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Phosphatase and tensin homolog (PTEN) antagonizes muscle growth and repair, and inhibition of PTEN
has been shown to improve the pathophysiology and dystrophic muscle function in a mouse model of
Duchenne muscular dystrophy (DMD). However, conventional pharmacological delivery of PTEN inhibitors
carries a high risk of off-target side effects in other non-muscle organs due to broad targeting spectrums.
Here we report a muscle-targeted nanoparticulate platform for cell-specific delivery of a PTEN inhibitor.
Poly(lactide-co-glycolide)-b-poly(ethylene glycol) nanoparticles (NPs) are functionalized with a muscle-
homing peptide M12 to promote the selective uptake by muscle cells/tissue in vitro and in vivo. More-
over, the NPs are formulated to slowly release the PTEN inhibitor, preventing cytotoxicity associated with
direct exposure to the drug and facilitating sustained inhibition of PTEN. This advanced delivery approach
taking advantages of polymeric nanomaterials and muscle-homing peptides opens a new avenue for the
development of long-term therapeutic strategies in DMD treatment.
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Statement of Significance

Pharmacological inhibition of phosphatase and tensin homolog (PTEN) has been demonstrated to improve
muscle function in a mouse model of Duchenne muscular dystrophy (DMD), but translation of this ap-
proach into clinical settings remains challenging due to potential risks of off-target side effects. Herein,
we developed a nanoparticulate platform, consisting of poly(lactide-co-glycolide)-b-poly(ethylene glycol)
and a muscle-homing peptide M12, for cell-specific delivery of a PTEN inhibitor. M12 facilitates the cellu-
lar internalization of nanoparticles in myoblasts and their selective localization in skeletal muscle. More-
over, the slowly released drug from nanoparticles reduces its cytotoxicity and achieves sustained PTEN
inhibition. This advanced delivery approach taking advantages of nanomaterials and targeting peptides
opens a new avenue for the development of long-term therapeutic strategies in DMD treatment.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Duchenne muscular dystrophy (DMD), a X-linked disorder and
the most common inherited muscle disease of early childhood, oc-
curs in 1 out of 5000 male births [1]. It results in muscle degen-
eration, severe physical disability, and premature fatality. DMD is
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caused by mutations in the DMD gene, which encodes a protein
called dystrophin. Dystrophin localizes to the sarcolemma of skele-
tal muscle, forming one component of the dystrophin-associated
glycoprotein complex, and acts as a mechanical link between the
muscle fiber cytoskeleton and extracellular matrix [2,3]. Mutations
in the DMD gene cause the deletion of certain regions of the dys-
trophin gene and the production of a dysfunctional dystrophin
protein. The lack of functional dystrophin in DMD patients dis-
rupts the dystrophin-associated glycoprotein complex in myofibers,
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thereby rendering the muscle fibers less resistant to mechanical
stress during muscle contractions [4,5].

Gene therapy has long been considered a promising option
for the treatment of DMD due to the genetic nature of this
disease. However, the large size of the dystrophin cDNA poses
a challenge to delivery. Consequently, several therapeutic strate-
gies aim to ameliorate dystrophic pathophysiology by targeting
signaling pathways that control skeletal muscle growth, includ-
ing matrix metalloproteinase-9 [6], insulin-like growth factor-1
[7,8], forkhead box protein O1 [9], and myostatin [10]. Phos-
phatase and tensin homolog (PTEN) is a dual-specificity lipid and
protein phosphatase that dephosphorylates phosphatidylinositol-
3,4,5-trisphosphate (PIP3) to phosphatidylinositol-4,5-bisphosphate
(PIP2), thereby negatively regulating the phosphoinositide 3-kinase
(PI3K)-dependent signaling pathway [11]. The substantially ele-
vated expression of PTEN has been detected in skeletal muscle
of DMD patients and animal models with pathological features of
DMD [12,13]. The PTEN signaling has therefore been considered a
potential therapeutic target to treat DMD.

Our previous studies have shown that genetic deletion of Pten
restores the integrity of muscle basement membrane and prevents
the degeneration of dystrophic myofibers in the mdx mouse model
of DMD [14]. More importantly, pharmacological inhibition of PTEN
by intraperitoneal administration of VO-OHpic trihydrate, a potent
inhibitor of PTEN, improves the pathophysiology and dystrophic
muscle function of mdx mice. However, translation of this approach
into clinical settings for DMD treatment remains challenging due
to the potential risks resulting from broad targeting spectrums that
affect multiple organs or tissues. Moreover, the short half-life of
PTEN inhibitors (< 2 days) induced by hydrolysis necessitates fre-
quent injections, causing patient compliance issues [15,16].

To overcome these limitations of therapeutic agents delivered
in native forms, nanoparticle (NP)-mediated delivery is considered
an encouraging strategy. Drug molecules can be encapsulated into
NPs, which offer both temporal and spatial control of drug release,
thereby substantially reducing the frequency of administration. NPs
based on biodegradable, biocompatible, and FDA-approved poly-
mers are of interest. The use of polymers with good clinical track
record facilitates the future translation of NP formulations into
clinical trials. Poly(lactide-co-glycolide) (PLGA) NPs as the con-
trolled release system are a desirable option due to their well-
established safety profile in clinic [17]. Poly(ethylene glycol) (PEG)-
functionalized PLGA NPs are particularly promising, since PEGy-
lated polymeric NPs exhibit significantly reduced systemic clear-
ance and prolonged circulating half-life compared to the particles
without PEGylation [18]. Moreover, PEGylation has been shown
to improve the efficacy, safety, and patient compliance of various
FDA-approved drugs in the clinical practice [19].

Another unique advantage of NPs in therapy is their ability to
actively target the cells or tissues of interest through surface engi-
neering. Active targeting involves utilizing affinity ligands on the
surface of NPs for enhanced retention and uptake by the target
cells. To that end, ligands are selected to bind surface molecules
or receptors specifically expressed in the target cells or tissues
and they need to be in the proximity of their targets to ben-
efit from this increased binding affinity [20]. Therefore, the ap-
proach is aimed toward increasing interactions between NPs and
cells as well as enhancing cellular internalization of the encapsu-
lated drug without largely altering the overall in vivo properties
[21]. Some targeted NP delivery systems have shown considerable
clinical benefits in cancer therapy and great scope for further im-
provement [22,23]. By screening, Gao et al. has previously identi-
fied a muscle-homing peptide M12 (RRQPPRSISSHP) that preferen-
tially binds to biologically active molecules or receptors present on
the surface of muscle cells [24]. Repeated administration of peptide
conjugates could improve the delivery efficiency of phosphorodi-

amidate morpholino oligomers and the muscle function [24-26],
showing great potential for serving as an actively targeted ligand
to enhance the specificity and efficiency of NP-mediated drug de-
livery to skeletal muscle.

Herein, we describe polymeric NPs functionalized with a tar-
geting peptide for enhanced and site-specific delivery of a PTEN
inhibitor to skeletal muscle. This NP delivery system consists of a
hydrophobic PLGA core encapsulating with a PTEN inhibitor VO-
OHpic trihydrate, a hydrophilic PEG shell, and muscle-homing pep-
tide M12 ligands. PLGA-PEG NPs functionalized with M12 greatly
increase the cellular uptake efficiency of NPs in myoblasts in vitro
and their localization in skeletal muscle in vivo, potentially al-
lowing enhanced therapeutic efficacy and bypassing unwanted off-
target side effects. Also, slowly released VO-OHpic trihydrate from
NPs reduces its cytotoxicity and achieves sustained PTEN inhibi-
tion, which would improve long-term treatment outcomes. This
design rationale has produced promising results through taking ad-
vantages of muscle-targeted nanomedicine coupled with inhibition
of PTEN signaling, opening new avenues for the development of
therapeutic strategies in DMD treatment.

2. Materials and methods
2.1. Materials

Methoxy poly(ethylene glycol)-b-poly(lactic-co-glycolic acid)
(mPEG-PLGA; Mw 5000-20,000 Da; 50:50 La:Ga (w:w); Cat.
#AKO037), Poly(lactide-co-glycolide)-b-poly(ethylene glycol)-
N-hydroxysuccinimide (PLGA-PEG-NHS; Mw 20,000-5000 Da;
50:50 La:Ga (w:w); Cat. #AI111), and Poly(lactide-co-glycolide)-b-
poly(ethylene glycol)-amine (PLGA-PEG-NH,; Mw 20,000-5000 Da;
50:50 La:Ga (w:w); Cat. #AI188) were purchased from PolySciTech
(West Lafayette, IN, USA). VO-OHpic trihydrate (Mw 415.20; Cat.
#S8174) was obtained from Selleck Chemicals (Houston, TX, USA).
M12 peptide (RRQPPRSISSHP, Mw 1417.6) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Nile red (Mw 318.4;
Cat. #151744) and Alexa Fluor® 488 NHS ester (Mw 732.74; Cat.
#41820) were purchased from MP Biomedicals (Solon, OH, USA)
and Lumiprobe Corporation (Hunt Valley, MD, USA), respectively.
Polyvinyl alcohol (PVA, 87%-90% hydrolyzed; Mw 30-70 kDa) and
anti-Laminin antibody (Cat. #L9393) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Goat polyclonal secondary antibody
to rabbit immunoglobulin G (IgG) - H&L (DyLight® 594, Cat.
#ab96901) was obtained from Abcam (Cambridge, UK). AKT (pan)
(40D4) (Cat. #2920), phospho-AKT (Ser473) (D9E) (Cat. #4060), S6
ribosomal protein (5G10) (Cat. #2217), and phospho-S6 ribosomal
protein (D57.2.2E) (Cat. #4858) antibodies as well as horseradish
peroxidase (HRP)-conjugated secondary antibodies, including
anti-rabbit immunoglobulin G (IgG) (Cat. #7074S) and anti-mouse
IgG (Cat. #7076S), were purchased from Cell Signaling Technology
(Danvers, MA, USA). CellTiter 96® AQueous One solution reagent
containing a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt; MTS] was purchased from Promega (Madison, WI, USA).
B-Actin (Cat. #SC-47778) antibody was purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). All the organic solvents used
in experiments were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). All other reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Animals

Animals were housed at a density of up to five males or five
females per cage under specific pathogen-free conditions in the
animal facility with free access to water and standard rodent
chow food. Room temperature was maintained at a temperature
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of 18-23°C with a 12-h light/12-h dark cycle and 40-60% humid-
ity. D2.B10-Dmd™d*|] mice (D2-mdx; JAX Stock #013141) were pur-
chased from Jackson Laboratory (Bar Harbor, ME, USA) and 2-
month-old mice were used in the experiments. All animal proce-
dures were approved by the Purdue University Animal Care and
Use Committee.

2.3. Preparation and characterization of NPs

NPs were formulated using the emulsion solvent evapora-
tion technique. Briefly, 10 mg of copolymers mPEG-PLGA and
PLGA-PEG-NHS (1:1 w/w) were dissolved in a mixture of
dichloromethane and dimethylformamide (4:1 v/v) with or with-
out a predefined amount of drug compounds, including VO-OHpic
or Nile red. A volume of 1 mL of polymer/drug solution was added
into 3 mL of aqueous phase containing 1% PVA, followed by probe
sonification (Sonic Dismembrator Model 100, Thermo Fisher Sci-
entific, Waltham, USA) to form the emulsion. The emulsified mix-
ture was subsequently poured into 15 mL of deionized water and
stirred for 2 h at room temperature to allow solvent evaporation.
The resulting NP fractions were purified by repeated centrifugation
at 13,000 rpm for 50 min at 4°C (Centrifuges 5804 R, Eppendorf,
Hamburg, Germany) and resuspended in deionized water. For pep-
tide conjugation, 0.625 mg of peptide was added to a NP suspen-
sion at a concentration of 10 mg/mL, buffered by 1 M sodium bi-
carbonate solution to pH 8.3, and stirred overnight at 4°C. The re-
maining free molecules were removed by centrifugation and wash-
ing NPs for three times.

The particle size, size distribution, and zeta potential were de-
termined by dynamic light scattering using a Malvern Nano ZS
(Malvern Instruments, Worcestershire, U.K.). Samples for transmis-
sion electron microscopy were stained with an aqueous solution of
1% phosphotungstic acid and observed for size and morphology us-
ing a Tecnai G2 20 TEM (FEI Company, Hillsboro, OR, USA) at an ac-
celerating voltage of 200 kV. The content of VO-OHpic in NPs was
analyzed by a microplate reader (Synergy H1, Biotek Instruments,
Winooski, VT, USA) at a wavelength of 302 nm. Drug loading is
defined as the mass fraction of drug in NPs and encapsulation ef-
ficiency is the fraction of initial drug that is encapsulated by NPs.

2.4. Drug release from NPs

To determine the release kinetics, a suspension of VO-OHpic
loaded NPs at a concentration of 10 mg/mL was placed into a
semipermeable dialysis bag (MWCO 12-14 kDa; Spectrum Labs,
San Francisco, CA, USA) and immersed in 10 mL of 0.2% tween
80 in phosphate-buffered saline (PBS, pH 7.4) at 37°C with gen-
tle agitation at 140 rpm using an orbital water bath shaker (New
Brunswick Scientific, Edison, NJ, USA). Samples of medium outside
the dialysis bag were collected at predetermined time points to
measure the concentration of VO-OHpic using a microplate reader
as described above. After sampling, the release medium was re-
placed with fresh buffer solution to maintain sink conditions. The
concentration of VO-OHpic released from NPs was expressed as the
cumulative percentage of the total drugs in NPs and plotted as a
function of time.

2.5. Cell culture and cellular uptake of NPs

C2C12 myoblasts, 3T3-L1 preadipocytes, and human skeletal
myoblasts were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum and 1% antibi-
otics (penicillin and streptomycin) at 37°C, 5% CO,, and 95% rela-
tive humidity.

C2C12 myoblasts, 3T3-L1 preadipocytes, and human skeletal
myoblasts were seeded onto 12-well plates at a density of 5 x 104

cells per well and cultured for 24 h. After washing with PBS, cells
were incubated with DMEM containing Nile red encapsulated NPs
at a final concentration of 0.1 mg/mL for 1 h. Subsequently, cell
nuclei were stained with Hoechst 33342 (1 ug/mL in PBS) at for
10 min at 37°C following by repeated washing with PBS to remove
remaining NPs and dead cells. Fluorescent images were captured
using a CoolSnap HQ charge coupled-device camera (Photometrics,
Tucson, AZ, USA) equipped on a Leica DM 6000B microscope (Le-
ica Camera, Wetzlar, Germany) with a x 20 objective. Cells without
any NP treatment were used as negative control. For competitive
inhibition studies, C2C12 myoblasts and 3T3-L1 preadipocytes were
preincubated with free M12 solution in DMEM at a concentration
of 50 uM for 1 h at 37°C, followed by the same procedure as de-
scribed above. The corrected total cell fluorescence was quantified
by measuring integrated density with background subtraction us-
ing Image] software. 200-300 cells in total from three individual
repeats were analyzed for each group.

2.6. Preparation of fluorescent AF 488 conjugated NPs

The conjugation of AF 488 NHS ester and PLGA-PEG-NH, was
performed by mixing 4.69 mg of AF 488 NHS ester and 20 mg
of PLGA-PEG-NH, in 1 mL of dimethylformamide and stirring
overnight at room temperature in darkness. After the reaction,
the final product was precipitated with cold diethylether/methanol
(1:1 v/v). The pellet was centrifuged and redissolved in dimethyl-
formamide followed by repeated precipitation/wash cycles to re-
move unreacted molecules. The resulting copolymer was dried un-
der vacuum for 24 h at room temperature. Fluorescent AF 488 con-
jugated NPs (AF488-PLGA-PEG NPs and AF488-PLGA-PEG-M12 NPs)
were prepared following the standard protocol described above.

2.7. Biodistribution of NPs

Fluorescent AF 488 conjugated NPs (AF488-PLGA-PEG NPs or
AF488-PLGA-PEG-M12 NPs) with a single dose of 80 mg/kg body
weight were injected via the tail vein (intravenous injection) into
mdx mice. Mice were anesthetized with Ketamine administered
by intraperitoneal injection at 6 h post injection. Hairs on both
hindlimbs were removed and the exposure parameters were ad-
justed using a control mouse without any treatment to avoid back-
ground autofluorescence. Images were taken with the Ami optical
imaging system (Spectral Instruments Imaging, Tucson, AZ). After
whole-body scanning (6 h post injection), mice were immediately
euthanized and multiple tissues, including the liver, kidney, spleen,
heart, quadriceps, gastrocnemius, and diaphragm, were collected,
followed by the ex vivo imaging. The fluorescent images were an-
alyzed by the Living Image Software and quantification of fluores-
cence ratio of muscle to liver was performed by dividing the fluo-
rescence intensity of liver with that of each muscle tissue.

2.8. Immunofluorescence staining

The dissected gastrocnemius muscle tissues were embedded
in optimal cutting temperature compound and frozen in isopen-
tane that was chilled in liquid nitrogen. Cross-sections of 10 um
thickness were cut using a Leica CM1850 cryostat microtome (Le-
ica, Wetzlar, Germany). After fixation in 4% paraformaldehyde,
the slides were washed with PBS, quenched with glycine (100
mM glycine and 0.1% sodium azide in PBS), and blocked with
PBS containing 2% BSA, 5% goat serum, and 0.2% Triton X-100
for 1 h at room temperature. Subsequently, tissues were incu-
bated with the anti-Laminin antibody diluted at 1:1000 in the
same blocking buffer overnight at 4°C and the DyLight® 594 con-
jugated goat anti-rabbit IgG (1:1000 dilution) for 1 h at room
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temperature. Nuclei were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI, 1 pg/mL), which was premixed with the sec-
ondary antibody. Fluorescent images were captured using a Cool-
Snap HQ charge coupled-device camera equipped on a Leica DM
6000B microscope with a x 20 objective. Quantitative analysis of
relative fluorescence intensity of AF488 in gastrocnemius sections
and within myofibers was performed using Image] software. For
each group, four animals were included with at least three images
per animal analyzed.

2.9. Western blot analysis of PTEN downstream targets

C2C12 myoblasts were seeded onto 6-well plates at a density
of 3 x 10* cells per well. After 24 h of culture, free VO-OHpic
solution or VO-OHpic loaded PLGA-PEG-M12 NP suspension was
added into the culture medium at a final VO-OHpic concentra-
tion of 10 uM and cells were further cultured for 12 or 24 h.
The cells treated with DMSO vehicle only and blank PLGA-PEG-
M12 NPs without encapsulating drugs were used as negative con-
trols. Total protein was extracted from cells using RIPA buffer con-
taining 25 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.5%
NP-40, 0.5% sodium deoxycholate and 0.1% SDS. Protein concentra-
tions were determined by Pierce BCA Protein Assay Reagent (Pierce
Biotechnology, Waltham, MA, USA). Proteins were separated by
SDS-PAGE and transferred to a polyvinylidene fluoride membrane
(Millipore, Burlington, MA, USA). The membrane was then blocked
with 5% fat-free milk for 1 h at room temperature and incubated
with primary antibodies in 5% milk overnight at 4°C as well as
secondary antibodies for 1 h at room temperature. Primary anti-
bodies, including pAKT (1:2000 dilution), AKT (1:2000 dilution),
pS6 (1:2000 dilution), S6 (1:2000 dilution), and B-Actin (1:5000
dilution), were used. HRP-conjugated secondary antibodies, includ-
ing anti-rabbit and anti-mouse IgG, were also used at a dilution
of 1:10,000. A luminol reagent for enhanced chemiluminescence
detection of western blots (Santa Cruz Biotechnology, Dallas, TX,
USA) was employed and signals were detected with a FluorChem
R imaging system (ProteinSimple, San Jose, CA, USA).

2.10. Assessment of cell viability

In vitro cell viability after incubation with free VO-OHpic or VO-
OHpic loaded PLGA-PEG-M12 NPs was determined using an MTS
assay, which is based on the mitochondrial conversion of a tetra-
zolium salt. C2C12 cells were seeded onto 96-well plates at a den-
sity of 1 x 103 cells per well and cultured for 24 h. Blank NPs, VO-
OHpic loaded NPs, or free VO-OHpic solutions were then added to
the cells in culture medium at a final drug concentration of 10 uM
and cells were further cultured for 12, 24, or 48 h. Subsequently,
20 uL of CellTiter 96® AQueous ONe solution reagent was added
to each well in 100 uL of culture medium and incubated at 37°C
in a humidified, 5% CO, atmosphere for 2 h. The absorbance was
measured using a Tecan Spark™ 10M microplate reader (Tecan,
Madnnedorf, Switzerland) at a wavelength of 490 nm with back-
ground subtraction at 680 nm. Cells incubated with 0.1% Triton X-
100 and DMSO vehicle only in culture medium served as positive
and negative controls, respectively.

2.11. Statistical analysis

All studies were performed at least in triplicate and data points
were expressed as mean values plus or minus standard error of the
mean (mean + SEM). To determine statistical significance, analy-
sis of variance (one-way or two-way ANOVA) followed by Tukey’s
multiple comparison test was performed using GraphPad Prism 7.
Differences were considered statistically significant if p < 0.05.

3. Results
3.1. NP preparation and characterization

The PTEN inhibitor VO-OHpic was encapsulated into PLGA-PEG
NPs with or without M12 conjugation using the emulsion sol-
vent evaporation technique with an encapsulation efficiency of
62.86%. A schematic morphological illustration of VO-OHpic en-
capsulated PLGA-PEG-M12 NPs is shown in Fig. 1A. The muscle-
homing peptide M12 was covalently conjugated to PLGA-PEG NPs
via the N-terminal «-amino groups of peptides using the N-
hydroxysuccinimide ester reaction. M12 has previously shown high
binding affinity to skeletal muscle and heart, homing antisense
oligonucleotide-carrying cargos to local tissues following systemic
administration [24]. The morphology of PLGA-PEG-M12 NPs encap-
sulating VO-OHpic was visualized using transmission electron mi-
croscopy. As shown in Fig. 1B, NPs appeared as dispersed spheres
with a particle size of around 100 nm, exhibiting a dark core sur-
rounded by a lighter gray rim corresponding to the hydrophilic
PEG shell. The density of NPs after M12 conjugation became
nonuniform, which was not seen in unconjugated NPs and prob-
ably related to the distribution of peptides on the surface of NPs.
Results obtained by dynamic light scattering showed that PLGA-
PEG-M12 NPs possessed an average particle size of 123.2 + 1.3
nm and a relatively narrow size distribution with a polydisper-
sity index of 0.067 4 0.018 (Fig. 1C). The zeta potential was in the
range of -23.9 + 1.7 mV, preventing particle aggregation in suspen-
sion. To evaluate the release characteristics of VO-OHpic from NPs,
we investigated in vitro release profiles of VO-OHpic encapsulated
PLGA-PEG NPs and PLGA-PEG-M12 NPs under a neutral condition
(phosphate-buffered saline, pH 7.4) at 37°C. Fig. 1D shows the cu-
mulative amounts of VO-OHpic released from NPs as a function of
time. The encapsulated NPs presented highly sustained release of
VO-OHpic for as long as 16 days with over 50% of the encapsulated
VO-OHpic released within the first three days. Also, the conjuga-
tion of M12 did not alter the release characteristics of VO-OHpic
from PLGA-PEG NPs.

3.2. M12 mediates enhanced cellular uptake of NPs in myoblasts in
vitro

To evaluate the active targeting of PLGA-PEG-M12 NPs to mus-
cle cells, we examined in vitro cellular uptake of PLGA-PEG NPs
and PLGA-PEG-M12 NPs in C2C12 myoblasts using fluorescence mi-
croscopy. C2C12 cells were incubated with PLGA-PEG NPs or PLGA-
PEG-M12 NPs encapsulating a fluorescent dye Nile red to facili-
tate visualization. As shown in Fig. 2A, a well-dispersed red flu-
orescent signal originating from Nile red encapsulated PLGA-PEG
NPs was detected within the cytoplasm and around the nucleus
after 1 h of incubation, indicating that PLGA-PEG NPs have been
rapidly taken up by C2C12 cells. The negative surface charge of
NPs leads to repulsion between particles, thus preventing agglom-
eration and stabilizing NP dispersion inside the cells. When C2C12
cells were incubated with PLGA-PEG-M12 NPs, the intracellular red
fluorescence intensity was remarkably enhanced compared to the
PLGA-PEG NP treatment, suggesting that PLGA-PEG-M12 NPs were
internalized by C2C12 cells to a greater extent than nontargeted
NPs. Quantitative analysis showed a 2.44-fold increase in the cel-
lular uptake efficiency of NPs after surface engineering with M12
(Fig. 2B, p < 0.001).

To further verify the specific interaction between PLGA-PEG-
M12 NPs and surface receptors of C2C12 myoblasts, we per-
formed competitive binding experiments by preincubating C2C12
cells with free M12 solution at a concentration of 50 uM to sat-
urate its receptors present on the cell surface prior to treatment
with PLGA-PEG-M12 NPs. Our results showed that the intracel-
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Fig. 1. NP preparation and characterization. (A) Schematic illustration of PLGA-PEG-M12 NPs encapsulating VO-OHpic trihydrate. The nanoparticulate delivery system consists
of two components: (i) an outer PEG surface conjugated with a muscle-homing peptide M12, which can preferentially bind to the skeletal muscle, and (ii) a PLGA hydrophobic
core that serves as a polymer matrix to encapsulate a PTEN inhibitor VO-OHpic trihydrate, promotes retention of the loaded drug inside the NP core, and controls drug
release. Nontargeted and M12 functionalized NPs encapsulating VO-OHpic trihydrate were prepared using the single-step emulsion technique; (B) Representative transmission
electron microscopy images of VO-OHpic loaded PLGA-PEG-M12 NPs; (C) Size distribution of VO-OHpic encapsulated PLGA-PEG-M12 NPs determined by dynamic light
scattering; (D) In vitro release profiles of VO-OHpic from PLGA-PEG NPs and PLGA-PEG-M12 NPs.

lular red fluorescence intensity after free M12 pretreatment sig-
nificantly decreased compared to incubation with PLGA-PEG-M12
NPs alone (p < 0.001), indicating that the interaction between
PLGA-PEG-M12 NPs and receptors in C2C12 cells as well as the
subsequent M12 receptor-mediated endocytosis were suppressed
due to ligand competition with free M12. In contrast, preincu-
bation with M12 did not affect cellular internalization of PLGA-
PEG NPs (p > 0.05). We also investigated the cellular uptake of
NPs in 3T3-L1 preadipocytes to confirm the specificity of M12 re-
ceptors in muscle cells. As shown in Fig. 2A and C, neither en-
hanced cellular uptake nor binding inhibition was observed in 3T3-
L1 cells. These data support that M12 mediates more efficient cel-
lular uptake of NPs in myoblasts in vitro compared to non-specific
internalization.

In addition to the targeting capacity of M12 to murine C2C12
myoblasts and myofibers, our preliminary validation data have also
shown that M12 exhibited high binding affinity to human skeletal
myoblasts (Supplementary Fig. S1), suggesting the target epitope
might also be present in human muscles. To investigate whether
PLGA-PEG-M12 NPs could achieve active targeting to human cells,
we subsequently examined in vitro cellular uptake of PLGA-PEG
NPs and PLGA-PEG-M12 NPs in human skeletal myoblasts. Similar
to the results observed in the C2C12 experiments, a well-dispersed
red fluorescent signal arising from Nile red encapsulated NPs was
detected in the cytoplasm in both treatment groups, indicating
quick cellular uptake of NPs in human skeletal myoblasts (Fig. 2D).
Compared to PLGA-PEG NPs, the incubation of PLGA-PEG-M12 NPs
resulted in a significant increase in cellular internalization, sug-

gesting M12 mediates enhanced NP delivery to human muscle cells
(Fig. 2E, p < 0.001).

3.3. M12 facilitates active targeting of NPs to skeletal muscle
following systemic administration in vivo

To assess the targeting efficiency of PLGA-PEG-M12 NPs to
skeletal muscle in vivo, we examined the biodistribution of Alexa
Fluor® 488 conjugated NPs (AF488-PLGA-PEG NPs and AF488-
PLGA-PEG-M12 NPs) in mdx mice following intravenous injection
using a fluorescence optical imaging system. The fluorescent dye
AF488-NHS ester was conjugated to PLGA-PEG-NH, through amide
bond formation followed by NP preparation using the standard
protocol. The experimental design representing the timeline of NP
injection is shown in Fig. 3A. AF488-PLGA-PEG NPs or AF488-
PLGA-PEG-M12 NPs in saline at a concentration of 80 mg/kg were
injected into the tail vein of mdx mice. After 6 h of administra-
tion, AF488-PLGA-PEG-M12 NPs presented an intense fluorescence
signal in the whole hindlimbs, whereas only minimal accumula-
tion of nontargeted NPs (AF488-PLGA-PEG NPs) was detected in
the hindlimb muscle tissue (Fig. 3B).

After whole-body imaging, mice were immediately euthanized
and various tissues, including the liver, kidney, spleen, heart, and
skeletal muscle, were dissected for ex vivo imaging. As shown in
Fig. 3C, results revealed that the fluorescence signal arising from
AF488-PLGA-PEG-M12 NPs was exclusively detected in the heart
and skeletal muscle, including quadriceps, gastrocnemius, and di-
aphragm, although there was nonspecific accumulation in the liver
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Fig. 2. M12 mediates enhanced cellular uptake of NPs in myoblasts in vitro. (A) Representative fluorescence microscopy images of C2C12 myoblasts and 3T3-L1 preadipocytes
treated with Nile red encapsulated PLGA-PEG NPs or PLGA-PEG-M12 NPs f01 1 h with or without preincubation of free M12 solution. The final NP concentration was 0.1
mg/mL and free M12 at a concentration of 50 «M was used to saturate the specific binding receptors of M12 on the cell surface. A negative control without any NP treatment
was also included; (B) Quantitative analysis of corrected total cell fluorescence intensity indicating cellular uptake of Nile red encapsulated NPs in C2C12 myoblasts. 200-300
cells in total from three individual repeats were analyzed for each group; (C) Quantitative analysis of corrected total cell fluorescence intensity indicating cellular uptake
of Nile red encapsulated NPs in 3T3-L1 preadipocytes; (D) Representative fluorescence microscopy images of human skeletal myoblasts treated with Nile red encapsulated
PLGA-PEG NPs or PLGA-PEG-M12 NPs at a concentration of 0.1 mg/mL for 1 h; (E) Quantitative analysis of fluorescence intensity indicating cellular uptake of Nile red
encapsulated NPs in human skeletal myoblasts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

and kidney due to active metabolism. The injection of nontargeted
AF488-PLGA-PEG NPs led to a relatively homogeneous distribution

cle was quantified for each individual muscle group and normal-
ized to that of the liver, which is the main metabolic detoxification

of NPs in all the organs or tissues throughout the body with signif-
icantly reduced fluorescence signals in skeletal muscle compared
to those in the targeted AF488-PLGA-PEG-M12 NP group. These re-
sults were consistent with the findings from the whole-body imag-
ing, indicating the muscle-homing property of M12. Based on the
biodistribution results, the fluorescence intensity of skeletal mus-

organ of the body. Compared to nontargeted NPs, 1.23, 1.69, 2.31,
and 1.91-fold increases in the fluorescence ratio were observed in
the heart, quadriceps, gastrocnemius, and diaphragm, respectively
in the mice injected with AF488-PLGA-PEG-M12 NPs (Fig. 3D). The
difference in gastrocnemius muscle between two groups was sta-
tistically significant (p < 0.05). The data reveal that the conjugation
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Fig. 3. M12 facilitates active targeting of NPs to skeletal muscle following systemic administration in vivo. (A) Experimental design showing the timeline of NP injection in
dystrophin-deficient mdx mice; (B) Whole-body imaging of fluorescent AF488 dye conjugated NPs (AF488-PLGA-PEG NPs or AF488-PLGA-PEG-M12 NPs) in the hindlimbs of
mice at 6 h post intravenous injection; (C) Biodistribution of fluorescent AF488 dye conjugated NPs in different dissected tissues, including the liver, kidney, spleen, heart,
quadriceps (Qu), gastrocnemius (Gas), and diaphragm (Di); (D) Quantitative analysis of fluorescence ratio of muscle to liver. The fluorescence intensity of each tissue was
measured by the optical imaging system and calculated based on the default equation from the system. The fluorescence ratio of muscle to liver was obtained by dividing
the fluorescence intensity of liver with that of each muscle tissue, respectively (n = 4); (E) Representative images of 10 um-thick gastrocnemius sections stained with
«-Laminin antibody and DAPI and observed under a fluorescence microscope at 200 x magnification; (F) Quantitative analysis of relative fluorescence intensity of AF488
in gastrocnemius sections. For each group, four animals were included with at least three images per animal analyzed; (G) Quantitative analysis of relative fluorescence
intensity of AF488 within myofibers. At least 12 images were analyzed from four animals in each group with each dot representing one image.
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of M12 achieves a selective enhancement in total NP localization in
muscle tissues with minimizing the undesired accumulation in off-
target organs.

We subsequently sectioned the gastrocnemius muscle to fur-
ther determine the distribution of NPs within the tissue. As shown
in Fig. 3E, green fluorescence signals arising from NPs were de-
tected only in limited regions in muscle sections of AF488-PLGA-
PEG NP treated mice. The intensity and area of fluorescence sig-
nals substantially increased in the section collected from the mice
injected with AF488-PLGA-PEG-M12 NPs compared to those in the
AF488-PLGA-PEG NP group, demonstrating M12-mediated NP ac-
cumulation in the gastrocnemius muscle. Quantitative analysis fur-
ther confirmed a 1.7-fold increase in the intensity of total AF488
fluorescence in muscle sections in the M12 conjugated NP group
compared to that acquired in the nontargeted NP group (Fig. 3F, p
< 0.005). Interestingly, it was observed that a portion of AF488-
PLGA-PEG-M12 NPs were localized inside myofibers within the
time intervals analyzed, whereas fluorescence signals were barely
seen within myofibers in the AF488-PLGA-PEG NP group (Fig. 3E).
Quantification results showed that the intensity of AF488 fluores-
cence within myofibers in the AF488-PLGA-PEG-M12 NP group was
approximately 2.1-fold higher than that in the AF488-PLGA-PEG NP
group (Fig. 3G, p < 0.01), suggesting that M12 might facilitate the
binding of NPs to myofibers and subsequent permeation across the
myofiber membrane. Nevertheless, the basal lamina and myofiber
sarcolemma posed a significant delivery barrier for NPs as the ma-
jority of fluorescent NPs were retained in the extracellular matrix
in both formation groups at the time point examined (i.e. 6 h post
injection).

3.4. Encapsulation of VO-OHpic into PLGA-PEG-M12 NPs achieves
sustained inhibition of PTEN signaling without causing cytotoxicity in
vitro

The effects of VO-OHpic on the PTEN signaling, including pro-
tein levels of PTEN, AKT, and ribosomal S6 kinase, were determined
by western blot analysis. AKT and ribosomal S6 kinase are down-
stream targets in the PTEN signaling pathway with inhibition of
PTEN signaling leading to activation of phosphorylated AKT and
ribosomal S6 kinase [27]. Our results showed that the treatment
with VO-OHpic free drug or VO-OHpic encapsulated PLGA-PEG-
M12 NPs at a concentration of 10 uM did not cause any signifi-
cant changes in the protein level of PTEN (Supplementary Figure
S2), while significantly upregulated the protein expression of pAKT
(p < 0.005) and pS6 (p < 0.001), suggesting efficient inhibition
of enzymatic activity of PTEN (Fig. 4A-C). However, we were un-
able to evaluate for a longer time point due to the limitation in
cell viability. The expression levels of pAKT and pS6 were consis-
tently increased when cells were incubated with VO-OHpic loaded
PLGA-PEG-M12 NPs for 12 h. It was noticed that the upregulation
in pAKT expression induced by VO-OHpic loaded NPs (p < 0.001)
was even more significant than that in the free drug group, which
might be attributed to enhanced intracellular delivery of NPs to
myoblasts. When the incubation time of NPs was extended to 24
h, the protein levels of pAKT (p < 0.05) and pS6 (p < 0.001) main-
tained constantly upregulated, indicating efficient and sustained
inhibition of PTEN signaling achieved by VO-OHpic loaded NPs.

The cytotoxicity of VO-OHpic free drug and VO-OHpic loaded
PLGA-PEG-M12 NPs in C2C12 myoblasts was also determined using
an MTS assay. C2C12 cells were incubated with VO-OHpic free drug
or VO-OHpic loaded NPs for 12, 24, and 48 h and results were nor-
malized to the vehicle control groups. It was found that free VO-
OHpic at the concentration used resulted in a decline in cell viabil-
ity in a time-dependent manner (Fig. 4D). Although the treatment
did not cause detectable cytotoxicity within the first 12 h, the cell
viability significantly decreased to 64.78% (p < 0.05) and 45.73% (p

< 0.01) after 24 h and 48 h of incubation, respectively. In contrast,
the cell viability was well maintained after the treatment with
VO-OHpic loaded NPs at comparable drug concentrations through-
out the entire culture period, indicating that encapsulation of VO-
OHpic into PLGA-PEG-M12 NPs exhibited a great improvement in
the safety of PTEN inhibitor and preserving the viability of mus-
cle cells. Also, no obvious cytotoxicity was observed in the group
treated with blank NPs, suggesting the superior biocompatibility of
M12 conjugated NP delivery system. These results together provide
encouraging evidence that encapsulation of VO-OHpic into PLGA-
PEG-M12 NPs achieves efficient inhibition of PTEN signaling with-
out causing cytotoxicity.

4. Discussion

At present, most clinical practices for the treatment of DMD
are palliative at best, aimed at managing issues with ambula-
tion, respiratory function, and cardiac health that are typical of
DMD [28]. In addition to conventional therapeutic strategies, a
number of advanced approaches have been explored to date with
varying degrees of success. For instance, cell-based therapy is
used to reconstitute the satellite cell pool with dystrophin com-
petent cells, thereby restoring muscle function. Multiple cell types
have been applied in transplantation experiments in DMD ani-
mal models or patents, including myoblasts, bone marrow cells,
and pluripotent stem cells [29]. Gene therapy, such as antisense
oligoribonucleotide-mediated exon skipping, has also shown much
promise and has spurred the investigation of numerous pharma-
ceuticals, one of which is eteplirsen, the first and currently only
FDA-approved drug for the treatment of DMD [30]. These thera-
peutic options for DMD represent the first step toward the devel-
opment of curative therapies for this devastating disorder. How-
ever, several challenges, including improvement of delivery sys-
tems, distribution to all diseased tissues, achievement of a sustain-
able therapeutic efficacy for life-long treatment still remain to be
overcome.

Consequently, alternative approaches aimed at regulating skele-
tal muscle signaling pathways have been proposed for DMD treat-
ment. We have recently discovered the critical role of PTEN sig-
naling in the pathogenesis of DMD. It has been demonstrated that
pharmacological inhibition of PTEN signaling through three weeks
of consecutive daily dosing of a PTEN inhibitor VO-OHpic trihy-
drate substantially reduces the dystrophic symptoms. Specifically,
the beneficial phenotypes of PTEN inhibition result in improved
muscular strength and prolonged ambulation. However, a relatively
high dose of drug is required to modulate skeletal muscle func-
tion in all affected tissues when using conventional delivery ap-
proaches, which might in turn cause off-target drug accumulation
in other organs and potential side effects. Site-specific and con-
trolled delivery of the PTEN inhibitor to massively expanded skele-
tal muscle using NPs could minimize off-target adverse effects and
maximize the therapeutic efficacy of the drug. Targeted NPs have
shown tremendous therapeutic potential in both research and clin-
ical settings and are widely expected to lead to rapid changes in
the landscape of pharmaceutical industry [20]. Here, we use the
M12 peptide to facilitate NP homing to skeletal muscle specifically.
A recent study has employed a phage display library on C2C12 my-
oblasts to identify that M12 preferentially binds to skeletal muscle
after systemic administration in adult mdx mice [24]. When M12 is
conjugated to phosphorodiamidate morpholino oligomer, the con-
jugates effectively induce exon skipping and dystrophin restora-
tion in skeletal muscle [24-26]. By conjugating this short muscle-
homing peptide to polymeric NPs, we developed a robust drug de-
livery platform that carries a hydrophobic PTEN inhibitor and in-
vestigated their muscle-targeting specificity and inhibitory effects
on the PTEN signaling as a proof of concept.
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Fig. 4. Encapsulation of VO-OHpic into PLGA-PEG-M12 NPs achieves sustained inhibition of PTEN signaling without causing cytotoxicity in vitro. (A) Western blot analysis
of pAKT and pS6 protein expression in C2C12 myoblasts after treatment with VO-OHpic free drug and VO-OHpic loaded PLGA-PEG-M12 NPs. Cells were incubated with free
VO-OHpic solution or VO-OHpic loaded NP suspension in culture medium with a final VO-OHpic concentration of 10 uM for 12 or 24 h. Cells in the vehicle control group
were treated with DMSO vehicle only and the blank NP group received the treatment of blank PLGA-PEG-M12 NPs without encapsulating the drug; (B) Quantification of
protein expression levels of pAKT normalized to total AKT controls by densitometry analysis (n =3); (C) Quantification of protein expression levels of pS6 normalized to total
S6 controls by densitometry analysis (n =3); (D) Cell viability of C2C12 myoblasts after treatment with VO-OHpic free drug, blank PLGA-PEG-M12 NPs, and VO-OHpic loaded
PLGA-PEG-M12 NPs for different periods of time (12, 24, and 48 h) as determined by MTS assay. Cells incubated with 0.1% Triton X-100 and DMSO vehicle only in culture

medium served as positive and negative controls, respectively (n =3).

PLGA-PEG-M12 NPs formulated in this study exhibit unique
physicochemical properties, including small particle size, narrow
size distribution, and highly negative surface charge. All these
characteristics are considered to favor efficient drug delivery to
the target cells and tissues. Furthermore, the loading amount
of VO-OHpic within PLGA-PEG-M12 NPs was found to be 9.43
ug per mg of NPs, which is sufficient to elicit therapeutic ef-
fects for PTEN inhibition when released properly. The encapsu-
lated VO-OHpic appeared to be released over a period of approx-
imately two weeks in a biphasic manner, characterized by an ini-
tial rapid release phase followed by more sustained release. A sig-
nificant initial burst was observed with 34.42% of the encapsu-
lated drug released from NPs within the first day, which might
be due to the VO-OHpic molecules that loosely bound or in-
serted among PEG chains on the surface of NPs [31]. After the
initial burst, VO-OHpic release profiles displayed a sustained fash-
ion. This slow release could result from the diffusion of VO-OHpic
into polymer matrix and the drug molecules through polymer
wall as well as the erosion of polymers. The drug molecules at-
tached to the NP surface may migrate into the interior matrix
during the formulation process with the carrier matrix maintain-

ing a compact interconnected network structure to restrain drug
release.

The present cellular uptake studies highlight the potential of
PLGA-PEG-M12 NPs for targeted drug delivery to muscle cells. The
specific binding between particulate drug carriers and specific cells
that leads to selective cellular uptake is of particular importance
for targeted delivery of therapeutics, especially to the intracellu-
lar space [32,33]. In our studies, targeted NP internalization in
C2C12 and human skeletal myoblasts was achieved by modifying
the surface of NPs with M12, which has been confirmed to prefer-
entially bind to biologically active molecules or receptors present
on the surface of muscle cells [24]. Achievement of active target-
ing of NPs to myoblasts and subsequent drug release within the
cells would be beneficial for the treatment of DMD. A previous
study has demonstrated that dystrophin is expressed in activated
satellite cells, where it regulates the establishment of satellite cell
polarity and asymmetric cell division. Their findings indicate that
dysfunctions in dystrophin-deficient myoblasts also contribute to
muscle wasting and disease progression of DMD. Therefore, ther-
apies targeting myoblasts could hold great potential for the treat-
ment of DMD [34]. Although M12 has exhibited unique properties
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for serving as an actively targeted ligand to enhance the specificity
and efficiency of NP-mediated drug delivery to skeletal muscle, a
major limitation is that the potential binding receptor of M12 still
remains unclear. The amino acid sequence of M12 does not match
any known motif by searching across several databases, including
SAROTUP, PEPBANK, nonredundant protein sequences, Swiss-Prot,
patented protein sequences, and Protein Data Bank [24]. Also, no
conserved motif is present in the sequence composition of M12
and other muscle-specific peptides except serine [35,36]. Further
investigation in determining the potential binding receptor of M12
and the relationship between structure and ligand-receptor inter-
action would throw light on how the peptide ligand mediates cel-
lular uptake of NPs in different cell types. Nevertheless, this is the
first study demonstrating the concept that muscle-homing pep-
tides are able to facilitate enhanced intracellular delivery of NPs
to skeletal muscle.

Our in vivo results further confirm that PLGA-PEG-M12 NPs ef-
ficiently target skeletal muscle tissues following intravenous ad-
ministration. An increased proportion of PLGA-PEG-M12 NPs were
found to rapidly distribute in muscle tissues compared to non-
targeted NPs, although there was nonspecific accumulation in the
liver and kidney. The observed biodistribution of NPs is related
to the fact that a predominant portion of systemically injected
NPs face either sequestration by the liver or filtration by the kid-
ney [37]. It was also noted that the fluorescence intensity in the
liver was comparable between the two groups; however, a higher
amount of PLGA-PEG-M12 NPs were accumulated in the kidney
than PLGA-PEG NPs. The detected difference was in agreement
with the observation in the biodistribution of free M12 peptides
demonstrating that the conjugation of hydrophilic M12 might af-
fect the physicochemical characteristics of NPs, thereby leading to
slightly different dynamic profiles of NPs via the systemic circu-
lation. Interestingly, we found that a portion of PLGA-PEG-M12
NPs have penetrated across the membrane and localized within
myofibers, which was barely seen in the nontargeted PLGA-PEG
NP group. The close proximity of NPs to the target site would
greatly improve delivery efficiency of the encapsulated drug and
subsequent therapeutic consequences. This is particularly benefi-
cial for hydrophobic drugs, such as VO-OHpic, which in general are
delivered less effectively than water-soluble compounds in native
forms. After being localized in the target tissue, the released drug
would be better retained in situ to sustain its therapeutic action
with a constantly efficient concentration over a prolonged period
of time. Dystrophic muscle typically displays an accelerated rate of
turnover with active cycles of myofiber degeneration and regener-
ation compared to normal muscle, which might have an impact on
the drug clearance in skeletal muscle [38]. The use of NPs coupled
with a PTEN inhibitor that reduces the rate of myofiber turnover
might effectively minimize the required frequency of readministra-
tion and maximize the therapeutic efficacy.

Although M12 conjugated NPs showed enhanced and muscle-
specific accumulation after systemic delivery, the majority of NPs
were retained in the extracellular matrix with limited internaliza-
tion/penetration into myofibers at the time point examined (i.e. 6
h post injection). This might be due to the relatively short time
interval between injection and tissue analysis and the low preser-
vation of NPs within myofibers during muscle cryosection. In ad-
dition, the extracellular matrix (endomysium) and sarcolemma of
myofiber may represent a significant barrier for NPs to penetrate.
This challenge could be overcome by further optimization of our
delivery system (e.g. combining M12 with other membrane pene-
trating ligands or transiently increasing the membrane permeabil-
ity). It is also worth noting that myofibers are not the only ther-
apeutic target for the treatment of DMD. Alternatively, targeting
muscle stem cells, including satellite cells and myoblasts, is equally
important and may be more advantageous. Myoblast-based cell

and gene therapy has been widely investigated to treat muscular
dystrophy due to their key roles in muscle regeneration [34]. For
therapeutic intervention by PTEN inhibition, in particular, targeting
myoblasts would provide enhanced therapeutic efficacy compared
to targeting myofibers, as PTEN is expressed at much higher lev-
els in muscle progenitor cells than in myofibers [39]. In our re-
cent study, we also found that deletion of Pten in embryonic my-
oblasts ameliorates muscle wasting and improves muscle function
in a mouse model of DMD [14]. Furthermore, even NPs are local-
ized to the extracellular matrix without completely incorporating
into myofibers, the released PTEN inhibitor at the periphery of dys-
trophic myofibers would also facilitate its diffusion and internaliza-
tion into myofibers.

Lastly, we demonstrate that PLGA-PEG-M12 NPs encapsulating
VO-OHpic achieve sustained PTEN inhibition with preservation of
cell viability. Severe cytotoxicity in a time-dependent manner was
induced by free VO-OHpic in myoblasts, as indicated by the cell vi-
ability data. One possible explanation for the observed cytotoxicity
could be the acute inhibition of PTEN signaling, thus the overdose
of PTEN inhibitor may result in a reduction in cell viability [40].
Also, vanadium compounds have been found to interact with mi-
tochondria to enhance the respiratory metabolism and induce in-
tracellular reactive oxygen species, which present cytotoxicity [41].
In contrast to free VO-OHpic, VO-OHpic encapsulated PLGA-PEG-
M12 NPs maintained superior cell viability throughout the entire
culture period. The use of nanoparticulate delivery system sub-
stantially improves the safety of vanadium complex by avoiding
acute PTEN inhibition. Moreover, the slowly released VO-OHpic
from NPs inside of myoblasts even in a small amount was sufficient
to achieve effective inhibition of PTEN signaling. PTEN inhibition is
known to modulate the intracellular AKT and ribosomal S6 kinase
pathways, which are important for the control of skeletal muscle
growth and hypertrophy [42]. Previous research has shown that ac-
tivation of AKT expression and phosphorylation by overexpressing
microRNA-486 improves muscular dystrophy-associated symptoms
[43]. In our present study, VO-OHpic released from NPs effectively
stimulated the activity of AKT and ribosomal S6 kinase. Unfortu-
nately, we were not able to evaluate the long-term inhibitory effect
of NPs due to the limitation in cell culture (i.e. C2C12 is a fairly
quickly growing cell line with a short doubling time of approxi-
mately 12 h). However, with enhanced cellular internalization by
targeted muscle cells and controlled drug release within the cells,
sustained inhibition of PTEN signaling induced by M12 modified
NPs can be expected under in vivo conditions.

5. Conclusions

We provide evidence of the validity of a muscle-targeted
nanoparticulate drug delivery system. The results show, to our
knowledge for the first time, polymeric NPs functionalized with
a muscle-homing peptide greatly increase the cellular uptake effi-
ciency of NPs in cultured myoblasts and their selective localization
in skeletal muscle tissue (e.g. myofibers), potentially allowing en-
hanced therapeutic efficacy and minimizing off-target side effects.
Moreover, the slowly released PTEN inhibitor from NPs reduces its
cytotoxicity and achieves sustained inhibition of PTEN signaling,
which would considerably improve long-term treatment outcomes.
Although further optimization of NPs is required to improve their
in vivo targeting efficiency particularly the penetration capability
across the extracellular matrix, our design rationale has produced
promising results through taking advantages of polymeric nanoma-
terials and muscle-homing peptides. This technique could poten-
tially open a new avenue for the development of long-term thera-
peutic strategies in DMD treatment.
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