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Developing MiR-133a Zipper Nanoparticles for Targeted
Enhancement of Thermogenic Adipocyte Generation

Sang Ah Yi, Thanapat Pongkulapa, Sarah Nevins, Li Ling Goldston, Meizi Chen,
and Ki-Bum Lee*

Existing delivery methods for RNAi therapeutics encounter challenges,
including stability, specificity, and off-target effects, which restrict their clinical
effectiveness. In this study, a novel miR-133a zipper nanoparticle (NP) system
that integrates miRNA zipper technology with rolling circle transcription
(RCT) to achieve targeted delivery and specific regulation of miR-133a in
adipocytes, is presented. This innovative approach can greatly enhance the
delivery and release of miR-133a zippers, increasing the expression of
thermogenic genes and mitochondrial biogenesis. he miR-133a zipper NP is
utilized for the delivery of miRNA zipper-blocking miR-133a, an endogenous
inhibitor of Prdm16 expression, to enhance the thermogenic activity of
adipocytes by modulating their transcriptional program. Inhibition of
miR-133a through the miR-133a zipper NP leads to more significant
upregulation of thermogenic gene expression (Prdm16 and Ucp1) than with
the free miR-133a zipper strand. Furthermore, miR-133a zipper NPs increase
the number of mitochondria and induce heat production, reducing the size of
3D adipose spheroids. In short, this study emphasizes the role of RNA NPs in
improving RNAi stability and specificity and paves the way for broader
applications in gene therapy. Moreover, this research represents a significant
advancement in RNAi-based treatments, pointing toward a promising
direction for future therapeutic strategies.

1. Introduction

Therapeutic approaches that utilize ribonucleic acid (RNA) moi-
eties have shown significant promise in addressing a broad
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spectrum of diseases and health conditions,
from viral infections and genetic abnormal-
ities to numerous cancer types.[1,2] The piv-
otal role of RNA in a myriad of vital biolog-
ical processes highlights its potential as a
therapeutic agent. It is instrumental in gene
expression and the synthesis of proteins.
In contrast to DNA-based therapies, RNA’s
regulation of cellular processes is transient,
thereby positioning it as a promising ap-
proach for drug development in clinical en-
vironments. Furthermore, DNA-based ther-
apeutics may carry a risk of genotoxicity
due to the possibility of off-target muta-
tions in the genome, a concern not as
prevalent in RNA-based approaches.[3] In
contrast, RNA-focused therapies can inter-
act with biological processes by manipulat-
ing RNA, effectively addressing the funda-
mental issues present in various diseases.
This approach enables the correction of
molecular dysfunctions, offering a targeted
therapeutic strategy for addressing various
medical conditions. For instance, 17 RNA
technologies have received clinical approval
for therapeutic purposes.[4] Besides these
approved technologies, 222 distinct RNA

technologies are undergoing clinical trials.[4] These include an-
tisense oligonucleotides (ASOs), microRNA (miRNA) mimics,
messenger RNAs (mRNAs), small interfering RNAs (siRNAs),
and aptamers.

While RNA interference (RNAi) therapeutics hold significant
promise, the practical clinical application of these treatments
hinges on the ability to deliver RNA to cells and tissues in a
targeted and efficient manner. It is crucial to ensure that RNA
drugs are accurately directed to their intended locations within
the body to harness the full therapeutic potential of this promis-
ing technology. Various strategies, including viral vectors, lipo-
somes, polymers, and nanoparticles (NPs), have been developed
for delivering siRNA into cells.[2,5] These methods utilize differ-
ent materials for cell uptake and incorporate extended templates
capable of carrying multiple siRNAs. This enhances the thera-
peutic potential and quantity of siRNA delivered. However, con-
ventional RNAi technology with current delivery methods faces
challenges, such as agent instability, limited therapeutic efficacy,
and potential off-target effects. For example, small RNA silencing
technologies such as miRNA inhibitors and siRNA have been cor-
related with off-target gene expression, which can be reduced but
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not eliminated through chemical modifications such as a 2′-O-
methyl ribosyl substitution at position 2 from the 5′ end in the an-
tisense strand.[6,7] Modified nucleic acid strategies, such as locked
nucleic acids (LNAs) connected between 2′-O and 4′-C,[8] miRNA
sponges,[9] and miRNA masks,[10] have also been developed to
increase the specificity of these RNAi therapeutics. Furthermore,
adeno-associated virus (AAV) and lipid nanoparticle (LNP) for-
mulations have recently been used to transfect RNA therapeu-
tics and vaccines, including for delivering COVID-19 vaccines,
as they assist in RNA uptake into cells.[11,12] However, a main is-
sue with the AAV-mediated delivery system is off-target effects
such as vaccine-induced immune thrombotic thrombocytopenia
(VITT).[13,14] It has been reported that the AAV shell and proteins
can recruit platelets to surround foreign proteins, which induces
abnormal blood clotting.[14,15] In addition, polyethylene glycol
(PEG), a common component of LNPs, is thought to cause severe
allergic reactions, including anaphylaxis, upon vaccination.[16]

The aforementioned challenges underscore the imperative
need for advanced delivery methods to maximize the efficacy of
RNA-based therapies. Consequently, there is an urgent need for
an innovative platform capable of delivering small RNAs with
high precision and minimal side effects aimed at either inhibit-
ing or replicating natural nucleic acids. RNA-based NP technolo-
gies show promise in surmounting the limitations of traditional
RNA therapeutics, including low loading capacity, brief molec-
ular half-life, and unintended off-target effects.[5,17–19] Moreover,
they can also be functionalized by targeting ligands for directed
delivery to specific cells or tissues. This makes NPs an ideal vehi-
cle for delivering RNA therapeutics. Initial self-assembled RNA
particle design by Lee et al. showed the potential of RNA self-
assembly into NPs.[20] Subsequently, RNA NPs have been con-
fined to smaller sizes and had template modification to deliver
multiple siRNA at once.[18,21] In short, RNA-based NP technolo-
gies have the potential to revolutionize the treatment of many
diseases, such as cancer, genetic disorders, and infectious dis-
eases. NP-based methods offer the potential to deliver various
types of RNA biomolecules. An example is the miRNA zipper,
developed by Meng et al., which has demonstrated enhanced ef-
ficacy in miRNA silencing.[22] The zipper system inhibits the ac-
tion of endogenous oligonucleotides through end-to-end connec-
tion to form a zipper structure with the target, therefore silencing
its detrimental effect.[22] This system potentially advances cur-
rent RNAi technology by creating miRNA zipper NPs for the
enhanced silencing of miRNAs critical to disease onset. For ex-
ample, utilizing the miRNA zipper design has great potential
for inhibiting miR-133a, a critical miRNA target for controlling
adipocyte cell remodeling through regulation of the thermogenic
gene expression pathway.[23,24] These advancements might revo-
lutionize the development of RNAi-based therapeutics for vari-
ous diseases.

One area of particular interest is the study and manipulation
of adipocytes, which play a crucial role in energy balance and
metabolism. Adipocytes store surplus energy as lipid droplets,
thereby preventing fat accumulation in other tissues and pro-
tecting them from lipotoxicity.[25] Understanding and potentially
altering the function of these cells through RNAi could provide
novel insights into energy expenditure, involving processes such
as the activation of brown fat or the transformation of white fat
into brown-like fat.[26] This approach is especially relevant given

the distinct ways in which different types of adipocytes, such as
white and brown adipocytes, store energy in lipid droplets.[27]

Brown adipocytes have a larger surface area, facilitating easier en-
ergy utilization in the form of lipids.[27] Additionally, it is worth
noting that heat generation can induce energy expenditure.[27]

For this purpose, miR-133a is a critical barrier to adipocyte
browning by directly targeting the 3′ UTR on Prdm16, a key tran-
scription factor for thermogenic gene expression. Prdm16 directs
Myf5-positive progenitor cells with bidirectional cell fates, mus-
cle cells, and brown adipocytes toward a brown fat lineage.[28]

There are two types of brown fat cells – innate brown adipocytes
and inducible brown-like fat cells or beige adipocytes. Brown adi-
pose differentiation is promoted through ectopic PRDM16 ex-
pression in myoblasts, activating brown fat-selective transcrip-
tional programing.[28,29] More importantly, forced PRDM16 ex-
pression in white fat depots triggers the formation of beige
adipocytes with increased thermogenic gene expression, includ-
ing UCP1.[30,31] UCP1-enriched adipocytes can consume stored
lipids through non-shivering heat generation,[32] so the pheno-
typic changes promoted in inducible beige adipocytes through
thermogenic gene expression would be desirable for effectively
treating obesity and related metabolic complications.

Hence, miR-133a inhibition or depletion, which induces
PRDM16, has been investigated as a browning strategy. Prevent-
ing PRDM16 suppression through the transfection of anti-miR-
13324 or knockout of miR-133a.[33] resulted in adipocyte brown-
ing of subcutaneous adipose tissues. Our earlier study identified
that reducing miR-133a levels with a small molecule promotes
the browning of white adipose tissues and exhibits anti-obesity
effects.[34] Excess lipid accumulation in vivo causes the expan-
sion of adipose tissues through an increase in either adipocyte
number (hyperplasia) or size (hypertrophy).[35,36] Hyperplasia oc-
curs with angiogenesis and prevents the onset of insulin resis-
tance, while hypertrophic expansion of adipocytes results in in-
flammation, fibrosis, and hypoxia and is linked to a decrease in
angiogenesis.[35–37] Furthermore, hypertrophic adipocyte remod-
eling in obesity increases the likelihood of developing metabolic
disorders by altering the adipokine secretome and inducing
insulin resistance.[38] Adipocyte remodeling into thermogenic
adipocytes can help circumvent the harmful effects of excessive
body fat accumulation to improve metabolic status.[38] As a re-
sult, the inhibition of miR-133a holds great potential in promot-
ing adipocyte remodeling and serving as an essential therapeutic
strategy for obesity treatment.

To advance miRNA-based therapies and address critical chal-
lenges related to obesity treatment, herein we developed a novel
hybrid miR-133a zipper NP system that induces the browning of
white adipocytes effectively and selectively, as depicted in Figure
1A. This innovative, bio-inspired NP design can suppress spe-
cific endogenous or targeted miRNAs through a miRNA zip-
per mechanism. Additionally, it can deliver siRNA together with
miRNA, thus enhancing the therapeutic potential of the system
(Figure 1A).

In the context of T7 RNA polymerase activity, we used rolling
circle transcription (RCT) with circular DNA (cDNA) templates.
These templates contained the miR-133a zipper and GFP siRNA
sequences, which formed self-assembling NPs (Figure 1B). We
confirmed that these NPs were uptaken by cells and processed by
intracellular dicer to simultaneously release miR-133a zippers
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Figure 1. MiR-133a zipper NP-mediated miRNA inhibition of miR-133a and induction of beige adipocytes. A) Schematic illustration of miR-133a zipper
NPs encoding miRNA zipper for intracellular miRNA inhibition via complementary interaction. B) Fabrication process of miR-133a zipper NPs via RCT.
C) MiR-133a zipper NPs inhibit miRNA-133a, resulting in upregulation of thermogenic genes (i.e., PRDM16, UCP1), hence increasing mitochondrial
biogenesis and thermogenesis in adipocytes.

to inhibit miR-133a and siRNA targeting GFP for gene si-
lencing. We assessed the significant effects of the miR-133a
zipper-releasing NPs on thermogenic gene expression and
mitochondrial biogenesis in adipocytes. The miR-133a zipper
showed better inhibition of miR-133a compared to other in-
hibitory sequences, as evidenced by its stronger binding capacity
and therapeutic effectiveness. Moreover, the treatment of 3D
adipose spheroids with the miR-133a zipper NP system resulted
in a decrease in adipose tissue size and an increase in thermoge-
nesis, suggesting the potential of the system for the treatment of
obesity (Figure 1C). Moreover, we confirmed that the template
strand was cleaved by dicer to release multiple RNA sequences
and that the NP was taken up by cells, which was achieved by
incorporating a siRNA sequence for GFP-silencing into the miR-
133a zipper NP. Overall, our innovative hybrid miR-133a zipper
NP system not only enhances the efficiency of the miR zipper
through NP-based delivery, but also demonstrates the possibility
of delivering multimodal RNAi therapeutics altogether, high-
lighting its wide range of potential applications in biomedicine.

2. Results and Discussion

2.1. Design, Synthesis, and Characterization of miRNA
Zipper NPs

DNA strands were carefully designed to enable the creation of
DNA templates capable of transcription and self-assembly into
a repeated bubble-like RNA secondary structure. This specific
structure is essential for the successful formation of the NPs. To
this end, two linear single-stranded DNA templates encompass-
ing the sequence for the miR-133a zipper and either the sense
or antisense GFP siRNA underwent T4 ligation for cDNA tem-
plate formation, followed by in vitro transcription using T7 poly-
merase for miR-133a zipper NP fabrication (Figure 2A). As the
dicer-induced cleavage of long double-stranded RNAs preferen-
tially occurs within 21–23 nucleotides from the overhang,[39] the
complimentary duplex region had 21 nucleotides for releasing
miR-133a zipper from the NP without junk nucleotides (Figure
S1, Supporting Information). Based on an earlier study,[22] the
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Figure 2. Synthesis and characterization of miR-133a zipper NPs. A) Schematic diagram of miR-133a zipper NP fabrication process via template
circularization, followed by RCT. B) miR-133a zipper designs used in this study, namely 11G11 and 14G8. Refer to Figure S2 (Supporting Information)
for full-size gel. C) Confirmation of template circularization after ligation. (M = 100 bp ladder, +T4 = ligation reaction in the presence of T4 ligase,
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miR-133a zipper sequences were designed to have the 5′ and 3′

regions of miR-133a, in which the two sides of the zipper are
reversely linked with one gap nucleotide in the structure. There-
fore, the 5′ and 3′ sides of the miR-133a zipper can bind to part
of the miR-133a target sequence through a complementary inter-
action (Figure 2B).

We generated two miR-133a zipper sequence designs with
varying 5′ and 3′ arm lengths (11G11, same length of arms, 14G8,
longer 5′ arm) to determine the most effective zipper sequence
(Figure 2B). The designed miR-133a zipper sequence includes a
G base gap between the sequences binding each portion of the
miRNA because of the need for a base gap for efficient binding,
as well as the presence of an AAA repeat in miR-133a sequence
which could prevent proper binding with an A base gap. Follow-
ing the process of cDNA formation, the transformation from a
linear to a circular conformation of the DNA structure resulted
in a decrease in migration rate during gel electrophoresis. This
is because cDNA moves slower than linear DNA in native PAGE,
primarily due to its bulky shape.[40] Therefore, a slower migration
of cDNA compared to linear DNA confirmed the successful for-
mation of the circular template (Figure 2C). Exonucleases 1 and
3 were used to degrade improperly formed cDNA, as a more uni-
form template led to better NP formation, ensuring that the start-
ing template was fully formed cDNA (Figure 2D; Figure S2, Sup-
porting Information). The cDNA templates formed through T4
ligation were subsequently utilized for RCT with T7 polymerase
to generate miR-133a zipper NPs (Figure 2E; Figure S2, Support-
ing Information).

The size and surface morphology of the as-synthesized miR-
133a zipper NPs was confirmed by scanning electron microscope
(SEM) and transmission electron microscope (TEM). The SEM
images revealed the spherical shape of the particles with the sur-
face roughness, which is consistent with RNA NPs observed from
literature using similar synthetic methods (Figure 2F).[20,41–44]

The SEM and TEM images showed the NPs had a size ≈200 nm
(Figure 2F,G). Batch-to-batch variation was tested with DLS,
and no significant size difference was observed across the three
batches. The average hydrodynamic size of all three batches was
279.73 nm, with a standard deviation of 16.37 nm. (Figure S3,
Supporting Information). Furthermore, the NPs have a low av-
erage polydispersity index across three batches at 0.144 with
a standard deviation of 0.045 (Figure S3, Supporting Informa-
tion). The elemental composition of the NPs was analyzed us-
ing energy-dispersive X-ray spectroscopy (EDS), which verified
the presence of carbon, oxygen, phosphorus, and nitrogen, as
well as a trace amount of Mg2+ ions, confirming the success-
ful incorporation of the designed components into the NP struc-
ture. Mg2+ ions have been shown to help limit siRNA degrada-
tion by stabilizing RNA tertiary structure (Figure 2H; Figure S4,
Supporting Information).[45,46] MgCl2 is a reaction buffer com-
ponent used for cDNA formation and NP synthesis, and a small

amount was incorporated into the NP during synthesis. Further-
more, Mg2+ has been shown to promote cell entry and endosomal
escape through Mg2+ ion interactions with the lipid bilayer.[17,45]

Nanoparticle Tracking Analysis (NTA) assay confirmed the ho-
mogeneity of miR-133a zipper NPs (Figure 2I,J). The particles
were monodispersed, with the majority population at a size of
174.4 nm and a mean size of 236.9 nm. Atomic force microscopy
(AFM) was also used to elucidate the morphology and surface of
the NPs (Figure 2K), compared to previously reported miRNA-
inhibiting technologies. Moreover, we inserted the zipper seq.

2.2. Optimization of miRNA-133a Zippers for Effective Inhibition

RNAi-based therapy has become a critical therapeutic approach,
including a variety of forms allowing for diverse treatment op-
tions. RNAi therapeutics aims to regulate diverse cellular physiol-
ogy at the post-transcriptional level by silencing a natural process
of gene silencing. A previous study showed that reversine, a small
molecule first developed by Peter G. Schultz group,[47] promotes
white adipocyte browning through miR-133a suppression.[34]

However, small molecule-based therapies can induce adverse ef-
fects because small molecules have an array of targets rather than
a specified target, miR-133a in this case. Hence, the miRNA zip-
per design is optimal for silencing miR-133a to minimize off-
target effects. Our hybrid miR-133a zipper NP structure con-
tains an alternating sequence of the fully-hybridized duplex re-
gion made of siRNA targeting green fluorescent protein (GFP)
and a non-hybridized open region of the miR-133a zipper (bub-
ble region), which are released after cleavage by intracellular dicer
or RNases. (Figure 3A).

First, we compared target miRNA binding efficiency to evalu-
ate small RNA binding after release from the self-assembled NP
and RNA interference. To confirm miRNA zipper formation and
compare the binding efficiency of the miR-133a zipper original
oligomer, LNA-containing oligomer, zipper NP, and the 5′ → 3′

miRNA sequence outside of cells, binding to the target sequence
was determined using a gel electrophoresis RNA binding shift as-
say with native polyacrylamide gel electrophoresis (PAGE). LNA
is another tool for increasing the stability and affinity of oligonu-
cleotides, such as miR-133a zipper, and exhibits a bicyclic struc-
ture in which a 2′-O-CH2-4′ linkage makes a flexible furanose
more rigid and resistant to nuclease[8,48] (Figure S5, Supporting
Information). Based on evidence that oligonucleotides contain-
ing LNA in both ends of the miRNA sequence inhibit mRNA
expression efficiently,[48] we designed miR-133a zipper (11G11)
to contain LNA at both 3′ and 5′ ends while minimizing self-
complementarity (Figure S5, Supporting Information).

The quantification of both the disappearance of the miR-133a
target sequence and the appearance of the bound target was con-
ducted to assess the binding efficiency (Figure 3B,C; Figures

-T4 = ligation reaction in the absence of T4 ligase). Refer to Figure S2 (Supporting Information) for full-size gel. D) Confirmation of exonuclease 1 and
3 digestion after template circularization (+Exo = Exonuclease 1 and 3). Refer to Figure S2 (Supporting Information) for full-size gel. E) Confirmation of
miR-133a zipper NP formation. Refer to Figure S2 (Supporting Information) for full-size gel. F) Scanning electron microscope (SEM) image of miR-133a
zipper NPs (scale bar = 2μm), inset: high magnification SEM image of miR-133a zipper NPs (scale bar = 100nm). G) Transmission electron microscope
(TEM) image of miR-133a zipper NP (scale bar = 100 nm), inset: higher magnification TEM image of RNA NP. H) Elemental composition of siRNA NPs
I) NP concentration and size from NP Tracking Analysis (NTA). J) NTA video and K) AFM image of miR-133a zipper NPs (image is 10 μm by 8.33 μm).
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Figure 3. Functional confirmation of released small RNAs from miR-133a zipper NP. A) Schematic illustration of miR-133a zipper NP system encoding
both single-stranded RNA zipper complementary to miR-133a and double-stranded siRNA complementary to GFP mRNA for simultaneous gene inhi-
bition. B) Images of native PAGE gels to test RNA binding to target. Refer to Figures S6, S8, and S10 (Supporting Information) for Full-size gels. C)
Quantification of RNA binding to target and target sequence disappearance relative to the intensity of the fully unbound target from gels (n=3). Refer
to Figures S6, S8, and S10 (Supporting Information) for Full-size gel triplicates.

S6, S8, and S10, Supporting Information). Throughout all the
lanes, the target weight was held steady, whereas the weight of
each binding oligonucleotide was progressively raised, reaching
a maximum of twice the target weight. Therefore, the amount of
each sequence that binds the miRNA target could be quantified
relative to the free sequence and target. The miR-133a zipper se-
quences, 11G11 and 14G8, had superior binding to the standard
5′ → 3′ miRNA sequence, based on analysis of the gels for RNA
binding kinetics (Figures S7, S9, and S11, Supporting Informa-
tion). This can be correlated with the inability of the complete

miRNA complement to bind more than a single miR-133a target
sequence. Thus, the 5′ → 3′ miRNA sequence stopped showing
an increase in bound product past a 1 to 1 ratio of the target to its
complementary sequence. The binding efficiency of the zipper
sequence, including LNA, was similar for 11G11 miRNA zipper
and slightly higher than the 14G8 miRNA zipper (Figures S7,
S9, and S11, Supporting Information). The efficient binding to
the target miRNA sequence outside of cells is critical for the op-
timal effectiveness of the miR-133a zipper NP. The exponential
increase in band intensity at various lengths with the addition of
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higher RNA, DNA, and LNA-based zipper oligonucleotides to tar-
get ratios can be correlated with the formation of different-length
zippers. The 3′ → 5′ miRNA sequence showed no significant
binding at any ratio to the target sequence, further illustrating
the inefficiencies of standard complementary sequences for RNA
binding. The comparable binding of the RNA zipper sequence
to the ssDNA sequence gives evidence that the ssDNA template
used for RNA transcription is optimal for RNA zipper sequence
and NP development. Furthermore, we confirmed an increase in
binding efficiency with a G base gap over an A base gap, which we
chose for miR-133a zipper NP formation due to sequence struc-
ture, as previously discussed (Figures S12 and S13, Supporting
Information).

2.3. Targeted Delivery and Intracellular Release of miR-133a
Zipper NP in Adipocytes

Next, we assessed intracellular delivery of the miR-133a zipper
NPs by tracking the fluorescence signal of 6-carboxyfluorescein
(FAM)-containing miR-133a zipper NPs in adipocytes differenti-
ated from 3T3-L1 preadipocyte cells (Figure 4A). The FAM sig-
nal was detected near the nucleus of adipocytes 4 h after NP
treatment and overlapped with the nuclear membrane after 8 h
(Figure 4B). The data indicates that bubble-structured miR-133a
zipper NPs are delivered into the nucleus of adipocytes within
8 h. To verify the release of miRNA zipper and siRNA from the
miR-133a zipper NP, native PAGE was run after a dicer cleavage
assay, which enabled us to quantify the amount of miRNA zipper
released from the NPs over time (Figure 4C; Figure S14, Support-
ing Information). We then used RT-qPCR to quantify the amount
of miRNA using standard curve quantification. The result shows
that the RNA zipper accounted for 8.9% wt. of the miR-133a zip-
per NP (Figure S15, Supporting Information). The theoretical
amount of zipper in the particle would be 12.9% showing the
quantified amount is close to the theoretical amount. Further-
more, based on the 8.9% by weight, 10 nM LNA should deliver
the same weight of the miR-133a zipper as 7.36 μg mL−1, 30 nM
LNA is equiv. to 20 μg mL−1 miR-133a zipper NP, and 50 nM
LNA is equiv. to 36.7 μg mL−1 miR-133a zipper NP. GFP-signal
quenching was studied in GFP-expressing adipocytes upon GFP-
siRNA release from the miR-133a zipper NP to confirm intracel-
lular cleavage of the small RNA (Figure 4D). At 24 and 48 h after
treatment of adipocytes with the NP, GFP signal intensity was re-
markably ablated by siRNA release regardless of miR-133a zipper
design (Figure 4D). The numbers of cells expressing GFP were
counted and normalized to the number of DAPI-stained cells.
This further confirmed a significant decrease in GFP-expressing
cells upon miR-133a zipper NP treatment (Figure 4E).

miR-133a directly interacts with Prdm16 mRNA transcript to
act as an endogenous suppressor of the expression of Prdm16
gene.[24] Therefore, deleting or antagonizing miR-133a success-
fully elevated thermogenic gene expression in adipose tissues
and browning of mouse adipose tissues.[24,33] In our strategy, after
miR-133a zipper NP delivery to adipocytes and cleavage by intra-
cellular RNase, the released miR-133a zippers would freely bind
to the miR-133a target, resulting in the induction of Prdm16-
mediated thermogenesis. To assess the stable delivery of the miR-
133a zipper with the miR-133a zipper NP and determine thera-

peutic potential, changes in expression levels for key downstream
targets of miR-133a were compared after miR-133a zipper NP de-
livery or the transfection of miRNA zipper oligonucleotides and
LNA-based zipper oligonucleotides, which were designed as il-
lustrated in Figure S5 (Supporting Information). The cell viability
was tested after delivery of the miR-133a zipper NP or LNA with
Lipofectamine, a widely used transfection reagent for in vitro ex-
periments, in a concentration-dependent manner to check cell vi-
ability after NP delivery in comparison to control adipocytes and
LNA delivered with Lipofectamine (Figure S16, Supporting In-
formation). To evaluate the therapeutic effects of both the LNA
zipper and the RNA NP, the same amount of LNA and miR-
133a zipper NPs were delivered by weight based on the percent-
age of miR-133a zipper experimentally determined to be in the
NP. To further confirm the therapeutic effects of both the LNA
zipper and the RNA NP the same concentrations were tested to
confirm RNA expression 24 h after NP delivery. A significant in-
crease in PRDM16 and UCP1 expression was observed with the
NP in a concentration dependent manner (Figure S17, Support-
ing Information). No significant increase was seen in UCP1 with
LNA zipper and the PRDM16 upregulation had less significance
with LNA zipper than the miR-133a zipper NP. To compare the
functional effects of three different compounds, namely the miR-
133a zipper original oligomer, LNA-containing oligomer, and NP,
expression levels for Prdm16 and its downstream thermogenic
gene, Ucp1 were tested (Figure 4F). Lipofectamine was used to
deliver either the standard zipper sequence or the LNA sequence
at a concentration of 50 nM. Notably, the Prdm16 and Ucp1 tran-
scription levels were the highest in adipocytes treated with the
miR-133a zipper NP at 20 μg mL−1 (Figure 4G). However, mature
white adipocyte marker (Fabp4) gene expression was not signif-
icantly altered by all three developed miR-133a zipper delivery
systems, meaning a consistent differentiation rate of white fat-
like cells, although the cells displayed browning characteristics
with NP delivery (Figure 4G).

Enhancing oligonucleotide therapeutic intracellular stability
has been a critical challenge. Therefore, researchers have stud-
ied nucleotide backbone modification as a tool to enhance the
stability and affinity of oligonucleotide drugs.[49] LNA is one of
the most favorable RNA modifications for RNA therapeutics
due to significant improvements in RNA-binding affinity and
stability.[48] The first group to suggest the miRNA zipper concept
utilized LNA to enhance the zipper oligonucleotide stability
and affinity for binding.[22] Nevertheless, our self-assembled
NP was more potent than LNA-containing miR-133a zipper. It
has been reported that LNA inclusion showed a larger effect
on short oligomer (less than 10 bases) binding than longer
oligomer binding.[50] Since miRNA and siRNA are usually 21–23
nucleotides in length,[1] our approach to deliver RNAi as a
nanostructure is more suitable for RNAi therapeutics than LNA
inclusion. Our data suggests that transfection with nascent zip-
per strands has minimal impact even after prolonged exposure.
The RNA design includes double-stranded siRNA segments
surrounding the miRNA zipper sequence, creating a more re-
sistant nanostructure to enzymatic degradation. In comparison,
single-stranded RNA is more susceptible to enzymatic hydrolysis
and is less stable in blood plasma.[20] The improved stability
within cells leads to a stronger therapeutic effect, even though
the RNA zipper and the LNA zipper sequence have similar
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Figure 4. Effects of miR-133a zipper NP delivery systems on thermogenic gene expression. A) Brightfield image of differentiated 3T3-L1 adipocytes (scale
bar = 100 μm) B) Fluorescent images showing the cellular uptake of 11G11 miR-133a zipper NPs in a 3T3-L1 adipocyte (Green = fluorescein-labeled
RNA NPs, Blue = nucleus staining by Hoechst 33342). C) The release of miRNA zipper from miR-133a zipper NPs in Dicer reactions. Refer to Figure
S14 (Supporting Information) for Full-size gels. D) GFP knockdown by miR-133a zipper NPs after 24 and 48 h of transfection (scale bar = 50μm). E)
Quantification of GFP-positive 3T3-L1 adipocytes after treatment of miR-133a zipper. A one-way ANOVA with post-hoc Tukey test (n = 2-3, *p < 0.05,

Adv. Healthcare Mater. 2024, 2400654 2400654 (8 of 15) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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efficiencies in binding targets in extracellular environments. NP
stability during intracellular delivery may be further linked to the
presence of Mg2+ ions, which have been shown to stabilize RNA
tertiary structure, preventing degradation of the RNA before
cellular delivery and cleavage by dicer.[45,46] Therefore, the intra-
cellular delivery rate of miR-133a zipper NP may be higher than
nascent oligonucleotides due to its high stability in biological
conditions, leading to significant differences in miR-133a zipper
effectiveness in cells, although the binding efficiency to the
target extracellularly is similar. Thus, the assembly of miR-133a
zipper into the NP likely allowed for more significant changes in
gene expression than LNA due to the enhanced uptake into cells.
Future research that compares the cellular uptake efficiency
between LNA and miR-133a zipper NP could determine if the
observed increase in gene expression changes in vitro is mainly
caused by improved cellular uptake.

2.4. MiR-133a Zipper NP Induces Thermogenic Remodeling of
Adipocytes

Next, we investigated the influence of the miR-133a zipper se-
quence on miRNA inhibitory action using 11G11 and 14G8 miR-
133a zipper sequences for NP formation. RT-qPCR data showed
that both the 11G11 and the 14G8 miR-133a zipper NPs highly
enhanced thermogenic gene expression, while transfection with
Lipofectamine of original 11G11 and 14G8 miR-133a strands
showed minimal effects (Figure 5A). Interestingly, there was no
significant difference in effects between the 11G11 and 14G8
zipper sequences when self-assembled into the NP (Figure 5A).
Similarly, Prdm16 and Ucp1 protein levels were elevated upon
11G11 and 14G8 NP treatment, as shown with a western blot
assay (Figure 5B; Figure S18, Supporting Information). To as-
sess the targeted binding capability of the miR-133a zipper NP,
we conducted qPCR analysis to evaluate the levels of miR-133a
in adipocytes (Figure S19, Supporting Information). The knock-
down efficiency of miR-133a was ≈50–60% for both NPs, while
the transfection of original strands or LNA-containing zipper
strands did not significantly reduce miR-133a levels (Figure S19,
Supporting Information). The data showed that miR-133a zipper
NPs can effectively decrease miR-133a intracellular levels, thus
preventing miR-133a-mediated Prdm16 suppression.

UCP1 mediates non-shivering thermogenesis by convert-
ing electrochemical energy into heat in the inner mitochon-
drial membrane.[51] Thermogenic activation in adipocytes is fre-
quently accompanied by mitochondrial biogenesis, a hallmark of
brown fat.[52] Thus, we tested whether the miR-133a zipper NP
induces mitochondrial biogenesis in adipocytes. Mitochondrial
contents were evaluated with MitoTracker Green staining dye,
which stains mitochondria in live cells. A strong green fluores-
cence signal should be detected in thermogenic beige or brown-
like adipocytes containing a high density of mitochondria, while
a number of low mitochondria should lead to a weak green sig-
nal in non-thermogenic white adipocytes (Figure 5C). The green
fluorescence signal intensity showed a significant increase, as

anticipated, when the miR-133a zippers (11G11 or 14G8) were
released by the NPs (Figure 5D). However, the increase in sig-
nal intensity was minimal when each original strand was trans-
fected individually (Figure 5D). Quantification analysis of the mi-
totracker signal relative to Hoechst 33342 staining the nucleus
also showed clear mitochondrial biogenesis by miR-133a zipper
NPs (Figure 5E). The signal intensities in cells transfected with
the original zipper strands showed a slight increase, yet remained
lower than in cells transfected with the NP, aligning with the un-
changed thermogenic gene expression. Collectively, the data pre-
sented in Figure 5 demonstrates that both designs of the miR-
133a zipper NP, 11G11 and 14G8, effectively promote the ther-
mogenic activation of adipocytes.

2.5. MiR-133a Zipper NP Reduces the Size of 3D Adipose
Spheroids Through Thermogenesis

Three-dimensional (3D) adipose spheroids are optimal to recapit-
ulate the morphology and function of in vivo adipose tissues in
fat depots.[53] To assess the impact of the miR-133a zipper NP
on reducing adipose size, we closely observed the changes in
the size of 3D adipose spheroids following the administration of
these NPs. Initially grown as a monolayer on the surface of plates,
adipocytes were detached and re-aggregated within a 3D culture
system. The resulting adipose spheroids were treated with miR-
133a zipper NPs or transfected with the original zipper strands
on alternate days. 6 days after the initial treatment, the spheroid
size was monitored, and RNA was extracted for an RT-qPCR as-
say (Figure 6A). Using FAM-tagged miR-133a zipper NPs, we ob-
served NP delivery into the 3D adipose spheroids (Figure S13,
Supporting Information). Both miR-133a zipper NPs, 11G11 and
14G8, caused a significant reduction in the diameter of adipose
spheroids starting on day 4, while original zipper strands had
little effect on adipose spheroid size, even on day 6 (Figure 6B;
Figures S20 and S21, Supporting Information). Furthermore,
14G8 miR-133a zipper NPs led to a more significant decrease in
spheroid diameter on day 4 than 11G11 miR-133a zipper NPs,
although both NPs had similar significance. The theoretical vol-
ume of the spheroids based on the spheroid diameter also shows
a decrease from the control (Figure S22, Supporting Informa-
tion). The ratio of the theoretical volume of the spheroid to that of
the control demonstrates consistent effects, maintaining a ratio
below 1 without significant changes between days 4 and 6 (Figure
S23, Supporting Information). Similarly, Prdm16 and Ucp1 ex-
pression levels were significantly promoted by the zipper system
but not by the original strands (Figure 6C).

Since the expansion of adipose tissue is a key hallmark of
obesity, inhibiting adipose tissue growth is a critical parameter in
assessing the efficacy of therapeutic interventions to treat obesity.
Recent studies illustrate that a 3D culture system of adipocytes
is a drug-responsive model that can largely replace animal
models.[54,55] Therefore, we assessed the mitochondrial biogen-
esis and thermogenesis of adipose spheroids for functional val-
idation using two bio-tracker dyes that detect mitochondria and

**p < 0.01). F) Schematic illustration of thermogenic beige adipocyte generation from white adipocyte, induced by miR-133a zipper. G) Relative mRNA
expression of key thermogenic genes upon treatment of adipocytes with different forms of miR-133a zipper. A one-way ANOVA with a post-hoc Tukey
test (n = 2-3, *p < 0.05, **p < 0.01, ****p < 0.0001).
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Figure 5. MiR-133a zipper NP induces thermogenic remodeling of adipocytes. A) Relative mRNA expression of key thermogenic genes after treatment
of adipocytes with miR-133a zippers. A one-way ANOVA with a post-hoc Tukey test (n=2-3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
B) Western blot analysis of thermogenic factors after treatment of adipocytes with miR-133a zippers. Refer to Figure S18 (Supporting Information) for
full-size gel. C) Evaluation of mitochondrial biogenesis using MitoTracker Green staining. D) Fluorescence microscopic images of adipocytes stained
for mitochondrial membrane (green) and nucleus (blue). E) Quantification of MitoTracker-stained cells, presented as relative intensity normalized to
Hoechst signal. A one-way ANOVA with a post-hoc Tukey test (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

cellular temperature, respectively (Figure 6D). Upon mitochon-
drial biogenesis in thermogenically active adipocytes, the green
fluorescent signal increased as measured by MitoTracker Green
dye fluorescence, while the red fluorescence signal of ERther-
mAC dye diminished at high temperatures in thermogenic
adipocytes (Figure 6E). After exposure to NPs or the original miR-
133a zipper strands for 6 days, the adipose spheroids were simul-
taneously stained with MitoTracker Green and ERthermAC. As
expected, green signals indicative of the mitochondria were sig-
nificantly increased, and red signals were quenched upon 14G8
or 11G11 miR-133a zipper NP treatment (Figure 6F). These
signal alterations were also observed in spheroids transfected
with the original zipper oligonucleotides, although it was not sta-
tistically significant for MitoTracker and led to a less significant
increase in thermogenesis than either NP (Figure 6F). The exper-
imental data with 3D adipose spheroids described above indicates
that our miR-133a zipper NP can promote thermogenesis and
reduce adipose size in tissue-like 3D structural conditions of the
cells, confirming the browning effects of miR-133a zipper NP.

The comparability in miR-133a zipper NP effectiveness across
different cell models points toward the potential of the NP’s abil-
ity to create consistent changes to gene expression, an essential
factor in RNA therapeutics. Furthermore, considering that miR-
133a zipper NPs effectively reduced adipose spheroid size, it is
expected that our NPs could reduce adipose mass in clinical use
to treat obesity. When we use this ex vivo 3D culture system, we
cannot exclude the possibility that only the cells located on the
surface of spheroids are affected by the miR-133a zipper. How-
ever, vasculature formation occurs throughout adipose tissues in
physiological conditions, so miR-133a zipper NP should theoret-
ically be delivered into the inner mass of adipose tissues due to
vasculature in vivo conditions. Furthermore, scavenger receptor
B1, previously shown to enhance uptake in spheroids, may also
play a significant role in the uptake of NPs into adipocytes, as
suggested by prior research.[56] Future studies with an adipose
spheroid model, including vasculature, and studying NP inter-
actions with scavenger receptor B1 might allow for assessing the
delivery and biological effects of nanostructured RNA mimicking
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Figure 6. Reduction of adipose mass, and induction of thermogenesis and mitochondria biogenesis in adipose spheroids through miR-133a zipper
NP. A) Schematic illustration of experimental workflow for evaluation of thermogenic remodeling in 3T3-L1 adipose spheroids. B) Optical microscopic
images and size measurement of adipose spheroids upon treatment with different forms of miR-133a zippers (image scale bar = 100 μm). A two-way
ANOVA with a post-hoc Tukey test (n = 8, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). C) Relative mRNA expression level of thermogenic genes
from adipocyte spheroids treated with different forms of miR-133a zippers. A one-way ANOVA with post-hoc Tukey test (n = 2-3, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). D) Schematic illustration of experimental workflow for evaluation of thermogenic remodeling in adipose spheroids.
E) Representative fluorescent images of adipocyte spheroids stained for mitochondrial membrane (using MitoTracker Green staining [Green]) and
thermogenesis (using ERthermAC staining [Red]) after treatment with different miR-133a zippers (scale bar = 200 μm). F) Quantification of fluorescent
intensities of mitochondrial membrane and thermogenesis staining from treated adipose spheroids relative to the control. A one-way ANOVA with a
post-hoc Tukey test (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

the human body condition. Furthermore, in vivo studies would
allow for the study of NP biodistribution, although the NP effect
should be limited outside of adipocytes, as previously discussed.

3. Conclusion

While many oligonucleotide delivery platforms for targeted gene
therapy have been developed,[49] achieving RNAi delivery with
high affinity, specificity, and stability remains a complex chal-
lenge. In this study, we have introduced an innovative miRNA-

modulating tool that enhances affinity, specificity, and stability
by integrating miRNA zipper technology and RCT-based RNA
NP technology. This tool employs a small oligonucleotide zip-
per that binds two miR-133a molecules via complementary in-
teraction with their 5′ and 3′ ends. The zipper’s nucleotides cap-
ture endogenous miRNA through complete complementary base
pairing, although its sequence differs from miR-133a, with re-
versed 5′ and 3′ regions at either 11 nucleotides (11G11) or 14
nucleotides (14G8) from the 5′ end. Leveraging these features,
we could inhibit miR-133a action with high affinity and specificity
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by incorporating it into a template along with GFP siRNA, creat-
ing a bubble-like structure that self-assembles into an miR-133a
zipper NP. This facilitates the delivery of the miRNA zipper into
both monolayered adipocytes and adipose spheroids. This work
showcases the potential of self-assembled miR-133a zipper NPs
in delivering miR-133a zipper to adipocytes for therapeutic ef-
fects and for siRNA and the miRNA zipper co-delivery. Upon de-
livery into adipocytes, the miR-133a zipper is released, effectively
binding endogenous miR-133a and promoting the expression of
its target, Prdm16. We observed that treatment with the miR-
133a zipper NP enhanced thermogenic gene expression and mi-
tochondrial biogenesis in both monolayered adipocytes and adi-
pose spheroids. In adipose spheroids, which more closely mimic
in vivo conditions, we observed a reduction in adipose mass and
an increase in cellular temperature following treatment with the
miR-133a zipper NP. As the miR-133a zipper NP comprises only
naturally biodegradable materials, our approach ensures biocom-
patibility and significantly reduces potential immune responses
or other adverse effects associated with foreign materials such as
LNPs, viruses, or inorganic substances.

Another important issue in gene therapy is tissue-specific
targeting to prevent unintended physiological outcomes in
non-pathogenic regions. miR-133a-mediated suppression of
PRDM16 was selected as the target to introduce cell type
specificity into the molecular mechanism of interaction with
PRDM16. Studies show that direct PRDM16 overexpression can
induce severe adverse effects derived from uncontrolled ther-
mogenesis in other tissues and white fat depots. Experimen-
tally, the injection of dinitrophenol (DNP), a classical mitochon-
drial uncoupling agent, causes heat production in all cells of
the body, leading to uncontrolled hyperthermia.[57,58] Unlike this
conventional method using artificial uncouplers, our approach
represses the action of an endogenous Prdm16 inhibitor, miR-
133a, thereby inducing thermogenesis only in adipose tissues
or muscle where miR-133a mainly functions. MiR-133a inhibi-
tion has been shown to selectively induce PRDM16 overexpres-
sion in muscle and fat cells, making it an optimal selection for
PRDM16 targeting.[57] With this approach, the thermogenic ac-
tivity of the miR-133a inhibiting NP is limited to the innate ac-
tion of miR-133a-mediated Prdm16 suppression, which occurs in
fat and muscle cells, thus preventing excessive heat production in
other tissue types and leading to off-target effects. Although miR-
133a is mainly expressed in adipocytes, miR-133a zipper NPs
could induce side effects when delivered to skeletal muscle or car-
diac muscle, which could be further studied through in vivo test-
ing. One previous literature generated miR-133a1−/−a2+/− mice
that have three out of the four miR-133a alleles knocked out, and
those mice had normal cardiac and skeletal muscles, while the
knock out resulted in browning of adipose tissues.[33] These find-
ings introduce a novel RNAi platform that leverages a specially
designed miR-133a zipper NP. In short, our developed platform
holds great promise for anti-obesity treatments through the gen-
eration of thermogenic adipocytes. This technology has great po-
tential for broader applications in various diseases, combining
miRNA zipper technology with siRNA delivery for multifaceted
therapeutic approaches. Overall, our innovative platform, lever-
aging meticulously designed self-assembled RNAi nanotechnol-
ogy, not only holds great promise for anti-obesity treatments, but
also has great potential for broader applications in various dis-

eases that combine miRNA zipper technology with siRNA deliv-
ery for multifaceted therapeutic approaches.

4. Experimental Section
Preparation of cDNA Templates: A 5′-phophorylated linear DNA (PAGE

purified, 85-base pair, 10 μM) was heated with a primer DNA containing T7
promoter sequence (22-base pair, 10 μM) in Duplex Buffer (30 mM HEPES,
pH 7.5, 100 mM potassium acetate) (Integrated DNA Technologies, USA)
at 95 °C for 2 min, then let cool down slowly to room temperature. After 1
h, the reaction vessel was added to the final concentration of 1X T4 buffer
(50 mM Tris-HCl, 10 mM MgCl2, 1 mM ATP, 10 mM DTT, pH 7.5) (New
England Biolabs, USA), 2.5 mM MnCl2 (Sigma-Aldrich, USA), and 200 U
μL−1 T4 DNA ligase (New England Biolabs, USA) to initiate the ligation of
the nick DNA and form circularized DNA template. The ligation reaction
was carried out at 16 °C for 18 h), and then the T4 DNA ligase was inac-
tivated at 65 °C for 10 min. To remove linear free DNA from the reaction,
the ligation reaction was diluted 1:10 and incubated with exonuclease 1
and 3 (New England Biolabs, USA) at 37 °C for 30 min. Subsequently, the
reaction was stopped by adding EDTA to 11 mM, followed by heat inacti-
vation at 80 °C for 30 min. The cDNA templates were used for subsequent
steps without further purification.

The complete list of linear DNA and primer DNA sequences is pre-
sented in Table S1 (Supporting Information).

Oligonucleotides Sequences (5′-3′)

T7 Primer TAATACGACTCACTATAGGGAT

Template for
miR-133a-Zipper
11G11

/5Phos/ATAGTGAGTCGTATTAAAGCAAGCTGACCC
TGAAGTCAACCAGCTGCTTTGGTCCCCTGTGGA
GCCTATTGCTTCGATTATCCCT

Template for
complementary
sequence of 11G11

/5Phos/ATAGTGAGTCGTATTAAATCGAAGCAATA
GGCTCCACGTGTCATGAGACGGTCGAACCACC
TTCAGGGTCAGCTTGCTTATCCCT

Template for
miR-133a-Zipper
14G8

/5Phos/ATAGTGAGTCGTATTAAAGCAAGCTGACCC
TGAAGACCAGCTGCTTTGGTCCCCTTCAGTGGA
GCCTATTGCTTCGATTATCCCT

Template for
complementary
sequence of 14G8

/5Phos/ATAGTGAGTCGTATTAAATCGAAGCAATAG
GCTCCACCACGTGTCATGAGACGGTCGAGTCTT
CAGGGTCAGCTTGCTTATCCCT

FAM labeled Tag /56-FAM/TCCCTATAGTGAGTCGTATT/3AmMO/

Synthesis of MiR-Zipper NPs: The miR-Zipper NPs were prepared by
RCT using HiScribe T7 High Yield RNA Synthesis Kit (New England Bio-
labs, USA). To a 200 μL reaction, an equimolar amount of the two circular-
ized DNA templates containing complementary sequences was added to
the solution mixture containing T7 Reaction Buffer, ribonucleotides, and
T7 RNA polymerase. The RCT reaction was conducted at 37 °C for 20 h.
Then, the miR-Zipper NPs were purified by centrifugation and washed with
nuclease-free water (QIAGEN, USA) 3 times and stored at 4 °C until further
use. To fluorescently label miR-zipper NPs, 6-carboxyfluorescein (FAM)-
labeled oligonucleotides (Integrated DNA Technologies, USA) containing
complementary sequences to a non-functional portion of miR-zipper NPs
were annealed to the particles at a final concentration of 10 μM at 65 °C
for 10 min.

Analysis of Circularized DNA Templates by Agarose Gel Electrophore-
sis: The formation of circularized DNA templates was confirmed using
agarose gel electrophoresis. Briefly, agarose gel was prepared by heating
1% agarose solution in Tris-acetate-EDTA (TAE) buffer, and then GelRed
Nucleic Acid Gel Stain (Biotium) was added before gel solidified. The sam-
ples were mixed with 6X orange loading buffer (ThermoFisher Scientific,
USA) prior to loading into the gel and electrophoresed at 90 V for 40–60
min. The gel images were visualized using a UV transilluminator (Ther-
moFisher Scientific, USA).
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Characterization for NPs: For morphological characterization, a field
emission scanning electron microscope (FE-SEM, Zeiss, Germany), a
transmission electron microscopy (TEM, JEOL 1200EX electron micro-
scope with AMT-XR41 digital camera, Japan), and an atomic force mi-
croscope (AFM, Park systems, NX10) were used to obtain morphology of
the miR-Zipper NPs, while energy dispersive x-ray spectroscopy (FE-SEM
with the EDS detector) was used for elemental composition. NP track-
ing analysis (NTA, NanoSight NS300, Malvern Panalytical Inc.) was used
for size and number concentration characterization. The miR-Zipper NPs
were sampled for FE-SEM and AFM by deposited on 10 mm V1 mica discs
with 0.21 mm thickness (Ted Pella, Inc., USA, Cat. No. 50). For FE-SEM
analysis, the air-dried samples were coated with gold (Au) before imaging.
For AFM imaging, 10 μL of the reaction mixture was diluted in nuclease-
free water containing 5 mM Tris-HCl and 5 mM MgCl2. After incubating
the mixture at 4 ◦C for 30 min, 50 μL of the mixture was deposited onto
the freshly cleaned mica surface, and further incubated at 4 ◦C for 30 min.
Following the incubation, the mica surface was rinsed with deionized wa-
ter to remove salts, and nitrogen gas was then sprayed onto the surface
for three to five seconds to remove the remaining solution. The samples
were scanned in non-contact mode with NC-NCH tips (Park Systems). For
FE-SEM with EDS, 20 μL of the purified miRNA-133a zipper NPs were drop
casted onto carbon tape and dried overnight in the desiccator. They were
coated with platinum for SEM imaging and EDS analysis. For TEM analy-
sis, the samples were deposited on carbon-coated copper (Cu) grids (Ted
Pella Inc., USA), and then dried under vacuum before analysis. Hydrody-
namic size of the NPs was measured on Malvern Instruments Zetasizer
Nano ZS-90 (Malvern, USA).

SiRNA and MiR-Zipper Release from NP: To quantify the amount of
siRNA and miR-Zipper molecules, a known number of miRNA-Zipper
NPs measured using Nanodrop (ThermoFisher Scientific, USA) were incu-
bated with recombinant dicer (Genlantis, USA) in a 10 μL reaction solution
containing 1 μg of miR-Zipper NP, 1 mM ATP, 2.5 mM MgCl2, 40% Dicer
Reaction Buffer, 1U Recombinant Dicer Enzyme. The solution was incu-
bated for different time periods (12 to 48 h) at 37 °C before adding Dicer
Stop Solution to deactivate the Dicer enzyme. Generated siRNA molecules
were then confirmed by gel electrophoresis with 3% agarose gel.

Quantification of SiRNA and MiR-Zipper Release: The generated
miRNA-Zipper molecules were quantified using a stem-loop RT-qPCR
method adopted from the literature to quantify small RNA.[59,60] The
11G11 and 14G8 miRNA-Zipper RNA molecules (Integrated DNA Tech-
nologies, USA) were used as standards for absolute quantification using
SYBR Green Master Mix (ThermoFisher Scientific, USA) on a StepOnePlus
real-time PCR System (Applied Biosystems, USA). All measurements were
done in triplicate.

Native PAGE for Studying RNA Release from NP and RNA Binding: The
same amount of target was incubated in nanopure water with each of
sequences in increasing concentration at 60 °C for 20 min, followed by
20 min incubation at room temperature. Samples were prepared with gel
loading buffer. To compare the binding efficiency of the NP and the target
to other sequences, a 10% native PAGE was run at 10 V cm−2 for 2.5 h
at 4 °C. The gel was stained and imaged. Quantification of band intensity
was performed with the Thermo Fisher iBright imaging analysis software.

Cell Culture and Differentiation: 3T3-L1 preadipocyte cell line was pur-
chased from ATCC (Cat. No. CL-173). The cells were grown in high-glucose
Dulbecco’s modified Eagle medium (DMEM, Welgene, Cat. No. LM001-
05) supplemented with 10% bovine calf serum (BCS, Welgene, Cat. No.
S103-01) and 1% penicillin/streptomycin (P/S, Welgene, Cat. No. LS202-
02) at 37 °C in humidified 5% CO2 incubator. For differentiation into
mature adipocytes, 80% confluent 3T3-L1 cells were incubated in high-
glucose DMEM with 10% fetal bovine serum (FBS, Welgene, Cat. No.
S001-07), 1% P/S, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma,
Cat. No. I5879), 1 μM dexamethasone (Sigma, Cat. No. D1756), and
10 μg mL−1 insulin (Sigma, Cat. No. I9278) for 2 days. Then, the cells were
incubated in high-glucose DMEM with 10% FBS, 1% P/S, and 10 μg mL−1

insulin for further 6–8 days. The medium was changed every other day.
Adipose Spheroids Generation: Fully differentiated adipocytes in mono-

layer were detached from plates using Trypsin-EDTA solution. After disso-
ciation, the cells were reaggregated in 96 well round bottom low adhesion

plates (10 000 cells per well) in DMEM supplemented with 10% FBS and
1% P/S. 2 days after, adipose spheroids were transfected with miR-133a
zipper or treated with RNA NP.

Transfection: Monolayered adipocytes or adipose spheroids were
transfected with the original miR-133a zipper oligos (final 50 nM) us-
ing Lipofectamine 3000 reagent (Invitrogen, Cat. No. L3000001) ac-
cording to the manufacturer’s instruction. For monolayered adipocytes,
transfection was performed twice for 4 days (once every two days).
For adipose spheroids, transfection was performed three times for
6 days (once every two days). The sequences of miR-133a zip-
per oligos are as follow: 14G8, 5′-TGAAGGGGACCAAAGCAGCTGGT-
3′, 11G11, 5′-AGGGGACCAAAGCAGCTGGTTGA-3′, LNA 11G11, 5′-
A+GGGGACCAAAGCAGCTGGT+TGA-3′.

Analysis of RNA NP-Mediated GFP Knockdown: To evaluate the ef-
fects of siRNA targeting eGFP released from RNA NPs, differentiated
adipocytes were transfected with pcDNA3-EGFP (Addgene, Cat. No.
13 031) using Lipofectamine 3000 reagent. After 6 h, the adipocytes were
treated with miR-133a zipper NP (final concentration 20 μg mL−1). 24 and
48 h after the treatment, the GFP signal was detected using Cytation 5 Cell
Imaging Multi-Mode Reader (BioTek).

Reverse Transcription (RT)-Quantitative Polymerase Chain Reaction
(qPCR): Total RNA was extracted from monolayered adipocytes or adi-
pose spheroids using the Easy-Blue reagent (Intron, Cat. No. 17061). 1 μg
of RNA was reverse transcribed into cDNA using the Maxime RT PreMix
kit (Intron, Cat. No. 25081). qPCR was performed using KAPA SYBR FAST
qPCR (Roche, Cat. No. KK4601) with a CFX96TM real-time PCR detec-
tor (Bio-Rad). Relative mRNA levels were normalized to 𝛽-actin or Gapdh
mRNA levels for each target gene. The PCR primer sequences used are
as follow: Gapdh forward, 5′- ATGACATCAAGAAGGTGGTG-3′, Gapdh re-
verse, 5′- CATACCAGGAAATGAGCTTG-3′, Prdm16 forward, 5′-CAGCAC
GGTGAAGCCATTC-3′, Prdm16 reverse, 5′-GCGTGCATCCGCTTGTG-3′,
Ucp1 forward, 5′-ACTGCCACACCTCCAGTCATT-3′, Ucp1 reverse, 5′-
CTTTGCCTCACTCAGGATTGG-3′, Fabp4 forward, 5′-AAGGTGAAGAGC
ATCATAACCCT-3′, Fabp4 reverse, 5′-TCACGCCTTTCATAACACATTCC-3′.

Quantification of MiRNA via RT-qPCR Analysis: The intracellular
miRNA-133a level was quantified in each treatment condition from the
total RNA extracted from culture using TRIZol reagent (Invitrogen, USA).
The total RNA (100 ng) was subsequent to reverse transcription to form
cDNA using miRCURY LNA RT kit (QIAGEN, USA). The cDNA was used
as a template for real-time PCR analysis using miR-133a-specific assays
in a miRCURY LNA miRNA PCR system (QIAGEN, USA), following the
manufacturer’s protocol, on a StepOnePlus real-time PCR System (Ap-
plied Biosystems, USA). The mmu-miR-133a-3p were used as miR-133a-
specific primers and mmu-miR-103a-3p as the endogenous control. The
two-step cycling conditions were performed as follows: Initiation activa-
tion at 95 °C for 2 min, 40 cycles of denaturation at 95 °C for 10 s, and
combined annealing/extension at 56 °C for 60 s. The resulting CT values
were normalized and reported in fold changes relative to the endogenous
control (miR-103a-3p). All measurements were repeated three times.

Western Blot Assay: Protein lysates of adipocytes were extracted with
Pro-prep reagent (Intron, Cat. No. 17081) for 1 min on ice and then cen-
trifuged at 13,000 rpm at 4 °C for 20 min. The protein concentration
of supernatants was measured using Bradford assay. 15 μg of proteins
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) (Figure S18, Supporting Information). Subsequently, the
separated proteins were transferred onto polyvinylidene difluoride mem-
branes (Millipore, Cat. No. IEVH00005) using a semi-dry transfer system
(Bio-Rad). Then, the membranes were incubated with primary antibodies
(Prdm16, Abcam, Cat. No. ab106410, Ucp1, Abcam, Cat. No. ab10983, 𝛼-
tubulin, Santa Cruz, Cat. No. SC-32293) at 4 °C for 16 h on the shaker, fol-
lowed by incubation with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies at room temperature for 1 h. The HRP signals were de-
tected with chemiluminescence reagent (Absignal, Cat. No. ABC-3001) on
AGFA 100 NIF X-ray film.

Mitochondrial Staining: Monolayered adipocytes or adipose spheroids
were incubated with 200 nM of MitoTracker Green FM (Cell Signaling Tech-
nology, Cat. No. 9074) for 30 min at 37 °C. For staining the nucleus of
adipocytes, Hoechst 33342 solution was also added with MitoTracker. Af-
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ter incubation, the cells were washed with phosphate buffered saline (PBS)
twice. The fluorescent signals of MitoTracker and Hoechst 33342 were de-
tected using ZOE Fluorescent Cell Imager (Bio-Rad) or Cytation 5 Cell
Imaging Multi-Mode Reader (BioTek). The signal intensities were quan-
tified with ImageJ program.

Visualization of Thermogenesis: Adipose spheroids were incubated
with 250 nM of ERthermAC temperature-sensitive live cell dye (Sigma-
Aldrich, Cat. No. SCT057) in serum free medium for 30 min at 37 °C. After
incubation, the cells were washed with PBS twice. The fluorescent signals
were detected using Cytation 5 Cell Imaging Multi-Mode Reader (BioTek)
and signal intensities were quantified with ImageJ program.

Statistical Analysis: Statistical significance was analyzed using one-
way ANOVA with a post-hoc Tukey test or a two-way ANOVA with a post-
hoc Tukey test where applicable and assessed based on P value. The num-
ber of values is listed for each analysis. All results with *P < 0.05, **P <

0.01, ***P < 0.001, ****P < 0.0001 were considered as statistically signif-
icant. The Statistical analysis was performed with Prism software version
10.1.0 (264).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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