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ARTICLE INFO ABSTRACT
Keywords: Despite the abundance of registered clinical trials worldwide, the availability of effective drugs for obesity
MiRNA treatment is limited due to their associated side effects. Thus, there is growing interest in therapies that stimulate

Gold Nanoparticles

energy expenditure in white adipose tissue. Recently, we demonstrated that the delivery of a miR-21 mimic using
Gemini surfactant

JetPEI effectively inhibits weight gain in an obese mouse model by promoting metabolism, browning, and

Obesit . . . . o . . .
A diposye tissue thermogenesis, suggesting the potential of miR-21 mimic as a treatment for obesity. Despite these promising
Browning results, the implementation of more advanced delivery system techniques for miR-21 mimic would greatly

Thermogenesis enhance the advancement of safe and efficient treatment approaches for individuals with obesity in the future.
Our objective is to explore whether a new delivery system based on gold nanoparticles and Gemini surfactants
(Au@16-ph-16) can replicate the favorable effects of the miR-21 mimic on weight gain, browning, and ther-
mogenesis. We found that dosages as low as 0.2 pg miR-21 mimic /animal significantly inhibited weight gain and
induced browning and thermogenic parameters. This was evidenced by the upregulation of specific genes and
proteins associated with these processes, as well as the biogenesis of beige adipocytes and mitochondria. Sig-
nificant increases in miR-21 levels were observed in adipose tissue but not in other tissue types. Our data in-
dicates that Au@16-ph-16 could serve as an effective delivery system for miRNA mimics, suggesting its potential
suitability for the development of future clinical treatments against obesity.

1. Introduction major health problems of modern societies. It is tightly associated with
multiple serious comorbidities, such as type 2 diabetes (T2D), insulin
Obesity is a widespread epidemic disease and is considered one of the resistance (IR), cardiovascular diseases, mental health, and cancers,
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which decrease life expectancy [1,2].

Different pharmacological approaches have been proposed as an
alternative or complement to diet, exercise, and bariatric surgery.
However, the available anti-obesity treatments are still limited due to
their side effects or modest and/or unsustainable effects [3-5].

Therapies targeting thermogenic brown adipose tissue (BAT) and
affecting energy expenditure have garnered great interest since 2009,
when it was first reported that active BAT is present in adult humans
located in the supraclavicular, neck paravertebral, and suprarenal areas,
using positron emission tomography-computed tomography (PET-CT)
[6,7]. BAT plays a vital role in regulating energy balance and homeo-
stasis through its thermogenic activity and its role as an endocrine
organ. As a result, it has been proposed as a target to enhance weight loss
and insulin sensitivity [8,9]. Furthermore, in response to specific stim-
uli, white adipose tissue (WAT) can be transformed into beige adipose
tissue (AT) through a process called browning. Beige AT shares char-
acteristics with BAT, such as uncoupling protein 1 (UCP1) and TMEM26
expression, and multilocular adipocytes with high mitochondrial con-
tent [8,10]. This transformation may play a crucial role in energy con-
sumption and could protect against obesity [11-14].

MicroRNAs (miRNAs) are small, single-stranded non-coding RNAs
(~21-25 nucleotides) that regulate gene expression at the post-
transcriptional level and participate in biological processes such as
cell differentiation, apoptosis, angiogenesis, and adipogenesis [15-17].
In recent years, there has been growing interest in the pivotal roles that
miRNAs may play in obesity through the regulation of WAT, beige AT,
and BAT differentiation and function [18-21]. In this regard, several
studies have shown the involvement of miR-21 in adipogenesis and
obesity [19,22,23]. miR-21 has been found to be overexpressed in WAT
from obese subjects compared to normoweight individuals [24] and to
enhance adipogenic differentiation through the modulation of trans-
forming growth factor (TGF)-p signaling [25,26].

miRNA replacement therapy, also known as the use of miRNA
mimics, has gained interest in recent years [27]. These synthetic miR-
NAs mimic the function of endogenous miRNAs and bind directly to the
RNA-induced silencing complex (RISC) to interact with their respective
target mRNAs and produce an effect on the expression of genes similar to
that driven by the original miRNA [27]. Recently, our group described
that a synthetic miR-21 mimic blocks obesity in mice through metabolic
enhancement, WAT browning, and BAT thermogenic re-programming
[19]. These novel results suggest that miR-21 mimic-based therapy
may provide a new opportunity to manage obesity. Once the therapeutic
potential of miR-21 mimics for treating obesity is established, the next
challenge is to identify an efficient method of targeted administration
with low toxicity, facilitating the competent delivery of miR-21 directly
to AT. Historically, the dominant strategy to achieve drug accumulation
at specific tissue sites involves further engineering drug delivery vehi-
cles to feature a targeting ligand that recognizes a tissue-specific target
molecule, thereby minimizing off-target accumulation [28]. In our case,
despite achieving positive effects with JetPEI as a delivery system for the
miR21 mimic and observing no adverse effects in the animal model used
in the previous study [19], designing a therapy specifically targeted to
AT with this vehicle may not be possible or would require intricate
engineering. Currently, numerous ongoing clinical trials are investi-
gating nanoparticle-based drug delivery systems for administering
anticancer agents, antibiotics, anti-inflammatory drugs, and more, with
the goal of achieving improved targeted therapy while minimizing side
effects [29,30]. Inorganic materials, such as gold, iron, and silica, have
been employed to synthesize nanostructured materials for various drug
delivery and imaging applications. The precise formulation of these
inorganic nanoparticles (NPs) enables the engineering of a wide variety
of sizes, structures, and geometries. Among these inorganic NPs, gold
nanoparticles (AuNPs) have been extensively studied. They can take
various forms, including nanospheres, nanorods, nanostars, nanoshells,
and nanocages [31]. Functionalized AuNPs exhibit excellent biocom-
patibility, low cytotoxicity, and a high surface-to-volume ratio [32].
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Their size and surface modifications play a crucial role in bio-
distribution, allowing targeted accumulation in specific organs while
evading the reticuloendothelial system [31]. Additionally, gold nano-
particles can form robust associations with cationic gemini surfactants,
serving as valuable carriers due to their low toxicity, biodegradability,
and efficient compaction of RNA molecules [33-35].

Recently, our group has developed a nanosystem named Au@ 16-ph-
16/miR-21 mimic, comprising gold nanoparticles, gemini surfactant,
and synthetic miRNA mimic. This nanosystem stands out due to its
gemini surfactant with lipophilic characteristics, facilitated by the
presence of two hydrophobic (lipophilic) tails in its molecular structure
[36,37]. Compared to traditional single-tailed surfactants, this design
grants the nanosystem enhanced lipophilic properties, making it highly
effective in solubilizing lipophilic compounds [33]. Furthermore, this
nanosystem exhibits excellent biocompatibility and non-toxicity,
ensuring its safety for potential therapeutic use. Notably, it also dem-
onstrates significant anti-microbial activities [33], adding to its versa-
tility and potential applications. Given these outstanding characteristics,
our nanosystem holds great promise as a potential therapeutic option for
addressing obesity and other related conditions. The combination of
gold nanoparticles, gemini surfactant, and synthetic miRNA mimic
opens new possibilities in targeted drug delivery and personalized
medicine approaches.

The aim of this study is to investigate whether the implementation of
Au@ 16-ph-16 nanocarrier as a delivery system could preserve the
beneficial effects of the miR-21 mimic on weight gain, browning, and
thermogenesis in the animal model of obesity and to optimize the dosage
of the miR-21 mimic utilized for better outcomes.

2. Materials and methods
2.1. Mice and diet-induced obesity

C57BL/6 J mice (The Jackson Laboratory) were used to obtain obese
phenotypes after 8 weeks high fat diet (HFD 45% kcal, D12451;
Research Diets, New Brunswick, NJ, USA). As we previously described,
mice were housed individually in adequate temperature and humidity
conditions and with free access to pelleted chow. Body weight was
monitored twice a week [19].

All experimental protocols and procedures were approved by the
University of Malaga Ethics Committee (authorization no. CEUMA N. °©
91-2021-A) and were in accordance with the European Union recom-
mendations (2010/63/EU). G*Power software was used to determine
the suitable number of animals for this study with « = 0.05 and 1-p = 0.
95.

2.2. Synthesis of Au@16-ph-16 precursor gold nanoparticles

Gemini surfactants functionalized with gold nanoparticles were
prepared by direct synthesis based on hydrogen tetrachloroaurate (III)
hydrate (HAuCl4-4H20) in-situ reduction, adding NaBH4 as reductor
agent and appropriate Gemini surfactant as stabilizing agent. It is well
known that the ratio of AuNPs/Gemini surfactant concentration and the
surfactant critical micelle concentration (cmc) value is crucial for
parameter stability and nanosystem size optimization. The relation be-
tween [Gemini surfactant]/cmc was equal to 5, establishing a lower and
an upper limit of 1 and 20, respectively, as a necessary condition for
obtaining monodisperse and stable nanosystems. 390 ul of HAuCl4 23
mM aqueous solution was added to 30 mL of 16-ph-16 Gemini surfactant
4-107° M aqueous solutions and stirred vigorously. The yellow solutions
obtained were stirred for 5 min in the absence of light. 100 pl of a freshly
prepared 0.4 M NaBH4 aqueous solution was then added drop by drop to
the previously prepared solutions and the mixture stirred moderately for
15 min in darkness, acquiring a reddish color. As a result, a 5.6:10 8 M
aqueous solution of Au@ 16-ph-16 gold nanoparticles, was obtained
[33].
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2.3. Synthesis of Au@16-ph-16/miR-21 mimic gold nanoparticles

Au@16-ph-16/miR-21 mimic was synthesized as previously
described [33]. Briefly, the nanosystem synthesis was stabilized with
Gemini surfactants and then binding with miR-21 was carried out using
an excess of polymer. Different nanosystem formulations were explored
using a fixed CAu@m-s-m = 5.6-10~° M for Au@16-ph-16 and variable
CmiR-21 = 4.510°% M, 6.0-10°® M. As a result, different R =
CAu@m-s-m/CmiR-21 ratios were explored in each system: R = 0.124,
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0.093 and 0.063 for Au@16-ph-16/miR-21 mimic. In this way, stable
Au@16-ph-16/miR-21 mimic complexes were obtained after 30 min of
continuous agitation at the room temperature, and subsequent condi-
tioning of the samples obtained at a temperature of 277.0 K for 24 h. A
moderate change in the solution color to a slightly purple tone was
indicative of complex stabilization (Fig. 1A).

(A) Schematic illustration of Au@16-ph-16/miR-21 mimic formation stages
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(B) Schematic illustration of in vivo study design
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Fig. 1. Schematic illustration of Au@16-ph-16/miR-21 mimic formation stages and in vivo study design. (A) A functional nanosystem consisting of miR-21 mimic and
gold nanoparticles was synthesized in three steps. First, the gemini surfactant was synthesized, followed by functionalization of gold nanoparticles with the gemini
surfactant. Finally, the nanosystem was coated with miR-21 polymer for use in mice treatment. (B) Eleven-week-old C57BL/6 J mice were fed a 45% high-fat diet
(HFD) for eight weeks to induce an obese phenotype. The obese mice were then divided into three treatment groups: 0.2 pg (n = 9), 0.3 pg (n = 9) of Au@16-ph-16/
miR-21 mimic, and a control group treated with Au@16-ph-16 (n = 5). Mice were treated and weighed twice a week throughout the study.
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2.4. In vivo Au@16-ph-16/miR-21 mimic nanosystem mice treatment

After 8 weeks of HFD feeding, obese mice were treated three times a
week during 6 weeks by subcutaneous injections in inguinal pad, and
according to the injected treatment were separated into three groups: (1)
A group treated with 200 ul Au@16-ph-16/ miR-21 mimic 0.2 pg
(n =9), (2) a group treated with 200 ul Au@ 16-ph-16/miR-21 mimic
0.3 ug (n = 9) (5 “UAGCUUAUCAGACUGAUGUUGA-3 ; CONmiR mimic
in vivo, M-00303-0100; Riboxx), and (3) a group treated with the cor-
responding control treated with 200 pl Au@ 16-ph-16 (n = 5). In vivo
miRNA mimic (CONmiR; Riboxx, Meissner Strae 191, 01445 Radebeul
Germany) is a hybrid miRNA composed of a mature miRNA sequence
(guide strand) and its complementary sequence (passenger strand) fur-
nished with RNAi-cap technology, which improves the stability of mimic
miRNA and offers optimal and effective gene silencing by facilitating the
incorporation of guide strand to the RISC complex [19,38]. Body weight
was monitored twice a week. Cumulative weight gain and area under
curve (AUC) were calculated using the last weight before treatment for
each mouse as a basal point (0 g). At the end of the experiment, mice
were sacrificed by cervical dislocation. Plasma and AT depots, BAT,
interescapular WAT (intWAT), inguinal WAT (ingWAT) and visceral AT
(VAT), heart, spleen, liver, kidney, and brain were isolated, flash frozen
in liquid nitrogen and then stored at — 80 °C (Fig. 1B).

2.5. GTT measurement

In the in vivo study, GTT was assessed in the mice groups at the end of
the treatment. Mice were injected intraperitoneally with 2 g/kg of D-
glucose (Sigma- Aldrich, St. Louis, MO, USA) after 10-12 h of fasting
and blood glucose was measured at O (basal), 15, 30, 45, 60, and
120 min from the tail vein using a glucometer (Accu-Chek; Roche Di-
agnostics, Barcelona, Spain).

2.6. miRNA isolation from adipose tissue and quantitative real-time PCR
(qRT-PCR)

miRNA was extracted from ingWAT, VAT, BAT, kidney, heart,
spleen, liver, and brain (80-100 mg) using miRvana miRNA isolation kit
(AM1561; Ambion, Spain) according to the manufacturer’s recommen-
dations. Total RNA was quantified using a Nanodrop ND-2000 (Thermo
Fisher Scientific, USA). Reverse transcription (RT) reaction was carried
out using Tagman microRNA reverse transcription (4366597) following
the manufacturers protocol and using miRNA specific primers, namely,
hsa-miR-21 (000397) or miRNA control assay, snoRNA-142 (001231).
qRT-PCR was performed using Agilent Mx3005P qPCR system and the
above indicated specific Tagman probes in a total volume of 20 pl. Cycle
threshold (Ct) was determined during amplification and signals was
normalized using snoRNA-142 as reference gene [19]. Expression levels
were calculated using the formula 274 (Act= Ctmir-21- CtsnoRNA-142)-

2.7. Total RNA isolation from adipose tissue and quantitative real-time
PCR (qRT-PCR)

Total RNA was isolated from 100 mg of ATs using Qiazol RNeasy
Lipid Tissue mini kit (QIAGEN, Valencia, CA, USA) according to man-
ufacturers protocol. RT reaction was performed using, reverse tran-
scriptase 20 U/mL, (03531287001; Roche), RNase inhibitor
(03335399001; Roche) and desoxynucleoside triphosphate
(11969064001; Roche). Then, qRT-PCR reactions were performed using
10 ng of cDNA and specific probes. Next, Ct of each gene was deter-
mined during amplification and then, specific signals were normalized
using Tbp as a reference (Mm 00446973). Expression levels were
calculated using the formula 22, The Taqman genes used in this study
were: Vegf-A (Mm 00437306-m1), Ucpl (Mm 01244861), Tmem26 (Mm
01173641-m1), Pgc-1a (Mm 01208835), Prdm16 (Mm00556-m1), Cidea
(MmO00432554-m1), Ppar-y (Mm 00440940-m1), P53 (Mm01731290-
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gl), Tgfpl (MmO01178820-m1), Fgf21 (Mm 00840165-gl) and Sirtl
(Mm01168521-m1).

2.8. Mitochondrial DNA analysis

To evaluate the in vivo effect of miR-21 mimic treatment on mito-
chondrial content, cytochrome c¢ oxidase subunit 1 expression (Cox1)
was analyzed in ingWAT. Total DNA was isolated from ingWAT using
the DNeasy Blood and Tissue Kit (QIAGEN, Valencia, CA, USA) ac-
cording to the manufacturers protocol. Then, multiplex qRT-PCR reac-
tion was carried out using specific Tagman probes [Cox1 (Mm
04225243); GADPH (4352339E)]1160 ng of DNA and reference dye. The
relative mitochondrial DNA (mtDNA) content was calculated using the
formula mtDNA= 27t COXI-ct GADPH), hoing Cox1 the mitochondrial
factor and Gadph the nuclear factor (nDNA).

2.9. Histochemical study and immunofluorescence

AT biopsies were fixed in 4% buffer formaldehyde for 48 h, dehy-
drated in graded ethanol and embedded in paraffin using Spin Tissue
Processor (TP) STP120 and paraffin-embedding center (EG1150H;
Leica, Nussloch, Germany). Serial paraffin Section (5pm thick) of each
AT sample were cut with a microtome and then adequately processed for
histochemical and immunofluorescence analysis.

Next, AT sections were deparaffinized, hydrated in graded ethanol
and stained first with Harris Hematoxylin (H&H) nuclear staining for
2 min, followed by cytoplasmic staining using a mixture of eosin and
0.2% glacial acetic for 40 s. Slides were dehydrated by incubation in
increasing ethanol concentrations. All samples were photographed using
an Olympus BX61 microscope (Olympus, Tokyo, Japan).

Immunofluorescence was carried out as previously described [19].
Briefly, samples were incubated with a mixture of primary antibodies
including anti-rabbit TMEM26 (1:50, NBP2-27334; Novus Biologicals
Europe, Abingdin, UK) and anti-goat UCP1 (1:75), SAB2501082) over-
night at 4 °C after blocking 1 h with donkey and sheep serums, respec-
tively. Then, sections were incubated 2 h at room temperature (RT) with
anti-rabbit-fluorescein isothiocyanate (FITC, 1:50, F7512; Merk KGaA,
Darmstadt, Germany) followed by 2h incubation at RT with
anti-goat-tetramethyl rhodamine isothiocyanate (FITC, 1:50, ab6522;
Abcam, Oxford, UK). Next, 47,6 -diamidino-2-phenylindole (DAPI)
medium was added to visualize cell nuclei. For negative control, the
slides were incubated with PBS plus 0.3% Triton X-100, 10% donkey
serum (DS), and 10% sheep serum (SS) for 1 h and then, incubated
overnight at 4 °C with PBS plus 5% donkey serum (DS), and 5% sheep
serum (SS). Next, sections were incubated 2 h at room temperature (RT)
with the secondary antibody, anti-rabbit-fluorescein isothiocyanate
(FITC, 1:50, F7512; Merk KGaA, Darmstadt, Germany), followed by
incubation during 2h at RT with the secondary antibody,
anti-goat-tetramethyl rhodamine isothiocyanate (FITC, 1:50, ab6522;
Abcam, Oxford, UK). Finally, FluoroShield 4 6-dia-
midino-2-phenylindole (DAPI) medium was added. All samples were
photographed using an Olympus BX61 microscope. Fluorescence pho-
tomicrographs were captured with a digital camera (DP70; Olympus,
Tokyo, Japan) and software DP Controller (1.2.1.108; Olympus, Tokyo,
Japan). (20X).

2.10. Transmission electron microscopy (TEM)

In order to analyze ingWAT ultrastructure, and to confirm the pres-
ence of mitochondria in ingWAT of mice treated with miR-21 mimic,
TEM was carried out following a standard protocol [23]. Briefly, the
samples were fixed with 2.5% glutaraldehyde solution during 75 h and
then washed in phosphate buffer. Next, the samples were incubated in a
series of buffers, starting with phosphate buffer, osmium 2%, distilled
water and finally graded acetone using Automatic Sample Processor
(electron microscope [EM] TP; Leica, Nussloch, Germany). Then, the
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sections were included in graded series of Epon resin followed by sem-
ithin cuts using a glass blade (300 nm). Finally, ultrathin cuts were
performed in areas of interest, previously identified using toluidine blue
staining (89640; Merck KGaA, Darmstadt, Germany). Ultrathin sections
were collected on copper grids (300 mesh), examined by transmission
microscope with a voltage of 80 kV (Libra-120; Zeiss, Oberkochen,
Germany), and the images recorded using iTEM software (Olympus,
Tokyo, Japan).

2.11. Statistical analysis

All values are expressed as the mean + SEM. Students t-test or non-
parametric Mann-Whitney U-test were performed to make compari-
sons between two groups. Comparisons between multiple groups was
carried out using one-way ANOVA followed by Bonferronis Post Hoc test
or Kruskal-Wallis non-parametric test followed by Dunnss Post Hoc test.
Shapiro-Wilk test was used for normality distribution analysis. Cumu-
lative body weight was analyzed by repeated measurements and two-
way ANOVA. Statistical analysis and graphics were performed using
IBM SPSS statistics 22 and GraphPad Prism 5.00.288. Values p<0.05 was
considered significant.

3. Results

3.1. Synthesis of high-quality, monodispersed, positively charged, and
stabilized gold nanoparticles (Au@16-ph-16/miR-21 mimic) for efficient
miR-21 mimic delivery

We have developed a novel nanosystem combining gold nano-
particles with the gemini surfactant as a delivery vehicle for miRNAs.
Our tests show this system can efficiently compress miRNAs, exhibits
excellent stability, and good cell-entry properties (Fig. 1A). We syn-
thesized gold nanoparticles with a positive surface charge, Au@ 16-ph-
16/miR-21 mimic, following our previously described method [33]. The
synthesis approach uses hydrogen tetrachloroaurate, sodium tetrahy-
droborate, and 16-ph-16 compounds as gold precursor, reducing agent,
and stabilizers, respectively. Nanoparticles obtained with this method
were then coated with the miR-21 mimic polymer (Fig. 1A). As previ-
ously reported, the 16-ph-16 surfactant confers a lipophilic character-
istic to the Au@16-ph-16/miR-21 mimic nanosystem [33].

3.2. In vivo treatment with Au@16-ph-16/miR-21 mimic nanosystem
effectively inhibited weight gain and increased miR-21 levels in adipose
tissues, in HFD-induced obese mice

Diet-induced obese mice were obtained after 8-week HFD feeding
containing 45% of Kcal from saturated fat (45% HFD). After 8 weeks of
feeding, obese mice were separated into three subgroups and subcuta-
neously injected for a further 6 weeks with 1) Au@16-ph-16, 2) 0.2 pg of
Au@16-ph-16/miR-21 mimic and 3) 0.3 pg of Au@ 16-ph-16/miR-21
mimic and fed 45% HFD. Au@16-ph-16 at 8.5.108 M concentration.
(Fig. 1B).

Fig. 2A shows that Au@16-ph-16/miR-21 mimic at both concentra-
tions (0.2 pg and 0.3 pg) significantly slowed body weight gain
compared with control treatment (Au@16-ph-16). As illustrated in cu-
mulative weight gain and weight AUC graphs, the administration of
miR-21 mimic maintained and stabilized animal weight, while control
mice continued to gain weight.

However, despite a noticeable trend towards improved glucose
tolerance with Au@16-ph-16/miR-21 mimic treatment at both 0.2 and
0.3 pug compared to the control (Fig. S1), the results did not reach sta-
tistical significance. Therefore, we cannot conclude that the treatment
was effective in increasing glucose tolerance. Moreover, no changes
were observed in the normal fur, behavior, activity, or weight of the
mice with this treatment. Moreover, there were no signs of depression or
palpable nodules detected. Additionally, no mice died before the
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completion of the study.

To ascertain whether in vivo treatment with Au@16-ph-16/miR-21
mimic increased miR-21 expression levels in adipose and non-adipose
tissues, the expression levels of miR-21 were analyzed. Fig. 2B shows
that the expression of miR-21 was significantly increased in VAT,
ingWAT and BAT in mice treated with Au@16-ph-16/miR-21 mimic
versus control. Despite an upward trend in plasma miR-21 levels, no
significant changes were observed (Fig. 2B). Furthermore, examination
of miR-21 expression levels in non-adipose tissues, including the heart,
liver, spleen, kidney, and brain, revealed no significant changes in the
levels of this miRNA following the treatment (Fig. 52).

3.3. The in vivo treatment with Au@16-ph-16/miR-21 mimic nanosystem
induced the expression of browning and thermogenesis genes in WAT and
BAT

To investigate whether the effect of Au@16-ph-16/miR-21 mimic
treatment on body weight was associated with thermogenesis and
browning, we analyzed the expression levels of target genes, mainly
those involved in the signaling pathways by which miR-21 could act in
the activation of thermogenesis and browning of WAT of mice, as we
have previously described [19], in both BAT and WAT from treated
mice. As shown in Fig. 3, compared to control treatment with
Au@16-ph-16, the treatment with Au@ 16-ph-16/miR-21 mimic at
doses of 0.2 pug and 0.3 pg induced significantly increased expression of
Ucpl, Tmem26, Prdm16, Pgc-1a, Fgf21, Ppary in ingWAT; significantly
increased expression of Ucpl, Tmem26, Pgc-1a, and Vegf-A and Fgf21 in
intWAT, and significantly increased expression of Ucp1, Vegf-A, Prdm16,
Pgc-1a and Cidea in BAT. On the other hand, p53 and Tgf$1, which are
two validated target genes of miR-21 described to regulate the beige cell
formation and inhibit thermogenesis [19], were downregulated in
ingWAT, intWAT and BAT. We might expect that the induction of
browning and blocking of weight gain would be associated with changes
in adipose tissue weights. Fig. S3 shows that VAT, intWAT, and ingWAT
from mice treated with Au@16-ph-16/miR-21 mimic displayed lower
weights compared to the control group, but this difference was not
statistically significant.

3.4. The in vivo treatment with Au@16-ph-16/miR-21 mimic nanosystem
induced the appearance of a brown-like adipocyte phenotype in WAT

Hematoxylin-eosin staining showed that the in vivo treatment with
Au@16-ph-16/miR-21 mimic induced a brown-like adipocyte pheno-
type in both ingWAT and intWAT, characterized by small size and the
presence of numerous lipid droplets, while the ingWAT and intWAT
from control Au@16-ph-16 treated mice were primarily composed of
unilocular adipocytes. In BAT, hematoxylin-eosin staining revealed the
presence of multilocular adipocytes in both Au@16-ph-16/miR-21
mimic (0.2 pg) and control-treated groups (Fig. 4). Additionally,
immunofluorescence staining showed that the intWAT and ingWAT
from Au@16-ph-16/miR-21 mimic (0.2 pg) treated mice exhibited
higher UCP1 and TMEM26 protein expression compared to the control
Au@ 16-ph-16. Co-expression of both TMEM26 and UCP1 was detected
in both ingWAT and intWAT from Au@16-ph-16/miR-21 mimic-treated
mice (merged image) (Fig. 4A). BAT from Au@16-ph-16/miR-21 mimic
(0.2 pg) treated mice exhibited higher levels of UCP1 compared to the
control, while no signal corresponding to TMEM26 was detected
(Fig. 4A). In contrast, VAT from control Au@16-ph-16 and Au@16-ph-
16/miR-21 mimic (0.2 pg) treated mice were primarily composed of
unilocular adipocytes (Fig. S4). Moreover, no immunofluorescence
staining corresponding to TMEM26 and UCP1 was detected in VAT
(Fig. S4).
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Fig. 2. The in vivo effects of Au@ 16-ph-16/miR-21 mimic treatment on weight gain and miR-21 expression in C57BL/6 J HFD obese mice. Obese C57BL/6 J mice
fed 45% HFD during 8 weeks were injected subcutaneously with 0.2 ug (n = 9), 0.3 pg (n = 9) Au@ 16-ph-16/miR-21 mimic or control Au@ 16-ph-16 (n = 5) twice
a week for 6 weeks. (A) Body weight was monitored twice a week during the 14 weeks. Cumulative weight and AUC were calculated using the weight before the start
of the treatment as the basal point (0). (B) miR-21 expression levels were measured by real-time qPCR in inguinal white adipose tissue (ingWAT), BAT, VAT and
plasma from treated mice using snoRNA-142 (in AT) or U6 (in plasma) as reference gene (2°2"). Data are expressed as the mean & SEM. *p<0.05, * **p<0.001 0.2 ug
Au@ 16-ph-16/miR-21 mimic versus control, +p < 0.05 and + ++p < 0.001 0.3 pg Au@ 16-ph-16/miR-21 mimic versus control. Repeated ANOVA measurements,
one-way ANOVA with Bonferronis posthoc test or Kruskal-Wallis nonparametric test with Dunnss posthoc test were used for statistical analysis. Shapiro-wilk was
Esed to test the normality. Kruskal-Wallis nonparametric test was carried out in ingWAT.
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Fig. 3. The in vivo effect of Au@16-ph-16/miR-21 mimic treatment on the mRNA expression of browning and thermogenesis markers in WAT and BAT. The mRNA
expression levels of thermoregulatory and browning markers were measured by real-time qPCR using TATA sequence binding protein (Thp) as a reference gene (24"
in ingWAT, intWAT and BAT from treated mice with 0.2 pg (n =7) or 0.3 pg (n = 7). Au@16-ph-16/miR-21 mimic and Au@16-ph-16 control (n = 5). Data are
expressed as the mean + SEM. *p<0.05, * *p<0.01 and ***p<0.001 versus Au@16-ph-16 control according to one-way ANOVA with Bonferronis posthoc test or
Kruskal-Wallis nonparametric test with Dunnss posthoc. Shapiro-wilk was used to test the normality. Kruskal-Wallis nonparametric test was carried out in BAT: Ucp1,
Prdm16, P53 and Fgf21; IngWAT: Tmem26, Ppary and Fgf21; IntWAT: Fgf21.
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Fig. 4. Histological and mitochondria content analysis of WAT and BAT. Upon the completion of in vivo treatment with 0,2 ug Au@16-ph-16/miR-21 mimic or
control, (A) paraffin sections of inguinal white adipose tissue (ingWAT), interscapular white adipose tissue (intWAT) and brown adipose tissue (BAT) were stained by
hematoxylin and eosin (X20) or immunostained with rabbit anti-TMEM26 (green), goat anti-UCP1 (red), and nuclei stained with DAPI (blue). Images were visualized
by fluorescence microscopy (X20, n = 3). Scale bars, 50 pm. (B) Sirt] mRNA expression was measured by real-time qPCR using TATA sequence binding protein (Tbp)
as a reference gene (2°2%) from the inguinal white adipose tissue (ingWAT) of mice treated with 0.2 ug Au@16-ph-16/miR-21 mimic (n = 7) or control (n = 5). COX1
as mitochondrial target and GAPDH as nuclear target were measured from ingWAT by real-time qPCR. Relative mtDNA content was calculated using the formula:
mtDNA= 22, where ACt= ¢, COX1 - ¢, GADPH. (C) Adipocytes ultrastructure was analyzed by transmission electron microscopy (TEM) from ingWAT of mice
treated with 0,2 ug Au@ 16-ph-16/miR-21 mimic or control. Scale bars, 0.5 um. Data are expressed as the mean + SEM. *p<0.05 versus Au@16-ph-16 control.
Student’s t-test was used for statistical analysis. Shapiro-wilk was used to test the normality. The expression of Sirtl and mtDNA was normally distributed.
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3.5. In vivo Au@16-ph-16/miR-21 mimic treatment increased Sirt1
expression, the appearance of mitochondria, and mitochondrial DNA
content in ingWAT

Sirt]l gene expression, ultrastructure analysis by TEM and mito-
chondrial DNA content analysis were carried out in ingWAT, to ensure
that the effect of Au@16-ph-16/miR-21 mimic on browning and ther-
mogenesis induction was accompanied by mitochondrial biogenesis.
Fig. 4B shows that treatment with Au@16-ph-16/miR-21 mimic 0.2 pg
significantly increased the copy number of mtDNA in ingWAT compared
with Au@16-ph-16 control. Moreover, the expression of Sirtl, which is
known to play a crucial role in mitochondrial biogenesis by PGC-1a
deacetylation [39,40], increased in ingWAT from mice treated with
Au@16-ph-16/miR-21 mimic 0.2 pg versus the Au@16-ph-16 control.
Furthermore, large and abundant mitochondria were much more
frequent in Au@16-ph-16/miR-21 mimic-treated mice than in samples
from the Au@16-ph-16 control (Fig. 4C).

4. Discussion

Managing obesity is a challenging task in clinical practice, as current
therapeutic options often yield limited and non-sustained results.
Despite significant progress in understanding this condition, current
knowledge falls short in effectively addressing this epidemic. Conse-
quently, there is an urgent need to explore new therapies to prevent and
treat obesity.

This study provides compelling evidence that the miR21 mimic,
encapsulated within the Au@16-ph-16 delivery system, effectively sus-
tained its effects on weight gain and browning induction. In fact, the
Au@16-ph-16/miR21 mimic nanosystem induced a significant 7%
reduction in weight gain associated with browning and thermogenesis.
Moreover, this nanocarrier enabled to obtain an effect with the synthetic
miR-21 mimic at a dose of 0.2 pg, significantly lower than the doses
typically utilized with polyethylenimine carrier (JetPEI) (0,5, 20 and
40 pg) [19,41,42]. Additionally, it enabled the development of a de-
livery system with a significantly smaller structural size, ranging from
10 to 13 nm, in contrast to the JetPEI polymer, which has a much larger
size often exceeding hundreds of nanometers.

Changing the carrier used for synthetic miRNA delivery, could
potentially alter the signaling pathways triggered by the miRNA,
therefore it is important to verify the functionality of the new method.
Significantly, the results obtained with the Au@ 16-ph-16 carrier, are
broadly in line with our previous study where a synthetic miR-21 mimic
was delivered with JetPEI [19]. We found that encapsulation and de-
livery with the Au@ —16-ph-16 carrier does not affect the ability of the
miR-21 mimic to regulate browning and thermogenesis, or modulate
VEGF-A, p53, and TGFf1 signaling pathways, specifically through the
regulation of genes involved in these pathways including Vegf-A,
TmemZ26, Pgc-1a, Prdm16, Cidea, Ppar-y, P53, Tgf-f1, Fgf21, and Sirt1.

Although similar results have been obtained with JetPEI, and no
adverse effects have been observed in the animal model used in the
previous study [19], the use of JetPEI requires the inclusion of a 10%
isotonic glucose solution to form small and stable nucleic acid/in viv-
0-jetPEI® complexes [19]. This limitation makes JetPEI an inappro-
priate choice as a carrier for future clinical trials involving humans
obese, especially subjects with type 2 diabetes. Moreover, effective
therapeutic delivery systems should possess the capability to precisely
target specific tissues or cells while minimizing off-target effects. In our
case, the main challenge lies in delivering the miR-21 mimic specifically
to AT. Unlike certain tissues or organs that have distinctive cell surface
proteins that can be targeted, AT lacks such specific markers due to its
diverse cellular composition, including adipocytes, a complex network
of blood vessels, extracellular matrix, and other cell types [43]. This
complexity makes it challenging to design targeting strategies that
exclusively and efficiently deliver drugs to AT while avoiding off-target
effects in other tissues. The JetPEI carrier lacks selective specificity for
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AT, which may result in delivery to non-adipose tissues [46 [41,42,44].
To overcome these challenges, we have joined other researchers in
exploring alternative targeting strategies, such as nanoparticles with
specific properties that can enhance accumulation in adipose tissue and
achieve selective drug delivery [31]. In this regard, previous approaches
for delivering miRNAs using gold nanoparticles have often faced chal-
lenges due to the complex procedures required to attach miRNA to the
gold nanoparticles [34]. However, in this study, we present a novel and
comparatively straightforward method for producing monodisperse
Au@16-ph-16/miR-21 nanoparticles, offering an easy and efficient
approach. Au@16-ph-16/miR-21 includes cationic gemini 16-ph-16
surfactants, which are amphiphilic compounds with excellent
hydrophilic-hydrophobic balance (HLB) values, making them suitable
for various applications such as detergents, pharmacy, or personal care
products [36,37]. According to Davies’ method, the HLB value for the
16-Ph-16 gemini surfactant is 6.1, categorizing it as a lipophilic mole-
cule [45]. Therefore, we propose that the lipophilic nature of the
Au@16-ph-16/miR-21 mimic nanosystem may result in increased
interaction with AT compared to non-adipose organs. This potential
specificity holds promise for minimizing off-target effects and toxicity
[43]. To strengthen our hypothesis, in a comparative study between
JetPEl and Au@16-ph-16 as two distinct carriers for the miR21 mimic, it
was observed that when the miR21 mimic was delivered with the
Au@16-ph-16 nanosystem as a vehicle, it did not reach other tissues,
such as the heart, liver, spleen, brain, and kidney. This observation was
based on the absence of significant increases in miR21 levels detected in
these organs after the in vivo treatment (Fig. S3). In contrast, when using
JetPEl, substantial increases in miR21 levels, especially in the heart,
liver, and kidney, were observed after treatment (Fig. S5). This finding
suggests that designing a therapy specifically tailored to target AT might
be more effective and straightforward using Au@16-ph-16 compared to
JetPEL. However, it should be acknowledged that these lipophilic
characteristics may also allow the nanosystem to reach other organs
where, also, fat accumulates, such as the heart or liver. Thus, further
studies and technologies should be conducted to guarantee that the
delivery of this nanosystem is exclusively limited to AT. For this therapy,
we believe that subcutaneous fat would be the most appropriate target
tissue, as its local application would be less bothersome and invasive for
the patient compared to visceral fat. Application to visceral fat, for
example, would require a more invasive and painful technology.

In this study, although we observed an increase in miR-21 levels in
visceral fat, we were unable to detect browning induction in this tissue.
This was expected, as it is known that in mice, visceral fat is less sus-
ceptible to browning, while in humans, the pattern is different, and
visceral fat is more prone to browning than subcutaneous fat [46].
Despite this, visceral fat remains an unfavorable candidate as a target
tissue for this type of therapy due to the requirement for more invasive
protocols for the patient.

In terms of future perspectives, despite the lipophilic surfactant
present in this nanosystem, further studies and technologies should be
conducted to ensure that the delivery of this nanosystem is exclusively
limited to AT. Additionally, we are convinced that the strong positive
charge of the Au@16-ph-16/miR-21 mimic nanosystem, along with its
size and form, can be harnessed to effectively confine the presence of the
miR-21 mimic to the localized site of administration, thereby reducing
any unintended dispersion.

It is important to highlight that, in addition to ensuring the specific
delivery of the nanosystem to AT, it is also necessary to ensure that
traces of Au@ nanoparticles do not remain in certain organs. In this
regard, in our previous study of Au@16-ph-16/miR-21 mimic toxicity
we obtained encouraging results [33] as ex-vivo CARS microscopy ex-
periments provided evidence of the non-accumulation of these Au@
nanoparticles in the principal organs studied, including livers, spleens,
lungs, brains, kidneys, and fat tissue. However, additional studies are
needed in order to verify the safety of this approach.

Another point to emphasize is, anticipation of future clinical trials,
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the utilization of a minimal quantity of miRNA mimic may be impera-
tive, as it would allow for a meticulous and controlled assessment of the
therapy’s potential benefits while mitigating potential risks and
improving cost-effectiveness. Typically, achieving a successful thera-
peutic effect with synthetic miRNA requires higher amounts compared
to those used in our nanosystem [47]. Here, the use of lower quantities
of miR-21 mimic in our nanosystem when compared to the JetPEI sys-
tem led to minimize non-specific side effects or accumulation in other
tissues, which would be beneficial during prolonged treatment, while
also improving cost-effectiveness.

Moreover, to date previous attempts to enhance therapeutic effects
by improving the interaction between AT and nanoparticles have
required complex engineering and the incorporation of functional
molecules, such as targeting ligands, resulting in larger nanostructures
[48]. Our nanosystem overcomes this limitation by utilizing a smaller
gold core (~3 nm) and a non-complex structure (diameter of 10-13 nm)
[33], which may allow increasing drug loading capacity, enabling the
delivery of larger quantities of therapeutic agents, improving cellular
uptake and reduce the risk of toxicity, and thereby minimizing potential
adverse effects [46]. Recent studies describe potential
nanotechnology-based treatments, where nanoparticles are coated with
peptides to target WAT, such as Rosiglitazone, an agonist of the perox-
isome proliferator-activated receptor y (PPARy) [49], and the Notch
inhibitor, Dibenzazepine (DBZ) [50]. To minimize the off-target effects
of Rosiglitazone and maximize its browning activity, required complex
engineering of the delivery system, where Rosi is encapsulated into
prohibitin-targeted nanoparticles, modified with an octaarginine pep-
tide ligand via a long prostaglandin E2 analog linker to enhance cell
penetration and uptake, resulting in a large nanosystem with a diameter
of 90-100 nm [49]. In other studies, researchers have used localized
delivery into adipose tissue, such as injecting DBZ-loaded NPs (with a
size of 177 nm) into the inguinal WAT deposits of diet-induced obese
mice, which resulted in adipocyte browning, improved glucose ho-
meostasis, and reduced body weight gain of the treated mice [50].

This study has also other limitations. We used miR-21 expression as a
readout for miR-21 delivery and could not distinguish between endog-
enous and exogenous miR-21. Hence, we cannot discard that the
nanosystem is somehow increasing miR-21 expression, together with
being specifically delivered to the adipose tissue. Further studies tracing
either the nanosystem itself or the exogenous miR-21 are warranted.

5. Conclusions

The data presented in this study underscores the promising potential
of Au@ 16-ph-16/miR-21 mimic as a therapeutic solution for obesity
and its related conditions in the realm of clinical translation. Altogether,
the current findings, along with our prior research [19,33], significantly
contribute to advancing the Technology Readiness Levels. This progress
opens up a pathway for future investigations and the initiation of clinical
trials and human studies to assess the efficacy and safety of the
Au@ 16-ph-16/miR-21 mimic nanosystem in individuals dealing with
obesity and metabolic disorders.
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