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ABSTRACT

Antisense oligomers induced exon-skipping has been promising therapy for Duchenne muscular dystrophy in preclinical and 
clinical trials, but its therapeutic potential could be improved with enhanced delivery approach. A few neutral surfactants 
were investigated here in for their performance to improve exon-skipping of an antisense phosphorodiamidate morpholino 
oligomer (PMO) both in vitro and in vivo. This study showed that these surfactants, especially Bigchap and Deoxy Bigchap, 
improved the delivery efficiency of PMO to the levels comparable to Endoporter-mediated PMO delivery in vitro, and significant 
enhancement with Deoxy Bigchap-mediated PMO was further observed in mdx mice up to 7-fold compared with PMO alone. 
Cytotoxicity of the surfactants except for Mega10 was much lower than that by Endoporter in vitro and not clearly observed in 
vivo under the tested dosage. These results reveal that surfactant’s composition is key factor as delivery carrier to improve PMO 
exon-skipping efficiency, the efficacy and safety endow neutral surfactants as potential delivering enhancer for oligonucleotide 
in the treatment of muscular dystrophy or other diseases.
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INTRODUCTION

Antisense therapy is a potential treatment for genetic disorders 
or infections using synthetic single-stranded DNA-like molecules 
called antisense oligonucleotides (AOs) which can hybridize to 
specific targets by Watson-Crick base-pairing rules [1]. Duchenne 
muscular dystrophy (DMD) is an X-linked, progressive form of 
muscle degenerative disorder caused by mutations of DMD gene, 
leading to lack of the dystrophin protein, affecting approximately 
1 in 3500-5,000 newborn males [2-5]. AOs have been proven 
to be a useful therapeutic drug for the DMD treatment by 
intentionally skipping one or more exons to restore the reading 
frame of the mutated transcripts, resulting in the production 
of truncated, but functional dystrophin proteins [6-18]. Of the 
antisense oligonucleotides, phosphorodiamidate morpholino 
oligomer (PMO) has been the most promising macro molecule 
inducing exon-skipping in the dystrophin gene [7,8,11,19,20]. In 
particularly, US Food and Drug Administration (FDA) approved 
EXONDYS 51TM (Eteplirsen) in 2016, which can be applied 
to 17.5% of DMD populations [21-23], and recently approved 

VYONDYS 53TM (golodirsen, www.SareptAssist.com) based on 
promising data in phase I/II clinical trials [24], demonstrating the 
potential safety and effectiveness of PMO drug for the treatment 
of genetic disorders and other diseases. However, the therapeutic 
potency of this AO drug is inadequate for wide clinical utilization, 
which is largely attributed to inefficient biodistribution to body-
wide muscles upon systemic administration [11]. PMO has non-
ionic phosphorodiamidate linkages and morpholino rings instead 
of charged phosphodiester linkage and deoxyribose, respectively, 
being neutral under physiological condition. These modifications 
confer its stability in biological system and lower toxicity as 
compared to other counterparts. Meanwhile, the neutrally charged 
PMOs is associated with poor cellular uptake or difficulties in 
crossing biological membranes to reach the cytoplasm, and rapid 
clearance from systemic circulation, short duration of exon-
skipping effect requiring high dosage and repetitive administration. 
These dramatically impede drug’s therapeutic potential [25,26]. 
To improve the PMOs’ therapeutic efficacy in DMD treatment, 
chemical conjugations or physical formulations have been 
explored:1) Cell-penetrating peptides subsequently enriched with 
arginine directly conjugated to PMO (CPP-PMO) are taken up 
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and safe delivery approach is still the most challenge to make AOs 
therapy significantly for the treatment of DMD or other diseases.

Our previous studies demonstrated that amphiphile with moderate 
hydrophilic-lipophilic balance (HLB) as delivery carrier is crucial 
for the enhancement of neutral PMO therapeutic effects, the 
carrier’s charge is not so important as for negative charged 
oligonucleotides or pDNA delivery, as well as the polymer-
mediated PMO delivery displaying the more cationic it is, the more 
toxic it causes both in vitro and in vivo [38-41]. With these factors 
in mind, we hypothesis that neutral surfactants might improve 
the PMO delivery outcome through improving cellular uptake by 
taking advantage of its amphipathic nature, neutral charge and 
biocompatibility compared with cationic counterparts. Surfactants 
are amphiphilic molecules that have hydrophobic and hydrophilic 
parts, typically classified into three kinds based on their polar 
head: ionic (anionic or cationic), non-ionic (uncharged) or zwitter 
ionic (having both positively and negatively charged groups, but 
with a net charge of zero) [49]. Non-ionic surfactants, considered 
non-denaturing, break lipid-lipid and lipid-protein, but not 
protein-protein interactions. Therefore, they are widely used in the 
isolation of membrane proteins in their biologically active form 
[50,51]. Zwitterionic surfactants have characteristics of both ionic 
and non-ionic types, especially the steroid-based zwittergents such 
as CHAPS is less denaturing than linear-chain zwitterionic ones 
[52]. Neutral surfactants (including non-ionic and zwitterionic)-a 
kind of amphiphile widely applied in biochemical and medical 
application such as, diagnostic application, cell culture, membrane 
protein solubilization, enzymology, antigen/vaccine preparation 
[52-59]. But less information has been reported about them as drug 
delivery carrier. We investigated four surfactants based on their 
molecular structure and potential lower toxicity as demonstrated 
widely use in biochemistry. They are: Bigchap, Deoxy Bigchap 
(DBigchap), Chaps and Mega 10 (Figure 1), among them, Bigchap, 
DBigchap and Mega 10 are non-ionic glucamides, while Chaps 
belongs to zwitterionic surfactant. Bigchap, DBigchap or Chaps 
have been used for protein solubilization or adenovirus gene 
transfer enhancement by taking advantage of their capability to 
breakdown the glycosaminoglycan (GAG) layer, a hydrophilic 
polyanionic barrier restricting adenovirus transduction [48,60-64]. 
The surfactant effects were compared considering their respective 
parameters, such as composition, HLB, charges, molecular size and 
critical micelle concentration (CMC). The delivery performances 

in vitro by proliferating my oblast and differentiated my tubes via 
gymnosis, and improved significantly in targeting exon-skipping, 
making near normal levels of dystrophin expression for whole-body 
muscles in mdx mice through enhancing cellular uptake of PMO 
[16,27-35]. 2) Octaguanidium-surfaced dendrimer conjugated PMO 
(Vivo-PMO) has been tested in mdx mouse model and dystrophic 
dog model, showing optimized efficiency in splicing modulation 
and skeletal dystrophin production [14,36,37]. However, the above 
two conjugates showed higher toxicity from the packed cationic 
charges, potential peptide-related immune responses, and increased 
cost due to complicated synthesis and purification procedures 
preventing them from clinical applications [6,13,14,16,17]. 3)  The 
amphiphilic polymer-mediated delivery approach has been studied 
by us and ameliorated AOs delivery performance both in vitro and 
in mdx mice. The amphiphilic nature has been verified as being 
the key issue of this delivery carrier especially for uncharged PMO 
[38-41]. 4) Small molecule-aided delivery strategy has also been 
demonstrated to improve exon-skipping of AOs in mdx mice. Such 
as, Dantrolene/PMO co-administration increased exon-skipping to 
restore the mRNA reading frame, and the dystrophin glycoprotein 
complex in skeletal muscles of mdx mice [42]; Monosaccharide-
aided AOs demonstrated a glucose-fructose (GF) potentiates 
PMO activity, restores dystrophin levels in skeletal muscles and 
achieves functional rescue without detectable toxicity, which is 
attributed to enhancement of GF-mediated PMO uptake in the 
muscle [43,44]; Glycine improves PMO potency in mdx mice with 
marked functional improvement and dystrophin increasement in 
abdominal muscles compared to PMO alone. Glycine enhances 
satellite cell proliferation and muscle regeneration by increasing 
activation of mammalian target of rapamycin complex 1 (mTORC1) 
and replenishing the one-carbon unit pool [45]; Saponins enhances 
exon-skipping of antisense oligonucleotides delivery in vitro and 
in mdx mice through improved cellular uptake of AOs due to 
Saponin’s amphiphilic nature and restore dystrophin protein 
in skeletal muscle and cardiac muscles reported by us [46,47]; 
Aminoglycosides (AG)-formulated AOs studied both in vitro and 
in vivo indicates that the AG-enhanced PMO delivery is probably 
attributed to the stable complex and prolonged circulation that 
are likely resulted from hydrogen-binding between AGs and PMO 
oligonucleotides, and the inherent conformational adaptability 
of AG to oligonucleotides [48]. Although some promising results 
have been obtained by aforementioned studies, to develop efficient 

Figure 1: Chemical structures and brief physiochemical constants of selected surfactants.
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of these surfactants for PMO delivery both in vitro and in vivo of 
mdx mice, and the interaction between surfactant and PMO were 
described herein.

MATERIALS AND METHODS

Materials

Phosphorodiamidate morpholino oligomer (PMO) and End 
porter were purchased from Gene Tools (Philomath, OR, USA). 
Surfactants were obtained from G-BIOSCIENCES (St. Louis, MO, 
USA). 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) was ordered from BioVision 
Inc (San Francisco, CA, USA). Dulbecco’s modified eagle’s medium 
(DMEM),4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer 
solution (HEPES, 1M), L-glutamine, penicillin-streptomycin, fetal 
bovine serum (FBS), goat anti-rabbit IgG Alexa 594, Lysotracker® 
Red DND-99 and Hoechst 33342 all were gotten from Thermo 
Fisher Scientific (Carlsbad, CA, USA). All other chemicals were 
ordered from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise 
stated.

Cell Culture

The C2C12E50 myoblasts and C2C12E23 differentiated cells 
expressing human dystrophin exon 50 sequence (hDyE50), mouse 
dystrophin exon 23 sequence (mDyE23) in the GFP coding 
sequence, respectively, were used in this study. Cells were cultured 
in 10% FBS-DMEM at 37oC in a humidified 10% CO

2 
atmosphere. 

The exon-skipping efficiency was determined by the expression of 
the reporter GFP [65].

Cytotoxicity study

Cell viability was determined by MTS-based assay. Briefly, 
C2C12E50 cells were seeded in a 96-well plate (1 x 104/well) in 200 
µL 10% FBS-DMEM. The surfactants were added to the cells at 
various concentrations when the cells reaching to 70% confluence. 
After 24 hours treatment, 20 µL of Cell Titer 96®Aqueous One 
Solution Proliferation Kit (MTS solution) was added to each well, 
and the cells were then incubated for further 4 hours. The cell 
viability was calculated based on the absorbance measured at 570 
nm with Tecan 500 Plate reader (Tecan US, Inc, Morrisville, NC, 
USA) as previous report [38-41].

Protein adsorption study

Briefly, 50 µL of surfactant solution (1.0 mg/mL) was mixed with 
50 µL of bovine serum albumin (BSA) solution (2.0 mg/mL). 
The surfactant/PMO complex at the ratio of 10. After shaking 
for 0.5 h at 37oC followed by centrifugation, 50 µL mL of the 
supernatant was carefully collected, and then the concentration of 
BSA in the supernatant was monitored with a Nano Drop 2000 
spectro photometer (Thermo Fisher Scientific, Waltham, MA, 
USA) measured absorption at 280 nm. The protein adsorbed 
on the complexes was calculated as: A% = 100(CiVi-CV)/CiVi. 
Where Ciand Care the initial BSA concentration and the BSA 
concentration in the supernatant, respectively; Vi and V are the 
initial volume of BSA solution and the total volume of BSA after 
adsorption, respectively [66].

Affinity study between surfactant and PMO

UV-Vis study: The absorbance of surfactant/PMO formulations 

(1.5 µL) at desired weight ratios was monitored at 260 nm measured 
with NanoDrop 2000 at room temperature.

Transmission electron microscopy: The surfactants/PMO 
formulations (1 µg of PMO) at different weight ratios in 100 µL 
0.9% saline were prepared and illustrated using negatively stained 
transmission electron microscopy (TEM; JEM-1400Plus, JEOL 
USA, Inc.) as previous report [46,48].

In vitro transfection

Cells were seeded 96-well plate (1 x 104/well) in 200 µL 10% FBS-
DMEM medium and allowed to grow until 70% confluence. The 
cell medium was refreshed before addition of surfactant/PMO 
formulation with varying ratio (Endoporter was used as positive 
control). After three or six-day incubation, the transfection 
efficiencies indicated by levels of GFP production were recorded 
with the Olympus IX71 fluorescent microscope (Olympus America 
Inc., Melville, NY, USA). Cells were then harvested, used for 
quantitative fluorescence-activated cell sorting (FACS) analysis 
or reverse transcription polymerase chain reaction (RT-PCR) in 
C2C12E50 and C2C12E23 cell lines, respectively [41,48]. The 
intensity of the bands was measured with the National Institute 
of Health (NIH) ImageJ 1.42 (Bethesda, MD, USA) and the 
percentage of exon-skipping was calculated based on the intensity 
of the two bands including target exon skipped and unskipped. 
Product with a skipped band only was considered 100% skipping.

Cellular uptake and intracellular localization

This study was performed and analyzed as reported [41,48]. 
Briefly, C2C12 cells were seeded onto 12-well plate (5 x 104/
well) and treated with surfactant formulated fluorescence-labeled 
PMO(FL-PMO) complex at the predetermined ratio for 24 hours 
incubated at 37oC in a humidified 10% CO

2 
atmosphere. Cells 

were washed with warm 1x PBS to remove any residual surfactant/
PMO formulations not taken up by cells and incubated with media 
containing Lysotracker® Red DND-99 to monitor lysosomes for 
30 min per manufacturer’s recommendation. Cells were further 
counterstained with Hoechst 33342 for 15 min, and then imaged 
with Olympus IX71 fluorescent microscope.

In vivo delivery 

All animal experiments in this work were performed in strict 
accordance with the guidelines approved by the Institutional 
Animal Care and Use Committee (IACUC), Carolinas Medical 
Center (Breeding protocol: 10-13-07A; Experimental protocol: 10-
13-08A). 

Animals and injections: Five Dystrophic mdx mice (aged 4-5 
weeks, C57BL/10 as genetic background) per group (both genders, 
3m+2f or 2m+3f) were used. The PMOE23 targeting the boundary 
sequences of exon and intron 23 of mouse dystrophin gene was 
used. Surfactant-formulated PMOE23 (2 µg) in 40 µL saline was 
injected for each Tibialis anterior (TA) muscle, PMO alone as 
control. The muscles were harvested after two-week treatment, 
snap-frozen in liquid nitrogen-cooled isopentane and stored at 
-80oC for later analysis [30-32].

Immunohistochemistry: Serial sections of 6 µm thick were cut 
from the TA muscles. Sections were stained with a rabbit polyclonal 
antibody P7 for the detection of dystrophin protein, and further 
stained by goat anti-rabbit IgG Alexa 594 [13,15,16]. The number 
of dystrophin-positive fibers in each section was counted by the 

https://www.google.com/search?safe=active&rlz=1T4RNLC_enUS512US512&q=carlsbad+ca&stick=H4sIAAAAAAAAAGOovnz8BQMDgwsHnxCXfq6-gUlVRUp8rhIHiF1kUp6npZWdbKWfX5SemJdZlViSmZ-HwrHKSE1MKSxNLCpJLSpOiK2alpnwJLR44oeW38b-Bx_1RCkAAEBCzgNhAAAA&sa=X&ei=RpluUvb8CY-qyQHOhYGICw&ved=0CKMBEJsTKAIwEw
https://www.google.com/search?safe=active&rlz=1T4RNLC_enUS512US512&q=california&stick=H4sIAAAAAAAAAGOovnz8BQMDgwsHnxCXfq6-gUlVRUp8rhIHiG2YZ16opZWdbKWfX5SemJdZlViSmZ-HwrHKSE1MKSxNLCpJLSo-9GuRaiSL_N-PXgdL-Hla7v5v3dwJAFQmsKhhAAAA&sa=X&ei=RpluUvb8CY-qyQHOhYGICw&ved=0CKQBEJsTKAMwEw
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images taken with the Olympus BX51 fluorescent microscope 
(Olympus America Inc., Melville, NY, USA).

Statistical analysis

The data were analyzed for statistical significance in using both 
One-way ANOVA and Student’s t-test with a value of p ≤ 0.05, p ≤ 
0.001 being considered significant and very significant difference, 
respectively. All data are reported as mean ± SD. 

RESULTS AND DISCUSSIONS

Cytotoxicity

The in vitro cytotoxicity of these surfactants was determined using 
MTS-based assay in C2C12E50 cell line with serial concentrations 
(from 10 µg/mL to 400 µg/mL) as illustrated in Figure 2. The 
Bigchap, DBigchap and Chaps showed much less toxicity compared 
with Mega10, which indicated that the molecular targets of these 
surfactants may be different depending on their hydrophobic part. 
The higher toxicity of Mega10 against others was probably due to 
its single short hydrocarbon chain that can insert and translocate 
faster across lipid bilayer membranes than the amphiphiles bearing 
longer or bigger ones [67]. The Bighap and DBigchap showed 
high cell viability close to 90% even at the high dose of 400 µg/
mL, and Chaps were over 80% cell living; while Mega10 gave 

the cell viability down to below 50% at the dose of 200 µg/mL, 
though much less toxicity compared with Endoporter (weak-base 
amphiphilic peptides) showing below 40% at the dose of 20 µg/
mL. This result confirmed our expectation and are in agreement 
well with our previous polymer-based PMO delivery system, that is 
the less cationic the compound is, the low toxicity it behaviors [38-
41]. In addition, these surfactants except for Mega 10 showed less 
cytotoxicity compared with Aminoglycosides (AG) and Saponins 
reported previously [46,48], which should be attributed to their 
structural property-relatively small molecular size, uncharged 
amphiphile with moderate LHB. The low cytotoxicity indicates 
that these surfactants, especially Bigchap, DBigchapor Chaps could 
be better vehicle candidates for PMO delivery in vitro and in vivo.

Protein adsorption study

Proteins adsorbed onto the surface of biomaterials are known to 
be able to trigger thrombosis and blood coagulation, which can 
cause failure in organ function with life-threatening consequence. 
In system circulation, serum proteins could bind to complexes in a 
non-specific manner, leading to aggregation and severely decreased 
TE. The protein adsorption assay of the surfactant was performed 
here to evaluate their serum tolerance. As shown in Figure 3A, the 
BSA adsorptions were 37.6%, 39.7%, 42.1%, 38.3%, and 70.1% for 
Bigchap, DBigchap, Chaps, Mega10 and Endoporter, respectively. 

 

Figure 2: In vitro cytotoxicity of surfactants at different concentrations in C2C12E50 myoblasts after 24 h incubation. Endoporter used as control. Cells 
were seeded in 96-well plate at an initial density of 1 x 104/well in 200 µL 10% FBS-DMEM growth media. The data are presented as the mean ± SD(n = 
3, *p≤ 0.05 compared with untreated cell analyzed with Student’s t-test; between surfactants were analyzed with One-way ANOVA test, #p≤ 0.05,##p≤ 0.001).

Figure 3: BSA adsorption of surfactant (A) and surfactant/PMO complexes (B) (Student’s t-test, data represent mean ±SD, triplicate).
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The Endoporter’s higher adsorption to BSA is probably due to its’ 
cationic nature and larger molecular size compared to these four 
surfactants. However, no remarkable differences were observed 
among these surfactants with BSA adsorption, even the zwitter 
ionic Chaps. Similarly, as shown in Figure 3B, the complexes 
formed by surfactant/PMO exhibited much lower protein 
absorption than that formed by Endoporter/PMO formulation. 
This result demonstrated the relatively weak interaction between 
neutral surfactant and BSA, thus preventing their aggregation with 
negatively charged serum proteins. Furthermore, confirming the 
strong BSA absorption with Endoporter was primarily caused by 
additional electrostatic interaction between negatively charged 
BSA and the positively charged delivery carrier. The good tolerance 
to serum indicates the neutral surfactant’s advantage as delivery 
carrier for drug/gene delivery.

Interaction between surfactant and PMO

The affinity between carrier and oligonucleotides is very important 
for the formation of appropriate particle size, density and surface 
charge and, consequently, the stability of complex, their uptake 
and release, ultimately to delivery efficiency. We examined 
the interactions between the surfactant and PMO at different 
weight ratios by UV-Vis spectrum, Bigchap/PMO complexes at 
the weight ratios from 1:1 to 40:1 were examined here (Figure 
4A). The Bigchap/PMO complex displayed hyperchromic effect 
compared with PMO only at all ratios from 1:1 to 40:1, while 
the absorbance increased from 1:1 to 10:1, and then decrease as 
the ratio increasing from 20:1 to 40:1. This result indicates that 

Bigchap might cover PMO completely and shield the PMO’s 
absorbance between 10:1 and 20:1, the Bigchap/PMO complex 
compacted strongly through hydrophobic interaction and H-bonds 
to form suitable conformation. In addition, we investigated all 
four surfactant/PMO complexes at same ratio of 20:1 (Figure 4B). 
The data showed that Bigchap, Chaps and Mega10 all three with 
PMO complexes had hyperchromic effect, but DBigchap/PMO 
complex shows similar to or a little hypochromic effect against 
PMO alone, exhibiting very distinct from other three complexes, 
though only one hydroxy group differs between Bigchap and 
DBigchap, which means DBigchap/PMO probably could not form 
solid particles or aggregation at this ratio (these four surfactants 
alone no absorbance at 260 nm). The result indicates that these 
neutral surfactants have similar affinity with PMO (no chromic 
shift observed) due to their shared amphiphilic nature and similar 
composition, although different in structure. Furthermore, we 
assessed all these surfactants/PMO complexes at the weight ratio 
of 20:1, and Bigchap/PMO at the ratios from 1:1 to 20:1, as well 
as surfactants alone under TEM analysis. As illustrated in Figure 5, 
PMO oligonucleotides alone formed particles with the sizes between 
10-30 nm, probably because of hydrophobic interaction and 
hydrogen-bond among PMO molecules. Bigchap and Chaps alone 
showed similar particle size and bigger than Mega10, this probably 
is relevant to their difference in molecular size and structure. The 
complex of Bigchap/PMO or Chaps/PMO also shaped similarly 
with the size of nanoparticles slightly bigger compared to Mega10/
PMO complex (5-15 nm), this is likely due to Mega10’s less steric 
hinderance resulted from its single long-chain and small molecular 
size compared with other three molecules. However, DBigchap/

 

Figure 4: UV-vis study: A) Bigchap formulated PMO at different weight ratios (1:1, 2:1, 4:1, 10:1, 20:1, 40:1). B)  Different surfactants formulated PMO 
at weight ratio (20:1). 
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PMO complex demonstrated larger particle size as compared to 
the other three complexes under the same ratio of 20:1, probably 
due to aggregation or less hydrogen-bond between DBigchap and 
PMO, which is in concordance with the UV-Vis result. On the 
other hand, Bigchap/PMO complex’s particle size were decreased 
as the ratio increasing from 1:1(20-40 nm) to 10:1 (5-15 nm) and 
then increase again from 10:1 to 20:1 (10-30 nm), indicating that 
Bigchap/PMO particles reached maximum in density between the 
ratio 10:1-20:1, which is also in agreement well with the above UV-
Vis display. Clearly, the mechanisms of interaction between PMO 
and the neutral surfactant remain to be more clarified for further 
improvement of delivery efficiency.

Delivery in vitro

Firstly, the C2C12E50 myoblasts were used to evaluate 
the efficacy of surfactantsfor the delivery of PMOE50(5'-
AACTTCCTCTTTAACAGAAAAGCATAC-3') [65]. In view 
of above cytotoxicity, affinity study results, the cells were treated 
with surfactant-formulated PMO (PMO fixed at 10 µg/mL) at six 
escalating doses (10, 20, 40, 100, 200 and 400 µg/mL) in 200 µL 
10% FBS-DMEM medium. To visualize the transfection effect, 
the GFP expression in C2C12E50 cells was observed with an 
inverted fluorescent microscope. Figure 6A presents some typical 
fluorescence images of C2C12E50 cells transfected by surfactant/
PMO formulation at different ratios. The strong fluorescence could 
be observed when the transfections were mediated by surfactants/
PMO, such as Bigchap, DBigchap and Chaps, especially at higher 
dosages (100, 200 and 400 µg/mL). This efficiency is better than or 
close to the one achieved by Endorpoter (as positive control), and 
clearly dose-dependent shown with Bigchap or DBigchap. However, 
the expression could hardly be detected when the transfection was 
mediated by naked PMO (as negative control). The results were 
further quantitively evaluated with the flow cytometry (Figure 6B) 
and demonstrated that Bigchap, DBigchap and Chaps significantly 
improved GFP expression at the dose of 40 µg/mL compared 
with PMO alone. Particularly, Bigchap and DBigchap achieved 
the remarkable transfection level of 86% and 76% at 400 µg/mL, 
respectively, higher than or comparable to the 83% achieved by 
Endoporter at the optimum dose of 10 µg/mL. More importantly, 
toxicity of these two surfactants formulated PMO indicted by 
over 83% alive cells at the dose up to 400 µg/mL was much lower 
than that with Endoporter. While, Chaps/PMO reached around 
50% transfection, accompanied by cell viability dropped to 58%; 
Mega10/PMO showed a lower transfection efficiency with higher 

toxicity as compared to other three surfactants/PMO formulation, 
although the cytotoxicity remained lower than Endoporter/PMO. 
The cytotoxicity of surfactant/PMO formulation showed similar 
trend as surfactant only, confirming the PMO being at safe dosage. 
The low efficacy and higher cytotoxicity of Mega10 were probably 
resulted from its smaller molecule and single-long hydrophobic 
chain, whereas higher efficacy and lower toxicity of Bigchap, 
DBigchap or Chaps were probably resulted from higher molecular 
size and better cell-permeability from hydrophobic part. The 
levels of GFP expression were dominantly surfactant’s structure-
dependent: the more hydrophobic and/or larger molecule they 
are, the more effective as PMO delivery vector, which is in line well 
with our previous studies [38-41]. The smaller and relatively higher 
hydrophilic Mega10 (Mw = 349.5 g/mol, HLB = 8.69) showed 
much less efficiency (below 20% GFP expressed at the optimum 
dose of 100 µg/mL) compared with other three: Bigchap (Mw = 
878.1 g/mol, HLB = 6.92), DBigchap (Mw = 862.1 g/mol, HLB = 
7.05), and Chaps (Mw = 614.9 g/mol). The produced GFP from 
Bigchap, DBigchap, or Chaps-mediated PMO delivery was about 
16, 14, and 8-fold higher compared with that of PMO alone at 
its optimum dosage, respectively. In addition, the exon-skipping 
efficacy was dose-dependent, especially, Bigchap and DBigchap 
gave improved efficacy significantly as the dosage increasing, while 
Mega10 showed lower cell viability and GFP expression after 
achieving the peak delivery rate owing to its higher cytotoxicity. 
The Bigchap and DBigchap gave higher transfection performances 
compared with Aminoglycosides, and better than or close to 
Digitonin (one of Saponins) for PMO delivery at the optimum 
condition [46-48]. Saponins can improve delivery not only for 
neutral PMO, but for negatively charged oligonucleotides also 
[46,47]; while, Aminoglycosides and these neutral surfactants 
can only work for PMO [48]. This is probably relevant to their 
structure nature and different mechanism to enhance delivery 
efficiency for drug or gene, though the mechanism remains to be 
clarified further. In addition, generally, the small molecules help 
oligonucleotides delivery at wider effective dosage window (40-400 
µg/ml) as compared to polymers we developed previously (10-100 
µg/ml) due to low toxicity. These data support the hypothesis that 
the larger or more hydrophobic the molecule is, the more effective 
it conducts as drug/gene delivery carrier, while, higher toxicity 
could also narrow dosage window limiting clinical application 
[38-41]. The result indicated that Bigchap and DBigchap have 
clearly higher potential as PMO delivery enhancer because of their 
remarkable transduction, good serum tolerance, biocompatibility 

Figure 5: Transmission electron micrographs (Scale bar: 50 nm) of surfactant formulated PMO (1 µg) at different weight ratios in 100 µL 0.9% saline. In 
this study, Bigchap-formulated PMO at different weight ratios (1:1, 2:1, 4:1, 10:1, 20:1); other surfactant-PMO at the ratio of 20:1. 
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and low cytotoxicity. 

These surfactants for PMO delivery were further tested in 
C2C12E23 cell line expressing GFP containing mDyE23 
and induced to differentiate to myotubes [65]. The cells 
were treated with surfactant formulated PMOE23(5'-
GGCCAAACCTCGGCTTACCTGAAAT-3'). In view of the 
results from PMOE50 delivery, six dosages (10, 20, 40, 100, 200 
and 400 µg/mL) of each surfactant complexed with PMO (10 µg/
mL) in 200 µL 10% FBS-DMEM medium were tested (Figure 7). 
Higher levels of GFP expression and exon 23 skipping with Bigchap, 
DBigchap and Chaps were observed by fluorescence images and 
RT-PCR against PMO alone. Again, the exon-skipping efficiency 
with Bigchap and DBigchap was higher than or comparable to 
Endoporter-mediated PMO delivery, which is accordance well 
with that achieved in PMOE50. The E23 skipping-levels were 
around 100%, 55.1%, 65.9%, 48.5% and 53.7% with Bigchap 
(40 µg), DBigchap (40 µg), Chaps (40 µg), Mega 10 (40 µg) and 
Endoporter (2 µg)-formulated PMOs, respectively. The skipping-
levels of dose-dependent observed were 58.7% (2 µg), 65.3% (4 µg), 
73.8% (8 µg), ≈100% (40 µg) with Bigchapin comparison of 29.6% 
with PMO only. These data demonstrated that surfactant could 
advance delivery of PMO not only for C2C12E50 myoblast, but 
for C2C12E23 differentiated myotubes also, further indicating the 
potential for in vivo study. 

Cellular uptake and Intracellular localization

To better understand the improved PMO delivery efficacy with the 
aid of surfactant in cell, we studied the cell uptake behavior and 
intracellular localization of surfactant/PMO complex, Bigchap was 
complexed with FL-PMO at a weight ratio of 5/1. As expected, 
the presence of Bigchap apparently improved the cellular uptake 
of oligonucleotide PMO as demonstrated by stronger green 
fluorescence which localized with the lysosomal marker, and some 
PMO also enter the nuclei of C2C12 cells monitored by over laid 
signals (yellow or white-yellow signals in merged one) stronger than 
that of PMO alone (Figure 8). This result supports the ability of 
Bigchap to enhance the delivery of oligonucleotide by increasing 
the efficiency of PMO crossing membrane lipid bilayer to reach 
the cytoplasm. 

Delivery in vivo

Furthermore, the effect of the surfactants for PMO delivery in 
vivo was evaluated in mdx mice-containing a nonsense mutation in 
the exon 23, preventing the production of functional dystrophin 
protein. PMO targeting dystrophin exon 23 injected to Tibialis 
anterior (TA) muscle can remove the mutated exon 23 and restore 
the reading-frame of dystrophin transcripts, leading to expression of 
a truncated but in-frame dystrophin protein [13,15,16]. According 
to the in vitro performance and affinity study between surfactants 

 

Figure 6: Delivery profiles of surfactant formulated PMOE50 in C2C12E50 cell line. A) Representative fluorescence images of PMO-induced reporter 
GFP expression with exon 50 skipping. The images were taken after three-day treatment (Original magnification, x200; Scale bar: 500 µm). B) Transduction 
efficiency of PMO formulated with surfactants expressed as percentage of GFP positive cells (One-way ANOVA test, #p ≤ 0.05, there were significant 
difference between surfactant groups; Student’s t-test, *p ≤ 0.05 compared with PMO only). C) Cell viability (One-way ANOVA test, #p ≤ 0.05, there were 
significant difference between surfactant groups; Student’s t-test, *p ≤ 0.05 compared with untreated cell).In this test, 2 µg PMOE50 were formulated with 
surfactants (2, 4, 8, 20, 40, 80 µg), End porter (2, 4 µg) formulated as control in 200 µL 10% FBS-DMEM medium, respectively. Data are presented as 
the mean ± SD in triplicate.



Wu B, et al. OPEN ACCESS Freely available online

J Nanomed Nanotechnol, Vol.11 Iss. 6 No: 553 8

and PMO, we chose 20 µg surfactant as effective, safe dosage and 
formulated with PMOE23 (2 µg) for test by intramuscular (i.m.) 
injection. 

Immunohistochemistry indicated that the surfactant-formulated 
PMOE23 dramatically increased the numbers of the dystrophin-
positive fibers in the treated muscles being up to 53%, 73%, 
57%, and 35% in one cross section of the TA muscle for Bigchap, 
DBigchap, Chaps and Mega10 formulated PMOs, respectively 
(Figure 9). DBigchap mediated one was especially effective with 
dystrophin positive fibers over 7-fold of that achieved with PMO 
alone (≈10%). The highest enhancement for PMO delivery 
achieved by DBigchap in vivo, is probably attributed to its lowest 
CMC (1.4 mM) compared others (Bigchap, 2.9 mM; Chaps, 8 
mM; Mega10, 6-7 mM). The lower the CMC of micelle is, the 
lower dose used to prepare a particle formulation in order to 
counter the dilution effects for the sustained release in the blood. 
The outcome does not correlate very well with the data in vitro, 
indicating the difficulty to predict in vivo performance based on 
in vitro behavior, and further confirming that the composition of 
the vector’s molecular structure is crucial to improve the delivery 
efficiency of therapeutic agent both in vitro and in vivo as previously 

reported. Particularly, considering overall performances including 
cytotoxicity and delivery efficiency, the DBigchap-PMO formulation 
is very promising compared with Saponins [46] or Aminoglycoside 
[48] and Endoporter or other polymers [38-42]. In addition, this 
amphiphile enhancer provides flexible delivery approach for 
PMO in vivo compared with other small molecule-added delivery 
approaches [42-45], typically for the treatment of DMD-long-term 
and systemic administration needed. These results demonstrated 
that: 1) Neutral surfactant has great potential for PMO delivery, 
indicating that the delivery carrier’s charge is not so important 
for uncharged PMO as for negatively charged oligonucleotides 
that requires cationic carrier through electrostatic interaction to 
stable the complex, and promote internalization into the cells, 
by means of a good affinity for the cell membranes, especially in 
vivo microenvironment. 2) The amphiphilic nature of surfactant 
is essential to improve the delivery efficiency of uncharged PMO 
through enhanced cellular uptake. 3) The hydrophobic interaction 
and potential H-bonds formed between carrier and PMO are likely 
capable to condense and stabilize the carrier/PMO complex due to 
more hydrophobicity of PMO compared with other counterparts, 
thus improving the delivery efficiency. 4) The better tolerance 
to serum compared with Endoporter makes surfactant/PMO 

Figure 7: Delivery profiles of surfactant-formulated PMOE23 in C2C12E23 cell line after six-day treatment.  [PMOE23 (2 µg) formulated with surfactants 
at different doses (2,4,8,20,40 and 80 µg), End porter (2 µg) as positive control in 200 µL 10% FBS-DMEM]. A) Fluorescence detection for GFP expression 
(Original magnification, x200; Scale bar: 500 µm). B) RT-PCR of exon 23 skipping. The upper bands correspond to the full length, and lower bands 
correspond to the exon 23 skipped mRNA. 

 

Figure 8: Microscopic images of PMO-treated C2C12 cells with and without Bigchap formulation after 24 hours delivery (Scale bar: 20 µm). PMO (green), 
lysosomes (red), and nuclei (blue) were illustrated with FITC-labeled PMO, Lyso Tracker Red, and Hoechst 33342, respectively.
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complex more stable with less off-target effect. 5) The CMC is vital, 
the lower CMC of the carrier, the lower dosage is likely needed for 
effectives sustained delivery. Taken as a whole, these results further 
highlight the intricacy between carrier and the delivery cargo, and 
corresponding deliver performance, demonstrating the potential of 
neutral surfactants as delivery carrier for PMO both in vitro and in 
vivo. 

CONCLUSIONS

In this study, we investigated four neutral surfactants as delivery 
carrier for PMO antisense oligonucleotides both in vitro and in 
vivo in dystrophic mdx mice as well as interaction for the first time. 
The results demonstrate that these neutral surfactants, especially 
Bigchap and DBigchap elevated delivery and achieved efficiency 
of PMO higher than or comparable to Endoporter-mediated PMO 
in vitro; the DBigchap-formulated PMO significantly displayed up 
to 7-fold enhancement over PMO only, and no detectable toxicity 
observed at the tested dosage in vivo. Overall, this study revealed 
an alternative approach to deliver PMO effectively and safely, 
and the data suggest that optimization of surfactants in molecular 
size and component has potential to further improve the delivery 
performance of oligonucleotides for the treatment of DMD and 
other disease. 
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