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A B S T R A C T

Small, synthetic oligonucleotides (ON) are of great interest as potential disease modifying drugs, mainly because
of their ability to modulate previously undruggable target mutations. To date, therapeutic applications of ON
are, however, limited by their physicochemical properties, including poor stability, rapid excretion and low
intracellular access. In order to overcome some of these shortcomings, ON are generally formulated using na-
noparticle (NP) delivery systems. Alternatively, the poor stability can be circumvented by including chemical
modifications to the backbone or sugars of the ON. Some of these modifications also result in better intracellular
target access of these otherwise membrane-impermeable macromolecules. Therefore, complex formulation of
ON into NP in order to overcome the hurdle of intracellular access might not always be needed, especially in case
of local delivery. In this study, the delivery and functionality of chemically modified ON in free form was
compared to polymeric NP assisted delivery, measuring their effectivity and efficiency. For this reason, phos-
phorothioate (PS) backbone-modified 18-mer ON with either 2’OMe or 2’MOE-modifications were selected,
capable of eliciting exon-skipping of an aberrant exon in fluorescence based in vitro and in vivo model systems.
The NP consisted of poly(D,L-lactic,co-glycolic acid) and poly-β-amino-ester, previously demonstrated to suc-
cessfully deliver nucleic acids via the pulmonary route. Several NP formulation parameters were tested in order
to optimize the delivery of the ON, including ratio polymer:ON, NP size and concentration. The results reported
here show clear differences between gymnotic and nanoparticle mediated ON delivery in terms of cellular uptake
and local tissue distribution. In vitro, differences in exon-skipping efficiencies were observed with 2’OMe and
2’MOE ON either in free form or formulated in NP, with the striking observation that 2’OMe ON formulated in
polymeric NP did not result in exon skipping. Gymnotic delivery of 2’MOE ON into the respiratory tract of mice
resulted in functional delivery of exon-skipping ON into nasal epithelia and lungs as well as other downstream
tissues and organs, pointing towards a gradual redistribution of locally delivered ONs, with limited but mea-
surable systemic exposure. Conversely, NP-mediated delivery into the respiratory tract resulted in a more
contained functional delivery at 10× lower ON doses compared to gymnotic delivery. Based on these findings
we conclude that gymnotic delivery of 2’OMe or 2’MOE exon-skipping ON to the respiratory tract is effective, but
that NP formulation might be advantageous in case spread of ON to non-target tissue can lead to undesired
effects.

1. Introduction

For many pulmonary diseases harbouring a genetic underlying
cause such as cystic fibrosis, COPD, asthma and ciliary dyskinesia,
various types of nucleic acid treatment options have been explored,
mainly because of their ability to modulate previously undruggable
target mutations [1,2]. Whereas RNA-DNA-RNA hybrids named gap-
mers have the property to target homologous target sites in the

messenger RNA, enabling RNaseH mediated degradation, RNA-based
ON can engage a wide variety of mechanisms like, among others, the
RNAi pathway or pre-mRNA splice-modulation. Owing to their ability
to induce exon-skipping of specific exons containing mutations or the
removal of pseudo-exons, many diseases are being investigated for
these potent biologics. This has led to the recent FDA approval of
Exondys51® (Eteplirsen) [3] and Spinraza® (Nusinersen) [4], both ON
targeting their pre-mRNA targets causing exon-exclusion of exon 51 in
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DMD or exon-inclusion of exon 7 in SMN2, respectively. The pulmonary
route of administration for nucleic acid-based drugs is highly ad-
vantageous as it provides direct exposure to high drug concentrations in
the diseased lung and prevent unnecessary exposure of non-target tissue
and first-pass clearance mechanisms in case of systemic administration.
For most nucleic acids, cellular uptake remains a bottleneck and for this
reason they are often formulated in nanoparticles in order to aid their
uptake in target cells. Interestingly, short synthetic ON with modified
backbone or bases can be administered via the pulmonary route and
reach their intracellular targets without any form of nanoparticle for-
mulation [5,6]. It is thought that the chemical modifications to the
backbone increase the stability of the ON in order for them to circulate
or reside in the tissue longer, nevertheless, the precise mechanism
through which they are taken up intracellularly remains unknown
[5–7]. Importantly and to the best of our knowledge, to date and de-
spite a wealth of information on the effects of chemical modifications of
oligonucleotides on stability, pharmacokinetics and pharmacody-
namics, surprisingly there is hardly any information how these che-
mical modifications influence the delivery when formulated in nano-
particles [6–8]. It is generally thought that nanoparticles enhance the
delivery of ON because they protect them from degradation, but for
modified ON that are already deemed stable, this advantage seems
much less relevant and could be counteractive. The chemical mod-
ification of the ON could interact with compounds of the NP formula-
tion and process, similarly the encapsulation of the ON preparation
could possibly alter the cellular interaction and uptake into the cell as
well as intracellular trafficking.

In order to address some of these outstanding questions, in this
study, we have directly compared gymnotic vs. nanoparticle-mediated
delivery of exon-skipping ON both on cells in culture as well as in vivo
after local delivery into the respiratory tract elucidating some of these
outstanding enquiries: i) What is the effect of the different chemical
modifications of the backbone and sugars on the efficiency of splice
correction? ii) Is the delivery of synthetic ON by means of nanoparticles
more efficient when compared to administration without formulation?
iii) Does formulation in a nanoparticle significantly change the bio-
distribution of these synthetic ON after delivery in the respiratory tract?

The delivery system used, is a solid polymer particle consisting of a
mixture of PLGA and the cationic polymer PBAE, as previously de-
scribed by Lynn and Langer [9,10]. The polymer blend of 85/15% of
PLGA/PBAE was first applied in microparticles for DNA vaccination
[10]. To the best of our knowledge, it was the research group led by
Mark Saltzman who first adapted this to nanoparticle format and in-
troduced an MPG peptide in order to enhance cellular uptake in non-
phagocytic cells [11]. Extensive research using these NP led to the
delivery of DNA/PNA molecules into the lung epithelial cells in a
murine model for cystic fibrosis [12,13]. Owing to this suitability for in
vivo lung delivery, this nanoparticle system was chosen for the delivery
of chemically modified ON to induce exon-skipping.

2. Materials and methods

2.1. PBAE polymer synthesis

Poly-beta-amino esters were synthesized according to a previously
described method by Lynn and Langer [9] at a 10 g scale. In brief; 1,4-
butanediol diacrylate (Sigma Aldrich) (5.065 g, 25.55 mmol) and 4,4′-
trimethylenedipiperidine (Sigma Aldrich) (5.375 g, 25.55 mmol) were
dissolved in separate vials in 30 mL of THF. The diamine solution was
added to the diacrylate solution via pipetting. The vial was sealed and
stirred with a magnetic stirring bar, while heated at 50 °C for 48 h. After
this, the reaction was cooled to room temperature and poured slowly
into vigorously stirring hexane. The precipitant was re-dissolved in
fresh THF and precipitated in hexane for a total of three times before
collecting and drying under vacuum. The polymer was analysed by gel
permeation chromatograph on a Waters Alliance 2695 Pump/injector

module, with a Waters 2414 RI detector. The polymers were injected in
THF on an Agilent PL Mixed-D column set at a flow of 1 mL/min and a
column temperature of 30 °C. Relative molecular weights where cal-
culated with polystyrene as a reference using Empower 3 software
(Waters). Samples where dissolved in deuterated chloroform (Sigma
Aldrich) at a concentration of 10 mg/mL and analysed in an Agilent
400 MHz NMR.

2.2. Nanoparticle formulation

All NP preparations were formulated containing the DSPE-PEG-MPG
peptide on the outside surface. The sequence of the MPG peptide was
H2N-CGALFLGFLGAAGSTMGAWSQPKKKRKV-OH, ordered with a
purity of> 95% from Genscript Inc. PLGA with intrinsic viscosity
midpoints of 1.0 dL/g (PDLG5010), 0.4 dL/g (PDLG5004A) and 0.2 dL/
g (PDLG5002A) were ordered from Purac Biochem, Amsterdam, the
Netherlands. PLHMGA was prepared as previously described [14]. ON
were ordered from Biosearch Technologies (Petaluma, CA, USA) with
sequence 5′-GCTATTACCTTAACCCAG-3′. Backbone modifications were
all PS and ribose modifications were either all OMe or MOE. Control ON
were synthesized by GlaxoSmithKline (Stevenage, United Kingdom),
sequences were 5′-CCTGUUAUACCACUUACA-3′ All PS and either all
OMe or MOE. The labelled oligonucleotide was conjugated with Alexa
647 on a C6-linker 3′ of the oligonucleotide.

Nanoparticles were formulated using the double emulsion solvent
evaporation method and adapted from earlier work [11]. In brief;
DSPE-PEG-MPG peptide micelles were made one day before formula-
tion. MPG peptide and DSPE-PEG-maleimide were weighed from dry
powders and combined in the same vial in a 1:3 ratio. This was dis-
solved in MilliQ water to a concentration of 1.37 mM of peptide and
rolled overnight on a rolling incubator. A blend of PLGA/PBAE in a
ratio of 85/15% (wt:wt), was dissolved overnight in dichloromethane at
a concentration of 10% (wt/vol). Each batch contained 80 mg of
polymer (in 800 μL of DCM). To form the first emulsion, 60 μL of ON,
dissolved in nuclease free water, was added dropwise and under vor-
texing. Feed concentrations of ‘LOW’, ‘MID’ and ‘HIGH’ loaded for-
mulations were 666 μM, 6.66 mM and 33.3 mM of ON in the first
aqueous phase. After vortexing the emulsion, it was sonicated on ice,
for three times 10 s using a Bandelin Sonopuls HD2200 sonicator with
Bandelin Sonopuls MS-37 conical tip (3 mm) at 10% intensity. The first
emulsion was added dropwise and under vortexing to a second vial,
containing 1.8 mL of 5% PVA (Polyvinyl alcohol MW
~30.000–70.000 Da (Sigma Aldrich)) and 15 nmol/mg of polymer
DSPE-PEG-MPG micelles, which was subjected to another three times of
sonicating on ice, using similar settings. This second emulsion was
transferred into a stirring beaker containing 20 mL of 0.3% PVA and
was left to stir for at least three hours. After the formulation was
completed, the particles were transferred to a 10 mL Float-a-Lyzer G2
(1,000,000 MWCO) tube and dialyzed overnight at 4 °C in RO water.
Nanoparticles were subsequently freeze dried in batches of 4 mg of
polymer in Eppendorf tubes and stored at −20 °C until further use.
Several nanoparticle preparations were analysed after dialysis and re-
analysed after resuspension and the particle size remained similar.
Furthermore, we did not observe aggregation of the preparations nor
amalgamation of the particles measured by DLS.

In order to reduce particle size, emulsions were generated at lower
polymer concentrations. PLGA5010 and PBAE were used in the same
ratio of 85/15% (wt:wt), but weighed at 40 mg and 20 mg amounts and
dissolved to 5% and 2.5% in 800 μL DCM. Aqueous volume of the first
emulsion was reduced to 30 μL and 15 μL respectively to keep the ratio
of aqueous phase to polymer the same.

Labelled particles for uptake studies were made with a mix of Alexa
647-labelled ON and control ON. To reduce a possible influence of the
label on the formulation itself, the ratio of Alexa 647-labelled ON to
polymer was kept constant. Therefore, the amount of unlabelled control
ON that was used as ‘filler’ varied. All formulations were made with a
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feed concentration of 66 μM of labelled ON.

2.3. Nanoparticle characterization

Nanoparticle size distribution was determined using Dynamic Light
Scattering (DLS) and Nanoparticle Tracking Analysis (NTA). DLS was
measured using a Malvern Zetasizer Nano-S (Malvern Instruments,
Malvern, UK). NTA was performed using a Malvern Nanosight LM10
with a 633 nm laser and analysed with the Nanosight NTA 3.0 software.
Encapsulation efficiency of labelled ON was measured indirectly from
formulations made with the Alexa647-labelled ON. Formulations were
spun down at 21.000 RCF for 20 min in a benchtop centrifuge instead of
using dialysis tubes. The supernatant was transferred into ultra-
centrifuge tubes for a Beckman Coulter Optima L-90 k ultracentrifuge
and spun in a Type 70.1 Ti rotor for 50 min at 100,000 RCF at 20 °C.
The resulting supernatant was measured using a Jasco FP8300
Spectrofluorometer equipped with a micro-well plate reader (JASCO
Benelux BV., De Meern, Netherlands). Wavelengths used were 650 nm
and 665 nm. A calibration curve in 0.3% PVA was made to calculate the
concentration of un-encapsulated ON.

2.4. Cell culture

The HeLa cervix carcinoma cells containing the eGFP-654 expres-
sion unit stably integrated (kindly provided by the University of North
Carolina at Chapel Hill) were cultured in Dulbecco's modified Eagle's
medium (DMEM) containing 1 mM sodium pyruvate and 10% fetal
bovine serum (FBS) at 37 °C in a 10% CO2 atmosphere. All media and
supplements were from Sigma-Aldrich. Cells were regularly tested for
mycoplasma contamination (ATCC-30-1012 K, Universal Mycoplasma
Detection Kit).

2.5. Direct fluorescence microscopy

For transduction experiments, HeLa.eGFP-654 cells were seeded in a
black μView clear-bottom 96.

well plate (#655090, Greiner Bio-One B.V. Alphen a/d Rijn,
Netherlands) at a density of 9.0 × 103 cells/well in regular culture
medium. In order to assess gymnotic uptake, oligonucleotides were
diluted in OptiMEM (Sigma Aldrich) at concentrations between 20 nM
and 200 μM. Nanoparticle formulations were diluted in OptiMEM to a
final concentration of 5, 10, 25, 50, 75, 100, 150 and 200 μg/mL of
polymer. Both types of samples were inoculated for six hours and re-
placed for complete medium and incubated overnight. To serve as
control, HeLa.eGFP-654 cells were transfected with the ON using
Lipofectamine 2000 (Thermo Fisher) according to the manufacturers
protocol for (si)RNA, with a final oligonucleotide concentration of
20 nM. At the following day, the plate was imaged in a Yokogawa
CellVoyager 7000S (Yokogawa, Tokyo, Japan) using confocal settings.
Nuclear staining with Hoechst 33342 (Thermo Fisher) was excited with
the 405 nm laser and acquired at 445/45 nm, eGFP fluorescent signal
was excited at 488 nm and acquired at 525/50 nm. Alexa647 was ex-
cited at 640 nm and acquired at 676/29 nm. Z-offset was determined by
selecting the shifting distance with the greatest intensity. The other
parameters were then acquired at the same offset. Nine pictures were
taken per well in four or six wells per condition. For transfection ex-
periments, images were acquired at a magnification of 20× and for
uptake at a magnification of 60×. After acquisition, pictures were
analysed using Columbus software (Perkin Elmer, Groningen, the
Netherlands).

2.6. Analysis of direct fluorescent microscopy images

Using the built-in “detect nuclei” function of Columbus, all nuclei in
the microscope images were detected in order to create a Population.
Subsequently, of this Population, the cytoplasm was detected using the

eGFP fluorescence in order to create an Area. Next, intensities were
calculated in the Area ‘cytoplasm’ for the entire Population. Based on
the untransfected cells, a cut-off value was determined to select
“Positive” and “Negative” cells. Of note, as there is a low level of nat-
ural occurring exon-skipping of the eGFP-654 pre-mRNA, the presence
of minute fractions of eGFP-positive cells in the untransfected wells
could be determined. The cut-off value was set in order to include<
2.5% of false positives in untreated wells, as previously described [15].
Results of percentage positive cells (calculated by dividing the number
of eGFP-positive cells by the total number of analysed cells) are plotted
in a bar graph with standard deviation in GraphPad Prism 7. A
screenshot of the Analysis Sequence used in Columbus is added as
Supplementary Fig. S1.

2.7. Flow cytometry

The frequencies of eGFP-positive cells in cultures transfected with
ON or nanoparticles in HeLa.eGFP-654 cell cultures were determined
by using a BD Canto flow cytometer (BD Biosciences). In brief;
HeLa.eGFP-654 cells were seeded into 24-wells plates, at a density of
6.0 × 104 cells/well in regular culture medium. After overnight in-
cubation, the cells were exposed to 40 μg, 80 μg or 200 μg of particles.
First, the nanoparticles were dissolved in MilliQ water and subsequent
dilutions were made in OptiMEM before adding the dilutions onto the
cells and incubation was performed for six hours. Medium was replaced
by regular culture medium and incubated at standard conditions for
72 h. In order to perform flow cytometric analysis, the transduced cells
were harvested and the percentage of eGFP expressing cells of
5.0 × 104 viable single cells were analysed per experimental condition.
Mock-transduced HeLa.eGFP-654 cells served to establish the cut-off
between eGFP-positive and eGFP-negative cell populations. Data were
analysed and plotted with the aid of GraphPad Prism 7.

2.8. Total RNA isolation

Remainders of the samples used in for the flow cytometric analysis
were pelleted by means of centrifugation and total cellular RNA was
isolated using the RNeasy Plus Kit (Qiagen) according manufactures
guidelines. In brief; cells were lysed using RLT-buffer, and genomic
DNA was removed by passing the sample through a gDNA eliminator
column. The RNA was loaded into a RNeasy MinElute spin column and
after washing steps, the RNA was eluted in 50 μL of RNase free water.
Total RNA from animal tissues was collected again by using the
Qiagen's RNeasy Plus Mini Kit, as per the manufacturer's protocol.
Depending on the size of the tissue, samples were first lysed in
350–600 μL lysis buffer (freshly added 10 μL/mL β-mercaptoethanol)
and homogenized using the MagnaLyser (Roche) by shaking the tissues
twice for 20 s at 7000 rpm. The homogenate was immediately placed on
ice before transferring into a new Eppendorf tube and centrifuged at
max speed for 3 min. The resulting supernatant was handled as de-
scribed above and total RNA was eluted in 50 μL of RNase free water.
Concentrations were measured by using the NanoDrop
Spectophotometer (NanoDrop 2000, Thermo Fisher).

In order to generate complementary DNA (cDNA), typically 100 ng
of the isolated total RNA was used in a reverse transcriptase reaction
using the “Maxima H Minus First Strand cDNA Synthesis Kit, with
dsDNase” (Thermo Fisher Scientific) supplemented with random hex-
amers, dNTPs (10 mM) and Reverse Transcriptase enzyme supplied in a
final reaction volume of 20 μL, according to the manufacturer's pro-
tocol. The cDNA was generated using an elongation temperature of
48 °C for 30 min and inactivated using a heat cycle of 85 °C for 15 min.

2.9. Droplet digital PCR

This cDNA was successively used to quantify the level of exon-
skipping by means of a droplet digital PCR (ddPCR) assay (Biorad

E. Oude Blenke, et al. Journal of Controlled Release 317 (2020) 154–165

156



QX200). For all reactions, assay mixtures were prepared containing;
10 μL of 2× ddPCR Supermix for Probes (No dUTP) (Bio-Rad,
#1863023), forward and reverse primers and taqman-probes (see
Table 1 below for details) diluted in MilliQ at a final concentration of
250/160 nM, respectively, in a total reaction volume of 19 μL. One
microliter of a 100× diluted cDNA sample was added, mixed rigorously
and used to generate droplets. Thermal cycling conditions consisted of
an enzyme activation period (10 min. at 95 °C) followed by 40 cycles of
a two-step thermal profile comprising of a denaturation step (30 s. at
95 °C) and a combined annealing/extension step (60 s. at 60 °C). An
enzyme deactivation step (98 °C for 10 min.) was included at the end of

the thermal cycling protocol before finally maintaining the temperature
at 4 °C until continuation with droplet reading.

Samples were analysed with the QuantaSoft analysis software (Bio-
Rad). The accepted samples were checked for both fluorophores re-
presented by a blue (FAM) or green (HEX) colour, for species containing
the aberrant exon or spliced versions, respectively. Gating based on
cloud formation and fluorescence amplitude is performed automatically
where possible and confirmed manually. After gating, the positive
droplet count in copies/μL for the two replicates was merged with the
aid of the QuantaSoft software.

2.10. Animal experiments

For this study, hemizygous BL6.eGFP-654 mice, mixed gender,
15–27 weeks at the start of the study, were used. The mice were divided
equally by age and gender. The BL6.eGFP-654 mice were anesthetized
using isoflurane and the formulations were administered using a mi-
cropipette in the left and right nostril, 10 μL per nostril in 5 min per
dose (2 μL per min) for a total of 7 doses, administered every other day.

All mice were sacrificed 24 h after the last administration (For
clarification and summary of the different groups, see Supplementary

Table 1
Details of the molecular assay (primers and probes) used for quantification of
eGFP levels.

Name Sequence (5′-3′)

eGFP.RNA.Fw Saz CGTAAACGGCCACAAGTTCAGCG
eGFP.RNA.Rv Saz GTGGTGCAGATGAACTTCAGGGTC
eGFP.RNA.FAM1 FAM-AGGGCGAGGGCGATGC-BHQ2
eGFP.RNA.HEX2 HEX-CGAGGGCGAGGGCAATAATGATACAATGT-BHQ2

Fig. 1. RNA oligonucleotides used in this study and their potency in vitro.
(A) Schematic representation of the eGFP-654 expression unit. In untreated cells, the aberrant exon (654) will be included in the spliced mRNA rendering the protein
non-fluorescent. When cells are exposed to the exon-skip ON (RNA 654, black bar), the sequence is skipped resulting in wild-type, fluorescent, eGFP protein. (B)
Fluorescence microscope pictures of cells treated with the oligonucleotides in increasing doses. (C) Quantified data of the microscope pictures. Data is plotted as
percentage of eGFP-positive cells of the total amount of cells. Mean + SD.
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Fig. S2 and Supplementary Table S1). As a control for the 654 ON, the
705 ON was used. This is an oligonucleotide of the same length, that is
complementary to a different position but will not result in altered
splicing [16]. Tissues were collected for histological and molecular
analysis. The following tissues were collected: nasal epithelia, trachea,
oesophagus, stomach, lungs and kidneys.

2.11. Statistics

All bargraphs are plotted with data as mean + sd in GraphPad
Prism 8.0.1. Statistical analysis for ddPCR data in the animal experi-
ment was done in GraphPad Prism using ANOVA analysis with
Dunnett's multiple comparisons test. Statistical significance denoted as
* p < .05, ** p < .01, *** p < .001, **** p < .0001.

3. Results

3.1. Gymnotic uptake of exon skipping ON in cell cultures

Exon skipping is one of the therapeutic applications of ON and their
analogues that bind to pre-mRNA in the nucleus in an antisense or-
ientation thereby sterically blocking an RNA splice site, leading to exon
exclusion. Hitherto, small synthetic anti-sense RNA oligonucleotides
(AON) directed to the splice-site have been used and recently,
Exondys51® (Eteplirsen) [3] and Spinraza® (Nusinersen) [4], both ON
targeting their pre-mRNA targets causing exon-exclusion of exon 51 in

DMD or exon-inclusion of exon 7 in SMN2, respectively, were approved
by the FDA as the first disease modifying drug available.

For this study, we decided to use a model system previously de-
scribed to be amendable for exon-skip studies [15]. In this system, an
exogenous eGFP expression unit, containing an aberrant intronic region
derived from the human β-globin IVS 654 mutation is integrated in
HeLa cells and in the genome of Bl6.eGFP-654 mice. In untreated cells,
the aberrant exon will be spliced in and the resulting translated mRNA
will generate a non-fluorescent protein whereas, after treatment with
the RNA-654 ON, wild-type eGFP sequences will result in fluorescent
protein (Fig. 1A). Furthermore, we used ON containing the two most
commonly employed chemical modifications to the sugar moiety de-
scribed in literature; 2’methoxyethyl (2’MOE) and 2′O-Methyl (2’OMe).
To determine if nanoparticle formulation results in enhanced delivery
of these ON, we first measured the basic level of exon-skip after gym-
notic uptake of the ON in cell cultures. Cell cultures exposed to in-
creasing amounts of ON (ranging from 20 nM up to 200 μM) displayed
an increase in eGFP-positive signal, visualized after 24 h and displayed
in Fig. 1B.

Quantification of the eGFP signal by means of counting the fluor-
escence intensities of eGFP-positive cells revealed an increase of the
fluorescent signal with increasing ON concentrations in the medium.
The samples exposed to ON containing the 2’MOE modification out-
performed their 2’OMe counterparts in all concentrations, reaching a
similar level of eGFP-positive cells with a ~4-times lower concentration
of molecules (Fig. 1C). Moreover, the use of a transfection reagent

Fig. 2. Effect of variations in formulation parameters on transfection efficacy.
(A) Comparison of 2’OMe RNA with 2’MOE RNA delivery to HeLa.eGFP-654 cells when formulated in PLGA/PBAE nanoparticles. (B) Size and PDI measurements by
dynamic light scattering of formulations prepared with different feed concentrations of polymer in the organic phase. (C) Effect on exon-skip using different
concentrations of polymer (D) Effect on exon-skip using different polymer lengths. All data plotted as Mean + SD.
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(Lipofectamine 2000, LFect) serving as a positive control for cellular
uptake and function, also displayed a difference between the two en-
tities. It remains unclear whether the difference in the number of eGFP-
positive cells after exposure to the two different types of chemically
modified ON is merely the effect of the chemical modification or that it
is caused by differences in complex formation, membrane passing or
endosomal release. Nevertheless, both preparations were able to engage
with the transcribed pre-mRNA and mediate exon-skipping, which re-
sulted in up to 82% eGFP-positive cells.

3.2. Nanoparticle-mediated delivery of ON

Exposure of ON to cells in culture does result in the uptake and
function of these molecules, nevertheless, the concentrations used are
5000-fold higher compared to those used in forced transfection proto-
cols and such high concentrations might be prohibitive in terms of
manufacturability and toxicity in a clinical setting. In order to reduce
these amounts and to increase the transfection efficacy, ON can be
formulated into nanoparticles. These particles have been shown to
display similar transfection efficacy compared to those reached by
means of transfection reagents, without causing significant cytotoxicity.

Based on the extensive pre-clinical investigation of the PLGA/PBAE
polymeric nanoparticles by the research group of Saltzman, we have
chosen this method to formulate the ON [12,13,17–21]. However, none
of their publications contained RNA-based ON nor the chemical mod-
ifications used in the selected ON. Therefore, we first generated PLGA/
PBAE nanoparticles with the formulation procedure published here
[12,13] containing the 2′OMe and 2′MOE RNA ON and incubated He-
La.eGFP-654 [15] cell cultures with two concentrations of these batches
in order to determine if these nanoparticles would be suited for our
purposes.

Surprisingly, when cells where exposed to nanoparticles containing
the 2′Me-modified ON, it failed to produce any eGFP-positive cells
above the threshold set by non-transfected cell cultures (Fig. 2A).
Conversely, the batches containing the 2′MOE-modified ON did so in a
concentration dependent manner. A Lipofectamine™ transfection pro-
tocol using the two different ON showed the same pattern as depicted in
Fig. 1C (left bars). Different batches and preparations of 2′OMe ON
nanoparticles were tested but all failed to induce exon skipping.
Therefore, from this point forward, we omitted the 2′OMe-modified ON
in further experiments.

3.3. Nanoparticle characterization

The nanoparticles used in the previous experiments had an average
size around 250 nm. For optimal penetration in de deeper layers of the
lung, smaller particle size is to be preferred. Therefore, we set out to
investigate whether the formulation protocol could be adapted re-
sulting in nanoparticles with reduced size but still able to deliver
functional ON. The first change was to increase the sonication times and
power intensity. As these particles are generated using a double
emulsion preparation method by tip sonication, increasing the sonica-
tion time and power parameters could lead to a reduction in droplet
size and thereby reduction in nanoparticle size. However, this turned
out not to be the case, suggesting that the size of the emulsification
droplets was dictated by surface tension and viscosity of the two phases
(data not shown). Therefore, the polymer concentration was lowered,
to reduce the viscosity of the organic phase. Theoretically, lowering the
viscosity should lead to smaller organic droplets in the w/o/w emul-
sion, which determines the diameter of the particles. Next to the 10% of
polymer concentration used in the standard protocol, 5% and 2.5% of
total polymer in DCM were tested.

Indeed, when the percentage of total polymer was reduced in pre-
parations without oligonucleotide cargo, the average size of the parti-
cles was reduced, supporting our hypothesis on viscosity (Fig. 2B; black
bars). It was observed that the solution containing 10% polymer was

more viscous compared to the solution containing 2.5% polymer. The
polydispersity of the particles was measured and depicted in Fig. 2B.
During rigorous vortexing, the former created air pockets while the
latter did not. Nonetheless, when a cargo was added to the mixtures,
consisting of a negatively charged oligonucleotide, there were no dif-
ferences in particle size (Fig. 2B; grey bars). We assume that, in solu-
tion, these molecules will be localized at the surfaces between the two
phases and influence the droplet size and therefore the diameter of the
particles generated.

After measuring nanoparticle characteristics of these different pre-
parations, we used them to transfect cell cultures with two different
concentrations of nanoparticles to assess their transfection efficacy.
Strikingly, while the nanoparticles formulated using the 10% and 5%
total polymer concentration demonstrated similar efficacies as de-
scribed above, the batch generated using the 2.5% polymer had a much-
reduced transfection efficacy (Fig. 2C). As these batches were all gen-
erated using the same amount of ON, the only measurable difference is
the average particle size (260 nm and 270 nm for the 10% and 5%
solutions, respectively compared to 225 nm for the 2.5% polymer
batch. (See Table S2). It seems unlikely that this big decrease in per-
formance is caused only by the seemingly small decrease in particle
size. So further investigation is necessary to pinpoint the exact reason
for the observed differences, like particle loading, charge and particle
integrity.

3.4. Transfection efficacy of particles with different polymer bases

Besides the polymer concentration, another factor that could influ-
ence the viscosity of the organic phase solution is the molecular weight
of the polymer itself. The PBAE used in the formulations has a mole-
cular weight of ~15 kDa, conversely, the molecular weight of the
PLGA, that forms the bulk of the polymer matrix, can be varied. In the
previously described experiments, we have used PLGA with a molecular
weight of ~110 kDa which has a more dominant effect on the viscosity
of the solution and thereby particle size.

Therefore, we formulated batches of nanoparticles using PLGA with
dissimilar molecular weights, keeping the molecular weight of the
PBAE constant as well as the ratio of the two polymers. The polymer
bases that we used were PDLG5010 of ~110 kDa, PDLG5004 of
~40 kDa, PDLG5002 of ~20 kDa and PLHMGA with a mass of
~15 kDa. PLHMGA is an in-house synthesized polymer that contains
hydroxymethyl-glycolic acid next to lactic acid in order to make it more
hydrophilic, which could make it more compatible with the oligonu-
cleotide cargo [14,22].

All formulations were generated with 10% total polymer con-
centration in DCM. The different batches of PLGA had a clear effect on
the viscosity of the solutions, most likely owing to their differences in
lengths of the polymer chains. The particle size showed a trend towards
smaller particles for shorter PLGA polymer lengths, with the smallest
being the preparation generated using the PLHMGA polymer, as ex-
pected (Table 2), which is most likely being explained by the lower
viscosity of the solutions, allowing the emulsification of smaller dro-
plets.

It was hypothesized that similar polymer chain length of the PBAE
and PLHMGA would favour polymer blending and therefore formation
of more homogeneous particles. However, when these preparations
were used in a transfection protocol of cell cultures, the original
PDLG5010 batch outperformed the ones made with PLGA of lower
molecular weights, whereas the PLHMGA formulated nanoparticles
failed to result in any eGFP-positive cells above the background set by
non-transfected cells (Fig. 2D).

All the experiments and preparations above clearly demonstrate the
robustness of the original nanoparticle formulation protocol using the
2′MOE chemically modified oligonucleotide. Changing the total
polymer concentration or the molecular weight of the PLGA polymer
did not result in an enhanced transfection efficacy. As we measured the
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complexation of the particles and cargo of all the different formulations
using a labelled control oligonucleotide in parallel, reducing the par-
ticle size does not result in less ON per amount of polymer
(Supplementary Table S3). In conclusion, the polymer concentration
(10%) and high molecular weight of the PLGA (PDLG5010) described in
the original protocol performed the best in terms of transfection effi-
cacy and delivery of 2’MOE modified ON to cultured cells.

3.5. Effect of higher loading on transfection efficacy

The encapsulation efficiency of 2′MOE ON was calculated by
making use of an Alexa 647-labelled ON. Notably, the encapsulation or
complexation of the ON was consistently nearing 100%, even when the
particle size became increasingly smaller (see Supplementary Table S3
for an overview). This observation indicates that loading efficiencies
(relative weight ratio ON to polymer) have not yet reached their
maximum. Therefore, to increase the oligonucleotide cargo per particle,
the feed concentration of ON in the inner aqueous phase of the emul-
sion was increased. For nomenclature, from this point on, we used the
designation ‘LOW’ for the original oligonucleotide concentration, ‘MID’
for a 10× higher concentration and ‘HIGH’ for a 50× higher con-
centration compared to the ‘LOW’ prepared at a constant polymer
concentration. This corresponded to RNA/polymer ratios of 0.5 nmol/
mg, 5 nmol/mg and 25 nmol/mg respectively. Surprisingly, it was
found that all ON were associated with the nanoparticles and, even at
the ‘HIGH’ RNA/polymer ratio, none of ON were left ‘un-encapsulated’
or ‘non-complexed’ (Supplementary Table S3).

As we hypothesized that the increase in cargo-load would directly
result in an increased eGFP-positive cell count after transfection of cell
cultures, nanoparticles were dosed in ranges of 5–200 μg/mL of
polymer, for the three RNA loading concentrations as described above
instead of the previously used 40 and 80 μg/mL. Results of the different
transfections are plotted in Fig. 3 now with nanomolar concentrations
on the x-axis. For the ‘LOW’ and ‘MID’ nanoparticle batches, there is a
dose-dependent effect in the low concentrations. The number of eGFP-
positive cells reached a plateau at 25 nM for the ‘LOW’ preparation
whereas the ‘MID’ batch reached the maximum percentage of eGFP-
positive cells only at 125 nM. Because the ‘MID’ nanoparticle for-
mulation has a 10× higher RNA/polymer ratio, this means that to
achieve the same effect, the ‘MID’ formulation requires a 2-fold higher
amount of polymer. Obviously, with the higher doses of polymer the
‘MID’ formulations also achieve a higher effect, but this is solely due to
the higher amounts of RNA in these formulations. This indicates that
the amount of (cationic) polymer per RNA molecule is an important
determinant of success. Furthermore, this means that the number of
NPs added to the cells and not the absolute amount of ON determines
the exon skipping efficacy. We have seen similar results in the past with
nanoparticles for pDNA delivery [23]. In line with this, the transfection
efficacy is almost completely abolished for the ‘HIGH’ nanoparticle
preparation where even less polymer is available per RNA molecule.
With these particles only the higher concentrations in the in vitro
transfection media produced numbers of eGFP-positive cells above the
threshold. So, in terms of efficiency and cost of goods there is in fact a
clear advantage of the ‘LOW’ RNA/polymer ratio. When comparing this
most efficient formulation to free oligonucleotides, the dose of RNA

could be lowered 2000-fold (See Fig. 1C. a dose of 50 μM free MOE
oligonucleotide achieves roughly the same result as the 25 nM for-
mulated in the ‘LOW’ nanoparticles).

However, when the goal is to deliver as much RNA as possible, the
‘HIGH’ particles could have an advantage, for example when injection/
administration volumes are low, like in an animal experiment.

3.6. Localized effect after delivery of nanoparticles to the airways of mice

Being able to translate experimental results using an in vitro model-
system into a complex in vivo model-system with the exact same bio-
logical read-out has many benefits. Importantly, in the case of ON,
sequence specificity and pre-mRNA splicing sequence context can vary
between species. When a lead candidate is ready to proceed into murine
models for efficacy and safety studies, these subtle differences can
create dissimilar results. Here, in order to examine the efficiency of
delivery, we made us of the exogenous reporter gene construct based on
wild-type eGFP expression initiated by oligonucleotide-mediated exon-
skipping [15]. The availability of the Bl6.eGFP-654 murine model
system [6] would, theoretically, enable us to use histology combined
with direct fluorescent microscopy to determine the effect on murine
tissues after treatment with the ON. Nonetheless, due to the high in-
trinsic auto-fluorescent properties of tissue material, presumed to ori-
ginate from endogenous cellular protein content, we used a ddPCR
quantification method measuring the different mRNA isoforms in tissue
homogenates. This method can discriminate between mRNA fragments
containing the aberrant exon and fragments with the wild type eGFP
sequence by means of fluorescent probes.

‘Free’ ON and the 3 types of nanoparticle preparations described
above were used to dose the BL6.eGFP-654 mice into the respiratory
tract using intranasal administration in a previously published dosing
regimen [12]. All parts of the upper airways (nasal epithelium, trachea
and lungs) were analysed individually, as well as off-target organs
(kidney) addressing the systemic exposure after intranasal dosing. Next
to these organs, the oesophagus and stomach were isolated serving as
an indicator for secondary exposure. In order to set the baseline for
delivery of functional ON, ‘free’ ON were dosed according to the re-
gimen depicted in Supplementary Fig. S1. After sacrificing the animals,
tissues were collected, total RNA was isolated and subjected to the
ddPCR protocol capable of discriminating between the two isoforms of
eGFP mRNA fragments. Control ON capable of binding the eGFP mRNA
without causing exon-skip were taken along as well as non-treated
animals. As expected, the ‘free’ 2’MOE-654 ON induced exon-skipping
of the aberrant exon in the eGFP expression system. In nasal epithelial
samples dosed with 5 nmol of 2’MOE ON roughly 2.5% of the total
eGFP mRNA did contain the wild-type sequence compared to the mock
treated samples which contained 0.6% of naturally skipped eGFP-se-
quences (Fig. 4A). Strikingly, when the highest dose of 35 nmol was
used, the levels reached almost 50% of wild-type eGFP sequences, de-
monstrating the potential of gymnotic delivery of chemically modified
ON for exon-skipping in the airways. These levels were increasingly
lower when the tissue of downstream organs, trachea (Fig. 4C) and
lungs (Fig. 4B) were examined, nevertheless, the high dose of ‘free’ ON
significantly increased the levels above the background in these sam-
ples. Control samples (oesophagus [Fig. 4F] and kidney [Fig. 4D]) did

Table 2
Effect on PLGA chain length on particle size.

Polymer base Z-avg (nm) PDI Number mean (nm) HWHMa Volume mean (nm) HWHMa Intensity mean (nm) HWHMa

PDLG5010 283 0,10 235 73 305 97 293 83
PDLG5004 252 0,03 196 71 286 111 278 94
PDLG5002 244 0,09 175 70 279 119 275 100
PLHMGA 174 0,08 140 37 171 86 202 81

a HWHM: Half width at half maximum.
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show elevated levels suggesting secondary exposure and systemic ex-
posure to tissues in the treated animals, respectively.

The rationale behind the 5 nmol and 35 nmol concentration was
deduced from the nanoparticle formulation, where, assuming a 100%
encapsulation efficiency, 0.5 nmol of ON were dosed in the ‘LOW’ na-
noparticle batch, 5 nmol in the ‘MID’ NP batch, 25 nmol in the ‘HIGH’
NP preparations. Animals treated with the nanoparticle batches did not
show any discomfort and behaved similar as mock-treated animals.
Tissue samples were collected similarly to the ‘free’ ON treated animals
and total RNA was isolated. In all cohorts treated with the nanoparticle
formulations, clear increase in the levels of skipped eGFP mRNA was
detected, with the ‘LOW’ and ‘MID’ formulations outperforming the
5 nmol ‘free’ oligonucleotide counterpart (Fig. 4A). The ‘HIGH’ nano-
particle formulation, which failed to produce elevated eGFP-positive
cells in in vitro, showed levels up to 8.0% of skipped eGFP mRNA in
nasal epithelial tissue samples as well as elevated levels in the lung
tissue (Fig. 4A, B). This exon skipping pattern observed with the ‘HIGH’
NPs is comparable to that of free ON, albeit at lower exon skipping
efficiencies, which hints towards premature release of the ON from the
‘HIGH’ NP. Non-target exposure (Fig. 4E and F), as well as systemic
exposure (Fig. 4D), was not significantly elevated in samples derived
from mice treated with all NP formulations, suggesting targeting and
reduced off-target exposure. In all cases, the control oligonucleotide

treatment, both ‘free’ as well as formulated in nanoparticles, did not
show any elevated levels of eGFP mRNA exon skip, highlighting the
specificity of the targeting oligonucleotide sequences.

4. Discussion

In this study, we sought out to directly compare gymnotic delivery
of chemically modified ON capable of provoking exon-skipping with
NP-assisted delivery in an in vitro model system as well as in mice after
local delivery to the respiratory tract. First, we started by systematically
analysing the use of different formulation parameters on the ability of
NP to deliver ON into cell cultures compared to gymnotic delivery. As
starting point, we transfected reporter cell lines with two different
preparations of RNA-based ON, stabilized by chemical modification of
the backbone (phosphorothioate) and 2'sugar moiety (2′OMe or
2′MOE). For quantification, we made use of a high throughput
screening microscope and automated image analysis, whereby the di-
rect fluorescent microscopy pictures (Fig. 1B) are used to quantify the
eGFP-positive cells (Fig. 1C). The exact analysis sequence in Columbus
software is added to the Supplementary Figures (Fig. S1). Simulta-
neously, from the pictures in Fig. 1B, it can be appreciated that the
number of green cells coincides with an increase in the intensity of the
fluorescent signal intensity.

Fig. 3. Uptake and transfection efficacy of nanoparticle formulations with varying RNA/polymer ratios.
(A) Fluorescent microscopy pictures of cells transduced using formulations with increasing concentrations of oligonucleotide to polymer. In blue; Hoechst-staining of
cell nucleus. In red; fluorescently labelled oligonucleotide (B-D) Percentage of exon-skip after transduction of HeLa.eGFP-654 cells with nanoparticles produced using
different concentrations of oligonucleotide to polymer. The concentration of oligonucleotide per transduction is listed in nM. Data as Mean + SD. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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With the basal level of transfection using the ‘free’ ON conditions
determined, we deployed the nanoparticle formulation previously de-
scribed by the research group of Saltzman [12,13] and tried to change
different formulation parameters in order to enhance the delivery of
functional ON. Surprisingly, the chemical modifications of the ON
themselves already made a difference as the 2′OMe modified versions
failed to result in exon-skipping of the expressed eGFP reporter gene.
Conversely, the 2′MOE modified ON did demonstrate its ability of in-
duce exon-skipping of the aberrant exon in the eGFP pre-mRNA. The
lack of wild-type eGFP transcripts after treatment with 2′OMe modified
was observed in several experiments, different ON batches and using
multiple separate formulations ruling out technical problems in the NP
generation or ON synthesis. The main difference between these two
molecules is the modification of the 2′ sugar moiety, which is bulkier in
the 2′MOE form. Another difference is the 5′Methyl-C which is related
to the synthesis methodology of the 2′MOE modified amidites and is
linked to lowering the proinflammatory effect of ON, which is lacking
in the 2′OMe containing ON. It would be interesting to know if un-
modified RNA or mix-mers of both modifications behaves similarly to
either one of the modified versions, which might shed light on the
reason behind this difference. As the chemical characteristics and
loading efficiency of the NP themselves didn't change, it hints towards a
difference in release upon internalization.

Particle sizes reported in the studies performed by Saltzman et al.
were large (200-300 nm). This does not necessarily pose a problem for
respiratory administration (as opposed to intravenous injection),
nevertheless, it could hamper the uptake in target cells [24,25].
Therefore, it was attempted to alter the formulation method in order to
produce smaller particles. It was found that changing sonication set-
tings had little effect on the particle size. Reducing the nanoparticle size
by means of reducing the viscosity and surface tension in the W/O/W
emulsions using PLGA polymers of different lengths or by decreasing
the concentration during formulation did not correlate with an en-
hanced transfection efficacy. In fact, the correlation was inverted.
During the formulation, the encapsulation efficiency was determined to
be close to 100% in all cases, decreasing the likelihood that the reduced
size would correlate with a reduction in the total amount of ON pack-
aged. Nevertheless, the transfection efficacies of the tested nanoparticle
formulation where always outperformed by the original nanoparticle
recipe. Since the encapsulation efficiency was close to 100% in the
nanoparticle formulations tested, we tried to increase the ON cargo 10
and 50-fold. The nanoparticle preparations with a 10-fold increased
cargo did increase the percentage eGFP-fluorescent cells combined with
a higher mean fluorescent intensity suggesting that these particles were
able to deliver more ON into the transduced cells. Conversely, in-
creasing the load 50-fold compared to the original recipe completely
abolished functional delivery. Despite we could not measure the zeta
potential of these NP, we believe that loading of the NPs with high
amounts of ON leads to change in surface charge and thereby change in
how these NPs interact with the cells. Indeed, fluorescence microscopy
showed a completely different uptake pattern with the NPs loaded with
high amounts of ON as compared to those with low or medium loading
(Fig. 3A).

Finally, in order to translate the results obtained from the in vitro
reporter system to an in vivo model system containing the similar re-
porter cassette, nanoparticle formulations were investigated by in-
tranasal administration in BL6.eGFP-654 mice. With this administration

route, nasal epithelium, trachea and lungs are considered target tissues
and all other analysed tissues as off-target tissues, that indicate inges-
tion of the dose (oesophagus, stomach) and/or systemic absorption
(kidney). After serial administration, tissues were collected, and iso-
lated RNA was subjected to a ddPCR protocol. In all isolated tissue
homogenates derived from mice that were treated with ‘free’ ON, ON
mediated exon-skip of the aberrant exon was detected in both dose
groups. In the lowest concentration (5 nmol), the rate of exon-skip was
only significantly increased in the lung, but in none of the off-target
tissues. For the high dose of ‘free’ ON (35 nmol) significant increases of
exon-skip were seen in all target tissues, most notably in nasal epithe-
lium and lung but exon-skipping also occurred in the off-target tissues
oesophagus and kidney. An equally high dose of a control ON did not
lead to any significant exon skipping in any tissue. The kidney exposure
after administration of the 35 nmol dose suggests that this dose of ‘free’
ON also leads to undesired systemic absorption, which could have oc-
curred either via the lung or via the intestinal tract. Interestingly, exon-
skip rates in the stomach were not statistically significant for any of the
treatment groups but it is not clear whether this is due to sample size or
that the observed systemic absorption was through other tissues that
had a higher exposure to the dose.

At the site of administration, the nasal epithelium, levels above 50%
of exon-skipped eGFP mRNA were detected, which raised the question
whether this is a feasible number in all target tissues.
Immunohistochemistry of the nasal epithelium demonstrates that there
are multiple cell layers making up this tissue (estimated to be up to 10
cell layers) [26]. If only the exterior layer of the tissue is exposed to the
ON, only a maximum of 10% can be reached when the whole tissue is
processed. This even assumes 100% exon-skipping efficiency and al-
though these estimations are purely hypothetical, the measured 50% is
so high that it suggests penetration of the ON into the deeper tissues,
which can be considered as off-target and could lead to systemic ex-
posure as well.

Deploying three different nanoparticle formulations containing 0.5,
5 nmol or 25 nmol of ON per dose, similar levels of exon-skip can be
detected in the target tissues with no off-target effects at all, in any of
the tissues. The 5 nmol of nanoparticle formulated ON resulted in a
significant increase in exon-skip in the nasal epithelium and an addi-
tional increase was observed in the 25 nmol dose group, although that
additional effect was moderate compared to the increase in dose. So, in
the nasal epithelium where the dose was deposited, a clear advantage
was demonstrated for ON formulated in nanoparticles over the ‘free’
ON. However, downstream tissues demonstrated an inversed pattern,
whereby the lungs, which can be the depot of inhaled material, clearly
have more exon-skipped eGFP mRNA in the ‘free’ ON samples. These
differences suggest specific targeting to cells in the nasal epithelial
tissue and reduced ‘leakiness’ to secondary exposed tissues. Of note, the
peptide used on the nanoparticles is not specific to a receptor solely
exposed on target cells, which, when changed to a targeting moiety,
could enhance the tissue specificity even more.

The groups treated with nanoparticle formulations all received a
dose of 1 mg of polymer per occasion, but with increasing doses of ON
in the same number of particles. Strikingly, although this did not pro-
duce eGFP-positive cells in the in vitro model system, a clear increase in
exon-skipped eGFP mRNA was detected in nasal epithelial, trachea and
lung tissue samples without significant secondary (oesophagus and
stomach) nor systemic (kidney) exposure. At the same time, although a

Fig. 4. In vivo skipped eGFP mRNA as measured by ddPCR in various on- and off-target tissues.
Free RNA ON and ON formulated in nanoparticles (np) are dosed intranasally to mice. In the case of particles, 1 mg of polymer is dosed, x-axis denotes the varying
doses of ON. In the nasal epithelia there is a clear effect of increasing doses of RNA per particle on the percentage of skipped (corrected) eGFP mRNA. In this tissue, to
which the bolus was dosed, the 0.5 nmol dose of ON in nanoparticles performs better than the 5 nmol dose of free ON, demonstrating a preference for formulated ON.
Note that in this graph, the 35 nmol dose of free ON produced>15% of skipped mRNA and is therefore outside the range of the y-axis. In all other tissues this
extremely high dose of free ON also produced the highest percentage of skipped mRNA, including in all the off-target tissues (kidney, stomach, and oesophagus). *
denotes p < .05, ** p < .01, **** p < .0001.
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2000-fold dose reduction for formulated ON vs. ‘free’ ON was shown in
vitro, this advantage was much less pronounced in vivo, even in the
nasal epithelium that had the highest exposure. This indicates that
nanoparticle formulation influences the distribution and localization of
the ON much more than it increases cellular uptake. In a therapeutic
setting, this could be exploited to achieve high local concentrations
with a relatively low dose and to limit off-target and systemic exposure
that are associated with high dosing.

5. Conclusions

The results presented here demonstrate that PLGA/PBAE nano-
particles can be used for functional delivery of exon-skipping ON to the
respiratory tract, although further research is needed to see the efficacy
in mouse models of lung disease in which additional barriers will
hamper functional delivery to the lung epithelial cells. NP-assisted de-
livery of 2′MOE ON to reporter cells in culture was effective at doses
that were 2000-fold lower than gymnotic delivery. Strikingly, 2′OMe
ON lost their activity when formulated in PLGA/PBAE NPs for reasons
that remain unclear. In vivo, the differences in exon-skipping efficacy
between gymnotic and NP-assisted delivery were not that pronounced.
However, NP-assisted ON delivery resulted in a better retention of the
ON in the respiratory tract with exon skipping restricted to the airway
tissues and no detectable levels of exon-skipping in off-target tissues
such as oesophagus, stomach and kidneys. Although ONs were deliv-
ered locally to the respiratory tract and taken up by the cells via
gymnosis, exon skipping in non-target kidney tissue was detected, al-
beit at very low levels. These measurements suggest that free ON can
reach the circulation and result in systemic exposure, to initially un-
targeted tissues, and can be cleared from the system via the kidneys.

The choice for gymnotic or NP delivery for ON treatment of lung
diseases is dependent on many factors, including degree of tissue pe-
netration, efficiency in intracellular delivery, toxic side effects as well
as pharmacoeconomic factors. NP formulation and industrial manu-
facturing is complex and costly, but this increase in costs might be
compensated by the gain in reduced ON dose needed for effective
treatment. If targeted delivery is essential due to potentially toxic ef-
fects of ON to non-target tissue, the use of NP is to be preferred as the
results in this study clearly showed a more contained delivery of exon-
skipping ON with NP as compared to gymnosis. However, due to their
size, it is expected that nanoparticles will have more difficulty in pe-
netrating mucous layers as compared to free ON. Another mode of
delivery that combines both gymnotic and particle-assisted delivery
would be the use of nano- or microparticles to deposit ON into the lungs
where they can provide sustained release of therapeutic ON for pro-
longed treatment of chronic inflammatory lung diseases. Further re-
search is needed to prove feasibility of such a mode of delivery.
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