and internal composition of the 
nanocarriers can improve diffusion properties. For example, diffusivity 
studies in mucus and brain demonstrated that PEGylation of nano
particles can enhance their diffusivity profile in a size-dependent 
manner [30–32]. 

Here, we leverage the knowledge of our lab in NEs and nanocapsules 
(NCs) delivery platforms to develop the next generation of ionizable NEs 
(iNEs) [33–39]. We explored various PEGylated lipid lengths for optimal 
transfection efficiency and low toxicity in vitro. Additionally, cytotox
icity profiles and transfection efficiency were assessed in neuronal, 
microglial, and astrocytic cellular models. To validate our hypothesis on 
enhanced diffusivity of iNEs, intra-parenchymal administration in rats 
using iNEs encapsulating GFP mRNA was performed. This aimed to 
elucidate specific CNS cells expressing GFP and the diffusivity profile of 
iNEs, for their possible application as gene delivery systems for the 
treatment of various CNS diseases. 

2. Materials and methods 

2.1. Materials 

C12–200, HCl salt (1, 1′-((2-(4-(2-((2-(bis(2-hydroxydodecyl)amino) 
ethyl)(2-hydroxydodecyl)amino)ethyl)piperazin-1-yl)ethyl)azanediyl) 
bis(dodecan-2-ol)) and DMG-PEG2000 ((R)-methoxy-polyethyleneglycol- 
2000-carbamoyl-di-O-myristyl-sn-glyceride) were kindly gifted by 
Muthiah Manoharan, from Alnylam Pharmaceuticals (MA, USA). DOPE 
(1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine) was purchased from 
Avanti Polar Lipids (AL, USA). Vitamin E (Vit E) (D, L-α-tocopherol) was 
obtained from BASF (Mannheim, Germany). siGFP (siRNA anti-GFP) 
was acquired from BioSpring GmbH (Frankfurt, Germany). mGFP 
(mRNA encoding for GFP, CleanCap EGFP mRNA) was purchased from 
TrikLink Biotechnologies (CA, USA). 

2.2. Formulation of iNEs 

iNEs were prepared in a single step, using a microfluidic mixer 
NanoAssemblr™ bench-top instrument, Precision NanoSystems Inc. 

(Vancouver, Canada), following a solvent displacement technique [40]. 
Formulation of the iNE and complexation of the oligonucleotide cargo 
occurred simultaneously. In summary, 0.2 mL of the organic phase 
(12.8 mg/mL of C12–200, 3.7 mg/mL of DOPE, 6 mg/mL of Vitamin E, 
and 2 mg/mL of DMG-PEG2000 in EtOH, leading to molar ratio of 35:16: 
46.5: 2.5) were mixed with 1 mL of the aqueous phase (containing 0.24 
mg/mL of the selected RNA diluted in citrate buffer, pH 4, 10 mM). 

The nitrogen-to-phosphate ratio (between the amine groups of 
C12–200 and the phosphate groups of the RNA) was maintained at 15:1. 
The Flow Rate Ratio was 1:5 (organic to aqueous phase). The Total Flow 
Rate was maintained at 12 mL/min. The resulting iNE-RNA formulations 
presented a theoretical RNA concentration of 0.2 mg/mL. Samples were 
set aside for stabilization for 10 min before physicochemical 
characterization. 

iNEs containing Tween 80® were prepared by bulk mixing, in a 
single step. Briefly, 0.2 mL of the organic phase (12.8 mg/mL of 
C12–200, 3.7 mg/mL of DOPE, 6 mg/mL of Vitamin E, and 1 mg/mL of 
Tween 80® in EtOH, leading to molar ratio of 35: 16: 46.5: 2.5) were 
added over 1 mL of the aqueous phase (containing 0.24 mg/mL of RNA 
diluted in citrate buffer 10 mM, pH 4). The aqueous phase was under 
stirring at 1400 rpm, and the resulting solution was kept under agitation 
for 5 s. Then, it was let to stabilize for 10 min before physicochemical 
characterization. 

2.3. Physicochemical characterization of iNEs 

The hydrodynamic diameter and polydisperse index (PDI) were 
characterized by dynamic light scattering (Zetasizer® Nano ZS, Malvern 
Instruments, Malvern, UK). ζ-potential was measured in terms of mean 
electrophoretic mobility values, measured by laser Doppler electro
phoresis with the same equipment. Particle size and PDI measurements 
were performed after diluting the samples 10-fold in 1× PBS, pH 7. 
ζ-potential characterization was performed after dilution of samples 20- 
fold in RNase-free water. 

Encapsulation efficiency (EE%) was determined following different 
methodologies. In all cases, iNE-RNA formulations were diluted in a 1:1 
(v/v) ratio with Triton X-100 or heparin solutions, prepared at 50 mg/ 
mL in RNase-free water. Incubation with Triton X-100 (Sigma-Aldrich, 
MO, USA) induced the disruption of the nanocarrier, while heparin 
(Sigma-Aldrich, MO, USA) led to the displacement of the RNA from the 
nanoparticle. Agarose gel electrophoresis was used to qualitatively 
assess the amount of RNA encapsulated in iNE-RNA formulations. 
Samples containing 1–3 μg of RNA were loaded in an agarose gel at 1% 
w/v in Tris Acetate-EDTA buffer (Sigma-Aldrich, MO, USA) before and 
after incubation with Triton X-100 and heparin. Samples were diluted 
with equal volumes of loading mix, containing 6× SYBR® Gold nucleic 
acid strain (Invitrogen, CA, USA), 44% Glycerol, and 0.176 g/L Bro
mophenol blue. Free RNA was included as a control. Gels were run for 
30 min at 90 V in Sub-Cell GT cell 96/192 (Bio-Rad Laboratories, CA, 
USA), and evaluated with a UV transilluminator imaging system (Mo
lecular Imager® Gel Doc™ XR, Bio-Rad Laboratories, CA, USA). 

To quantitatively determine the EE% of iNE-RNA formulations, 
Quant-iT RiboGreen RNA assay kit (Invitrogen, MA, USA) was used. 
Briefly, samples were diluted 50-fold in TE buffer (1×), followed by a 2- 
fold dilution with Triton X-100 and incubation at 37 ◦C for 30 min. 
Subsequently, samples were diluted 10-fold with TE buffer (1×). The 
standard curve was prepared using RNA at concentrations between 0.1 
and 1 μg/mL, in the presence of Triton X-100. Following manufacturer 
instructions, RiboGreen reagent was diluted 200-fold in TE buffer (1×), 
and added to an equal volume of sample, leading to a final volume of 
200 μL. Samples and the standard curve were transferred to a 96-black 
polystyrene reader (Synergy H1, BioTek Instruments, VT, USA), using 
excitation at 485 nm and emission at 530 nm. The standard curve (r2 ≥

0.99) was used for determining the RNA concentration of the sample. 
The encapsulation efficiency of RNA was calculated according to the 
following Eq. 1. 
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Encapsulation efficiency (EE%) =

Free or
unencapsulated RNA

Total RNA
×100 

Where [RNA]disrupted is the RNA concentration determined after 
treating the nanosystems with the disrupting agent. [RNA]theoretical is the 
theoretical total RNA concentration of the nanosystem. 

Equation 1 Calculation of encapsulation efficiency (EE%). 

2.4. In vitro iNE-siGFP transfection efficiency and cytotoxicity in HeLa 
cells 

Assessment of cytotoxicity and transfection efficiency was performed 
in HeLa cells expressing GFP, which were kindly gifted by Prof. Javier 
Montenegro (Center for Research in Biological Chemistry and Molecular 
Materials, CiQUS, Santiago de Compostela, Spain). A total of 10,000 
cells were seeded per well in a flat bottom 96-well plate and allowed to 
adhere for 24 h. Cells were treated with iNE-siGFP for 4 h, in Opti- 
MEM™ (Gibco™, Thermo Fisher, MA, USA) at siGFP concentrations 
ranging from 250 to 10 nM per well. Nanocarriers were then removed 
and replaced with a complete medium (DMEM supplemented with 10% 
fetal bovine serum). Cells were incubated for another 20 h. Cell viability 
was measured by fluorescence-based resazurin assay [41]. Briefly, cells 
were incubated with resazurin reagent (Resazurin sodium salt, Sigma- 
Aldrich, MO, USA) supplemented complete media for 45 min, and the 
resulting fluorescence was measured in a plate reader at 544/590 nm. 
Cells were then trypsinized, harvested, and fixed with 1% (w/v) form
aldehyde in PBS. The percentage of GFP-negative cells and mean fluo
rescence intensity (MFI) were analyzed by flow cytometery (BD Accuri, 
BD Biosciences, NJ, USA). 

2.5. In vitro iNE-mGFP transfection efficiency and cytotoxicity in neuron, 
astrocyte, and microglia models 

In vitro cytotoxicity and transfection efficiency were evaluated in 
human neuronal (SH-SY5Y cell line), rat astrocytic (C6 glioma cell line), 
and human microglial (CHME-3 cell line) models. For that, a total of 
150,000 cells were seeded per well in a flat bottom 12-well plate and 
allowed to adhere for 24 h. Cells were treated with iNE-mGFP in Opti- 
MEM™ (Gibco™, Thermo Fisher, MA, USA) at a concentration of 5 μg 
per well, for 4 h. Nanocarriers were then removed and replaced with a 
complete medium. Cells were incubated for another 20 h. Cell viability 
was measured by absorbance-based MTT assay (3-(4, 5-dimethyl-2-thia
zolyl)-2, 5-diphenyl-2H-tetrazolium bromide; Sigma-Aldrich, MO, USA). 
Briefly, cells were incubated with MTT reagent (1 mg/mL) for 4 h at 
37 ◦C. After removing the MTT reagent, the resulting formazan crystals 
were dissolved in acidic isopropanol and quantified in a plate reader at 
544/590 nm (Infinite 200 PRO, Tecan, Männedorf, Switzerland). For 
transfection efficiency assessment, cells were trypsinized, harvested, 
and fixed with 1% (w/v) formaldehyde in PBS. The percentage of GFP- 
positive cells and mean fluorescence intensity were analyzed by flow 
cytometry (BD Accuri, BD Biosciences, NJ, USA). 

2.6. Animal studies 

The animal study protocol was carried out following the European 
Communities Council Directive 2010/63/EU, Directive 86/609/EEC, 
and Spanish RD 526/2014, and was approved by the corresponding 
committee at the University of Santiago de Compostela (protocol 
14,715,012/2021/012; last version 16 April 2021). 

2.7. Assessment of diffusivity profile of iNE-mGFP upon intra- 
parenchymal administration 

Administration of iNEs was performed in male Sprage-Dawley rats (3 
animals in the iNE-mGFP group and 1 animal in the PBS, control group) 

deeply anesthetized with ketamine (50 mg/kg) and medetomidine (0.4 
mg/kg). Anesthetized animals were mounted in a stereotaxic frame 
(Kopf Instruments, CA, USA) and were injected with 3 μg of mGFP 
encapsulated onto iNEs, in a total volume of 3 μL. The solution was 
injected using a 5- μL Hamilton syringe, coupled to a motorized injection 
(Stoelting), at a rate of 0.5 μL/min. Stereotaxic coordinates were A/P: 
0.8 mm, M/L: 3.0 mm and D/V: 5.0 mm. The needle used for the 
administration was left in place for an additional 5 min before with
drawal to avoid iNEs reflux. After 24 h, animals received an anesthetic 
overdose and they were sacrificed by decapitation; their brains were 
rapidly removed, cryoprotected, and cut into coronal tissue sections 
using a sliding microtome. Sections were processed for immunofluo
rescence labeling as follows. 

Free-floating tissue sections were pre-incubated in KPBS-1% BSA 
with 5% normal donkey serum (Sigma-Aldrich, MO, USA) and 0.03% 
Triton X-100 for 60 min at room temperature. Initially, single immu
nofluorescence was performed to identify cells capable of expressing 
GFP after mGFP transfection. The different brain cell types were labeled 
with primary antibodies against class III β-tubulin (β III-tubulin, 1:750, 
T8660, Sigma-Aldrich, MO, USA) as a neuronal maker, or glial fibrillary 
acidic protein (GFAP, 1:500, MAB360, Merk Millipore, MA, USA) as an 
astrocytic marker, or ionized calcium-binding adaptor molecule 1 (Iba- 
1, 1:500, 019–19,741, Wako Chemicals, Neuss, Germany) as a microglial 
maker. Cell nuclei were marked with the DNA-binding dye Hoechst 
33342 (1:2000, 62,249, Sigma-Aldrich, MO, USA). Immunoreaction was 
visualized with the fluorescence secondary antibody Alexa Fluor 568- 
conjugated donkey anti-rabbit IgG (1:200, Molecular Probes, OR, 
USA) or Alexa Fluor 488-conjugated donkey anti-mouse IgG (1:200, 
Molecular Probes, OR, USA). Sections were mounted on gelatin-coated 
slides and cover-slipped with Immumount (Thermo-Shandon). Co- 
localization of these markers was assessed by confocal laser micro
scopy (AOBS-SP5X; Leica Microsystems Heidelberg GmbH, Mannheim, 
Germany). 

Then, considering the auto-green fluorescence depicted by neurons 
[42], the decision was made to perform a double immunofluorescence 
against GFP (anti-GFP, 1:1000, C10362, Molecular Probes, OR, USA) 
and β III-tubulin, followed by the incubation with fluorescence sec
ondary antibodies Alexa Fluor 568-conjugated donkey anti-rabbit IgG 
(1:200, Molecular Probes, OR, USA) and Alexa Fluor 488-conjugated 
donkey anti-mouse IgG (1:200, Molecular Probes, OR, USA), respec
tively. Then, the preparation of the section was performed as previously 
described. 

3. Results and discussion 

To maximize gene therapy effectiveness, nanocarriers must not only 
safeguard RNA cargo but also enable efficient diffusion across targeted 
tissues, especially in challenging tissues such as the CNS. For the design 
of nanosystems with enhanced diffusivity, we explored combining 
lipids, which are typical components of LNPs with oily cores from NEs 
for gene delivery in the CNS. The primary objective was to create a 
nanocarrier exhibiting extensive diffusion in the brain, ensuring effec
tive delivery and transfection capacity with different types of RNA. 

3.1. Development of ionizable nanoemulsions (iNEs) 

To enhance brain diffusion, we designed a fluid NE with a Vitamin E 
core combined with the ionizable lipid C12–200 [43]. Known for its 
cone-shaped structure, C12–200 boosts endosomal disruption, crucial 
for efficient oligonucleotide release [10]. Upon cellular uptake, it be
comes protonated in acidic endosomes, triggering a phase change that 
disrupts the endosomal membrane, facilitating cargo release into the 
cytosol [44]. The combination of an oily core with a lipid capable of 
enhancing endosomal escape holds promise for achieving effective brain 
diffusion and modulating CNS genes. 

The initial screening of conditions involved bulk mixing, where 
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C12–200, DOPE, Vitamin E, and Tween 80® were combined at various 
molar ratios. This preliminary investigation led to the identification of a 
specific molar composition (35: 16: 46.5: 2.5) that allowed a relatively 
small particle size (165 nm, PDI 0.1) and a positive surface charge (+20 
mV). Once this molar composition was fixed, increased N/P ratios 
(molar ratio of nitrogen atoms in the complexing lipid to phosphate 
atoms in the RNA) were explored, resulting in the identification of the 
full entrapment of the RNA at N/P ratio 15:1. The physicochemical 
properties of this initial formulation using different types of RNA can be 
found in Supplementary Table 1. Tween 80® was also substituted by 
DMG-PEG2000, this being a more typical PEGylated material for RNA 
delivery. 

Furthermore, the formulation process underwent adaptation for 
microfluidic preparation. The result was a notable reduction in particle 
size, which was attributed to the fine-tuning of mixing parameters 
(speed and shape of the convergence of both aqueous and organic phases 
within the device) [45,46]. Additionally, the presence of the DMG- 
PEG2000 could also contribute to the reduction in size of the resulting 
iNE [45,47]. 

To showcase the versatility of the developed nanosystems, various 
types of RNAs were encapsulated into the iNEs. The physicochemical 
properties of the resulting iNEs, summarized in Table 1, indicate that, 
irrespective of the cargo, the particle diameter, PDI, or surface charge 
are very similar. This consistency illustrates the robustness of the iNE for 
delivering diverse oligonucleotide types. 

The encapsulation efficiency and release behavior were assessed 
through agarose gel electrophoresis (Fig. 1), after dilution of the iNEs in 
different buffers (citrate buffer (CB) at pH 4, and phosphate buffer saline 
(PBS) at pH 7.4). C12–200 exhibits a positive charge at acidic pH, thus 
facilitating RNA condensation, and becomes neutral at physiological pH 
[48–50]. The results in Fig. 1 indicate that no free-RNA and hence no 
release was observed upon dilution at pH 4 (CB condition) regardless of 
the RNA type. At physiological pH (7.4, PBS condition), most RNA 
molecules remain complexed within the iNE, necessitating Triton X-100 
disruption for complete release. 

3.2. In vitro assessment of iNEs with different PEGylated compounds in 
HeLa cells 

In vitro experiments were conducted using HeLa cells to assess the 
cytotoxicity and transfection efficiency of iNEs, employing siGFP as a 
model RNA molecule. A comparison was made between iNE formula
tions containing Tween 80® (prepared by bulk mixing) and DMG- 
PEG2000 (prepared by microfluidic mixing). 

Regarding cellular cytotoxicity (Fig. 2-A), iNE-DMG-PEG2000 
exhibited higher cell viability than iNE-Tween 80® at the highest con
centrations (250 and 100 nM), displaying similar behavior at lower 
concentrations (50 and 10 nM). On the other hand, both iNE formula
tions showed comparable transfection efficiency (percentage of trans
fected cells and fluorescence intensity), and, thus, similar protein 
translation profiles at all concentrations tested (Fig. 2-B). However, it 
should be highlighted that at relatively low RNA concentrations (50 

nM), the transfection efficiency and toxicity were similar for both types 
of formulations. Despite these relatively minor differences, the iNE 
containing DMG-PEG2000, prepared by microfluidics, was selected for 
subsequent studies. Of note, the silencing effect was even observed at 
very low concentrations of siRNA. 

3.3. In vitro evaluation of iNEs in neuron, astrocyte, and microglia 
cellular models 

To evaluate the ability of iNE nanosystems to deliver oligonucleo
tides to the brain, in vitro studies were conducted using human neurons 

Table 1 
Physicochemical properties of iNE developed, containing C12–200, DOPE, 
Vitamin E, and DMG-PEG, in combination with siGFP and mGFP.  

Typer of 
RNA 

Size 
(nm) 

PDI ζ-Potential 
(mV) 

Encapsulation efficiency 
(%) 

siGFP 64 ± 7 0.23 ±
0.03 

(− )2 ± 1 80–90 

mGFP 72 ± 9 0.17 ±
0.07 

(− )4 ± 2 80–90 

Encapsulation efficiency was measured by agarose gel, and values were 
corroborated by RiboGreen assay. Abbreviations: GFP: green fluorescence pro
tein. mGFP: mRNA encoding GFP. PDI: polydispersity index. siGFP: siRNA anti- 
GFP. Values represent the mean ± standard deviation (n ≥ 3). 

Fig. 1. Encapsulation efficiency of siGFP (left) and mGFP (right) loaded iNE. 
Samples were treated with CB (pH 4), PBS (pH 7.4), and Triton X-100 (for iNE 
disruption). 
Abbreviations: CB: Citrate buffer. GFP: Green fluorescence protein. iNE: Ioniz
able nanoemulsion. mGFP: mRNA encoding GFP. PBS: Phosphate-buffered sa
line. siGFP: siRNA anti-GFP 

Fig. 2. Cytotoxicity (A) and GFP silencing effect (B) of iNE-Tween 80® (blue) 
and iNE-DMG-PEG2000 (red) containing siGFP, in HeLa cells expressing GFP. 
The silencing effect was determined in terms of the percentage of GFP negative 
cells (B, left axis, bars) and mean fluorescence intensity (B, right axis, symbols). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
Abbreviations: DMG-PEG2000: (R)-methoxy-polyethyleneglycol-2000-carba
moyl-di-O-myristyl-sn-glyceride. GFP: Green fluorescence protein. iNE: Ioniz
able nanoemulsion. MFI: Mean fluorescence intensity. PC: Positive control, 
lipofectamine. siGFP: siRNA anti-GFP. UT: Untreated. Values represent the 
mean ± standard deviation (n ≥ 3) 
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(SH-SY5Y), rat astrocytes (C6), and human microglia (CHME-3 cells) cell 
models, with mGFP as the model nucleic acid (Fig. 3). No toxicity was 
observed at any of the tested concentrations in the different cell models 
(Fig. 3-A) when compared to untreated cells. 

Regarding the transfection efficiency, significant levels of GFP- 
transfected cells were detected in all three cellular models, each 
exhibiting over 70% GFP-positive cells (Fig. 3-B). The slightly higher 
levels of transfection observed in C6 cells compared to CHME-3 cells 
could be attributed to greater cellular uptake by astrocytes over 
microglia cells. On the other hand, regarding the fluorescence intensity 
values, iNE-mGFP resulted in significantly increased levels for both 
neurons and microglia models (Fig. 3-C). However, a significantly lower 
transfection efficiency was observed for astrocytes, where no significant 
differences were found when compared with the untreated cells. A 
plausible explanation of this observation could be related to a lower 
uptake capacity or distinct intracellular trafficking of astrocytes as 
compared to the neuronal and microglia cells. 

3.4. In vivo evaluation of CNS diffusivity of iNEs encapsulating mGFP 

With the aim of simultaneously evaluating diffusivity and functional 
performance, iNEs loaded with mGFP were directly administered in the 
brain, following intra-parenchymal (intrathalamic) injection, in rats. 
Fig. 4 shows the transfection in neurons, astrocytes, and microglia at 24 
h post-administration. Neuron analysis required a double immuno
labelling process due to inherent fluorescence in neurons (Supplemen
tary Fig. 1). The images exhibited distinct GFP signals in neurons, 
indicating the uptake of iNEs by this cell type and the subsequent 
translation of the reporter protein. Moreover, a specificity of iNEs for 

neurons vs microglia and astrocytes was noted (Fig. 4). In terms of 
microglia uptake, these findings contrast with our previous in vitro 
fluorescence intensity results (Fig. 3-B,C), indicating a lack of correla
tion between in vitro-in vivo outcomes, typically observed with nano
particles [51,52]. These results imply the potential of iNEs to effectively 
evade microglia cells, known as the resident macrophages of the CNS 
[53,54]. 

Overall, these results suggest that transfection to specific brain cells 
could be dependent on the identity of the nanoparticle itself. In agree
ment with this, classical LNPs efficiently were reported to transfect 
neurons, astrocytes and, to a minor extent, the microglia cells, upon 
direct administration in the brain [55]. Good transfection values in 
neurons and astrocytes were also reported for LNPs containing thiol- 
cleavable lipids, upon intracerebroventricular (ICV) administration 
[17]. Of note, microglia cells were not included in this study. As a 
different delivery approach, other authors have found that poly- 
caprolactone-based nanoparticles could be designed to be directed 
specifically to microglia cells [56]. Despite these studies, as for now, no 
clear explanation for the different cellular preferences of different 
nanoparticles has been identified. We hypothesize that the composition 
of the nanoparticles influences the resulting protein corona around the 
nanocarriers, leading to different cellular uptake and even intracellular 
fate. 

The high specificity for neurons underscores the potential of our iNEs 
for the treatment of brain diseases that could benefit from direct CNS 
administration, such as glioblastoma or Parkinson’s disease [57–60]. 
However, it is essential to interpret this conclusion cautiously, consid
ering that biodistribution may be significantly different by the influence 
of these disease conditions. 

Following the assessment of the transfection efficiency of iNE, the 
diffusivity of the nanocarriers throughout the entire brain of the animals 
was investigated (Fig. 5). Interestingly, a notable diffusion was observed 
from the injection site, as indicated by a red GFP signal, to more distant 
areas within the same hemisphere. This observation is remarkable if we 
consider the limited literature evaluating the diffusion of mRNA-loaded 
nanoparticles in the brain. In a recent study, traditional LNPs carrying 
Cre mRNA were directly injected into the striatum and hippocampus of 
animals. This led to gene editing away from the injection site, with a 
diffusion range of 1.2–2.7 mm, depending on the site of injection and the 
dose administered [55]. These results are supported by other mRNA- 
containing LNPs administered ICV, leading to 1–1.5 mm diffusion pat
terns from the injection site [15,16]. Our iNE revealed cells expressing 
GFP up to approximately 3.4 mm apart, based on fluorescent expression 
on close-up images (Supplementary Fig. 2). This validates our hypoth
esis that soft fluid cores could enhance the diffusion of nanocarriers. 
Nevertheless, it is crucial to note that the site and rate of administration 
may also impact the diffusion pattern of the nanoparticles, and that 
further diffusion measurements would be needed to better understand 
the distribution pattern of our iNEs. 

Close-up images further confirmed the colocalization of the fluo
rescence protein in neurons and were used to estimate the diffusion 
distance of our iNEs (Supplementary Fig. 2). The specificity of the signal 
was confirmed by the absence of fluorescence upon PBS administration 
(Supplementary Fig. 3). 

Overall, based on the observed distribution profile, we have hy
pothesized that the diffusion of our iNEs is influenced by the oily core of 
the iNE nanocarrier. Previous work in our group with polyaminoacid 
nanocapsules (containing an oily core) showed tissue diffusivity 
following subcutaneous administration could be enhanced by tunning 
particle diameter (around 100 nm) and surface nanocarrier composition 
[34,61]. In this regard, based on previous reports, we could argue that 
the PEG components of the surface of iNEs could enhance diffusivity 
[30–32]. 

These findings underscore the potential of iNEs to diffuse to various 
brain areas and efficiently transfect mRNA specifically into neurons, 
further confirming the transduction of the desired model protein. The 

Fig. 3. Cytotoxicity (A) and GFP transfection efficiency (B–C) of iNE-mGFP 
(bright colour) in a neuron (red), astrocyte (green), and microglia (blue) 
cellular models. Transfection efficiency was determined in terms of the per
centage of GFP-positive cells (B) and mean fluorescence intensity (C). Com
parison was made with untreated cells (pale colour). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
Abbreviations: GFP: Green fluorescence protein. iNE: Ionizable nanoemulsion. 
MFI: Mean fluorescence intensity. mGFP: mRNA encoding GFP. UT: Untreated. 
A significant comparison was performed using an ordinary one-way ANOVA 
followed by Tukey’s multiple comparison tests between groups. P-values < 0.05 
were considered statistically significant (*). Also, (****) if p-value < 0.0001. Ns: 
Not significative. Values represent the mean ± standard deviation (n ≥ 3) 
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results suggest that iNE can facilitate the delivery of genetic cargo to 
different brain regions following a single administration. 

4. Conclusions 

Here, a new RNA delivery carrier named iNE, exhibiting a unique 
profile as compared to the classical LNPs, is disclosed. The iNEs 
exhibited sub-100 nm size, neutral surface charge, high RNA entrapment 
capacity, and favorable transfection profile in different cell lines in vitro, 
notably in neuronal and microglia cells. While these properties may be 

common to other nanocarriers, iNEs showed an advantageous profile 
marked by their high diffusivity across the brain tissue upon their direct 
administration in rat parenchyma. 

In summary, this research outlines the development of a novel class 
of ionizable nanocarriers tailored for RNA delivery to the brain, show
casing a promising diffusion pattern and specific targeting capabilities 
for neurons. These nanocarriers hold significant promise for addressing 
diverse CNS diseases, including glioblastoma or Parkinson’s disease. 

Fig. 4. Immunolabelling for GFP in neurons (labeled with βIII-tubulin), astrocytes (labeled with GFAP), and microglia (labeled with Iba-1) cells in rats after 
intraparenchymal administration of control (PBS) or iNE-mGFP. Hoechst was used as nuclei marker. 
Abbreviations: βIII-tubulin: Class III β-tubulin. GFAP: Glial fibrillary acidic protein. GFP: Green fluorescence protein. Iba-1: Ionized calcium-binding adaptor molecule 
1. iNE: Ionizable nanoemulsion. mGFP: mRNA encoding GFP 
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