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Lipid-based nanoparticles are a useful tool for nucleic acids delivery and have been regarded as a promising
approach for diverse diseases. However, off-targets effects are a matter of concern and some strategies to improve
selectivity of solid lipid nanoparticles (SLNs) were reported. The goal of this study was to test formulations of
SLNs incorporating lipid cholesteryl-9-carboxynonanoate (9CCN) as “eat-me” signal to target antagomiR oligo-
nucleotides to macrophages. We formulate four SLNs, and those with a mean diameter of 200 nm and a Z-po-
tential values between 25 and 40 mV, which allowed the antagomiR binding, were selected for in vitro studies.
Cell viability, transfection efficiency and cellular uptake assays were performed within in vitro macrophages
using flow cytometry and confocal imaging and the SLNs incorporating 25 mg of 9CCN proved to be the best
formulation. Subsequently, we used a labeled antagomiR to study tissue distribution in in-vivo ApoE-/- model of
atherosclerosis. Using the ApoE-/- model we demonstrated that SLNs with phagocytic signal 9-CCN target
macrophages and release the antagomiR cargo in a selective way.

1. Introduction for a recent review), play a critical role in pathological diseases since

they have multiple targets and their activity differs depending on the cell

Nucleic acid release and gene silencing are currently promising
therapeutic tools, although the control of their effectivity, correct “in
vivo” delivery and possible off-target effects, due to lack of selectivity,
remains challenging [1]. In this context, several small non-coding RNAs
like small interfering RNAs (siRNA), micro RNAs (miRNAs), piwi-
interacting RNAs (piRNAs) and small nuclear RNAs (snRNAs) have
been used for in vivo delivery [2]. The small non-coding microRNAs
(miRNAs), which modulate gene expression at the post-transcriptional
level by targeting the 3’UTR of mRNA ([3]; see also Navarro et al [4]

type where they are expressed; therefore, their potential to be used as
biomarkers or therapeutic targets have been increasing in the last few
years [1,5,6]. For this reason, the expression control of endogenous
miRNAs mediated by antagomiRs, chemically modified oligonucleotides
that bind specifically to a particular miRNA, have developed an
important role as emerging therapeutic tools for diverse diseases [7,8].
Despite this, many limitations in the delivery of “naked” nucleic acid
have been described due to the intrinsic instability of the molecules, off-
target effects, degradation by endonucleases and the low specificity for
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their targets. Alternatively to chemical modification in therapeutic oli-
gonucleotides [9], the development of a nucleic acid encapsulation and
delivery system based on nanoparticles (NPs) is one of the main fields in
current nanotechnology since its therapeutic effects have been demon-
strated in a large number of in vivo assays and clinical trials [10-12].

Nanoparticle carriers offer controlled delivery of nucleic acids, thus
improving transport efficiency and distribution among tissues and
limiting adverse effects [13,14]. However, the in vivo fate of nucleic
acid-loaded NPs, their tissue and cell targeting and accessibility in or-
gans with continuous capillaries, and their encapsulation efficiency are
still limited and remain challenging [15,16]. The addition of specific
ligand molecules in NPs and modifications of the chemical structures or
physicochemical properties are useful strategies for manipulating the
fate of NPs in vivo, as demonstrated by Zhang et al [17]. It is also known
that introducing positively charged molecules, like cationic lipids, prior
to the emulsification process have facilitated the delivery of in vivo
therapeutic RNAs [18,19]. Particularly, lipid-based nanoparticles
(LNPs) composed of a lipid bilayer with aqueous core can efficiently
encapsulate or bind miRNAs by spontaneous electrostatic interactions
between cationic lipids and negatively charged RNA molecules, making
the RNA extremely stable and protected from RNases when compared to
in vivo administered naked RNAs [20,21]. However, the use of cationic
lipids is commonly associated with cell toxicity, as they can disrupt cell
membrane integrity, induce cytoplasmic vacuolization and reduce cell
activity, apart from forming aggregates due to the interaction with
negatively charged serum proteins [22,23]. Thus, several strategies to
reduce the cationic charge have been attempted. The use of cholesteryl
oleate in cationic solid lipid nanoparticles (SLNs) formulations have
been demonstrated to improve cytotoxicity and nucleic acid delivery
[24,25]. Suné-Pou et al [23] concretely showed mechanisms by which
cationic SLNs increased DNA and RNA transfection efficiency.

It is clear that after the administration of nucleic acids encapsulated
with LNPs, the cargo is rapidly accumulated in the liver due to the
substantial flow rate, and to the clarification of NPs via Kupfer cells [16].
The developing of extrahepatic targeting has become another challenge
for the treatment of atherosclerosis diseases based on NPs delivery
system. Aortic macrophages from the intima play a crucial role in the
pathophysiology and development of atheroma plaques and several
miRNAs have been implicated in the process [26]. In concrete, our group
found that miR-125b is a pathogenic player in vascular diseases whose
expression is up-regulated in macrophages from coronary artery dis-
eases, valve calcification and atheroma plaques from ApoE-/- mice
[27-29]. In this context of the need to incorporate some ligand to target
the anti-miRNA-loaded NPs, recent studies have found that “eat-me”
signal lipids like phosphatidylserine (PtdSer) and cholesteryl-9-
carboxynonanoate (9CCN), present in the membrane of apoptotic
cells, allows them to be recognized by the macrophages present in
atherosclerotic plaques, so that these signals can be incorporated in
nanoparticles and be used for targeting and imaging macrophages
[30-32]. Since PtdSer is a highly anionic lipid that can interfere in lip-
oplex formation between the NP and the antagomiR, we favored the use
of the 9-CCN, a common oxidized lipid present in both intracellularly
and extracellularly macrophages from advanced atherosclerotic lesions,
as the optimal candidate for in vivo macrophage targeting [32]. More-
over, Bagalkot et al [33] reported that lipid-latex (LiLa) NPs incorpo-
rating the phagocytic signal 9-CCN, were selectively deposited to M1
macrophages in a mouse model of atherosclerosis. In vivo MRI imaging
using 9-CCN- NPs revealed colocalization of these vesicles with arterial
macrophages which were not seen in control vesicles without 9-CCN.
Nanoparticles containing 9-CCN also demonstrated a prolonged
plasma and plaque retention in a rabbit model of atherosclerosis as re-
ported by Maiseyeu et al [32].

In the present study we have designed a modified version of cationic
solid lipid nanoparticles containing a 9-CCN “eat-me” phagocytic signal
for the specific targeting of macrophages, as represented in the sche-
matic illustration of chemical structures components and SLN
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interaction with macrophages from Fig. 10ur aim was improving the
delivery and arrival of an anti-miR-125b antagomir to target cells in vivo
greatly reducing off-target effects. Thus, four vesicle formulations of
SLNs were prepared using the hot microemulsification method
described by Fabregas et al [34], and the lipid matrix was varied ac-
cording to the concentrations of 9CCN. In vitro and in vivo evaluation of
these nanoparticles was carried out and compared with control naked
antagomiR molecules, which lack a lipid vesicle protection that drives
them to RNase degradation and later elimination by the liver without
reaching its fate in vivo. SLNs with modified cholesterol lipid 9-CCNs are
easily fabricated in the laboratory, and allow improved recognition and
subsequent uptake by macrophages, making them a promising in vivo
antagomiR delivery technology.

2. Material and methods
2.1. Animals

Experiments were performed in 10-week-old ApoE-/- mice on
C57BL/6 background (3 males and 3 females; Jackson Laboratories, Bar
Harbor, ME, USA) fed with a “high fat rodent diet” ad libitum that
contained 1.25 % cholesterol and provided 40 % of the energy as fat
(D12108CI; Research Diets Inc, New Brunswick, NJ, USA) for 20 weeks.
Mice were randomized into an 9CCN-25 mg + Cy5_antagomiR-125b SLN
group (n = 3; 15 mg/kg, 1 dose) and a control group treated with naked
Cy5_antagomiR-125b (n = 3; 15 mg/kg, 1 dose). For SLNs group, the
Cy5_antagomiR-125b was resuspended in PBS, mixed with filtered
(43-46 um filters) 9CCN-25 mg SLNs (45 % of total volume), and
incubated for 30 min at RT until the SLNplexes were formed. Dose was
chosen from previous experiments not published (Data not shown).
These were subsequently administered subcutaneously to mice. After 24
h of administration, animals were euthanized at 30 weeks of age by the
inhalation of < 5 % isoflurane (PDG96236, Baxter Corporation, IL, USA)
and cardiac puncture in order to observe the arrival of fluorescence Cy5-
loaded antagomiR-125b to different tissues. Serum was also collected at
the end of the study and total Urea, ALT, AST and Creatinine parameters
were measured at the Clinical Veterinary Biochemistry Service of the
Universitat Auténoma of Barcelona (UAB). The Cy5-loaded antagomiR-
125b (in vivo HPLC formulation; CTM-676490) was developed by
Dharmacon (Colorado, USA) and the sequence was as follows: 5’Cy5.
mU.*mC.*.mA.mC.mA.mA.mG.mU.mU.mA.mG.mG.mG.mU.mC.mU.
mC.mA.mG.*m G.*.mG.*.mA.*0.3’-Chl 3’. All animal studies were
carried out in accordance with recommendations in the Guide for the
care and use of Laboratory Animals of the National Institutes of Health.
The protocol was approved by the Committee on the Ethics of Animal
Experiments of UB-Bellvitge (number 85/20).

2.2. Synthesis of 9-CCN

1 g cholesterol plus 1.4 g azelaic acid, 1.9 g N-(3-dimethylamino-
propyl)-N’-ethylcarbodiimide hydrochloride and 610 mg 4-(dimethyla-
mino) pyridine were mixed in 20 mL of 1:1 acetone-chloroform and
flushed with nitrogen (reagents purchased from Sigma-Aldrich, St Louis,
MO, USA). The mixture was vigorously stirred overnight, concentrated
and purified by column chromatography on silica gel by using
dichloromethane-methanol mixture as the eluent (9:1 by volume) to
give 9-CCN as a colorless solid. The purity of 9CCN was assessed by NMR
as shown in Figure S3 from Supplementary Information. 9CCN fabrica-
tions were performed in the Service of Pharmacology, Toxicology and
Therapeutic Chemistry from Universitat de Barcelona by Dr Pujol.

2.3. Production of Solid Lipid Nanoparticles (SLNs)
SLNs were synthesized using the hot microemulsification method

[35]. Briefly, a lipid matrix containing stearic acid (K4656336152, EMD
Millipore, Billerica, USA) and cholesteryl oleate (L7EJD-EO, Tokyo


http://Cy5.mU
http://Cy5.mU
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Fig. 1. Schematic illustration of 9-CCN SLNs components and its biological interaction with macrophages. Chemical structures of all the components used for
the synthesis of SLNs are presented in the left side of the image. Stearic acid (yellow lipid), cholesteryl oleate (purple lipid), and 9-CCN (red lipid) were used for the
lipid matrix of the nanoparticles and were mixed with poloxamer 188 (brown lipid) and octadecylamine (brown curved molecule) of the cationic lipid mix. After the
hot microemulsification method described below, SLNs were synthetized. The SLNplex were formed by mixing SLNs with the appropriate oligonucleotide (e.g.: anti-
miR125b). The targeting to macrophages was achieved by the phagocytic “eat-me” signal of cholesterol-9-carboxynonanoate (9-CCN), which is biologically
externalized in the membrane of apoptotic cells. Macrophages interact with 9-CCN either directly with phagocytic receptors (e.g.; STAB1, RAGE) or indirectly
through bridging molecules (e.g.; TSP1 with CD36, CYR61 with ayfs) as reported in the right side of the image. Abbreviations: 9CCN, cholesteryl-9-
carboxynonanoate; SLNs, Solid Lipid Nanoparticles, STAB1, Stabilin-1; RAGE, Receptor for advanced glycation endproducts; TSP1, Thrombospondin-1; CD36,
cluster of differentiation 36; CYR61, cysteine-rich angiogenic protein 61; ayfs, Integrin alpha-v beta-5. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Chemical Industry TCI, Zwijndrecht, Belgium) were poured onto a
cationic lipid mix composed by poloxamer 188 (SLBF9298V, Sigma-
Aldrich, St Louis, MO, USA), octadecylamine (A0307242, Acros Or-
ganics, Geel, Belgium) and ultrapure water in order to form a hot
emulsion. All previous components were heated between 5 and 10 °C
above their melting points (near to 80 °C) and stirred for 10 min. The
microemulsion was dispersed with continuous agitation using refriger-
ated water (4 °C) for core solidification and centrifuged at 19.000g for
15 min and double filtered using qualitative filters of 43-48 ym and 7-9
um. Different concentrations of 9CCN were incorporated to the lipid
matrix (Table 1) to confer the SLNs a “eat-me” signal lipid. These SLNs
were lyophilized (L-3 Telstar, Terrassa, Spain) using trehalose (5 % w/v
1:1) as a cryoprotectant to improve their stability and to preserve their
properties. For lyophilization process, a freezing cycle of 4 h at —55 °C
was performed, followed by a primary drying of 0.100 mbar of vacuum
and —15 °C for 72 h, and a secondary drying at 25 °C for 24 h.

2.4. Determination of SLN particle size and surface charge

Particle size was determined by laser diffractometry on a Mastersizer
2000 (Malvern Instruments, UK) in triplicate, by using appropriate
amounts of sample until correct obscuration percentage was achieved.
Particle size in nanometers (nm) was determined by applying a Fourier
transform to measured diffracted angles via Zetasizer software.The
surface potential (Z potential) and polydispersity index (PDI) were also

measured using laser Doppler micro-electrophoresis and electrophoretic
light scattering in Zetasizer Nano-Z (Malvern Instruments, UK). Briefly,
a cell containing the sample was connected to electrodes and electro-
phoretic mobility was converted to Z potential expressed in millivolts
(mV) using specialized Zetasizer software. All analyses were performed
in triplicate and average and standard deviation are recorded in
Table S1.

2.5. TEM morphological analysis

Surface of the SLNs was analyzed by Transmission Electron Micro-
scopy (TEM). First, lyophilized nanoparticles were reconstituted with 6
mL of purified water and filtered with 43-48 um filters, placed in an UV-
activated 200Mesh carbon-coated copper grid (930342, Sigma-Aldrich,
St Louis, MO, USA), negatively stained with 4 % uranyl acetate solution
with methylcellulose, dried and placed in a Petri dish for image acqui-
sition. Images were acquired with Tecnai Spirit microscope (FEI Com-
pany, Hillsboro, OR, USA) equipped with Lab8 cathode and Megaview
camera at 120 kV.

2.6. Stability assay

Stability of lyophilized SLNs was checked during 48 weeks by
analyzing the particle size, Z potential and PDI after nanoparticle
reconstitution with 6 mL of purified water and filtration with 43-46 ym
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Table 1

Composition of the different solid lipid nanoparticles formulations and charac-
teristics of freshly fabricated SLNs from each formulation Diameter, Z-potential
and Poli-dispersion index data are expressed as mean + SD (n=3 independent
quantifications). Abbreviations: 9-CCN, cholesteryl-9-carboxynonanoate; PDI, poli-
dispersion index; NE, non-evaluated; SD, Standard deviation.

Components SLNs SLNs SLNs SLNs SLNs
9CCN- 9CCN- 9CCN- 9CCN- Ctrl
150 mg 100 mg 50 mg 25 mg
Stearic acid (mg) 140 160 180 190 200
Cholesteryl oleate 210 240 270 285 300
(mg)
9CCN (mg) 150 100 50 25 -
Octadecylamine 600 600 600 600 600
(mg)
Poloxamer 188 100 100 100 100 100
(mg)
Characteristics of SLNs SLNs SLNs SLNs SLNs
fresh SLNs 9CCN- 9CCN- 9CCN- 9CCN- Ctrl
150 mg 100 mg 50 mg 25 mg
Diameter (nm) 341.9 + 651.4 + 244.2 + 2125 + 254 +
11.12 492.6 4.26 1.55 2.31
Z-potential (mV) 36.7 + 34 + 37.6 + 34 + 35.3 +
0.90 2.39 0.12 0.75 0.40
Poli-dispersion 0.285 + 0.758 + 0.124 + 0.125 + 0.085
index (PDI) 0.038 0.223 0.040 0.010 +0.036
Binding capacity NE NE 1000 2000 2000

limit (ng)

filters. Lyophilized vials of control SLNs, 9CCN-25 mg SLNs, 9CCN-50
mg SLNs, 9CCN-100 mg SLNs and 9CCN-150 mg SLNs were stored at
4°Cor 25°Cfor1, 4, 8, 24, 36 and 48 weeks until stability verification.
Each analysis was performed in triplicate in Zetasizer Nano-Z (Malvern
Instruments, UK). Raw data, average and standard deviation from each
analysis are shown in a complete table in Supplementary Information
Table S2. The stability assay complete graphs can be made available on
demand, as they would take up too much space.

2.7. SLNplex formation in agarose gel and UV-VIS spectrophotometry

Binding capacity and loading efficiency of synthesized SLNs were
determined by the incorporation of plasmidic DNA to SLNs (SLNplex).
The SLNplex were prepared by adding different concentrations (500 ng,
1000 ng, 2000 ng, 3000 ng) of pmirGLO luciferase plasmid (E1330,
Promega, Madison, WI, USA) to 15 uL of each formulation of SLNs:
Control, 9CCN-25 mg or 9CCN-50 mg. The mixture was kept at RT for
30 min to allow the complexes to form. The SLNs:DNA lipoplexes, free
SLNs and free plasmidic DNA were loaded on a 0,8% agarose electro-
phoresis gel containing 0.01 ug/mL SybrSafe (S33102, Thermofisher,
Waltham, MA, USA) for nucleic acid visualization at 89 V for 35 min in a
GelDoc XR system (BioRad, Hercules, CA, USA) with BioRadImageLab
5.2.2 software. The plasmidic DNA (500 ng/uL) and 9CCN-25 mg SLNs
(1:2 dilution in purified H,O) were used alone or combined in a SLNplex
for obtaining the UV-VIS spectrophotometry spectrum in a Cary UV-VIS
Multicell Peltier system (Agilent Technologies, California, USA).

2.8. Cell culture and cell viability assay

Cell viability was assessed with HEK293ft cells (2x10° cell/mL)
grown in a 6-well plates (Thermofisher, Waltham, MA, USA) in Dul-
becco’s modified Eagle medium (DMEM) (11965092, Gibco-
Thermofisher, Waltham, MA, USA). Different volumes of each filtered
and lyophilized SLN formulations, in the range of 5-25 pL, were added
to confluent HEK293ft cells and processed for cytotoxicity assays with
20 pg/mL Propidium Iodide (P1304MP, Thermofisher, Waltham, MA,
USA). Viability was assessed with a BD FACS Canto flow cytometer (BD
Biosciences, San Jose, CA, USA) by quantifying the % of PI-positive cells
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at 617 nm.

2.9. Invitro transfection assays

RAW264.7 murine macrophage cells (2 x 10%) were grown in 6-well
plates (Thermofisher, Waltham, MA, USA) with Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10 % FBS, 1 % L-Glutamine
and 1 % Penicillin/Streptomycin (P/S) until they reached 80 %
confluence. SLNplexes were formed by mixing 12 uL of SLNs (9CCN-25
mg, 9CCN-50 mg or Control) with 60 nM of Cy-5-labelled antagomiR-
125b (CTM-676490, Dharmacon, Lafayette, CO, USA) in 1 mL non-
supplemented DMEM, leaving at RT for 30 min to allow the com-
plexes to form. The complexes were added to every well and after 8 h the
medium was supplemented with 10 % FBS, 1 % L-Glutamine and 1 % P/
S. As a transfection control, 60 nM Cy5-antagomiR-125b were trans-
fected into the cells using TransIT-X2 (#6004 MirusBio, Wisconsin,
USA) according to manufacturer’s protocol. After 48 h post-transfection
cells were harvested and prepared for transfection efficiency analysis by
flow cytometry in a BD FACS Canto cytometer using the cutoff values
obtained from unstained RAW264.7 cells to subtract the auto-
fluorescence signal of the cells. The Cy5-FITC fluorescence at 488/525
nm channel was used to determine the percentage of transfection as
analyzed by the BD FACS Diva™ v9.0 Software (BD Biosciences, San
Jose, CA, USA).

2.10. RNA isolation and RT-qPCR

Total RNA from tissues or cells were isolated using TRIzol reagent
(15596026, Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s protocol. cDNA was generated using TagMan reverse transcrip-
tion kit Assay (4366596, Applied Biosystems, Foster City, CA, USA) for
miRNA and was subjected to quantitative Real-Time PCR amplification
using the TagMan Universal qPCR Master Mix (4304437, Applied Bio-
systems, Foster City, CA, USA). Specific TagMan probes (Applied Bio-
systems, Foster City, CA, USA) were used for hsa-miR-125b (Assay ID:
000449, Cat. Num.: 4427975 ThermoFisher Scientifics, Waltham, MA,
USA) and U6 snRNA (Assay ID: 001973, Cat. Num.: 4427975 Thermo-
Fisher Scientifics, Waltham, MA, USA) as internal control gene. Re-
actions were run on a Quantstudio System (AppliedBiosystems, Foster
City, CA, USA). The relative miRNA expression levels were calculated
using the AACt method.

2.11. Confocal imaging

At the time of mice sacrifice; liver, skin, heart and kidneys were
removed, and fixed in 4 % paraformaldehyde with cold PBS for 12 h.
These were further washed with PBS, rinsed overnight in PBS containing
30 % sucrose and mounted in OCT medium. Tissue blocks were cut into
serial 10 um-thick sections, dried 15 min at RT, embedded with DAPI
mounting medium (NC9293783 SantaCruz Biotechnology, Dallas TX
USA) and covered with a glass coverslip keeping the slides at 4 °C dark
until microscope imaging. For aortic valves visualization, heart blocks
were cut until they reached into the same anatomic location (170 mm
after the appearance of the 3rd valve). Imaging was performed using a
Carl Zeiss LSM880 spectral confocal microscope equipped with a 63 X
objective 641 nm laser was used to excite the Cy5-antagomiR-125bwhile
a 405 nm laser was used for for DAPI. Images were analyzed with Zen
2.3 SP1 (Black) v14.0 Software (Zeiss, Oberkochen, Germany). The
relative number of positive anti-miR125b Cy5 marked cells was calcu-
lated by counting the positive cells with the ImageJ v1.53 (Maryland,
USA) inside 3 separated areas (corresponding to a total of 100 cells per
area) within the aortic lesion of the same section and the mean average
of 3 areas was normalized by total number of cells in each mouse.
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2.12. Statistical analyses

Statistical analyses were performed using the R package, version
4.1.3 (2022-03-10) and graphics with GraphPad Prism 8.0 for Windows
(GraphPad Software Inc, CA, USA) with 2-tailed paired student T-test to
describe significance variance between groups. Mean data was pre-
sented with £SD, and P-values were represented by asterisks (* P <
0.05; **P = 0.01-0.001; *** P < 0.001).

3. Results
3.1. Fabrication and characterization of SLNs

Hot microemulsification technique was used for the fabrications of
different formulations of SLNs in order to obtain small and not very
polydisperse NPs preparations around 200 nm. Using a stable quantity of
cation lipid mix used for the main structure of the NPs, the lipid matrix
proportions of SLNs were changed according to the amount of 9CCN
added (Table 1). As demonstrated by Suné-Pou et al. (2018), to ensure
stable SLNs with good diameter, PDI and Z-potential, it is necessary to
maintain the ratios of Cholesteryl oleate, Stearic acid, Poloxamer and
Octadecylamine as the “Ctrl SLNs” in Table 1. For this reason, we started
by adding the lipid 9CCN at small amounts with respect to the total lipid
matrix, being the ratio of 9CCN 5 % for SLNs + 25 mg 9CCN, 10 % for
SLNs + 50 mg 9CCN, 20 % for SLNs + 100 mg 9CCN and 30 % for SLNs
+ 25 mg 9CCN. Due to the instability and complexity of the freshly
prepared SLNs suspensions, the NPs with appropriate size (150-250
nm), Z-potential (+25-45 mV) and PDI (<0.2) were selected for the
lyophilization process.

After lyophilization, resuspension in 6 mL of HyO nuclease-free and

- SLNs-Ctrl
- SLNs-25mg_9CCN
8 SLNs-50mg_9CCN
A =~ SLNs-100mg_9CCN
-~ SLNs-150mg_9CCN

800+

6001 0.8+
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filtration with 43-45 um filters, previous parameters were re-analyzed
and we observed that the diameters of SLNs formulation 9CCN-25 mg
(212.5 nm) and 9CCN-50 mg (244.2 nm) were the size that we expected
compared with SLNs Ctrl (254 nm), while the average diameters of SLNs
formulations 9CCN-100 mg (651.4 nm) and 9CCN-150 mg (341.9 nm)
were bigger (Table 1). Dispersion of nanoparticle populations was also
evaluated and PDIs of 0.085, 0.125 and 0.124 were determined for SLN
Ctrl, 9CCN-25 mg and 9CCN-50 mg formulations respectively, while
PDIs of 0.758 and of 0.285 were found for 9CCN-100 mg and 9CCN-150
mg respectively, suggesting that both formulations with higher con-
centration of 9CCN developed more disperse populations of NPs and the
presence of more aggregates. The difference between the diameter of
SLNs + 100 mg and 150 mg 9CCN is due to the fact that in the case of
SLNs + 100 mg 9CCN, the occurrence of a second nanoparticle popu-
lation peak makes the mean diameter more biased and the mean
diameter higher as well as the dispersion index. Z-potentials were also
analyzed and all the formulations exhibit enough positive surface suit-
able for sufficient nucleic acid binding: 9CCN-Ctrl (35.3 mV), 9CCN-25
mg (34 mV), 9CCN-50 mg (37.6 mV), 9CCN-100 mg (34 mV), and 9CCN-
150 mg (36.7 mV).

After lyophilization, stabilization assays for each formulation were
made at25 °C as recommended by the ICH guidelines for long-term and
accelerated storage of nanoparticles but they were also made at 4 °C to
observe if there were differences at low temperatures. Particle diameter,
Z-potential and PDI were assessed in this assay. during 48 weeks. The
SLNs Ctrl, 9CCN-25 mg and 9CCN-50 mg formulations showed not major
alterations regarding size, PDI and surface charge in both 4 °C or 25 °C
conditions, suggesting that lyophilized powder SLNs can be used within
48 weeks of its fabrication. Conversely, 9CCN-100 mg and 9CCN-150 mg
formulations exhibited disproportionate NPs size and inappropriate PDI
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Fig. 2. Stability assay of lyophilized SLNs formulations during 48 weeks incubated at 4 °C (upper side) and at 25 °C (lower side). SLNs Ctrl are shown in green dots,
SLNs + 25 mg of 9CCN are shown in blue squares, SLNs + 50 mg of 9CCN are shown in orange empty squares, SLNs + 100 mg of 9CCN are shown in red triangles and
SLNs + 150 mg of 9CCN are shown in purple rectangle. (A) Mean particle size of each formulation (nm). SLNs with 100 mg of 9CCN and 150 mg of 9CCN exhibit
disproportionate sizes while SLNs Ctrl, SLNs with 25 mg and 50 mg of 9CCN exhibit an expected and stable size during 48 weeks in both 4 °C and 25 °C. (B) Z-
potential was also analyzed in each measurement. SLNs Ctrl, SLNs with 25 mg and 50 mg of 9CCN present an optimal positive potential (between + 25 and + 45 mV)
during one year in both temperatures. (C) PDI higher than 0.2 (as in the SLNs 100 mg and 150 mg of 9CCN) indicates different populations of NPs and presence of
aggregations.Stability assay was suspended for SLNs + 100 mg and 150 mg of 9CCN due to inappropriate PDI and particle size. Abbreviations: Ctrl, control; nm,
nanometers; SLNs, solid lipid nanoparticles; 9CCN, cholesteryl-9-carboxynonanoate; NPs, nanoparticles; mV, millivolts; PDI, polydispersion index. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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due to the large change in the ratio of lipid matrix and cationic lipid mix
when more than 10 % of 9CCN is added, which alters the morphology of
the nanoparticle and favors the appearance of aggregates and dispersed
populations, resulting in a suspension of these formulations after 36
weeks. (Fig. 2). Raw data, mean and standard deviation of whole sta-
bility assay are presented in Table S2 from Supplementary Information.

As shown in Fig. 3, by TEM we observed the presence of nano-
structures with different aggregation and polydisperse properties. While
Ctrl and 9CCN-25 mg formulations exhibited spherical and clear pres-
ence of NPs, the 9CCN-50 mg showed bigger structures and 9CCN-100
mg or 9CCN-150 mg displayed aggregates and amorphous structures,
suggesting the alteration of the cholesteryl oleate or stearic acid moieties
and that addition of great amounts of 9CCN to the lipid matrix resulted
in unstable SLNs according to PDI analysis.

3.2. Cell viability and binding capacity assays

The cell viability assay of selected SLNs formulations was performed
to determine the amount of nanoparticles to be used for the transfection
assays. For this purpose, different quantities of SLNs from each formu-
lation (5-25 pL) were added to human HEK293ft cells in 6-well plates,
and after 48 h propidium iodide (IP) was added to the 2 mL of DMEM
media. Viable cells were quantified by counting the population of non-
stained cells by using flow cytometry to discriminate between dead
and live cells. We considered toxic effects when cell viability was less
than the 80 % observed in mock conditions. Cytotoxicity on HEK293ft
cells started to appear at 48 h with volumes higher than 20 pL (for the
9CCN-150 mg formulation) but this was not observed in the case of the
other formulations (Fig. 4A). Given that oligonucleotides can alter the
physicochemical properties of nanoparticles, we decided to evaluate cell
viability also in presence of anti-miR-125b (Figure S1). In this case, only
the SLNs 25 mg and 50 mg 9CCN formulations were analyzed as they
were the most optimal for further in vitro studies due to their diameter,
Z-potential and morphological structures. In the viability assay with the
SLNplexes, no toxicity features were observed for these formulations in
the same way as with SLNs alone without the anti-miR-125b, thus sug-
gesting that the binding of the antagomir to the nanoparticle does not
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decrease cell viability. Due to the presence of amorphous structures
shown in TEM images and low viability rates, we also decided to discard
the 9CCN-150 mg formulation from the next in vitro assays.

Nucleic acid binding capacity to NPs was quantified by adding
different amounts of plasmidic DNA (from 500 ng to 3000 ng) to two
volumes of SLNs (10 pL or 15 pL). The SLNplexes formed were loaded
into an agarose gel in which low binding capacity was evidenced by the
presence of free DNA in the gels. We observed high binding efficiency for
the SLNs Ctrl, SLNs 9CCN-25 mg and SLNs 9CCN-50 mg with 15 pL of
NPs since free DNA could not be detected even after adding 2000 ng of
plasmid to SLNs (Fig. 4B). Despite this, the presence of DNA in the
condition formed by the SLNs 9CCN-50 mg formulation and 1000 ng of
DNA with 10 pL volume suggested to us that this formulation has less
binding capacity (Fig. 4C). The fact of modifying the lipid matrix could
affect the morphology of the SLN and it may cause the binding capacity
to be decreased.

3.3. Cellular transfection and biological activity

Cellular uptake and the ability to produce biological responses were
also analyzed for the SLNs Ctrl, SLNs 9CCN-25 mg and SLNs 9CCN-50
mg formulations by combining 12 uL of SLNs with 60 nM of Cy5-labelled
antagomiR-125b and transfecting this SLNplex to murine RAW264.7
macrophages. After 48 h flow cytometry analyses showed that the 3
SLNplexes presented high efficiency of transfection compared to control
SLNs without Cy5-labelled antagomiR-125b resulting in a high rate of
SLNs internalization (Fig. 5A). The cellular internalization of Cy5
antagomiR-125b with the lyophilized SLNs was higher when compared
to commercial miRNA transfection lipids (TransIT-X2) but no differ-
ences were seen between SLNs Ctrl and SLNs loaded with 9CCN prob-
ably due to the phagocytic capacity of macrophages.

We confirmed that SLNs produce a biological effect in the cell other
than internalizing nucleic acid, by performing a RT-qPCR. Transfection
of SLNplexes (9CCN-25 mg) loaded with the antagomiR-125b resulted in
the significant reduction of the expression of the target miRNA-125b,
when compared to non-transfected cells (Fig. 5B), thus demonstrating
that the fabricated SLNs 9CCN-25 mg had the potential to bind the Cy5-

Fig. 3. TEM images of each formulations: (A) SLNs control, (B) SLNs + 25 mg of 9CCN, (C) SLNs + 50 mg of 9CCN, (D) SLNs + 100 mg of 9CCN, (E) SLNs + 150 mg
of 9CCN. Formulations A, B and C exhibit a spherical and a clear presence of NPs while in formulations D and E a presence of aggregates and amorphous structures
can be observed. Scale bars are shown in black and in nm. Abbreviations: TEM, Transmission electron microscopy; nm, nanometers; SLNs, solid lipid nanoparticles;

9CCN, cholesteryl-9-carboxynonanoate; NPs, nanoparticles.
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at 60 nM was assessed analyzing the expression of the miR125b by RT-qPCR. SLNs + 25 mg of 9CCN presented a notable inhibition of the miR125b compared to non-
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antagomiR-125b, to internalize it, release it and targeting miR-125b. 3.4. SLNs as in vivo delivery system and targeting to macrophages
Cellular uptake was also supported by the observation of transfected
cells with the confocal microscopy as shown in Fig. 6. At 2 h post-

transfection, a fluorescence signal was detected in all formulations

To demonstrate the selective delivery to macrophages we adminis-
tered SLNplexes to ApoE-/- mice. Based on previous data on stability,

and the commercial transfection reagent control, suggesting that inter-
nalization of SLNplexes occurs promptly. Fluorescence signal was highly
increased after 24 h post-transfection reflecting that delivered nucleic
acid was internalized. Moreover, transfection with SLNs 9CCN-25 mg
and Cy5_antagomiR-125b resulted in the strongest signal of fluorescence
(Fig. 6B) even when compared to commercial lipo-transfection agent,
revealing that this might be the best formulation to direct the
antagomiR-125b to the target cell.

viability and biological response, the 9CCN-25 mg SLNs formulation was
chosen as candidate for the in vivo experiments. The 9CCN-50 mg SLNs
formulation could be also a good candidate for in vivo studies, but due to
the alterations in morphology, diameter and dispersion observed in
formulations with higher ratio of 9CCN to the original lipid matrix, we
decided to choose the formulation with 25 mg of 9CCN for these pre-
liminary in vivo trials. The 25 mg formulation is the best candidate as
the composition of the original lipid matrix is not exaggeratedly altered,
demonstrates selectivity and high transfection capacity in vitro and may
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Fig. 6. Confocal microscopy images of RAW264.7 cells transfected with 60 nM Cy5-AntagomiR125b forming lipoplexes with SLN Ctrl, SLNs + 25 mg of 9CCN, SLNs
+ 50 mg of 9CCN, commercial TransIT-X2 or non-transfected after 2 h (A, upper images) or 24 h (B, lower images) post-transfection. Blue, DAPI staining; red, Cy5-
labeled antagomiR125b. Scale bars are shown in white and in 20 um. Abbreviations: Ctrl, control; SLNs, solid lipid nanoparticles; 9CCN, cholesteryl-9-
carboxynonanoate; Cy5, cyanine 5; DAPI, 4',6-damidino-2-phenylindole. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

also be a good choice in terms of industrial scalability as less 9CCN is
used.

SLNplexes carrying 15 mg/kg of Cy5-labeled antagomiR-125b were
administered to ApoE-/- mice subcutaneously once per week while one
dose of 15 mg/kg “naked”, Cy5-labeled, antagomiR-125b was admin-
istered as control. After 24 h, fluorescence microscopy revealed that
naked antagomiR-125b remained under the injection site, whereas in
the SLNs group, antagomiR-125b labeling was less intense, suggesting
faster distribution (Fig. 7A). In addition, antagomiR-125b-loaded SLNs
demonstrated a remarkable ability to selectively target macrophages
within atheroma lesions (Fig. 7D). Furthermore, these SLNs have also
exhibited effective uptake by renal tubular cells (Fig. 7B).

In addition, quantitative analyses were performed to allow us to
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contrast the qualitative findings of the confocal microscopy. ImageJ
analysis revealed that the group treated with SLNs and anti-miR-125b
showed significant differences (p = 0.05) with respect to the anti-miR-
125b naked group in terms of the number of positive cells at the
aortic valve level in the atheroma plaque (Fig. 8B). This demonstrates
that SLNs are more selective for macrophages overexpressing miR-125b,
as there is more presence of labeled anti-miR-125b within the aortic
valve atheroma plaque. In addition, real-time quantitative PCR was
performed in ¢cDNA from 3 different tissues: aorta, kidney and PBMCs
comparing the naked group vs SLNs-treated group. The results showed
that in both kidney (p = 0.20) and aorta (p = 0.20), there is less
expression of miR-125b, so with SLNs more anti-miR-125b could arrive
to the tissue. The PBMCs from the bone marrow of both groups were also

C D

Liver Aortic plaque

Fig. 7. Confocal microscopy images of OCT-embedded tissues from ApoE-/- mice subcutaneously treated with 1 dose of Cy5-loaded antagomiR-125b alone (upper
images) or together with SLNs + 25 mg of 9CCN resuspended and filtered formulations. Presence of A125b is shown in red in the site of injection (A), in tubular cells
from kidney (B), in hepatocytes and Kupffer cells from the liver (C) and in the macrophages of an atheroma plaque from aortic valve (D, white arrows). Blue, DAPI
staining; red, Cy5-labeled antagomiR125b. Scale bars are shown in white and in 50 um. Abbreviations: Ctrl, control; SLNs, solid lipid nanoparticles; 9CCN,
cholesteryl-9-carboxynonanoate; Cy5, cyanine 5; DAPI, 4',6-damidino-2-phenylindole; A125b, antagomiR-125b. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Quantitative analysis of in vivo experiments. (A) Mir-125b log expression in Kidney, Aorta and PBMCs tissues from naked anti-miR125b mice group or SLNs
+ anti-miR125b mice group assessed by RT-qPCR. SLNs + 25 mg of 9CCN group presented a notable inhibition of the miR125b compared to naked group in Aorta
and Kidney. SLNs + 25 mg 9CCN group also present less miR-125b inhibition in PBMCs from bone marrow, suggesting less off-target effects. Unpaired t-test two-
tailed was performed for kidney and PBMCs and Mann Whitney non-parametric test was performed for aorta. * P < 0.05. (B) ImageJ quantification of positive anti-
miR125b Cy5 marked cells. Mann Whitney non-parametric test one-tailed was performed. * P < 0.05. (C) Serum levels ALT and AST from ApoE-/- mice treated with
A125b naked or with SLNs + 25 mg of 9CCN. No differences regarding hepatotoxicity were observed. (D) Serum levels Creatinine and Urea from ApoE-/- mice
treated with A125b naked or with SLNs + 25 mg of 9CCN. No differences regarding nephrotoxicity were observed. Two-way ANOVA followed by Sidak’s correction
was performed for serum quantification (P > 0.05). Abbreviations: SLNs, solid lipid nanoparticles; 9CCN, cholesteryl-9-carboxynonanoate; PBMCs, Peripheral blood
mononuclear cells; RT-qPCR, real time quantitative polymerase chain reaction; ALT, Alanine transaminase; AST, Aspartate transaminase; CREA, Creatinine;

URE, Urea.

analyzed, observing that in the SLNs-treated group there is greater
expression of miR-125b (p = 0.018) with respect to the naked group,
suggesting that SLNs are more selective and for this reason do not reach
the bone marrow, avoiding an off-target effect. (Fig. 8A).

Toxicity of in vivo SLNs administration was also evaluated by
quantifying serum markers ALT, AST, Creatinine and Urea (Fig. 8C, 8D)
from SLNs and naked groups. The results showed no significative dif-
ferences between SLNplex groups versus naked group, indicating that
SLNs do not produce hepatic nor kidney toxicity. The group treated with
SLNs even had slightly lower ALT (p = 0.661), AST (p = 0.836) and Urea
(p = 0.096) levels when compared with the group treated without SLNs.
Although creatinine is the only parameter slightly higher in the group
treated with SLNSs, the differences are not significant either (p = 0.949).
These findings indicate the potential of SLNs-9CCN as promising nano-
carriers for the delivery of target treatments for both ATH and renal
diseases.

4. Discussion

Specific nucleic acid delivery has been one of the main challenges for
the use of nanotechnology in therapy [6]. Over two decades, SLNs have
been proved as one of the most advantageous drug nanocarriers
compared to other polymeric NPs, emulsions or liposomes, playing a
central role in the delivery of short nucleic acids (i.e. siRNA) and mRNA-
based vaccines into target cells. An example of this is Patisiran, a lipid
nanoparticle-formulated siRNA, which was approved in 2018 under the
trade name of Onpattro to treat hereditary transthyretin amyloidosis

(hARRT) [36]. Recent clinical trials also reported the intramuscular
administration of lipid nanoparticle-formulated mRNA as vaccine pre-
vention of COVID-19 by using an mRNA that encodes the SARS-CoV-2
spike protein (i.e. Tozinameran under the trade name Comirnaty or
Elasomeran under the trade name of Spikevax, both approved in 2020)
as described by Suzuki and Ishihara [37]). The solid lipid structures of
these NPs provided chemical stability of the cargo, further offering its
controlled release and conferring a reduced cytotoxicity because of the
safe and physiologically well-tolerated components in dermal, oral and
intravenous applications [38]. However, in vivo trafficking and delivery
to extrahepatic target cells remain a concern to be improved due to NP
main clearance by the liver and the following lack of nucleic acid arrival
to the desired tissue [16]. Thus, there is an urgent need to improve the
SLNs in vivo fate and release rate of the cargo.

The aim of this study was to optimize the fabrication of an improved
type of SLNs incorporating the 9CCN lipid “eat-me” signalfor targeting
macrophages and achieve higher rates of antagomiR delivery. We hy-
pothesized that adding cholesterol-derived lipids in the lipid matrix
should not change the morphology nor the membrane potential and we
decided the 9CCN as a candidate since PtdSer molecule is negatively
charged and may affect the antagomiR binding to the nanoparticle
[31,39]. Avoiding aggregates, staying within the diameter and positive
charge surface of meticulously developed SLNs were the main factors for
considering when we decided the 4 formulations [23]): 25 mg of 9CCN,
50 mg of 9CCN, 100 mg of 9CCN and 150 mg of 9CCN. According to
previous studies (Fabregas A et al. 2017; Suné M et al. 2019), we sought
to obtain nanoparticles around 200 nm diameter because they exhibited
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less cytotoxicity and higher rates of cell transfection. Moreover, nano-
particles with Z-potential values between 25 and 40 mV are required for
good capacity of nucleic acid binding in a highly stable colloidal
system.”.

The first objective of this study was to assess the morphology and
stability of four fabricated formulations, and we have shown that SLNs
containing 25 mg of 9CCN and 50 mg of 9CCN present spherical struc-
tures according to electron microscopy and can be conveniently resus-
pended within the 1st year of lyophilization preserving the positive +
25-40 mV Z-potential in surface and diameter around 200 nm without
presenting aggregates. While 25 mg and 50 mg 9CCN formulations
showed spherical structures in electron microscopy and low levels of
cytotoxicity, formulations with high concentration of 9CCN presented
amorphous structures of NPs, aggregations and less cell viability sug-
gesting that variations in lipid matrix might destabilize the structure of
nanoparticles [23,40]. Transfection efficiency and biological response
into cellular lines was also a point to analyze in this study and these
formulations showed a good binding capacity for nucleic acid union and
cytometry and confocal microscopy proved the ability they presented for
the delivery of antagomiR into the macrophages RAW264.7 cell line.
Interestingly, cationic 9CCN-based SLNs might protect the antagomiR
SLNplex to degradation and allow a rapid uptake within the first 2 h with
more than 90 % of oligonucleotide incorporation to the cell, which
outperforms other SLNs formulations positioning itself as a novel in vitro
transfection reagent and non-viral system [41,42].

In vivo antagomiR degradation by nucleases has been a potential
challenge for oligonucleotide modifications and nanocarrier develop-
ment [43,44]. Much effort has been dedicated in the development of
nanoparticles for loading miRNA antagonists and have shown promising
results in different disease mice models [45-47], including atheroscle-
rosis as shown in Chin et al [48] study. Alternatively, novel methods for
RNA-delivery such as creation of pH-regulated NPs, peptide-loaded
nanocarriers for oral delivery or biomimetic viral-based and bacterial-
based NPs have been emerged [49-51]. Despite all these advantages,
one of the major problems in the use of nanoparticles is the off-target
effects. The biodistribution of nanoparticles remains a current chal-
lenge as many lipid nanoparticles accumulate in hepatocytes and
Kupffer cells or are unable to cross some endothelial barriers. The
findings from our in vivo results indicated that for the first time, SLNs
9CCN-based nanoformulations allow the delivery of therapeutic oligo-
nucleotide anti-miRNA125b loaded with Cyanine-5 in ApoE-/- mice
model, thus proving its effect in targeting miR-125b, being uptaken by
the macrophages from atheroma plaque at the level of aortic valves. The
effectiveness of nanoparticle targeting was also demonstrated by RT-
gqPCR results. The group of mice treated with anti-miR125b + SLN
showed more inhibition of miR-125b expressed mainly in macrophages
in both aorta and kidney and less inhibition in PBMCs meaning that it
does not reach the bone marrow and avoiding the off-target effect that
occurs in the naked mice group. These results provide further evidence
that by modulating the lipid structure of the nanoparticle surface
cholesterol to 9CCN, the lipid nanoparticle is able to achieve cell-specific
delivery of oligonucleotide in macrophages. Besides the good results in
macrophage selectivity, long-term biodistribution studies at the in vivo
level should be performed.

Our in vivo study also shown the antagomiR-125b metabolism via
hepatocytes cells including Kupffer cells and the antagomiR-125b
reabsorption in tubular kidney cells, suggesting that 9CCN SLNs may
be an efficient delivery system for transporting drugs or nucleic acids in
an extrahepatic way to the kidney. The rapid absorption of antago-
miR125b when administered subcutaneously by SLNs compared to
naked administration highlights the role of inflammatory process in
distribution and selectively delivery of antagomiR loaded SLNs corrob-
orating the results obtained by the in vitro assays. Furthermore, the
evaluation of serum toxicity parameters ALT, AST, Creatinine and Urea
showed no significant differences between the SLNs or naked treated
group therefore the addition of nanoparticles does not imply an added
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harm to the mice. Although the good results of toxicity and distribution
of SLNs in 24 h cannot be generalized to long-term therapeutic results.
Continued long-term administration of SLNs (e.g. 6 months) may cause
undesirable accumulation leading to cytotoxicity. Therefore, RNA-seq
analysis of cell types from different tissues where SLNs bioaccumulate
will be a challenge for our next studies to understand the relationship
between the properties of the nanoparticle with its biodistribution.
Meticulous observation is required to see whether the antagomiR taken
up by the in vivo cells produces the same biological action that is
observed in the in vitro cell lines within a long period of time. In addi-
tion, the choice of other biodegradable lipids may be a good parameter
to consider for the fabrication of lipid nanoparticles in the future.
Biodegradable lipids are part of the COVID-19 mRNA vaccine and help
to remove the nanoparticles faster from plasma and tissue helping to
improve tolerability and safety.

Moreover, further studies will be required in order to determine
whether SLNs fabrication brings more benefits in terms of
manufacturing costs and in a scale-up process. Large scale fabrication
and manufacturing of lipid nanoparticles according to CGMP remain
both challenging and complex as NP equipment and molecules used for
excipients sometimes are not considered fit for purpose. Standardization
and scalability are critical path activities for SLN manufacturing. The
reproducibility of diameter and nucleic acid binding capacity of SLNs
alongside with bioavailability and stability studies are also an urgent
need before moving to clinical trials. The lyophilization process used in
this work and the stability assay in both 4 °C and 25 °C, could act as
precedent for future attempts to industrialize SLNs that incorporate new
modified lipids. Taken together, the new formulations of SLNs incor-
porating lower quantities of 9CCN loaded with antisense oligonucleo-
tides can efficiently target macrophages and might result in an
improvement of in vivo off-target effects that will enhance the selec-
tively delivery within mice models.

5. Conclusions

Lipid nanoparticles have been considered a good nucleic acid de-
livery system, many attempts have been made to improve their immu-
nogenicity, cytotoxicity and nucleic acid delivery. The incorporation of
a lipid “eat-me” signal to SLNs has allowed directing these nanocarriers
loaded with an antagomiR to target cells. The SLNs + 25 mg of 9CCN
formulation was considered the best NP that reached the optimal size, Z-
potential and PDI during 48 weeks since its lyophilization. Moreover,
the cell viability and binding capacity presented a good profile which
was reflected within the in vitro transfection assays and ApoE-/- mice
SLNplexes administration showed promising results in releasing the
anti-miRNA thus encouraging further research using in vivo models.
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