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Inflammatory skin diseases affect a large part of the population, often requiring topical anti-inflammatory and
immunomodulatory medications. However, managing chronic inflammation typically necessitates high and
frequent doses, leading to undesirable short- and long-term side effects. Given the advantages of drug co-
administration in nanostructured systems, we developed hexagonal and cubic bicontinuous liquid crystalline
nanoparticles (HexLCN/CubLCN) co-loaded with dexamethasone acetate (DMA) and small interfering RNA
targeting TNFo (siTNFa) and explored their properties for topical and cellular delivery. The physicochemical
characterization confirmed the internal liquid-crystalline mesostructure of the LCNs (Pn3m and Hy;) and revealed
particles sizes between 144 and 166 nm, low polydispersity (0.11-0.18) and positive zeta potential (12.6-16.8
mV). Both LCNs achieved over 95 % DMA encapsulation efficiency and demonstrated strong siRNA binding
capacity. Using dermatomized porcine skin, HexLCN showed superior performance, promoting >15-fold greater
DMA penetration in the epidermis compared to CubLCN. Similarly, HexLCN facilitated enhanced siRNA delivery,
as visualized through confocal laser scanning microscopy (CLSM). In Raw264.7 monocyte/macrophage cells,
HexLCN-siRNA complexes achieved a 2- to 3-fold increase in siRNA internalization compared to CubLCN.
Finally, therapeutic efficacy was validated in macrophages stimulated with lipopolysaccharide (LPS), where
HexLCN-DMA-siTNFu significantly reduced TNFa secretion across all conditions (stimulation and concomitant
treatment, pre-stimulation with LPS or stimulation after treatment). The combination of DMA and siTNFa
maintained TNFa levels similar to the basal control, which represents a decrease of approximately 6-fold
compared to the LPS-control. These findings demonstrate that HexLCNs are promising platforms for the co-
delivery of nucleic acids and glucocorticoids, offering potential as therapies for complex inflammatory skin
diseases.

RNA interference
Small interfering RNA

1. Introduction

Although the chemical and physiological changes associated with
inflammation are an integral process necessary for homeostasis and
survival, a dysregulated immune system is implicated in a wide range of
diseases [1]. Inflammatory skin diseases such as psoriasis, dermatitis
and others affect a large part of the population and represent a high
human and economic burden; therapeutic resources for effective ther-
apy are limited [2-4]. Topical treatment is preferable in many cases due
to the accessibility and safety. Although the stratum corneum (SC), the

main skin barrier, is breached in these diseases, delivering adequate
doses of drugs to the diseased skin site is a major challenge due to the
complex and highly selective structure of the skin. To overcome the SC
and reach the other skin layers, different approaches have been reported
in the literature, with emphasis on drug delivery systems based on
nanoparticles [5-7]. Lipid nanoparticles are widely used for topical drug
delivery due to their biocompatibility, biodegradability, controlled drug
release, and ease of scalable production. Recent advances in the design
of drug and nucleic acid delivery systems have contributed to the
development of non-lamellar liquid crystalline nanoparticles (LCNs),
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also known as cubosomes and hexosomes [8,9].

This prospective class of nanoparticles for drug delivery is formed
from lyotropic liquid crystalline (LLC) mesophases, which comprise a
thermodynamic intermediate state between the isotropic liquid state
and the crystalline solid state [10]. These highly ordered structures are
formed as a function of the complex interplay between the molecular
shape of the amphiphiles, the total free energy of the lipid-water system,
and the environmental conditions. Among the various types of meso-
phases, the non-lamellar, such as bicontinuous cubic and reverse hex-
agonal, present a geometrically ordered internal nanoarchitecture and
are of great scientific and technological interest for applications such as
drug delivery systems [9,11,12]. Structurally, the bicontinuous cubic
mesophases present two non-interconnected water channels separated
by three-dimensional lipid bilayers arranged on an infinite periodic
minimum surface of the primitive, gyroid, or double diamond type, with
the crystallographic space groups Im3m, Ia3d, and Pn3m, respectively
[13]. On the other hand, the reverse hexagonal mesophase exhibits two-
dimensional anisotropic symmetry and structurally consists of seven
individually and densely packed, closed, water-filled cylinders sur-
rounded by a lipid bilayer [8,10]. Due to numerous beneficial properties
for topical application, biocompatibility, and the ability to accommo-
date small and macromolecules, LCNs have been investigated by our
research group for the past decades [14-17].

Considering the ability of LCNs to co-deliver drugs and with the aim
of achieving pharmacodynamically additive or synergistic effects, we
explored the properties of bicontinuous cubic mesophase and reverse
hexagonal LCNs (named CubLCN and HexL.CN) used as platforms for the
delivery of dexamethasone acetate (DMA) and small interfering RNA
(siRNA) targeting tumor necrosis factor-alpha (TNFa) as a double-target
therapeutic strategy for cutaneous inflammation. DMA is a potent syn-
thetic lipophilic glucocorticoid often used in the treatment of inflam-
matory and allergic skin diseases. It exerts its anti-inflammatory and
anti-proliferative effects by targeting the cytoplasmic glucocorticoid
receptor (GR). Binding to the GR results in regulation of genomic and
non-genomic pathways, leading to changes in gene transcription,
protein-receptor interactions, mitochondrial translocation, plasma
membrane interactions, and signaling pathways [18,19]. Despite its
satisfactory therapeutic effects, the use of DMA is limited to short-term
treatment and low doses due to its notorious side effects. In addition, its
physicochemical characteristics such as high lipophilicity and molecular
size limit its cutaneous penetration, reducing its effectiveness in con-
trolling cutaneous inflammation [20,21]. Therefore, an effective strat-
egy must be developed that allows greater skin penetration and reduces
side effects. In this sense, the use of LCNs is particularly attractive as
they can improve penetration and bioavailability.

In parallel, siRNA molecules targeting specific targets of the in-
flammatory cascade (e.g. cytokines and transcription factors) have been
considered ideal candidates to treat a range of diseases, including skin
diseases [22-25]. Among several cytokines, TNFa plays an important
role in the inflammatory cascade. Overproduction of TNFoa by macro-
phages, dendritic cells, and epidermal cells disrupts homeostasis and
results in chronic inflammation and cell apoptosis [26,27]. Thus, we
hypothesize that post-transcriptional silencing via siRNA to down-
regulate TNFa combined with DMA may benefit anti-inflammatory
therapy. In RNA interference therapy, exogenous siRNAs in the cyto-
plasm are incorporated into a multiprotein complex, the RNA induced
silencing complex (RISC), which is then oriented through the antisense
strand to bind to the homologous sequence of mRNA through Watson-
Crick base pairing and completely cleave the target mRNA sequence
[25,28,29]. siRNAs are highly selective and effective in silencing the
target protein. However, siRNA is a polyvalent and highly hydrophilic
anionic molecule of medium size (~13 kDa) with poor pharmacoki-
netics due to its high susceptibility to enzymatic degradation by endo-
nuclease and low cytoplasmic bioavailability. To overcome these extra-
and intra-cellular barriers and deliver therapeutically sufficient amounts
to the site of action, the platforms must provide protection against
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enzymatic degradation [25,30].

Based on these considerations, we sought to explore the influence of
the reverse hexagonal and bicontinuous cubic liquid crystalline meso-
phases on the colloidal properties of their respective LCNs and their
abilities to overcome the skin barrier and efficiently deliver DMA and
siRNA, as well as allowing increased internalization into target cells. To
address this challenge, LCNs with a monoolein-based composition were
designed to accommodate DMA in the liquid-crystalline matrix, and
their surface was modified with a cationic polymer (poly(allylamine)
hydrochloride (PAH)) capable of binding to a siTNFa through electro-
static interactions. The physical-chemical characterization of CubLCN
and HexLCN as well as their cellular interactions and TNF« inhibition
capacity were described in this manuscript and offer interesting per-
spectives for this biopharmaceutical innovation.

2. Materials and methods
2.1. Materials

Monoolein (MO; Myverol® 18-99 k) was kindly supplied by Kerry
Group (Ireland). DMA was purchased from Fagron (Brazil). Antibiotic
and antimycotic solutions (penicillin, streptomycin and amphotericin
B), DAPI dye (4',6-diamidine-2-phenylindole dihydrochloride), Dul-
becco’s Modified Eagle Medium (DMEM) culture medium, fetal bovine
serum (FBS), oleic acid (OA), PAH (17.5 kDa molecular weight),
poloxamer 407 (P407), trypsin-EDTA, resazurin and lipopolysaccharide
(LPS) from Salmonella enterica sorotype typhimurium were obtained from
Sigma-Aldrich (USA). Sodium heparin (5000 IU/mL) was obtained from
Blausiegel (Brazil). The GelRed® dye (nucleic acid gel stain) was ob-
tained from Biotium, Inc. (USA). RNAse-free water with diethylpyr-
ocarbonate (DEPC), Silencer® negative control siRNA (#AM4635) and
Silencer® pre-engineered siTNFo (sense sequence CGUCGUAGCAAAC-
CACCAATT and antisense sequence UUGGUGGUUUGCUACGACGTG)
were obtained from Ambion™ (USA). The siRNA AlexaFluor 647-
labeled AllStars Negative Control (siAF647) was obtained from Qia-
gen® (GER). Mouse ELISA kit was obtained from InvitrogenTM (Thermo
Fisher Scientific Inc.). All aqueous solutions were prepared using ul-
trapure water (pH = 7.4) with a resistivity of 18.2 MQ-cm from Milli-Q®
System by Millipore (Billerica, MA, USA). All analytical reagents were
directly used without further purification.

2.2. UV-vis High-performance liquid chromatography (HPLC) method
for DMA quantification

A Shimadzu LC-10AD HPLC system coupled with a UV-Vis detector
was used for detection and quantification of DMA. The solvent system
consisted of a methanol-water mixture (30:70, v/v). Isocratic elution
was performed using a reversed-phase C18 column (LiChrospher® 250
RP-18, 250 x 4.6 mm long, 5 pm, LiChrospher; Merck, Germany) and
maintained at a temperature of 25 °C and flow rate of 1 mL/min.
Chromatograms were obtained at 218 nm, and the sample volume was
20 pL. The method was linear in the concentration range from 0.1 to 20
pg/mL, and the calibration curve was y = 36928x (R? = 0.9997). The
error and accuracy of the method had a coefficient of variation that did
not exceed 10 % and 96-104 %, respectively. The lower limit of quan-
tification of the method was 0.1 pg/mL. The recovery rate of DMA on the
skin was greater than 90 %.

2.3. LCN preparation

LCNs were prepared as previously reported [16]. CubLCNs were
prepared from the LLC gel formed by MO melted with the aqueous phase
(0.01 M sodium phosphate buffer, pH 7.0, containing 1 % P407) at a
8:90 rate (w/w), while the HexLCNs were prepared from the LLC gel
formed by MO, OA, and aqueous phase in the ratio 8:1:90 (w/w/w). For
cationic LCN, the PAH polymer (0.5 %, w/v) was previously solubilized
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in the aqueous phase. DMA was incorporated into the oil phase (0.1 %,
w/V) to produce CubLCN-DMA and HexLCN-DMA. After 24 h of equil-
ibration, the gel bulk was sonicated in an ice bath at 30 % maximum
power for 1 min (Vibra-Cell™ VCX750, Sonics & Materials, Inc.). For
formation of the siRNA-CubLCN/HexLCN complex (N:P ratio of 2:1),
exact amounts of the dispersion were mixed with the siRNA solution and
left to stand for 30 min before use.

2.4. Polarized light microscopy

Representative aliquots of the liquid crystalline gel after 24 h at
equilibrium were analyzed by circular polarized light microscopy using
an Axioplan 2 Image Pol microscope (Carl Zeiss, Oberkochen, Germany)
equipped with a set of LD-AchroPlan 32x/0.40 objectives, and an Axi-
ocan HRc video camera (Carl Zeiss AG, Germany). All analyses were
performed at room temperature.

2.5. Physical-chemical characterization of the LCNs

2.5.1. Hydrodynamic diameter, zeta potential, and nanoparticle
concentration

The intensity-weighted average hydrodynamic diameter (Z-average)
and polydispersity index (PdI) were analyzed by dynamic light scat-
tering (DLS) using a Malvern Zetasizer Nano (Malvern Instruments,
Worcestershire, UK). Correlation graphs generated by the software and
the correlogram intercept values (>0.9) were used to measure the reli-
ability of the obtained Gaussian distributions. Measurements of the
electrophoretic mobility of the nanoparticles were expressed as zeta
potential. All measurements were performed in triplicate at 25 °C using
a 1:400 (v/v) dilution in ultrapure water. The means of three de-
terminations in different batches of the same dispersion type were used
in the analysis. Measurements of hydrodynamic diameter, Pdl, and zeta
potential were also performed over a period of 90 days at room tem-
perature (25 °C). The averages of three determinations in three batches
of the same dispersion type were used in the analysis.

The LCN concentration (particle number per mL) were determined
using a NanoSight NS300 device equipped with a 405 nm laser and a
microscope (Malvern Instruments, Worcestershire, UK). For analysis,
the samples were diluted in ultrapure water at a ratio of 1:5000 (v/v)
and measurements were performed at 25 °C. The results were expressed
as particle concentration (average + standard error) values obtained
with NTA software (NTA 3.4 Build 3.4.003).

2.5.2. DMA entrapment efficiency (EE)

The percentage EE of DMA in CubLCN or HexLCN was determined by
an ultracentrifugation method. LCN dispersions (1 mL) were centrifuged
at 5000 x g for 5 min using Amicon® Ultra-4 (molecular weight cutoff:
50,000 g/mol; EMD Millipore, Darmstadt, Germany), and the filtrate
containing free DMA was analyzed using the HPLC system described
previously. The EE was calculated according to the formula: EE (%) =
[(theoretical concentration — calculated concentration)/theoretical
concentration)] x 100.

The content of encapsulated DMA in CubLCN-DMA and HexLCN-
DMA was also determined over a period of 90 days at room tempera-
ture (25 °C). The averages of three determinations on three batches of
the same dispersion type were used in the analysis.

2.5.3. siRNA binding and integrity of the LCN-siRNA complex

The efficiency of siRNA complexing by the CubLCN or HexLCN was
assessed by the agarose gel retardation assay. LCN-siRNA complexes
were mixed with acid staining and loaded into 2 % agarose gel. To assess
siRNA release and its integrity, a heparin solution (5000 IU/mL) was
added to the LCN-siRNA complexes for 60 min at 37 °C followed by the
addition of nucleic acid staining. For both assays, electrophoresis
(Electrophoresis Power Supply, UK) was conducted in 1 x Tris-acetate-
EDTA buffer at 120 V for 20 min and images were acquired in a UV light
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system (Transluminator, Loccus Biotechnology, Brazil) by Quantity One
software.

2.5.4. Small angle x-ray scattering (SAXS) analysis

SAXS experiments were performed using Xeuss® 2.0 (Xenocs) system
set-up with a Dectris Pilatus 300 k bidimensional detector, operating at a
wavelength of 1.5418 A (copper tube). The sample-detector distance
was 0.9 m, and the accessible g range was from 0.015 A~! to 0.43 A™L.
Special glass capillaries (2.0 mm diameter) containing the samples were
placed in a temperature-controlled (23 + 1 °C) sample holder. Prior to
each measurement series, a silver behenate standard was used to correct
for deviations in the sample-to-detector distance and 0.01 M sodium
phosphate buffer (pH 7.0) was used as a background to obtain the ab-
solute scattering intensity. The measured SAXS profiles are displayed as
the average intensity I(q) vs. the q-range.

2.6. Release kinetics of DMA-loaded LCN using vertical Franz diffusion
cell

The kinetics of DMA release in the formulations was determined
using cellulose membrane dialysis (molecular weight cutoff 12000;
Himedia Labs, India) in an automatic vertical Franz diffusion cell system
(Phoenix®, Teledyne Hanson Research, USA), with a diffusion area of
1.77 cm?. The receptor solution was composed of 14 mL of 0.01 M so-
dium phosphate buffer (pH 7.4 + 0.2) with 10 % ethanol, maintained at
32 °C and 400 rpm constant stirring. An exact volume of 500 pL of the
formulations (solution, CubLCN-DMA, and HexLCN-DMA) were applied
in the donor compartment and collected at each predetermined time.
Samples from the receptor compartment were collected and the amount
of DMA was determined by HPLC (n = 6). This assay was performed
under infinite dose, occlusion, and sink conditions for 72 h. The cu-
mulative release (,ug/cmz) versus time (t) was plotted and fitted using the
zero-order, first order and Higuchi models.

2.7. Invitro cutaneous permeation and retention of DMA and siRNA co-
loaded LCN

In vitro permeation studies were performed using porcine ear skin as
the biological membrane (dermatomized at a thickness of 500 pm) ac-
cording to the OECD Guideline 428 [31]. The samples and conditions
were the same as for release kinetics. To assess skin retention in the SC
and the epidermis plus dermis (EPD), the skins were removed from the
vertical Franz diffusion cell after 24 h of application of the formulations
and the surfaces were taped with 15 adhesive tapes, followed by
extraction in methanol. The remaining skin (EPD) in methanol were
homogenized (Marconi, Turrax MA102, Brazil) and treated in an ultra-
sonic bath (QUIMIS®, Q3350, Brazil) for 1 min and 20 min, respectively.
The extracted DMA was quantified by the HPLC method.

The intensity and penetration depth of the CubLCN or HexLCN
complexed with siRNA AF647 (5 uM) into the skin were examined using
confocal laser scanning microscopy (CLSM) analysis using Leica TCS SP8
CLSM microscope (Leica Microsystems Inc., Buffalo Grove, USA). Areas
exposed to formulations were frozen in Tissue-Tek® (Pelco Interna-
tional, Redding, CA, USA) at —20 °C and cut into 20-pm cross sections in
a cryostatic microtome (Leica, Wetzlar, Germany). The histological
sections were then stained with DAPI (0.3 pg/mL) for 10 min, and the
slides were stored at 4 °C for 12 h. Images were then acquired with an
immersion objective of 63 x and lasers of A = 405 nm and A = 638 nm
suitable for DAPI and AF647, respectively.

2.8. Cell culture

The murine monocyte/macrophage cell line Raw264.7 (ATCC TIB-
71) and human immortalized non-tumorigenic keratinocyte cell line
HaCaT were grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10 % FBS and 1 % antibiotic-antimycotic solution in a
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humidified atmosphere of 5 % CO, and 95 % air at 37 °C.

2.8.1. Cellular viability assay

Raw264.7 and HaCaT cells were seeded in transparent 96-well plates
at 10* cells/well and incubated overnight (37 °C, 5 % CO,). Different
concentrations of CubLCN, CubLCN-DMA, HexLCN, and HexLCN-DMA
were added to the cells and incubated for 24 h at 37 °C in 5 % COx.
The medium was subsequently replaced with resazurin reagent solution
(25 pg/mL) in cell culture medium. Following 4 h of incubation, the
fluorescence was measured in a BioStack Ready (BioTek Synergy 2,
USA) according to the manufacturer’s conditions (excitation: 530/25,
emission: 590/35). The data are expressed as a percentage of viable cells
compared to the untreated cells.

2.8.2. Cellular internalization of siRNA-loaded LCN

Fluorescence-activated cell sorting (FACS) and confocal laser scan-
ning microscopy (CLSM) were used to study the cellular internalization
of CubLCN-siRNA AF647 and HexLCN-siRNA AF647 and their intra-
cellular distribution in Raw264.7 cells. Briefly, cells were seeded onto a
12-well plate (5 x 10° cells/well) overnight and then incubated for 12
and 24 h with samples at a final concentration of 40 nM siRNA AF647.
Cells were also evaluated previously induced with LPS (5 pg/mL) for 1 h
before adding the samples. The cell pellet resuspended in PBS was
subjected to flow cytometry (BD FACSCanto™ Flow Cytometry System,
BD Biosciences, US).

For CLSM analysis, cells were seeded onto 35 mm glass coverslips
(10° cells/well) overnight. Afterwards, the adhered cells were incubated
with the formulations (siRNA AF647 solution, CubLCN-siRNA AF647,
and HexLCN-siRNA AF647) and maintained for 24 h at 37 °Cin 5 % CO,.
Then, the cells were washed with PBS and fixed with paraformaldehyde
(2 %, w/v) for 10 min. The cells were stained with DAPI (0.3 pg/mL) for
nuclear staining. Finally, images were acquired using a Leica TCS SP8
CLSM microscope (Leica Microsystems Inc., Buffalo Grove, USA) with a
63 x oil immersion objective and appropriate lasers (excitation/emis-
sion: 652/670 nm for AF647 and 358/461 nm for DAPI).

2.8.3. Invitro TNFa downregulation efficiency assay

The anti-inflammatory efficiency of DMA and siTNFa co-loaded
HexLCN and respective controls were evaluated based on the amount
of secreted TNFa levels after activating the Raw264.7 cells by LPS (500
ng/mL). Cells were seeded onto a 96-well plate (2.5 x 10* cells/well)
using full medium and incubated for 24 h at 37 °C. After confirmation of
adherence, the cells were submitted to three protocols of LPS-activation
and treatment: (1) cells were pre-activated with LPS for 3 h followed by
treatments with the formulations for 21 h; (2) cells were incubated
simultaneously with LPS and the formulations for 24 h; and (3) cells
were incubated with the formulations for 21 h followed by LPS for 3 h.
Formulations were used at the following concentrations: DMA solution
1 uM, naked siTNFa 150 nM; HexLCN or HexLCN-DMA (10® particles/
mL, equivalent to 1 uM DMA) with or without siTNFa 150 nM. At the
end of the experiment, supernatants were collected and stored at — 20 °C
until the TNFa ELISA, according to the manufacturer’s recommended
instructions. All measurements were performed in quadruplicate.

2.9. Statistical analysis

All the data are expressed as mean =+ standard deviation (SD). Sta-
tistical analyses were performed with Graphpad Prism® 9.3.0 software
(GraphPad Software, Inc). Detailed sample size and statistical methods
used for data analysis of individual studies can be found in the corre-
sponding figure legends. Differences were considered significant at p <
0.05.
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3. Results and discussion
3.1. LCNs preparation and characterization

In this study, we prepared MO-based LCNs by a top-down approach
via ultrasonication, as a well-established methodology in our previous
works [14-17]. MO is an unsaturated monoacylglycerol recognized as
safe and biocompatible [12,32,33]. At room temperature and an excess
of aqueous phase, the amphiphilic MO presents high mesomorphism
[33], so it is interesting to produce particles with different internal
mesophase structures through subtle changes in the composition, which
in turn can impact the external surface structure, colloidal properties,
and interactions with biomembranes. Due to its infinite expandability,
the LLC bulk can be dispersed in excess aqueous phase in the presence of
a stabilizer, usually a non-ionic steric, forming thermodynamically sta-
ble nanoparticles [8]. The geometrically ordered internal nano-
architecture of LCNs is an ideal environment for versatile loading, drug
solubilisation, and controlled release functionality [9,12]. Furthermore,
its surface can be easily modified for specific targeting and delivery of
nucleic acids, as we have shown in our previous studies [12,16].

Considering that the presence of additives can influence the LLC self-
organization and the colloidal properties of LCNs, these characteristics
were investigated first. In Fig. 1a, we show that the precursor LLC bulk
formed by MO in excess of aqueous phase with or without PAH polymer
and DMA presented an isotropic pattern under polarized light micro-
scopy (Fig. la, 1 to 3), while the presence of OA together with MO
promoted the formation of an anisotropic pattern with characteristic
hexagonal mesophase textures. The presence of the cationic polymer
and the drug did not alter the birefringence pattern (Fig. 1a, 4 to 6). All
LCN displayed a white opaque appearance due to strong Rayleigh
scattering to visible light and their well-defined structure. The detailed
summary of the physicochemical properties of these LCNs is shown in
Table 1. NTA measurements of the formed dispersions had an average of
6.1-7.5 x 10'2 particles/mL for CubLCN and HexLCN, which are in line
with previously reported values for LCN generated by the ultra-
sonication method [16,34].

Dynamic light scattering analysis showed symmetric and unimodal
size distribution curves for all LCNs (see representation in Fig. 1b), with
PdI values between 0.12 and 0.18. CubLCN and HexLCN showed similar
particle sizes of 153.2 (+2.1) and 156.7 (£1.7) nm, respectively. As
expected, the presence of PAH resulted in an increase in particle size
compared to LCNs without PAH (147.5 + 2.3 nm and 144.1 + 1.8 nm
for CubLCN and HexLCN, respectively). PAH concentration was deter-
mined in a previous study [16], and the colloidal parameters were
reproduced in this study for HexLCN. Consistent with our results, the
presence of other cationic agents such as polyethyleneimine, poly-
e-lysine, oleylamine, aminolipids, and ionizable lipids also had an in-
fluence on the mean particle size of LCNs [14,17,35,36]. The presence of
DMA also promoted an increase in particle size of approximately 10 nm
in both LCNs, which is consistent with the high rate of drug entrapment.
The liquid-crystalline mesostructure of LCNs provides a suitable envi-
ronment to accommodate hydrophobic molecules such as DMA (log P =
2.8) [15,37-40]. When siRNA was electrostatically adsorbed onto the
LCNs, the particle size did not changed, which is due to the compaction
of the molecules in the LLC structure of the LCNs.

As for the zeta potential, LCNs commonly have a negative surface
charge of approximately —40 mV. This is due to the ionization of the
carboxylic terminal group in the MO and OA molecules at pH 7 in the
buffer, in addition to the presence of the ethylene oxide units of P407,
which lead to absorption of hydroxyl ions from the surrounding aqueous
environment [41]. The incorporation of 0.5 % (w/v) PAH into the
aqueous phase efficiently promoted a positive surface charge of LCNs,
which is necessary for electrostatic complexation with siRNA molecules.
Interestingly, in this study, the incorporation of PAH into CubLCN
promoted a greater increase in zeta potential (+18.0 + 1.3 mV)
compared to HexLCN (+12.6 + 1.4 mV). It is suggested that the cubic
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Fig. 1. Characterization of CubLCN and HexLCN. (a) Polarized light microscopy image of the bulk gel: (1) MO:AO:aqueous phase (8:1:90, w/w/w), (2) MO:AO:
aqueous phase (8:1:90, w/w/w) with 0.5 % PAH; (3) MO:AO:aqueous phase (8:1:90, w/w) with PAH 0.5 % (w/v) and DMA 0.1 % (w/v). Temperature at 25 °C and
objective 32x. (b) Representative dynamic light scattering intensity distribution of CubLCN and HexLCN containing or not DMA (0.1 % w/v) and siRNA (10 pM). (c)
Electrophoretic mobility of siRNA complexed on CubLCN and HexLCN and stability of siRNA released from Cub/HexLCN-siRNA complex following competition with
heparin. (d) SAXS diffraction patterns of CubLCN and HexLCN containing or not DMA (0.1 % w/v) and siRNA (10 uM). The graphics show the ratio between the
interplanar distances and representative illustration of the structural configuration of the bicontinuous cubic (D, diamond) and reverse hexagonal mesophases.

Table 1
Physico-chemical properties of CubLCN and HexLCN.

Formulation Z-average (nm) PdI Zeta potential (mV) Concentration (x 10'? particles/mL) DMA-EE (%) Lattice parameter (nm)
CubLCN without PAH 147.5 + 2.3 0.120 + 0.006 —40.2 + 0.6 n.a. n.a. n.a.
CubLCN 153.2 + 2.1 0.120 + 0.006 +16.8 + 0.6 7.53 £ 0.43 n.a. 8.53 + 0.05
CubLCN-DMA 161.3 + 1.8 0.113 + 0.004 +18.0 £ 1.3 7.40 £+ 0.04 98.10 + 0.03 8.54 + 0.05
CubLCN-siRNA 156.1 + 2.5 0.185 + 0.007 +15.1 +1.2 n.a. n.a 8.53 + 0.05
CubLCN-DMA-siRNA 164.8 + 1.7 0.119 + 0.003 +15.5+ 1.1 n.a n.a. 8.53 + 0.05
HexLCN without PAH 1441+ 1.8 0.113 + 0.009 —46.6 + 3.6 n.a. n.a. n.a.
HexLCN 156.7 £ 1.7 0.126 + 0.006 +12.6 £+ 1.4 6.12 +£ 0.12 n.a. 5.40 £ 0.01
HexLCN-DMA 164.7 £ 1.5 0.179 + 0.007 +9.9 +£ 0.8 6.85 + 0.15 97.21 £ 0.11 5.35 +£ 0.01
HexLCN-siRNA 160.5 + 1.8 0.161 + 0.011 +9.1 £1.3 n.a. n.a 5.38 £ 0.01
HexLCN-DMA-siRNA 166.7 £ 1.5 0.179 + 0.007 +8.9+0.8 n.a n.a. 5.30 £ 0.01

Abbreviations: DMA = dexamethasone acetate; LCN = liquid-crystalline nanoparticle (Cub for bicontinuous cubic, or Hex for reverse hexagonal mesophase); EE =
entrapment efficiency; siRNA = small interfering RNA (1 uM); n.a. = not applicable.

Data are presented by the mean =+ standard deviation (n = 3).

mesostructure in combination with the absence of OA (which contains
ionized carboxylic terminal groups) favors greater mobility of molecules
and ionization of the amine groups of PAH in the diffuse layer of LCNs.

Next, we confirmed the ability of LCNs to complex with siRNA. A
slight increase in particle size and PdI was observed, followed by a
marginal 2-3 mV decrease in zeta potential. Electrophoretic mobility
assays were conducted, and the absence of the characteristic band of
naked siRNA indicates a strong association of siRNA with CubLCN or
HexLCN, so that it cannot migrate under the influence of the electric
field during the gel electrophoresis (Fig. 1c). Complexation leads to
electroneutralization of the negative charge of the siRNA, which is
interesting for the maintenance of high cellular internalization and
endosomal escape [42]. The presence of the band was observed after
incubation of the LCNs-siRNA complex with heparin, a model polyanion
capable of competing with the siRNA, thus mimicking the cellular
interior where the siRNA must be de-complexed to be incorporated into
the RNAi multiprotein complex. The fluorescence intensity and

migration distance similar to naked siRNA indicates that LCN can
readily release the siRNA payload without causing its degradation.

As the critical stage of the physicochemical characterization, SAXS
measurements were performed to confirm the ordering of the internal
mesostructure of the LCNs. Fig. 1d shows the 1D scattering patterns and
integrated intensities as a function of q for each of the LCNs. SAXS
diffraction measurements of CubLCN revealed a diamond-type bicon-
tinuous cubic mesophase (Pn3m), with Bragg peaks indexed at relative
positions in the ratios \/ 2:\/3:\/4:\/6:\/8:\/9. For HexLCN, measure-
ments revealed three distinct Bragg peaks with relative positions at
1:\/3:\/4 ratio, characteristic of a 2D reverse hexagonal symmetry
(pbm).

These SAXS patterns are consistent with what is observed in the
literature for LCNs formed only by MO or MO plus OA. At room tem-
perature, hydration of MO in excess of the aqueous phase tends to form
bicontinuous cubic mesophases [10,33,43]. A mesophase transition
from bicontinuous cubic to hexagonal is achieved with the addition of
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fatty acids. In this case, the incorporation of OA is known to reduce lipid
layer frustration and leads to a change in the geometry of MO molecules
from cylindrical to wedge-shaped, favoring the formation of mesophases
with more negative curvature [44-46]. Furthermore, the incorporation
of fatty acids such as OA causes flexibility in the structure resulting in
smaller particle sizes. Additionally, the SAXS patterns showed that the
addition of DMA and siRNA did not affect the internal structure of the
bicontinuous cubic or reverse hexagonal LCN mesophases. It is worth
mentioning that, unlike other polyanions mentioned in the literature
[36,47,48], the presence of the PAH polymer does not cause changes in
mean curvature, thus maintaining the LLC mesophase.

The lattice parameter (see Table 1) calculated for CubLCN increased
marginally with the presence of DMA, while siRNA complexation
maintained values of 8.53 (+0.05) nm. Such results are consistent with
those found in the literature with drugs incorporated in the cubic LLC
matrix [49-53]. On the other hand, the presence of DMA resulted in a
reduction of 0.05 nm in the HexLCN lattice parameter. This dehydration
effect suggests that DMA molecules are localized in MO hydrocarbon
chains or adsorbed on the surface of inverted micelles, leading to a more
negative curvature [16,54,55]. A reduction of approximately 0.02 nm in
the lattice parameter of HexLCN or HexLCN-DMA was observed after
complexation with siRNA, which is consistent with the attraction of
these molecules with PAH in the hydrophilic region of the reverse mi-
celles [16]. These data combined with the polarized light microscopy
images, show that the additives in the LLC matrix did not change the
magnitude of the spontaneous interfacial curvature of the system,
allowing significant structural alterations in the bicontinuous cubic or
hexagonal liquid-crystalline mesophase.

3.2. Colloidal and chemical stability of LCNs

After confirming the co-loading of DMA and siRNA in CubLCN and
HexLCN, and the maintenance of mesophases in their internal structure
after ultrasonication, these LCNs were characterized in terms of stability
at room temperature (25 °C) for three months. We evaluated the hy-
drodynamic diameter, Pdl, zeta potential, and encapsulated DMA con-
tent, as shown in Fig. 2. The influence of DMA on the stability of LCNs
was compared with drug-free LCNs. Overall, the formulations showed
good colloidal stability, while there was no significant difference in
hydrodynamic diameter and PdI values for at least 30 days, consistent
with other studies [16,40,56-59]. CubLCN and CubLCN-DMA showed a
significant increase in particle size from day 60 and day 45, respectively,
which was accompanied by an increase in PdI. HexLCN and HexLCN-
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DMA showed slightly better stability, with only a 10-20 nm increase
in particle size, indicating that there was no tendency to form aggre-
gates. The fluctuations in PdI values indicate the reorganization of the
size distribution of LCNs, although the analyses showed a unimodal
distribution with PdI values of 0.165 (4-0.006), 0.208 (4-0.010), 0.203
(£0.020), and 0.194 (£0.017) for CubLCN, CubLCN-DMA, HexLCN, and
HexLCN-DMA respectively.

Zeta potential were measured throughout the stability study period.
In particular, the zeta potential ranged from +16.6 (+1.1) to 10.4
(£1.4), +17.3 (£0.8) to 12.3 (+1.7), +10.6 (£1.3) to 7.3 (£0.5), and
+10.7 (£1.2) to 8.8 (£1.2) mV for CubLCN, CubLCN-DMA, HexLCN,
and HexLCN, respectively. A decrease in zeta potential was observed for
CubLCN compared to HexLCN. Overall, these fluctuations in zeta po-
tential did not have a major impact on the colloidal characteristics of the
LCNs (little or no aggregation), suggesting that the LCNs have good
electrosteric stability. P407 plays a key role in the stability of LCNs due
to its organization in the liquid-crystalline structure, where the PEO
chains extend outward in the aqueous environment, preventing the
aggregation of the particles [12,41].

The encapsulation efficiency was evaluated to obtain a better un-
derstanding of the interaction between the DMA and the LCN during
long-term storage. As a result of its higher affinity for the hydrophobic
region of the LLC matrix, the DMA showed high encapsulation effi-
ciencies (>98 %), which remained constant for at least 45 days. A
reduction of 18-25 % in encapsulated content was found from the 45th
to the 90th day for CubLCN-DMA, while HexLCN-DMA showed a
reduction in DMA content of only 10 %. This behavior may be related to
the internal mesostructure of LCN. The structural topology of the
inverted hexagonal mesophase consists of seven tightly packed water-
filled cylinders, each densely and individually enclosed by a lipid
bilayer. This arrangement facilitates the accommodation of DMA and its
slow release or leakage. In contrast, the bicontinuous cubic mesophase
features long, open, and interconnected water channels in a three-
dimensional topology, which may increase the risk of drug leakage
[59-62].

3.3. In vitro release kinetics and cutaneous permeation and retention

The release of the incorporated drugs from LCNs depends on the
composition, mesophase type, and the intermolecular interactions be-
tween components. The topology and diameter of the water channels of
the internal mesostructure of LCNs have also been shown to significantly
influence the diffusion of the drug [12]. Therefore, the in vitro release
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Fig. 2. Physical and chemical stability profile of CubLCN and HexLCN. Z-average size, Pdl, zeta potential measurements and encapsulated drug content in
CubLCN-DMA and HexLCN-DMA. Data shown are means + SD (n = 3/3 independent formulations). Statistical analysis was determined by One-way ANOVA,
Dunnet’s post hoc test (differences compared to 0 day): * p < 0.01; ** p < 0.004; *** p < 0.0005 and **** p < 0.0001.
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study was performed to determine the effect of the liquid-crystalline
mesostructure of LCN on the ability to sustain the release rate of
encapsulated DMA. Fig. 3a shows the cumulative amount of drug
released from the CubLCN and HexLCN as a function of time. DMA was
released rapidly from CubLCN, with 73 % of the applied dose being
released in 72 h, following zero-order release kinetics (R2 = 0.9782).
While DMA in HexLCN was released slowly, totaling 50 % of the dose
released in the same period. The release profile was also characterized
by zero-order kinetics (R2 = 0.9852); i.e., the same amount of drug is
released per unit time, thus promoting a sustained release [63]. A 2.6- to
5.3-fold higher rate was found during the initial 24 h of release for
CubLCN-DMA, which indicates that the DMA release rate is affected by
the internal mesophase structure of LCN. This behavior is consistent
with previous reports describing a faster release of the drug from the
bicontinuous cubic mesostructure due to the large surrounding chan-
nels, while drugs in the hexagonal mesostructure diffuse more slowly
due to the closed water channels with smaller diameters [60-62].
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The liquid-crystalline mesostructure can also affect the interaction
with biological membranes, such as the skin. In this way, the amount of
DMA permeated and retained in dermatomized porcine ear skin was
determined and shown in Fig. 3b. Approximately 1.4-fold higher
amount of DMA was determined in SC (121.6 + 9.8 pg/cm? equivalent
to 24 % of the applied initial dose) and an 11.7-fold higher amount of
DMA was determined in EPD (40.5 + 2.7 pg/cm? equivalent to 8 % of
the applied initial dose) when delivered by HexLCN compared to
CubLCN after 24 h of application. Notably, HexLCN promoted a greater
drug retention in the skin layers, while the permeated content remained
below 1 % of the initial dose, and this was also observed for CubLCN and
the free drug solution. Such results are consistent with previous reports
and can be explained in part by the high surface area of LCN. Lopes et al.
obtained a higher cutaneous retention of vitamin K delivered by hex-
agonal LCN compared to bulk gel [13]. Furthermore, not only the liquid-
crystalline mesostructure can influence interactions with membranes,
but also the composition of LCNs can promote better drug delivery. The
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Fig. 3. In vitro topical application of CubLCN-DMA-siRNA and HexLCN-DMA-siRNA using vertical diffusion cell. (a) Cumulative release profile of DMA over
time. Data shown are means + SD (n = 6). (b) Concentration of DMA permeated and retained in the stratum corneum (SC) and viable epidermis + dermis (EPD) after
24 h of topical application on dermatomized porcine skin. Statistical analysis was determined by One-way ANOVA, Tukey post hoc test: “a” indicates HexLCN-DMA
vs solution (p < 0.0001); “b” indicates CubLCN-DMA vs solution (p < 0.0001); and “c” indicates HexLCN-DMA vs CubLCN-DMA (p = 0.0004). (c) Representative
CLSM images of porcine skin after 24 h of treatment: siRNA AF647/LCN-siRNA AF647 complex (red — Alexa Fluor 647) and nuclei (blue — DAPI). Scale bar cor-
responds to 100 um. (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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MO, present in the LCN structure, is known as a penetration enhancer,
and its hydrolysis into OA and glycerin results in increased skin hydra-
tion, thus expanding penetration through the SC and other layers of the
skin [33,43]. Furthermore, it is often suggested that OA disrupts the
packing of SC lipids because of its ‘kinked’ structure resulting from the
unsaturated bond. Thus, we believe that the amount of OA added to
form the HexLCN structure may have contributed to a significant in-
crease in DMA penetration and retention, due to increased fluidity and
reduced diffusional resistance [43,64]. Previously, differences in skin
retention of cyclosporine A incorporated into cubic and hexagonal
mesophase bulk gels have been reported [88].

Complementing these data, CLSM micrographs of dermatomized skin
fragments treated with CubLCN-DMA and HexLCN-DMA complexed
with siRNA-labeled AF647 dye demonstrated a predominance of fluo-
rescence throughout the SC and EPD region (Fig. 3c¢). In this assay, the
intense red fluorescence in the EPD confirmed that HexLCN has a greater
interaction with the skin, allowing for a broader distribution of siRNA
AF647 throughout the tissue. Furthermore, we demonstrated that naked
siRNA (free solution), being an anionic macromolecule, is unable to
penetrate the SC, and its complexation with LCN is essential for reaching
the deeper skin layers. Previous reports have confirmed that the skin acts
as a barrier to topical siRNA therapy, requiring the use of nanocarriers or
physical methods to overcome the SC [8,17,65,66]. To overcome SC,
nanoparticles must meet a combination of physicochemical, colloidal,
and mechanical factors. In this context, their composition, surface
chemistry, and surface charge play a significant role [7,25]. Therefore,
in these assays, we demonstrated how CubLCN and HexLCN behave in
delivering DMA and siRNA to the skin, with HexLCN showing superior
skin penetration of the drugs.

3.4. Cellular studies: Biocompatibility and TNFa downregulation
efficiency

The cell viability of Raw264.7 and HaCat cell lines after incubation
with LCN and HexLCN loaded or not with DMA was investigated to
determine whether the composition and internal mesophase of LCN can
influence its biocompatibility. These two cell lines were chosen because
macrophages/monocytes of the Raw 264.7 line are commonly used to
evaluate formulations for anti-inflammatory therapies, while keratino-
cytes make up the majority of epidermal skin cells. According to the
resazurin assay, which is based on the metabolic activity of cells, a 50 %
reduction in cell viability (of both cell lines) was observed at concen-
trations between 2.1 x 10% and 3.2 x 10® particles/mL for CubLCN and
HexLCN, respectively (see Fig. 4a—d). Interestingly, the presence of DMA
had a positive effect on the viability of cells exposed to HexLCN-DMA
(concentrations between 8 and 0.05 puM), shown by the reduced
viability at a higher concentration (~6.4 x 108 particle/mL). As previ-
ously reported, the presence of DMA in nanoparticles is cytotoxic at high
concentrations, exceeding 200 pM [67-69]. However, it is worth
considering the intrinsic cytotoxicity of nanoparticles. For example,
polymeric nanoparticles affected viability when DMA concentration
reached 0.8 pg/mL (equivalent ~2 uM) [70].

In our results, although both colloidal systems are produced with the
same components (except for the absence of OA in CubLCNs) and have
similar hydrodynamic particle sizes, the different liquid-crystalline
structures and surface curvature of the LCNs may influence their inter-
action with cell membranes, making HexLCNs less toxic than CubLCNs.
Tran et al. (2015) also observed a similar behavior with LCNs produced
with MO and capric acid, suggesting that liquid-crystalline mesophases
promote distinct interactions with the membrane, resulting in different
degrees of cytotoxicity [71]. The surface architecture of LCNs can in-
fluence biological interactions, leading to distinct metabolic effects
[72]. Another explanation may also be related to the smaller interfacial
area of HexLCN, which determines a small amount of P407 stabilizer
distributed on its surface, thus partially affecting the adsorption of
proteins and altering the interaction with cells [12,73,74]. For example,
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the steric coverage of the polymer chain can control lipid mobility,
impacting cytotoxicity [75].

In subsequent studies, we evaluated whether HexLCN and CubLCN
would present differences in cellular delivery of siRNA. Cells were
treated with the same concentrations of both dispersions (2 x 108 par-
ticles/mL) complexed with 40 nM AF647 siRNA. As observed in Fig. 4e,
a higher mean fluorescence intensity of siRNA-AF647 was measured by
FACS in cells treated with HexLCN-siRNA for 12 and 24 h compared to
cells that received CubLCN-siRNA. Furthermore, reports show that LPS-
activated macrophages increase their phagocytic capacity, leading to
increased nanomedicine release [68,76,77]. In our results (Fig. 4f), the
increase in mean siRNA fluorescence at 24 h compared to unstimulated
cells clearly demonstrates that endocytic activity contributes to
increased uptake, mainly of HexLCN (1.4-fold increase), and this may
contribute to increased DMA and siRNA loading in inflammatory envi-
ronments. Consistent with these data, the CLSM micrographs in Fig. 4g
clearly show that basal or inflamed cells had greater intensity and dis-
tribution of siRNA AF647 throughout the cytoplasm when delivered by
HexLCN compared to CubLCN. Therefore, both experimental techniques
clearly show that cellular internalization of siRNA-loaded HexLCN was
higher and persisted over a longer period of time.

In these results, we again observe how the liquid-crystalline structure
of LCNs can be a determining factor in biological interactions, resulting
in distinct uptake and cytotoxicity behaviors. According to the litera-
ture, the difference in LCN uptake levels may be related to the different
entry mechanisms and the different nanoparticle-cell interactions with
different structures and morphologies [12,78]. It has been proposed that
the elongated shape of HexLCN may favor better adsorption and a
greater contact area with the cell membrane compared to other spher-
ical particles [71,79]. A rapid internalization of non-spherical particles,
such as HexLCN, is consistent with a recent report by Rodrigues et al.
(2019) [80]. In addition, it has been proposed that the lipids of the
hexagonal mesophase are energetically frustrated (negative curvature),
which merges with the lipids of cellular and endosomal membranes
[81]. Alternatively, the elasticity of nanoparticles is also a factor that
can affect their internalization in different ways, with a greater inter-
action reported for HexLCN, which have a higher modulus of elasticity
than CubLCN (more rigid) [82-85].

For subsequent studies to evaluate the anti-inflammatory potential in
an in vitro model of inflammation using monocytes/macrophages, we
selected HexLCN due to its better cellular delivery capacity of siRNA and
cytocompatibility. In this assay, we evaluated the delivery of a specific
siRNA targeting TNFo (siTNFa) and tested its combination with DMA to
suppress TNFa production. TNFa is a cytokine with pleiotropic effects on
various cell types and plays a central role in orchestrating the inflam-
matory immune response in several diseases [26]. The use of siRNA to
silence TNFa has been explored for antipsoriatic therapy [14,22,86],
and in skin wound healing [87,88]. Furthermore, as an initial hypoth-
esis, we believe that co-delivery with DMA (glucocorticoid) may lead to
a marked reduction in TNFa levels and modulate the inflammatory
process. As one of the main stimuli for the production of TNFa is LPS, a
molecule in the external membrane of Gram-negative bacteria, we
established three different experimental models of induction and treat-
ment of the cells (see schematic illustration in Fig. 5a) and quantified the
levels of TNFa secreted by these cells after 24 h by ELISA.

In the first protocol, the results presented in Fig. 5b demonstrate that
the co-delivery of DMA (1 uM) and siTNFa (150 nM) via HexLCN
significantly reduced TNFa secretion compared to the LPS control.
Treatment with HexLCN containing each drug alone also showed a
decrease in TNFa levels (1066.2 + 66.8 pg/mL for HexLCN-DMA and
1285.8 + 45.8 pg/mL for HexLCN-siTNFa), but the combination
(HexLCN-DMA-siTNFa) reduced TNFa levels more than 4-fold (635.4 +
11.8 pg/mL) compared to untreated cells (3082.6 + 93.2 pg/mL).
Similar behavior was observed in cells that received treatments simul-
taneously with LPS, as shown in Fig. 5c. The co-delivery treatment
(HexLCN-DMA-siTNFa) achieved the greatest reduction in TNFa levels
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Fig. 4. Cellular studies. Cell viability of (a-b) macrophages Raw264.7 cell line and (c-d) keratinocytes HaCat cell line after 24 h of treatment with CubLCN,
CubLCN-DMA, HexLCN and HexLCN-DMA. Data shown are means + SD (n = 8). Cell internalization measured by FACS in (e) basal cells and (f) induced with LPS (5
ug/mL). Data shown are means + SD (n = 4). Student’s t test (comparison between HexLCN and CubLCN): * p < 0.01; ** p < 0.005 and *** p < 0.002. (g)
Representative CLSM images after 24 h of treatment on basal cells and LPS-stimulated cells. Nuclei (blue — DAPI) and siRNA (red - AlexaFluor 647). Scale bar
corresponds to 20 pym. (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. 5. Effects of HexLCN-DMA-siTNFa on cytokine production in LPS-stimulated Raw264.7 cells. (a) Graphic representation of protocols for evaluating TNFo
downregulation efficiency in LPS-stimulated Raw264.7 cells. (b) Levels of TNFa secreted in cells pre-stimulated with LPS, followed by treatment with the formu-
lations. (c) Levels of TNFa secreted in cells stimulated with LPS and treatment with the formulations simultaneously. (d) Levels of TNFa secreted in cells pretreated
with the formulations, followed by stimulation with LPS. DMEM culture medium and LPS (500 ng/mL) were used as negative control and positive control,
respectively. Data shown are means + SD (n = 4). One way-ANOVA, Tukey’s post test: * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001.

(566.4 + 20.8 pg/mL), surpassing the effects of monotherapies with
HexLCN-siTNFa (870.3 + 60 pg/mL) and HexLCN-DMA (774.8 + 30
pg/mL). These findings further highlight the superior efficacy of the
dual-drug delivery system in suppressing TNFa secretion.

Furthermore, in the third experimental condition, pre-treatment
with HexLCN-DMA-siTNFa before LPS stimulation also proved to be
an effective strategy, as shown in Fig. 5d. TNFa levels in cells pre-treated
with HexLCN-DMA-siTNFa were significantly reduced (1158.5 + 19.9
pg/mL), representing a 2.5-fold decrease compared to the LPS control
(2882.6 + 52.5 pg/mL). Importantly, this combination therapy out-
performed the individual treatments, which resulted in TNFa levels of
1640.3 + 35 pg/mL (HexLCN-DMA) and 1363.5 = 25 pg/mL (HexLCN-
siTNFa).

In all protocols examined, we showed that siTNFa showed silencing
activity only when transported by HexLCN. DMA, well known for its
immunomodulatory effects, was able to attenuate TNFa levels, but its
delivery by HexLLCN showed pronounced effects. Therefore, siTNFo and
DMA co-delivered by HexLCN exhibited a synergistic effect in reducing
TNFa secretion by macrophages. This effect can be attributed to the
mechanisms by which DMA and siTNFa act, i.e. gene transcription and
translation. DMA exerts its anti-inflammatory effects by forming a
homodimer with GRs, which interact with glucocorticoid response ele-
ments in gene promoter regions or interfere with the activity of pro-
inflammatory transcription factors such as NF-kappaB (trans-
repression) [18,19]. Meanwhile, siRNA causes mRNA degradation by
binding to the Argonaute protein, forming an RISC that guides the
complementary cleavage of specific mRNA sequences, thus preventing
protein translation [25].

Due to its potent effects, we selected a low concentration of DMA (1
uM) for our experiments, combined with siTNFa at a concentration
known for its knockdown effects [16], which, importantly, did not
exhibit immunogenicity. Previous reports have shown that combining
glucocorticoids, such as betamethasone or dexamethasone, with siTNFa
[89,90], as well as with other nucleic acids [70,91,92], also resulted in

10

superior immunosuppressive effects when co-delivered. However, the
dose of DMA used in this study is more than 100-folds lower than those
reported in the literature [67,69,90,93], reinforcing the promising ef-
ficacy of our combination therapy, which may potentially reduce
glucocorticoid-related adverse effects.

Moreover, it is important to highlight that the results found are
attributed to the co-delivery by HexLCN and its ability to overcome
obstacles such as cellular internalization and endosomal escape. It is
well known that one of the major challenges of nucleic acid therapy is
the extra- and intracellular barriers, which generally do not exist for
other types of bioactive molecules. siRNAs require delivery vehicles that
provide protection and deliver therapeutically sufficient amounts to the
cytoplasm [25,94]. We attribute to HexLCN abilities rarely found in
common nanostructures; for example, the liquid-crystalline meso-
structure promotes endosomal escape mechanisms by interacting with
lysosomes and endosomes [95,96]. In addition, the presence of PAH
induces osmotic swelling of the endosome [16,22,97,98], thus
increasing the intracellular bioavailability of drugs. Therefore, HexLCN
co-loaded with DMA and siTNFa represents an innovative strategy for
the therapy of inflammatory skin diseases involving a complex network
of cytokines and other pro-inflammatory mediators.

4. Conclusion

In this study, we successfully prepared DMA-loaded CubLCN and
HexLCN by the ultrasonication method and their complexes CubLCN-
DMA-siRNA and HexLCN-DMA-siRNA via electrostatic interaction. The
dispersions showed small particle size and narrow size distribution,
which are suitable for effective topical administration. We showed that
reverse hexagonal LCNs have a superior capacity superior ability than
cubic LCNs in overcoming the SC and other skin layers, promoting
greater penetration of DMA and siRNA. Such abilities were related to
their contact surface area, structural similarity with the liquid crystal-
line structure of the skin, and the presence of oleic acid that favors
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partitioning into the SC. Subsequently, in vitro cellular studies also
confirmed greater cellular internalization of siRNA when complexed
with HexLCNs. In addition, in knockdown studies, DMA and siTNF« co-
loaded HexL.CN promoted an efficient reduction of TNFa levels in LPS-
stimulated macrophages under different experimental conditions that
mimicked the inflammatory microenvironment.

The results of this study suggest that co-delivery of siTNFu (or any
other siRNA targeting pathological skin targets) and DMA may be a
potential strategy for the therapy of inflammatory skin diseases
involving a complex network of cytokines and pro-inflammatory medi-
ators. Moreover, the multifunctional system is a potential strategy to
suppress TNFa, which is one of the key cytokines involved in the initi-
ation and maintenance of inflammation in psoriasis and other inflam-
matory skin diseases, and the liquid crystalline structure is crucial for
the co-delivery of both drugs and nucleic acids. The perspectives of this
study focus on solutions to overcome the challenges of large-scale pro-
duction by more robust methods (e.g. microfluidics), which are of
paramount importance for applicability in preclinical investigations.
Moreover, studies in psoriatic skin of animal model will bring answers of
in vivo behaviors of this therapeutic proposal, including dose and
therapeutic protocols.”
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