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Abstract

Objective: The purpose of this study was developing
the new delivery system of antisense HIF1a oligode-
oxynucleotide (ASO) into the stiff adipocytes. As the
adipogenesis progressed, accumulating lipid droplet in
cytosol lead adipocytes membrane stiffness and diffi-
culties in the delivery of therapeutic agents into the
cytosol. Hypoxia affects a number of biological func-
tions including angiogenesis, apoptosis, inflammation,
and adipogenesis. Hypoxia-inducible transcription fac-
tor-1 alpha (HIF1a) is a major transcription factor that
controls metabolic and adipogenic gene expression
under hypoxia. Controlling HIFa expression can be a
promising therapy for obesity treatment.

Methods: The ASO was synthesized and used in a
complex with polylactic-co-glycolic acid (PLGA) nanopa-
rticles (NP). To enhance the cell-penetrating capacity, the
PLGA-ASO-NP complex was coated with arginine-rich
peptide (ARP) in different N:P molar ratios (PLGA-ASO-
NP:ARP=1:1, 2:1, 5:1). To examine the intracellular
and intranuclear delivery, these complexes were treat-
ed to fully differentiated adipocyte.

Results: The PLGA-ASO-NP/ARP improved the effica-
cy of ASO-delivery into stiff adipocytes by increasing
the cell surface charge, determined by the zeta poten-
tial, and forming polyplexes with small particle size. The
proper N:P molar ratio of PLGA-ASO-NP/ARP synthe-
sis was 5:1 with significantly improved gene delivery

efficiency and intracellular uptake in adipocytes. Fur-
thermore, PLGA-ASO-NP/ARP was stable in serum for
8 h compared to naked ASO.

Conclusion: These results suggest that the PLGA-
ASO-NP/ARP can provide an effective and serum-sta-
ble gene-delivery system, especially for cells with a stiff

cell membrane.

Keywords: Arginine-rich peptide, Hypoxia-inducible
transcription factor-1a, PLGA, Adipogenesis, Antisense
oligonucleotide

Introduction

Obesity is a worldwide epidemic and a preventable
leading cause of death with increasing prevalence both
in adults and children'. It is one of the most severe pub-
lic health problems of the 21st century?. Controlling
obesity by inhibition of fat accumulation in adipocytes
can cure various diseases including type 2 diabetes mel-
litus (T2DM), cancer, and cardiovascular complications,
and it has received much attention and been the major
subject of intensive research!?.

To treat obesity, a reduction of fat accumulation thro-
ugh various genetic modifications, including micro
RNAs?, siRNA*, and antisense oligonucleotide agents?,
has been suggested. The FDA has approved antisense
agents for clinical use®, which implies the possibility of
use in disease management. However, antisense agents
are still limited in their clinical application because of
their poor cell membrane permeability. Especially,
increased stiffness of adipocytes with accumulation of
lipid droplets during adipogenesis can decrease intracel-
lular delivery of charged macromolecules such as anti-
sense agents, resulting in low drug delivery efficacy’?.
In this context, overcoming the stiffness of adipocyte
membranes is an important issue for obesity treatment.
Therefore, improvement in the systemic and intracellu-
lar delivery of antisense agents is needed’.

There have been efforts to enhance intracellular deliv-
ery of antisense agents using viral delivery systems'”,
polymers''12, cell permeable peptides'>!*, or cationic
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polymers' as carriers. Antisense agents have been
widely accepted as a replacement for antibodies becau-
se of their target specificity and selectivity'®. Antisense
therapeutics is mostly focused on viral infections, wou-
nd healing, cardiovascular diseases, and cancer!’. Only
a few results have been reported on the application of
antisense therapy for obesity'®!® or hyperlipidemia®’2!
treatments. Several target genes have been reported as
antisense oligonucleotide (ASO) agents for obesity and
metabolic diseases, including nicotinamide N-methyl-
transferase (NNMT)-A, Fsp75, partial reduction of
FSP27%, IxB kinase [ (IKK[3)?, fibroblast growth fac-
tor receptor 4 (FGFR4)%, beta-catenin*, glucocorticoid
receptor®, and SREBP-1c%.

Regardless of the frequent use of ASO for disease tar-
geting and treatment, ASO therapy still has limitations
due to poor cellular membrane permeability because of
the negatively charged macromolecules and low serum
stability?’. To overcome these issues, polymers such as
polylactic-co-glycolic acid (PLGA) and polyethylenei-
mine (PEI)>?%2° have been suggested. We previously
reported the anti-obesity effect of ASO-HIF1a conju-
gated with the cell permeable peptide low molecular
weight protamine, LMWP?. The HIF1a, hypoxia-in-
ducible factor-1a, is a key transcription factor that regu-
lates the expression of numerous genes related to angio-
genesis, metabolism, and cell cycle under a hypoxic
environment®’. Especially, hypoxia might be a strong
modulator of angiogenesis associated with adipose tis-
sue expansion and fat accumulation. In this regard,
HIF1a could be a master regulator that controls angio-
genesis as well as adipogenesis. A recent clinical study
revealed that HIF1a expression is elevated in obese
subjects and decreases following weight loss’!. There-
fore, targeting and suppression of the HIF1o gene with
elevated cell-penetrating capacity and serum stability
could be a promising strategy for treatment of obesity.

In our previous report, the chemical conjugates of
ASO-HIF1a with CPP provided similar cell penetration
capacity with the liposomal delivery agent, Lipofect-
amine, and stability in a DNase I- and GSH-containing
environment?’. Hence, we need to enhance serum sta-
bility and cell permeability for future clinical applica-
tions. Nanoparticle (NP) gene-delivery systems have
received attention and been extensively investigated due
to their desirable properties®*33. Especially, an NP
gene-delivery system with a hydrophilic cell surface
structure can effectively prevent aggregation of NP and
ensure a longer circulation time in the blood?.

Polyactic-co-glycolic acid (PLGA) NP was initially
used to encapsulate genetic-based therapeutics after
they demonstrated endo-lysosomal escape characteris-
tics, while being biodegradable and cell-compatible.
However, the structure of nucleic acid molecules is like-

ly degraded during sphere preparation. In addition, the
negative zeta potential of PLGA-NP interrupts the cel-
lular uptake of NP, decreasing the cellular delivery effi-
cacy. To solve this issue, conjugation of PLGA-NP with
cell-penetrating peptides (CPP) has been suggested.

Various types of arginine-rich peptides (ARP) that
possess very similar characteristics to those of CPP in
terms of translocation and as a delivery vector have
been reported*. The CPP have been used widely for
intracellular delivery of various macromolecules and
nanostructured systems. We previously reported the
development of low molecular weight protamine
(LMWP) as an effective yet nontoxic CPP* or mem-
brane translocalization carrier®®. Both in vitro and in
vivo investigations have demonstrated that LMWP was
able to translocate its attached protein, gene, or carrier
cargo into various types of cells®®.

Here, with the objective of promoting PLGA-NP as a
gene carrier, we synthesized an ARP peptide with
hydrophobic chains anchoring into a polylactic-co-gly-
colic acid (PLGA) nanoparticle (NP) with ASO-HIF1a
and then modified its surface with ARP to enhance tar-
get cell association and internalization. We investigated
the ability of ASO-HIF10-PLGA/ARP to increase intra-
cellular and intranuclear delivery efficacy with little
cytotoxicity and increased serum stability.

Results

Particle Size and Zeta Potential of
PLGA-ASO-NP

The whole scheme for synthesis of the PLGA-ASO-
NP/ARP is depicted in Figure 1. The mean particle
diameter and zeta-potential of PLGA/PEI/CTAB-nano-
particles (PLGA-NP) and its complex with PLGA-
ASO-NP were measured. The PLGA-NP was first for-
mulated from 1.67 wt% PLGA, 0.83% cationic material
(PEI and CTAB), and 2.23% mannitol. The mean parti-
cle diameter of PLGA-NP was approximately 1559+
6.0 nm. In complex formation with antisense oligonu-
cleotide-HIF1a (ASO), PLGA-ASO-NP showed larger
particle diameters (268.3+17.7 nm), possibly due to
agglomeration of particles by compression (Table 1).
The zeta potential of the PLGA-NP itself was 35.3+0.9
mV, which decreased to 19.5 2.3 mV through complex
formation with ASO.

Gel Retardation Assay of PLGA-ASO-NP
Complex formation of PLGA-NP with ASO was ass-
essed by agarose gel electrophoresis. To form PLGA-
ASO-NP, different concentrations of ASO-HIF1a. (0.1,
5, 10, 50, 100, 200, 500, and 1000 mM) were added to
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Figure 1. An illustrated scheme of this experiment. PLGA: polylactic-co-glycolic acid, PEI: polyethylene imine, CTAB: cetrimonium
bromide, ASO: antisense HIF10a oligonucleotide, ARP: arginine-rich protein.

Table 1. Characteristics of PLGA-ASO-NP and ARP-modified PLGA-ASO-NP. The mean particle diameter and zeta-potential of
PLGA/PEI/CTAB-nanoparticles (PLGA-NP) and its complex with PLGA-ASO-NP were measured. The mean particle diameter of
PLGA-NP was significantly increased. The zeta potential of the complex of ASO with PLGA-NP was decreased. The size of
PLGA-ASO-NP/ARP was decreased with increasing ARP binding molar ratio. Hence, the zeta potential was increased. It indicates
that the PLGA-ASO-NP/ARP is a favorable agent for cell penetration. Statistical significance was analyzed using the Student’s
t-test. Different letters (a, b, and c) indicate statistically significant differences among groups (P <0.05).

Size (nm) Z-potential (mV)
PLGA-NP 1559+6.0 353+09
PLGA-NP-ASO 2683+ 17.7* 19.5+£2.3*
PLGA-NP-ASO : ARP (N:P=1:1) 289.3+12.0° 334+£39%
PLGA-NP-ASO : ARP (N:P=2:1) 178.0+3.0° 43.1+2.1°
PLGA-NP-ASO : ARP (N:P=5:1) 158.9+2.7¢ 514+0.6°

PLGA solution (1 mg/mL). Naked ASO was used as a
control. As shown in Figure 2A, naked ASO migrated
downward rapidly. Stable PLGA-ASO-NP complex
was maintained to 100 mM of ASO. Migration of the
PLGA-ASO-NP complex was observed from 100 mM
HIF1a (Figure 2A). Hence, according to the serum sta-
bility assay, the maximum concentration of ASO for
PLGA-ASO-NP complex was determined to be 50 mM
based on analysis of various concentrations of ASO-
containing PLGA nanocomplexes (0.1, 1,5, 10, 50, 100,
200, 500, and 1000 mM) incubated in 50% FBS solu-
tion for 4 h. Naked ASO-HIF1lo was used as a control

and migrated downward rapidly. No migration was
observed with 50 mM of antisense HIF1a (Figure 2B).
In contrast, migration of the PLGA-ASO-NP complex
was observed from 100 mM of HIF1la concentration
(Figure 2B). According to the gel retardation and serum
stability assay, 50 mM of ASO was the optimal concen-
tration for PLGA-ASO-NP complex formation.

Characteristics of PLGA-ASO-NP/ARP

Two of the most important parameters of a gene-car-
rier, zeta potential and particle size, were investigated
by dynamic light scattering (Table 1). The PLGA-
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Figure 2. Gel retardation and serum stability assay of the ASO-PLGA-NP complex. To determine the optimum concentration of ASO
for PLGA-ASO-NP/ARP complexes, (A) the PLGA-NP was mixed with varying concentrations of ASO to form PLGA-ASO-NP, and
the samples were analyzed by gel retardation assay using an agarose gel electrophoresis. (B) Then PLGA-ASO-NP was incubated in

media containing 50% FBS to examine the serum stability.

ASO-NP was modified with ARP with varying N:P
molar ratio (1:1, 2:1, and 5:1). The zeta potential of
PLGA-ASO-NP/ARP increased from 33.4+3.9 mV to
51.4+0.6 mV, and particle size decreased from 289.3 +
12.0nm to 158.9 +2.7 nm as the N:P molar ratio incre-
ased, indicating the PLGA-ASO-NP/ARP is a favorable
agent for cell penetration.

Cytotoxicity of PLGA-ASO-NP/ARP

To assess the cell viability of PLGA-ASO-NP/ARP,
we conducted an MTT assay.

Although ARP has been demonstrated to be safe and
non-toxic*, we need to evaluate the cytotoxicity of the
nanoparticle. For this purpose, we used an MTT assay
to examine the effect of the PLGA nanoparticles con-
taining the optimal concentration of 50 mM ASO on
cytotoxicity. As shown in Figure 3, PLGA-ASO-NP/
ARP-treated 3T3-L1 preadipocytes yielded little cell
cytotoxicity at varying N : P ratios of ARP.

Intracellular and Intranuclear Uptake of
PLGA-ASO-NP/ARP

The cellular uptake and intracellular localization of
the PLGA-ASO-NP/ARP were analyzed in 3T3-L1
cells using confocal microscopy (Figure 4). We used
fully differentiated 3T3-L1 cells to examine the intra-
cellular delivery efficacy of PLGA-ASO-NP/ARP. As
shown in Figure 4A, the cytosol of fully adipogenic dif-
ferentiated 3T3-L1 cells was mostly filled with lipid
droplets, which created the cell membrane stiffness.
Differentiated 3T3-L1 cells were detached with trypsin
and re-seeded to investigate the delivery efficacy of
PLGA-ASO-NP/ARP into the stiff cells. Little cell pen-
etration was observed in 3T3-L1 cells treated with
PLGA-ASO-NP only (Figure 4B). However, the appar-
ent capacity for penetration into the cell and even the
nuclei of the cells were seen in treated PLGA-ASO-NP/
ARP cells as the N:P molar ratio increased. Especially,

1.5+

1.0

0.5

Cell viability (Fold changes)

) ) L)
PBS PLGA-ASO 0:1 1:1 2:1 5:1

PLGA-NP-ASO/ARP
N:P ratio

Figure 3. Cytotoxicity of PLGA-ASO-NP/ARP. To assess
cytotoxicity of PLGA-ASO-NP/ARP, an MTT assay was con-
ducted. The ASO concentration used for PLGA-ASO-NP/ARP
formation was 50 mM, which was determined by the gel retar-
dation assay presented in Figure 2.

the complex with the N:P ratio 5:1 showed the best
intracellular and intranuclear uptake capacity.

DNase | Stability of the PLGA-ASO-NP/ARP
We also examined the stability of the PLGA-ASO-
NP/ARP against nuclease degradation. DNase I (50
units) was added to PLGA-ASO-NP/ARP containing
different molar ratios of ARP (N:P=1:5), followed by
incubation of the reaction mixture for various time peri-
ods (0, 0.5, 1,2, 4, 8, 12, 24, and 48 h) at 37°C. The
PLGA-ASO-NP/ARP was stable for 8 h, indicating that
the complex with ARP resulted in protection of PLGA-
ASO-NP against nuclease digestion (Figure 5A).

Serum Stability of PLGA-ASO-NP/ARP
To further apply this complex to the cells, we investi-
gated the serum stability of PLGA-ASO-NP/ARP com-
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Figure 4. Intracellular and intranuclear uptake of PLGA-ASO-NP/ARP. Cellular uptake and intracellular localization of PLGA-ASO-
NP/ARP were conducted with fully differentiated 3T3-L1 cells and analyzed using confocal microscopy. (A) The 3T3-L1 preadipo-
cytes were differentiated into adipocytes by incubation with adipogenic media for 3 weeks. With the differentiation process, the accu-
mulation of lipid droplet in cytosol was significantly increased and it was marked with a red dotted circle. (B) To examine the intracel-
lular delivery of PLGA-ASO-NP/ARP, differentiated adipocytes were detached, reseeded onto the coverslip, and treated with varying
N:P molar ratios of PLGA-ASO-NP/ARP. Apparent cell penetration capacity and nuclear penetration were seen with PLGA-ASO-NP/
ARP(N:P=5:1).
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Figure 5. PLGA-ASO-NP/ARP stability against DNase I and serum. To investigate the DNase I protective effect and serum stability
of PLGA-ASO-NP/ARP complexes, we incubated in DNase I and 50% FBS-containing media, respectively. (A) The DNase I protec-
tion and (B) serum stability of PLGA-ASO-NP/ARP were evaluated using an agarose gel retardation method.

plex by incubating the complex in 50% FBS solution
for indicated time points (0, 0.5, 1, 2, 4, 8, 12, 24, and
48 h). Naked antisense HIF1a, used as a control, mi-
grated downward rapidly. However, no migration of
HIF1la gene was observed until 48 h (Figure 5B).
According to the DNase I and serum stability assay, the
ASO-PLGA-NP/ARP complex can be stable and main-
tain its activity at least for 8 h.

Discussion

The aim of this study was to develop a cell permeable
polymeric nanoparticle for improving targeted gene
delivery into stiff adipocytes. Despite all the efforts to
understand the pathophysiology related to obesity, drug
development for obesity therapy is lagging. The various
functions of adipose tissue in different diseases such as
obesity, type 2 diabetes, and cardiovascular complica-
tions have become the subject of intensive research?.
For further investigation of molecular mechanisms and
pathways underlying the complex biology of adipose
tissue, access to genetic tools is essential to design cell
permeable NP that improve cell binding capacity and
direct cell membrane penetration into fat-containing
adipocytes is crucial to achieve therapeutic efficacy in
drug and gene delivery. Here, we developed PLGA-
ASO-NP/ARP to improve the intracellular delivery of
ASO-HIF1a into fully differentiated adipocytes. We
modified the surface of PLGA-ASO-NP with ARP to
increase NP internalization and found that this modified
complex significantly increased intracellular and intra-
nuclear delivery of ASO-HIF1a with little cytotoxicity.
Using ASO as a cell therapeutic agent is important
because it has similar targeting efficacy to antibodies
through target cell selectivity and internalization into
the cells by endocytosis'®.

The optimization of PLGA-ASO-NP for cell penetra-

tion with little cytotoxicity is challenging because the
cell-NP interaction is very complex depending on the
surface-modification, size, and characteristics of the
cells®”38. The size and zeta potential of PLGA-ASO-NP
influence their stability as well as their interaction with
negatively charged cell membranes®, which is the criti-
cal step for successful intracellular uptake, especially
for cells with a stiff membrane®. One way of functional
groups on the PLGA-ASO-NP surface can influence
cell-NP interactions is by modulating the N:P surface
charge. Therefore, we prepared PLGA-ASONP com-
plex with ARP at varying N:P molar ratios. As reported
previously®, NP shows low transfection efficiency as the
N:P ratio decreases. This implies that the low zeta
potential of NP does not easily react with negatively
charged cell surfaces, making ASO delivery difficult.

As described in Figure 4, positively-charged NP com-
plexes with ARP showed the greatest cell internalization
efficiency because of strong electrostatic interactions
with negatively-charged moieties on the cell surface, as
shown in previous reports**#2, In addition to charge and
hydrophobicity, the size of the PLGA-ASO-NP/ARP
can affect internalization and cellular trafficking. As the
N:P molar ratios increases, the mean size of the PLGA-
ASO-NP/ARP complex decreased (from 289.3 to 158.9
nm), indicating that the complexes were nano-sized
structures (100-200 nm) for favorable intracellular drug
penetration®.

The cytotoxicity of the complex is based on the con-
centration or N:P molar ratio of ARP for complex for-
mation. As expected, PLGA-ASO-NP/ARP did not
show any detectable cytotoxic effect (Figure 3). Hence,
we observed cell toxicity at an N:P ratio over 1: 10 (data
not shown).

Another important factor for delivery of ASO is mai-
ntenance of its biological activity and stability**. Protec-
tion of ASO from degradation by DNase I for up to 8 h
was detected for the complex, indicating that the com-
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plex formation of ASO with PLGA-NP with ARP prote-
cts ASO against DNase I reaction. Although the mecha-
nism of this protective effect is not solved yet, this char-
acteristic is of great importance for any possible future
in vivo and clinical application. The current results are
in good agreement with other studies in which the posi-
tively-charged surface modifications to PLGA-NP with
CPP produced higher uptake than that of negative-
ly-charged NP8,

Conclusion

The current study provides effective intracellular
delivery system of therapeutic target genes for the cells
with stiff membrane. Using the cell permeable peptide
ARP, we successfully designed ASO-HIF1a complex
with PLGA-NP and demonstrated that cell permeable
polymeric ASO-HIF1o may provide a novel strategy
for anti-obesity drug development. Importantly, design-
ed polymeric NP showed effective cell penetration cap-
acity even to fully differentiated fat-containing adipo-
cytes. Furthermore, we demonstrated that it is safe for
the cells and stable in serum. This complex may poten-
tially be applicable for treatment of obese patients.

Materials and Methods

Materials

Acetone, methanol, PEI (branched, ~13 kDa), cetri-
monium bromide (CTAB), mannitol, 3-[4,5-dimethylth-
iazol-2-yl1]-2,5-diphenyltetrazolium bromide (MTT),
and DNase I were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA). D, L-Lactide/glycolide copoly-
mer (PLGA, ester terminated, lactic : glycolic molar
ratio 50 : 50, molecular weight [MW] 30 kDa) was pur-
chased from LACTEL Absorbance Polymers (Birming-
ham, AL). Fetal bovine serum (FBS), phosphate-buff-
ered saline (PBS), 0.25% (w/v) trypsin-EDTA, Dulbec-
co’s modified essential medium (DMEM), Dulbecco’s
phosphate-buffered saline (PBS), penicillin-streptomy-
cin, Lipofectamine 2000, and 4', 6-diamidino-2-phe-
nylindole (DAPI) were purchased from Gibco-BRL
(Invitrogen, Carlsbad, CA). Heparin and desalting col-
umns were obtained from GE Healthcare (Piscataway,
NIJ). The 3T3-L1 pre-adipocytes were purchased from
American Type Culture Collection (ATCC, Manassas,
VA, USA). The sequences of antisense oligonucleotide
(ASO)-hypoxia inducible factor-1a (HIF1a) and 6-fluo-
rescein amidite (6-FAM)-labeled ASO were chemically
synthesized by Integrated DNA Technologies, Inc.
(Skokie, IL) as follows: 5-ACA ACG CGG GCA CCG
ATT CGC CAT G-3' for ASO. Other reagents of analyt-

ical grade were obtained from suppliers and used with-
out purification. Unless otherwise noted, all chemicals
and reagents were analytical grade and obtained from
Sigma (St. Louis, MO).

Preparation of the ARP

The ARP was prepared in mass quantities using a
peptide synthesizer (Apex 396; AAPPTec, Louisville,
KY, USA). The synthesized ARP was purified by rever-
se-phase high-performance liquid chromatography with
a Vydac C18 column and a gradient of water/acetonitri-
le containing 0.1% TFA. The purity of the synthesized
ARP was above 98%.

Preparation of PLGA Nanoparticles

The PLGA nanoparticles were prepared by the oil-in-
water emulsion solvent-evaporation method, as reported
previously, with some modification?.

The acetone/methanol mixture (2:1, 12 mL) contain-
ing PLGA (200 mg) was completely melted by vigorous
vortexing. In a separate tube, the CTAB (100 mg) was
added to PEI (400 mg), and the mixture was added to
PLGA solution drop by drop. The cationic PLGA/
CTAB/PEI was added into 100 mL of DW and stirred
for 1 h at room temperature. Mannitol (2.5 g) was added
to the stirred cationic PLGA solution, and the solution
was stirred for another 1 h. The PLGA polymer solution
containing mannitol was centrifuged at 14,000 RPM at
4°C for 15 min. The supernatant was collected and
freeze-dried (Ilshin BioBase, Gyeong-gi, Korea) for fur-
ther analysis. The PLGA nanoparticles containing cat-
ionic materials dispersed in mannitol were obtained by
freeze-drying.

Preparation of Cationic PLGA Nanoparticle
Complex with ASO

The cationic PLGA nanoparticles (PLGA-NP) for
antisense-HIF1a oligonucleotide (ASO) nanoparticle
complexes were formulated by adding varying concen-
trations of ASO (0, 5, 10, 50, 100, 200, 500, and 1000
uM) into the PLGA nanoparticles (1 mg/mL). Then the
complex was agitated at 4°C for 16 h. The optimal con-
centration of ASO for stable and effective complex for-
mation with cationic PLGA nanoparticles was deter-
mined by gel retardation assay, serum stability assay
and DNase I stability assay.

Preparation of ARP-modified PLGA-NP

The PLGA-NP/ARP charge ratio (nitrogen:phosphate
[N:P]) is expressed as the mole ratio of the amine
groups of ARP to the phosphate of ASO. The complex-
es were self-assembled in PBS buffer (150 mM, pH 7.4)
by mixing the ASO with the PLGA solution at varying
charge ratios (N:P=1:1, 2:1, and 5:1), keeping the
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amount of ASO constant. The complexes were incubat-
ed for 30 min at room temperature.

Measurements of Particle Size and Zeta
Potential

The particle size and zeta potential (surface charge) of
each NP sample formed at various N:P ratios were
determined at 25°C with a scattering angle of 90° by a
Zetasizer (Malvern, UK). The PLGA-ASO-NP/ARP
complexes were prepared in PBS and diluted with
deionized water to ensure that the evaluations were con-
ducted under low ionic strength conditions, where the
surface charge of the particles can be accurately deter-
mined.

DNase | Protection Assay

The DNase I protection assay was conducted using a
slightly modified procedure from a previous report®’.
Briefly, the cationic PLGA-NP and its complex with
ARP were employed in the preparation of PLGA nano-
particle complex. The DNase I (50 units) was added to
the solution of PLGA-ASO-NP compounds, and mixed
solutions were incubated for varying time points (0, 0.5,
1,2,4,8,12, 24, and 48 h) at 37°C. During incubation,
50 pL of each suspension was withdrawn at different
time points, mixed with 75 pL of the quenching solution
(4 M ammonium acetate, 20 mM EDTA, and 2 mg/mL
glycogen), and then placed on ice. Then, the ASO was
dissociated from ARP by addition of 1.0% SDS (37 pL)
to the suspension, and the mixture was heated overnight
at 65°C. The ASO was precipitated and extracted after
incubation by treating the suspension with phenol/chlo-
roform (1:1, v/v), and then the precipitate was treated
with ethanol to extract the ASO. The ASO pellet was
then dissolved in 10 pL TE buffer and applied to 1%
agarose gel electrophoresis. Naked ASO was used as
the control and treated with the same procedure.

Serum Stability of PLGA-ASO-NP/ARP

Serum stability of PLGA-ASO-NP/ARP complex
was investigated by incubating the complex (100 pL) in
FBS solution (100 pL, 50% FBS) for indicated time
points (0, 0.5, 1, 2,4, 8, 12, 24, and 48 h) at room tem-
perature. The incubated complex solutions were applied
to 1% agarose gel electrophoresis. Naked antisense
HIF1a was used as a control.

Preadipocyte Culture and Cell Viability

The 3T3-L1 pre-adipocyte cell line was cultured in
DMEM supplemented with 10% heat-inactivated FBS
at 37°C in a humidified atmosphere of 5% CO,. Cell
viability was evaluated by an MTT assay. Cells were
seeded in 96-well plates at a density of 6 X 10° cells per
well with DMEM culture medium with 10% FBS and
1% antibiotic and cultured for 24 h before testing. Cells

were incubated with the PLGA/ARP NP for 48 h. An
MTT (20 uL, 5 mg/mL) solution was added to each well
and incubated with cells for another 4 h. After removal
of the medium, 200 uL DMSO was added to each well,
and the absorbance was measured at 490 nm using a
microplate reader (Multiskan, Thermo Fisher, USA).
The percent cell viability was measured as follows?’:

Cell viability (%) =
[Abs570 (sample)] / [Abs570 (control)] X 100

Adipocyte Differentiation Following
Treatment with the PLGA-ASO-NP/ARP
Adipocyte differentiation was conducted as previous-
ly described?’. In brief, 3T3-L1 preadipocytes were
seeded into a 6-well plate (3% 10° cells/well), cultured
in DMEM supplemented with 10% FBS, and main-
tained in a 37°C incubator. When the cells reached 90%
confluency, differentiation was induced by changing to
adipogenic differentiation medium containing 0.5 mM
3-isobutyl-1-methyxanthine (IBMX), 10 ug/mL insulin,
and 0.25 uM dexamethasone (DEX) for 3 weeks. Adipo-
genic medium was changed every 3 days. Cell differen-
tiation was then assessed from the morphological chang-
es?’. The drug components, PLGA-ASO-NP only, and
the PLGA-ASO-NP/ARP complex with various N:P
ratios (N:P=1:1, 2:1, and 5:1) were applied to induce
differentiation into adipocytes. Before treatment, fully
differentiated cells were detached with trypsin and re-
attached to the coverslip for confocal microscopy to
clearly identify the cell morphology. Transfection of
ASO using Lipofectamine was conducted in a 6-well
plate when the cells reached about 60-70% confluence,
following the manufacture’s protocol. After transfection,
FBS-containing growth medium was added to each well,
and cells were incubated overnight and then examined to
determine the ASO delivery efficacy. ASO delivery with
Lipofectamine was used as a positive control.

Intracellular and Intra-nuclear Delivery
of the PLGA-NP/ARP

The complex-treated differentiated 3T3-L1 cells were
incubated in DMEM culture medium containing 10%
FBS and 1% antibiotic at 37°C with 5% CO,. Cells
were maintained on coverslips in a 24-well plate for 24
h. The PLGA-NP and PLGA-NP/ARP were added and
incubated with cells in the complete culture medium for
4 h. The ASO was tagged with 6-FAM. Fluorescence
images were obtained by fluorescence microscopy
(OLYMPUS IX-70). For intranuclear distribution study,
DAPI was used for the nucleus staining, and the stained
images were processed using confocal laser scanning
microscopy (CLSM) (Olympus FV1000, Japan).
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Cell Cytotoxicity (MTT) Assay and
Proliferation Assay

The cytotoxicity was determined using a 3-(4,5-dim-
ethylthiazol-2-y1)-2 5-diphenyl-2H-tetrazolium bromide
(MTT) conversion assay*®. Briefly, after seeding 3T3-
L1 cells in a 96-well plate, cells were incubated with
varying concentrations (0, 0.5, 1.0, 1.5, 2, 5, and 10 pg/
mL) of ASO for 24 h at 37°C. Then, 100 pL aliquots sol-
ution containing MTT (5 mg/mL in complete DMEM)
were added, followed by an additional 5 h incubation.
The MTT-containing medium was removed, and dim-
ethyl sulfoxide (DMSO, 200 pL) was added to dissolve
the formazan crystals formed by live cells. Absorbance
at 570 nm was measured, and the cell viability (%) was
calculated according to the following equation:

Cell viability (%) =
[OD570 (sample)/OD570 (control)] X 100.

The number of viable cells after treatment with the test
compounds was measured using a hemocytometer. Test
groups for cellular MTT and proliferation studies were:
1) PLGA-NP alone and 2) PLGA-NP/ARP treatment
groups with varying N:P ratio (0:1, 1:1,2:1, and 5:1).

Statistical Analysis

Statistical analysis was performed using the SPSS
(Version 21.0) program (International Business Machin-
es Corporation). All data are expressed as mean £ SD.
Statistical significance was analyzed using the Student’s
t-test. The level of significance is represented as *P <
0.05. Statistically significant difference among groups
was assessed using one-way ANOVA. One-way ANO
VA was followed by the Tukey analysis as a post hoc
analysis (P <0.05). Different letters indicate statistically
significant differences.
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