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Polyrotaxane Nanocarriers Can Deliver CRISPR/Cas9
Plasmid to Dystrophic Muscle Cells to Successfully Edit
the DMD Gene

Michael R. Emami, Courtney S. Young, Ying Ji, Xiangsheng Liu, Ekaterina Mokhonova,
April D. Pyle,* Huan Meng,* and Melissa J. Spencer*

Gene editing with clustered regularly interspaced short palindromic repeats
and CRISPR-associated protein 9 (CRISPR/Cas9) has shown promise in
models of Duchenne muscular dystrophy (DMD); however, nonviral strategies
to deliver CRISPR to muscle have not been widely explored or optimized.
Most studies have relied on viral vectors, which are likely limited to single
dosing due to their immunogenicity, thus reducing their therapeutic potential.
Therefore, there is a need to develop nonviral approaches that allow for
delivery and repeat dosing of CRISPR/Cas9 therapies to skeletal muscle. Here,
biocompatible multi-arm polyrotaxane (PRX) nanocarriers, are iteratively
optimized for packaging large plasmid DNA for delivery to muscle cells. The
PRXs are optimized by addition of a disulfide-responsive linker that enhances
plasmid release. Furthermore, conjugation of peptides leads to quicker uptake
and improved transfection efficiency in humanized dystrophic muscle cells in
vitro. Finally, in vitro delivery of PRXs complexed with a CRISPR/Cas9 platform
demonstrates effective deletion of DMD exons 45–55, a therapeutic strategy
with potential to restore the reading frame for half of DMD patients. This work
represents the first PRX platform that is optimized and designed for delivery
of large plasmid DNA, such as CRISPR/Cas9, to dystrophic muscle cells.

1. Introduction

Gene editing has wide-ranging possibilities for improving hu-
man life, such as modifying crop and livestock genomes,
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creating novel model organisms for re-
search, and correcting disease mutations.[1]

Early gene editing systems such as Tran-
scription Activator-Like Effector Nucleases
(TALEN) and Zinc-Finger Nucleases
(ZFN) are effective, but are cumber-
some in design and can be expensive to
implement.[2] On the other hand, clustered
regularly interspaced short palindromic
repeats and CRISPR-associated protein
9 (CRISPR/Cas9) is easier to exploit and
relatively inexpensive. The CRISPR/Cas9
system utilizes a guide RNA (gRNA) which
targets the Cas9 endonuclease to a specific
site in the genome which creates a double
stranded DNA break (DSB).[3] The cell
can repair DSBs through the endogenous
DNA repair machinery, non-homologous
end joining (NHEJ), or through homology
directed repair (HDR) using template DNA
in cycling cells.[4]

The application of CRISPR/Cas9 of-
fers enormous possibilities for treating
monogenic diseases such as the muscular
dystrophies, which are a group of inherited

muscle disorders. One of the most devastating lethal muscular
dystrophies is Duchenne muscular dystrophy (DMD). DMD is
caused by out-of-frame mutations in the DMD gene resulting
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in lack of the dystrophin protein, which leads to progressivemus-
cle wasting and premature death.[5] Thus, a promising thera-
peutic approach for Duchenne is to restore the reading frame
by converting an out-of-frame DMD mutation into an in-frame
mutation, mimicking the milder, allelic disease, Becker muscu-
lar dystrophy.[6] This approach allows production of an internally
deleted but functional dystrophin protein. We have developed a
CRISPR/Cas9 platform with the intent to permanently restore
the DMD reading frame for mutations within this region.[7] The
platform (hereafter referred to as CRISPR DMD�45-55) encom-
passes a single pair of gRNAs that flank DMD exons 45–55, gen-
erating an in-frame, internally deleted protein after Cas9 cutting
and NHEJ. In Becker patients, an exon 45–55 deletion is asso-
ciated with one of the mildest clinical phenotypes, with some
patients still asymptomatic into their 60s.[8] This region also en-
compasses a hotspot of DMD patient mutations and would be
applicable to approximately 50% of the patient population.[8a,8b]

Proof-of-principle that CRISPR DMD�45-55 can restore dys-
trophin protein was demonstrated in vitro and after local delivery
to skeletal muscle in a humanized dystrophic hDMD del45 mdx
mouse model in vivo.[7b]

Delivery of CRISPR/Cas9 to muscle has been accomplished
in vitro and in vivo via both viral and nonviral strategies. Viral
vectors, such as adeno-associated virus (AAV), have been used
to deliver CRISPR/Cas9 to various tissues in vivo including
muscle.[9] However, since AAV elicits an immune response, it is
likely that AAV can only be delivered one time, unless additional
procedures are implemented, thus compromising the efficacy
of CRISPR-based therapies.[10] Additionally, it has been reported
that up to 70% of patients could have pre-existing immunity to
AAV, which may limit it’s efficacy as a therapy.[11] Moreover, the
AAV vector genome has been reported to persist as an episome
for years in post-mitotic muscle.[12] This sustained expression of
bacterially derived Cas9 has the potential to enhance off-target
activity or to prompt an immune response against Cas9 and the
muscle.[13] Lastly, because the AAV payload capacity is limited (ap-
proximately 4.7kb), it is challenging to fit SpCas9 (approximately
4kb) and gRNAs in the same vector, thus often necessitating a
dual vector system, which effectively cuts the maximum dose in
half.[14] Nonviral carriers, such as nanoparticles, can overcome
the challenges associated with AAV delivery and thus represent
a promising alternative for CRISPR delivery.[15] Depending on
the type of material used, nanocarriers have the ability to carry
different types of cargo and can be chemically modified for
colloidal stability, biodegradability, biocompatibility, and tissue
specificity. In addition, they are largely non-immunogenic and
are suitable for repeat dosing.[16] Nanoparticles composed of
lipids, DNA (nanoclews), gold, cationic polymers, and metal-
organic frameworks (MOFs) have been used to deliver CRISPR
in vitro and in vivo, although reports of nanocarrier mediated
delivery of CRISPR to skeletal muscle have been minimal.[17]

One study achieved delivery of CRISPR/Cas9 to murine muscle
cells in vitro using gold nanoparticles. They also carried out local
intramuscular injection in vivo with an efficiency of less than
1%.[17d] However, the translatability of this approach as a DMD
therapy is low, as it did not utilize systemic delivery.[17d]

Additional studies have described nano-mediated approaches
to deliver other types of cargo to skeletalmuscle. Liposomes, poly-
merosomes, polyethyleneimine (PEI), poly(methyl methacrylate)

(PMMA), atelocollagen, perfluorocarbons, and silver nanoparti-
cles have been used to deliver antisense oligonucleotides, ra-
pamycin, siRNA against myostatin, or other genes to muscle.[18]

However, these reports have been fairly limited, mainly show-
ing proof-of-concept without much optimization and it is unclear
whether the nanoparticles could be modified to carry a large pay-
load, such as CRISPR/Cas9.
The current work describes the iterative optimization of

polyrotaxane (PRX) nanoparticles and demonstrates that PRXs
can deliver a large plasmid carrying CRISPR DMD�45-55 to
dystrophic muscle cells in vitro. PRX is characterized as a
mechanically interlocked molecule containing a polymer, such
as a polyethylene glycol (PEG) backbone, with macrocycles,
such as cyclodextrin (CD) rings, threaded onto the polymer and
stabilized by bulky end groups.[19] The addition of cationic charge
on the macrocycles allows for effective complexation of nucleic
acid mediated by electrostatic interactions. We custom-designed
a 4-arm PRX nanocarrier that was engineered for improved cir-
culation and pharmacokinetics (PK) following intravenous (IV)
injection.[20] This report demonstrates iterative improvements
on the 4-arm PRX design to enhance plasmid delivery to primary
muscle cells derived from a novel humanized dystrophic mouse
model, which contains an out-of-frame human DMD gene.[7b]

Engineering the 4-arm PRX with a redox-sensitive disulfide
linker improves plasmid release and peptide conjugation en-
hances the rate and abundance of nanoparticle uptake, which
leads to improved gene delivery in vitro. The data also demon-
strate proof-of-concept that 4-arm PRX nanoparticles can deliver
CRISPR/Cas9 to muscle cells and achieve a CRISPR-mediated
deletion of DMD exons 45–55. This highlights the potential of
using 4-arm PRXs for a CRISPR-based therapy for DMD.

2. Results and Discussion

2.1. Design and Optimization of 4-Arm PRX Nanoparticles

We have recently demonstrated effective delivery of a plasmid
encoding interleukin (IL) in a cancer model using pristine
4-arm PRXs, which had improved gene delivery compared to
the classic linear PRX.[20] Enhanced gene delivery of pristine
4-arm PRX was due to the addition of α-cyclodextrin (CD) rings
in a spatially and selective fashion onto only two out of the
four PEG arms, which increased PEGylation density, thereby
enhancing circulation time after IV administration while main-
taining encapsulation of nucleic acid mediated by electrostatic
interactions (Figure 1a). Unlike the pristine 4-arm PRX, the
classic linear PRX complexed with nucleic acid results in low
PEGylation density, formation of a protein corona, opsonization,
and clearance by the reticuloendothelial system (RES).[20]

The pristine 4-arm PRX was synthesized through previously
optimized steps, namely 1) bulky end-group protection on 4-arm
PEG-tetra-amine, 2) α-CD threading in saturated sugar aqueous
solution, 3) use of an amide coupling reaction to introduce Z-
L-tyrosine for PRX stabilization, and 4) amine functionalization
(Figure S1, Supporting Information).[20] Here, we develop itera-
tions of 4-arm PRXs and optimize delivery of large plasmid cargo
to primary dystrophic muscle cells. The first approach was to add
a redox-responsive disulfide linker between the cationic amine

Adv. Therap. 2019, 2, 1900061 C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900061 (2 of 13)
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Figure 1. Design and optimization of the pristine 4-arm PRX nanoparticle. a) Cartoon depicting the 4-arm PRX design containing a 4-arm PEG chain
(in yellow) with positively charged α-CD rings (in pink). When plasmid DNA (pDNA) is added (in blue) the positively charged PRX and negatively
charged nucleic acids self-assemble. 4-arm PRXs can be modified to include a redox-responsive disulfide linker (in green) or conjugated with peptides
(in orange) for cell targeting. b) Atomic force microscopy images of free plasmid encoding CRISPR DMD�45-55 before (top) and after nanoparticle
formation with 4-arm PRX (bottom). Scale bar represented as 200 nm. c) Summary of physiochemical properties, size, and polydispersity (PDI) of all
4-arm PRX formulations.

group and the α-CD ring, whereby cleavage leads to dissociation
of the positive charge (Figure 1a, hereafter referred to as disulfide
4-arm PRX). For comparison, pristine linear and disulfide linear
PRXs were also made (Figure S2, Supporting Information). In
the second approach, two different peptides were conjugated to
the nanocarriers to improve targeting and muscle cell uptake
(Figure 1a). One is a cell-penetrating peptide (PipB) that has been
shown to improve antisense oligonucleotide uptake to muscle.[21]

The second involves coupling a synthetic ligand that interacts
with neural cell adhesion molecule (NCAM), which is a receptor
expressed on muscle cells, including muscle stem cells.[22]

A representative image from atomic force microscopy (AFM)
demonstrates self-assembly of a plasmid encoding CRISPR
DMD�45-55 with 4-arm PRX (Figure 1b). All PRX nanocarriers
were extensively characterized for size, zeta-potential, number of
CD rings, and optimized for plasmid loading (Figures S3 and S4,
Supporting Information). The optimal N/P ratio for each formu-
lation was determined from an in vitro reporter assay using a td-
Tomato plasmid (Figure S5, Supporting Information). The size
and polydispersity index (PDI) of each 4-arm PRX at the opti-
mized N/P ratio are described (Figure 1c).

2.2. Addition of Disulfide-Sensitive Linker in PRX Mediates
Plasmid Release in hDMD del45 mdx Murine Muscle Cells

We tested the ability of pristine and disulfide 4-arm PRXs to
enter muscle cells and subsequently escape the lysosome. For
this analysis, primary murine myoblasts (MB) and myotubes
(MT) were obtained from the hDMD del45 mdx mouse.[7b]

This model contains a human DMD gene with an exon 45
deletion, which is a region of the gene targeted by CRISPR
DMD�45-55.[7a] Pristine and disulfide 4-arm PRXs exhibited
efficient plasmid uptake and were able to escape the lysosome in
MB and MT (Figure 2). Pearson’s correlation coefficient (PCC)
of overlap between a lysosomal marker (LAMP-1) and labeled
CRISPR/Cas9 plasmid demonstrated a PCC index of less than
0.7 for all PRXs, suggesting an ability to escape the lysosome
at 24 h (Figure 2). The pristine linear and disulfide linear PRXs
demonstrated similar uptake and lysosomal escape as measured
by PCC (Figure S6, Supporting Information). Furthermore, the
lack of difference in lysosomal escape between the pristine and
disulfide designs was anticipated, as the disulfide linker was
designed for a plasmid release mechanism only. Instead, PRXs
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Figure 2. Pristine and disulfide 4-arm PRXs are efficiently taken up and can escape the lysosome in muscle cells in vitro. a,b) Confocal microscopy
images of intracellular trafficking of pristine 4-arm and disulfide 4-arm PRX nanoparticles carrying Cy3-labeled CRISPR plasmid (red) and stained with
lysosomal marker, LAMP-1 (cyan), and DAPI (blue) in hDMD del45 mdx myoblasts (MB) and myotubes (MT) at 24 h. Scale bar represented as 25 µm.
Pearson’s correlation coefficient (PCC) quantification between plasmid and LAMP-1 co-localization for pristine 4-arm and disulfide 4-arm PRXs in MB
and MT. A lower correlation coefficient demonstrates a dissociation between Cy3 plasmid and LAMP-1 signals. Scale bar represented as 25 µm. Graphs
depict average ± standard error of the mean (SEM). NS: not significant.

may be able to escape the lysosomal compartment due to the
“proton sponge” effect which has remained a hypothesis and a
generally accepted mechanism for cationic polyplexes.[23]

The disulfide-sensitive linker is expected to enhance plasmid
release in vitro resulting in a supramolecular dissociation
upon exposure to the intracellular reducing environment. The
disulfide linker was added to the positively charged α-CD amine
groups by thiol-exchange reaction between pyridyldithiol-4-
arm polyrotaxane and dimethylamino ethanethiol in aqueous
solution (Figure 3a and Figure S7, Supporting Information). The
addition of the disulfide linker was confirmed using 1H-NMR
for the intermediate precursor and final product (Figure S8,
Supporting Information). Abiotic assessment of the redox-
responsive linker was tested by comparing pristine and disulfide
4-arm PRXs before and after incubation with 5 mM dithiothre-

itol (DTT) for 30 min. We measured a shift in size suggesting
dissociation between disulfide 4-arm PRX and plasmid while no
change in size was observed for pristine 4-arm PRX (Figure 3b).
Furthermore, a gel retardation assay of the disulfide 4-arm PRX
incubated with 2.5 mm and 5 mm DTT showed successful plas-
mid release (Figure S3e, Supporting Information). To validate
plasmid release in vitro, co-localization of the plasmid cargo (la-
beled with Cy3) and PRXs (labeled with FITC) was examined in
hDMD del45 murine MB and MT. We observed almost complete
co-localization (PCC value of 0.9) between the labeled FITC-
pristine 4-arm PRX and Cy3-plasmid cargo in MB and MT 24 h
after incubation, which suggests that the nanoparticle did not re-
lease the plasmid (Figure 3c,d). As expected, the disulfide 4-arm
PRX showed significantly enhanced dissociation in MB and MT
24 h after incubation (PCC value of 0.63). These data suggest that
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Figure 3. Addition of redox-sensitive disulfide linker mediates plasmid release abiotically and in vitro. a) Synthesis scheme for disulfide 4-arm PRX. Two
arms of 4-arm PEGwere selectively threaded with α-CD rings and further functionalized with pyridyldithioal groups. Tertiary amines were then conjugated
via thiol-exchange chemistry with dimethylamino ethanethiol. The disulfide 4-arm PRX was designed to facilitate intracellular plasmid release in response
to a redox signal. b) Size characterization of CRISPR plasmid laden disulfide 4-arm PRX before and after incubation with 5 mm DTT (reducing reagent).
The significant change in particle size demonstrated the redox-responsive dissociation of CRISPR plasmid with the disulfide 4-arm PRX. c,d) Confocal
microscopy images of pristine 4-arm and disulfide 4-arm PRX nanoparticles labeled with FITC (green) containing Cy3-labeled CRISPR plasmid cargo
(red) 24 h after administration in hDMD del45 MB and MT. PCC quantification of PRX and plasmid co-localization with pristine 4-arm and disulfide
4-arm PRX showing reduced co-localization in disulfide 4-arm PRXs demonstrating increased plasmid release (in red). Scale bar represented as 25 µm.
Graphs depict average ± standard error of the mean (SEM). NS: not significant; *p < 0.05; **p < 0.01; ***p = 0.0001.
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Figure 4. Pristine and disulfide 4-arm PRX nanoparticles successfully deliver tdTomato reporter plasmid to muscle cells in vitro. a,b) Transfection
efficiencies of pristine and disulfide 4-arm PRX nanoparticles carrying tdTomato reporter plasmid in hDMD del45 mdx MB measured at days 1, 2, and 7
or in hDMD del45 mdx MT measured at days 1, 3, and 7. Transfection efficiency was assessed in triplicate across two independent experiments. Graphs
depict average ± standard error of the mean (SEM). NS: not significant; *p < 0.05; **p < 0.01; ***p = 0.0001; ****p < 0.0001.

addition of a disulfide-linker enhances plasmid release in mam-
malian cells, which are reported to have pools of reducing agents,
such as intracellular glutathione (GSH: approximately 5 mm).[24]

We next assessed whether the released plasmid cargo could
traffic to the nucleus by measuring tdTomato reporter protein
gene expression in MB and MT (Figure S9, Supporting Informa-
tion). Pristine and disulfide PRXswere packagedwith a tdTomato
reporter plasmid and were added to primary MB andMT and the
percent of tdTomato positive cells was assessed at time points
from 24 h to 7 days. Disulfide linear and disulfide 4-arm PRXs
demonstrated significantly greater tdTomato positive MB at days
1, 2, and 7 (Figure 4a and Figure S10a, Supporting Information).
Likewise, there was a significant increase in tdTomato positive
MT with the disulfide 4-arm PRX at days 3 and 7 (Figure 4b).
While a slight trend of increased tdTomato was observed in td-
Tomato positive MT with the disulfide linear PRX, it was not sig-
nificantly different (Figure S10b, Supporting Information). This
observation suggests the limiting factor of transfection efficiency
in MT may not be plasmid release. Instead, the inability of the
disulfide linker to significantly increase tdTomato positive MT
could be due to a lack of nuclear targeting since myotubes are
non-dividing and do not undergo nuclear breakdown.[25]

2.3. Peptide Conjugation to 4-Arm PRXs Enhance Plasmid
Delivery to Muscle Cells

In order to improve the specificity and efficacy of PRX delivery to
muscle, peptides were conjugated to the nanocarriers. Peptides
were modified with cysteine and glycine spacers and were conju-
gated to the end of free PEG chains inDMAE-4-armpolyrotaxane-
SMPT via thiol exchange chemistry on to the pristine 4-arm PRX
(Figure 5a and Figure S11, Supporting Information). Peptide
modifications were confirmed using UV–vis and 1H-NMR (Fig-
ure S12, Supporting Information). We were unable to conjugate
peptides onto the disulfide 4-armPRX since disulfide and peptide
conjugation utilize the same thiol exchange reaction and thus
the chemistry is technically challenging. However, two peptide-
modified versions of pristine 4-arm PRX were generated to aid
in muscle targeting. Since targeting muscle stem cells is desir-
able for long term therapeutic efficacy of CRISPR reframing, a
ligand for NCAM was conjugated to nanoparticles, since NCAM

is known to be expressed on muscle cells, including both hu-
man muscle stem cells and activated mouse muscle stem cells
(referred to as NCAM peptide).[26] Another peptide, PipB, was
conjugated to nanocarriers since PipB is a cell penetrating pep-
tide shown to increase phosphorodiamidatemorpholino oligonu-
cleotide (PMO) uptake in muscle.[21]

NCAM binding to muscle cells was first validated in vitro by
incubating a FITC-labeled NCAM peptide with an immortalized
mouse muscle cell line, C2C12. C2C12 cells were differentiated
to MT, which increase expression of NCAM right after myotube
fusion.[22,27] Peptide binding was shown by enhanced FITC signal
on C2C12s but not on the negative control cells, NCAM negative,
B16 murine cancer cells (Figure 5b).
Uptake of the peptide-modified nanocarriers was then tested

in primary MB and MT compared to pristine 4-arm PRX. We
observed that both peptide conjugated 4-arm PRXs were able to
escape the lysosome 24 h post-incubation (Figure S13, Support-
ing Information). In addition, we observed that PipB 4-arm and
NCAM 4-arm PRXs had faster plasmid uptake in vitro than the
pristine 4-arm PRX (Figure 5c,d). There was significantly more
intracellular labeled plasmid cargo observed 40 min after admin-
istration in cells incubatedwith peptide conjugated versions com-
pared to pristine. By 24 h, this difference was less noticeable, al-
though in MB, PipB 4-arm still had significantly more labeled
plasmid cargo and both PipB 4-arm and NCAM 4-arm had more
plasmid cargo in MT. Thus, both peptides are able to increase
nanoparticle uptake in MB and MT in vitro and both do so to a
similar extent.
As a more relevant readout of peptide conjugated 4-arm PRX

gene delivery efficiency, we used tdTomato plasmid cargo and ex-
amined reporter protein expression in muscle cells 24 h to 7 days
post-administration compared to reporter expression after deliv-
ery with the lipid-based Lipofectamine 2000 (Lipo 2000) transfec-
tion reagent. (Figure 6a,b and Figure S14, Supporting Informa-
tion). Lipo 2000 yielded up to 16% and 33% tdTomato positive
MB and MT at 1 week, respectively (Figure 6c,d). Peptide con-
jugation resulted in a approximately ninefold improvement of
reporter expression when compared to the pristine 4-arm PRX,
with up to 11% tdTomato positive MB for PipB and NCAM 4-
arm PRXs at 1 week (Figure 6c). Furthermore, peptide conju-
gation resulted in up to 27% and 24% tdTomato positive MT
for NCAM and PipB 4-arm PRXs, respectively at 1 week, which
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Figure 5. Peptide conjugated PRXs enhance the rate and abundance of nanoparticle uptake. a) Synthesis scheme for PipB andNCAMpeptide conjugation
on pristine 4-arm PRX. The cysteine modified peptide (NCAM peptide or PipB peptide) was conjugated through a thiol exchange reaction. b) Imaging
of an NCAM peptide labeled with FITC added to C2C12 myotubes or B16 cancer cells (non-muscle cell controls) for 6 h. Quantification of fluorescence
intensity of NCAM peptide on C2C12s is compared to B16 controls across various concentrations of peptide. c,d) Confocal microscopy images of
intracellular trafficking of pristine 4-arm, PipB 4-arm, and NCAM 4-arm PRX nanoparticles carrying Cy3-labeled plasmid (red) in hDMD del45 mdx MB
and MT stained with DAPI (blue) and actin (phalloidin, cyan) or myosin heavy chain (MyHC, cyan), respectively. Imaging is shown at 40 min and 24 h
post-administration. Quantification of Cy3 plasmid intensity in MB and MT at 40 min and 24 h post-administration is shown to demonstrate enhanced
uptake with peptide conjugation. Scale bar represented as 25 µm. Graphs depict average ± standard error of the mean (SEM). NS: not significant;
*p < 0.05; **p < 0.01; ***p = 0.0001; ****p < 0.0001.
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Figure 6. Peptide conjugated PRXs enhance transfection efficiency in vitro. a,b) Representative images of tdTomato expression (red) merged with
brightfield across pristine 4-arm, PipB 4-arm, NCAM 4-arm PRX nanoparticles, and Lipofectamine 2000 carrying tdTomato reporter plasmid in hDMD
del45 MB at day 1 and hDMD del45 MT at day 7. Scale bar represented as 50 µm. c,d) Transfection efficiencies of pristine 4-arm, PipB 4-arm, NCAM
4-arm PRXs, and Lipofectamine 2000 measured at days 1, 2, and 7 or days 1, 3, and 7, respectively. Transfection efficiency was assessed in triplicate
across two independent experiments. Graphs depict average ± standard error of the mean (SEM). e,f) Cell viability determined by MTS assay of hDMD
del45 MB and MT treated with all PRX formulations and Lipofectamine 2000 24 and 72 h post-treatment, respectively. Cell viability was assessed in
triplicate. Graphs depict average ± standard deviation (SD). NS: not significant; *p < 0.05; **p < 0.01; ***p = 0.0001; ****p < 0.0001.

significantly improved reporter expression by approximately 85-
fold compared to the pristine 4-arm PRX (Figure 6d). The en-
hanced uptake observed with the peptide-modified 4-arm PRXs
support the increased tdTomato transfection results.

Next, the cytotoxicity of all PRX formulations and Lipo 2000
was assessed on primary MB andMT by MTS colorimetric assay.
The same concentration of PRXs complexed with the CRISPR
plasmid was added to primary murine MB and MT in vitro and

Adv. Therap. 2019, 2, 1900061 C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900061 (8 of 13)
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Figure 7. Efficient CRISPR/Cas9 editing of DMD exons 45–55 in primary hDMD del45 mdx muscle cells after PipB 4-arm and NCAM 4-arm PRX delivery.
a) Cartoon depicting the region of the human DMD gene (not to scale) in hDMD del45 mdx muscle cells targeted for CRISPR/Cas9 deletion. One gRNA
to intron 44 and one to intron 55 target the Cas9 nuclease to generate double stranded breaks and result in removal of exons 45–55. This creates an
in-frame deletion that restores the reading frame for the out-of-frame exon 45 deletion (black arrow head). b) PCR on genomic DNA to detect successful
deletion of exons 45–55. One primer pair (purple arrows in a) flanks the deletion region in introns 44 and 55 and produces a 788bp band when the
deletion has occurred. Another primer pair (red arrows in a) is located internal to the deletion and produces a band of 1,201bp for the undeleted allele as
a control. Successful deletion of exons 45–55 was seen in MB after CRISPR delivery by PipB 4-arm and NCAM 4-arm PRXs. Untreated (mock) and water
only (ddH2O) are also shown. c) Sequencing of the rejoining site revealed successful deletion and rejoining of introns 44 and 55. Example sequences
traces are shown demonstrating a 1bp insertion for MB PipB 4-arm and seamless rejoining for MB NCAM 4-arm. These intronic indels are expected to
be inconsequential for dystrophin protein production.

cell viability wasmeasured 24 h and 72 h post-incubation, respec-
tively. There was no observed significant difference in the percent
viability for PRX treated MB or MT compared to mock treated
control cells (Figure 6e,f). However, there was a significant re-
duction in cell viability for MB treated with Lipo 2000 (65% cell
viability), indicative of cytotoxicity which has previously been re-
ported for Lipofectamine transfections.[28] These results suggest
that all PRX formulations are not significantly cytotoxic in vitro.

2.4. PRXs Successfully Deliver CRISPR/Cas9 to Humanized
Dystrophic Myoblasts and Myotubes In Vitro

PRX efficacy for delivery of a plasmid encoding CRISPR
DMD�45-55 was tested in primary murine MB and MT. CRISPR
DMD�45-55 consists of two gRNAs, one targeted to intron 44
(44C4) and one to intron 55 (55C3), along with SpCas9, that
causes deletion of DMD exons 45–55 by NHEJ and reframing of
the gene (Figure 7a).[7] Delivery of CRISPR DMD�45-55 using the
disulfide linear PRX demonstrated successful deletion of exons

45–55 as determined by genomic DNA PCR using one primer
pair internal to the deletion (undeleted) and one flanking the
deletion (deleted allele) after 1 week. However, delivery using the
pristine linear PRX did not generate a detectable deletion, even
up to 2 weeks after administration (Figure S15a, Supporting In-
formation). CRISPR DMD�45-55 administration using the disul-
fide 4-arm PRX led to efficient CRISPR/Cas9-mediated deletion
at 1 week compared to the pristine 4-arm PRX (Figure S15b, Sup-
porting Information). The enhanced DNA editing observed with
the disulfide modified PRXs is likely due to the improved redox-
responsive release mechanism of the CRISPR plasmid.
Since the highest tdTomato transfection efficiency was ob-

served with the peptide conjugated 4-arm PRXs (Figure 6),
these formulations were also tested for their ability to deliver
CRISPR DMD�45-55. PipB 4-arm and NCAM 4-arm PRXs car-
rying CRISPR DMD�45-55 were added to primary hDMD del45
MB and NCAM 4-arm PRXs to MT. Subsequent assessment of
genomic DNA at day 5 demonstrated effective deletion of DMD
exons 45–55 as analyzed by PCR (Figure 7b and Figure S15c,d,
Supporting Information). Sequencing of the rejoining site in the

Adv. Therap. 2019, 2, 1900061 C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900061 (9 of 13)
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deleted product was performed to demonstrate successful dele-
tion and NHEJ of introns 44 and 55. Representative sequencing
traces demonstrate a 1bp insertion or seamless rejoining at the
junction site, however since these indels are in the middle of the
intron we do not expect them to have any detrimental effects, as
demonstrated in our prior study (Figure 7c).[7a] Thus, both the
peptide-modified 4-arm and disulfide 4-arm PRXs are effective
delivery vehicles of DNA to humanized dystrophic muscle cells,
including the large CRISPR/Cas9 plasmid.

3. Conclusion

To summarize, 4-arm PRX nanocarriers have been developed
and iteratively optimized for efficient delivery of large plasmid
cargo such as CRISPR/Cas9, to primary muscle cells. This study
highlights the key advantages of PRXs over other nanomaterials,
since they are devoid of cytotoxicity, have a large loading capac-
ity, and are chemically tunable to modify their physiochemical
properties to enhance the efficiency of gene delivery. Moreover,
we expect PRX nanocarriers could likely be adapted for other nu-
cleic acids such as RNA, which is an approach that offers some
advantages for CRISPR delivery compared to DNA, since RNA
would not have potential for genomic integration and is short-
lived, which could reduce the chance of off-target effects. The in-
novative aspects of this study include the addition of the disulfide-
responsive linker, which enhanced plasmid release following cel-
lular uptake, and conjugation of PipB andNCAMpeptides, which
augmented gene delivery. Furthermore, this study demonstrated
proof-of-concept that 4-arm PRX nanocarriers can deliver a pre-
viously validated CRISPR/Cas9 gene editing platform to human-
ized dystrophic muscle cells and achieve deletion of DMD exons
45–55. This work lays a foundation for use of the 4-arm PRX as
an efficacious in vitro transfection reagent for muscle cells and
sets a path for future in vivo studies.

4. Experimental Section
Cell Culture: Primary hDMD del45 mdx myoblasts were obtained from

11–13 day old pups by dissociation of muscle tissue using a 1:1 mixture of
1.5 mg mL−1 dispase (neutral protease, Worthington) and 1600 U mL−1

collagenase II (Worthington) in PBS at 200 µL per 100 mg tissue. Mus-
cles were minced, then incubated at 37 °C with slow agitation for 30 min.
Fibroblasts were removed by repeatedly pre-plating. Myoblasts were cul-
tured on entactin-collagenIV-laminin cell attachment matrix (ECL, EMD
Millipore) and maintained in F-10 HAM (Sigma) with 20% fetal bovine
serum (FBS, Thermo Fisher), 5 ng mL−1 basic fibroblast growth factor
(bFGF, Promega), and 1% penicillin/streptomycin (P/S, Thermo Fisher).
Myoblasts were differentiated to form myotubes (at >80% confluence)
in DMEM (Thermo Fisher) supplemented with 2% horse serum (Thermo
Fisher), 1% insulin-transferrin, selenium (ITS, Thermo Fisher), and 1%
P/S on Matrigel basement membrane matrix (Corning). C2C12 murine
myoblasts were maintained in DMEM supplemented with 20% FBS and
1% P/S. C2C12myoblasts were differentiated to formmyotubes (at>80%
confluence) in DMEM supplemented with 5% horse serum and 1% P/S.
B16 murine melanoma cells were maintained in DMEM supplemented
with 10% FBS and 1% P/S.

CRISPR Plasmid: gRNAs for the exon 45–55 deletion (44C4, 55C3)
from[7a] were cloned into px333 (Addgene 64073, Andrea Ventura[29]) in
tandem using BbsI (New England BioLabs) and BsaI (New England Bio-
Labs). Hereafter, px333 44C4+55C3 refers to the CRISPR plasmid encod-
ing SpCas9 and the two gRNAs.

Chemicals: α-Cyclodextrin (α-CD), triethylamine (TEA), Benzyloxycar-
bonyl-l-tyrosine (Z-L-Tyr), Benzotriazol-1-yl-oxy-tris(dimethylamino)
phosphonium hexafluorophosphate (BOP), 1-hydroxybenzotriazole
(HOBt,) N,N-diisopropylethylamine (DIEA), 1,1′-carbonyldiimidazole
(CDI), N,N-dimethylethylenediamine (DMAE), 2-aminoethanethiol,
1,4-dithiothreitol (DTT) dimethylformamide (DMF), dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich. Four-arm PEG tetra-amine
hydrochloride salt (10 kDa) and linear PEG-diamine hydrochloride salt
(3.5 kDa) were purchased from Jen Kem Technology. Di-orthopyridyl
disulfide PEG (PEG-diOPSS) (3.5 kDa) was purchased from Creative
PEGworks. NHS-fluorescein and 4-succinimidyloxycaronyl-alpha-methyl-
α(2-pyridyldithio)toluene (SMPT) were purchased from Thermo Fisher.
2-(Dimethlamino ethanethiol) hydrochloride was purchased from Santa
Cruz Biotechnology. Pyridyldithiol-cysteamine was synthesized as previ-
ously described.[30] Amicon Ultra-4 Centrifugal Filter Units (MWCO = 10
kDa) were purchased from Millipore.

PRX Synthesis: For the pristine linear PRX the following steps were
completed as previously reported.[31] i) Linear PEG-diamine was added to
aqueous saturated solution of α-CDs to form a polypseudorotaxane inclu-
sion complex. ii) The polypseudorotaxane ends were blocked with a large
blocking group, Z-L-Tyr, by mixing the inclusion complex with Z-L-Tyr, BOP
reagent, HOBt, and DIEA in DMF. iii) The α-CDs in the polyrotaxane were
modified with positively charged amine groups by reaction with DMAE and
CDI in DMSO.

For the disulfide linear PRX the following steps were completed
as previously reported.[32] i) Linear PEG di(OPSS) was mixed with 2-
aminoethanethiol to generate a diamino-PEG with disulfide linkages at
both ends (SS-PEG-diamine). ii) The SS-PEG-diamine was added to aque-
ous saturated solution of α-CDs to form an SS-polypseudorotaxane inclu-
sion complex. iii) The polypseudorotaxane ends were blocked with Z-L-Tyr,
as done for the pristine linear PRX. iv) The α-CDs in the SS-polyrotaxane
were modified with positively charged amine groups by reaction with
DMAE and CDI in DMSO.

For the pristine 4-arm PRX the steps were performed as we described
previously.[20] i) Two arms of a 4-arm PEG tetra-amine were selectively
blocked by NHS-Fluorescein. ii) The 4-arm PEG diamine was then added
to aqueous saturated solution of α-CDs to form a 2/4-arm polpypseudoro-
taxane inclusion complex. iii) The amino ends of 2/4-arm polypseudoro-
taxane were blocked with Z-L-Tyr as described above. iv) The α-CDs in the
2/4-arm polyrotaxane were modified with positively charged amine groups
by reaction with DMAE and CDI in DMSO.

For the disulfide 4-arm PRX the following steps were carried out. i)
Two arms of a 4-arm PEG tetra-amine polymer were selectively blocked
with NHS-Fluorescein as mentioned above. ii) The 4-arm PEG diamine
was added to aqueous saturated solution of α-CDs to form a 2/4-arm
polypseudorotaxane inclusion complex. iii) The amino ends of 2/4-arm
polypseudorotaxane were blocked with Z-L-Tyr as described above. iv)
The α-CDs in the 2/4-arm polyrotaxane were further functionalized
with pyriyldithiol groups by reacting with pyridyldithiol-cysteamine and
CDI in DMSO, followed by precipitation in diethyl ether, and washed
sequentially in excessive acetone and methanol. v) The α-CDs with cleav-
able positively charged amine groups were generated by thiol-exchange
reaction between pyridyldithiol-4-arm polyrotaxane and dimethlamino
ethanethiol in aqueous solution. The resulting disulfide 4-arm PRX
was concentrated with DI water in Amicon centrifugal filter to remove
excessive pyridyldithiol-cysteamine.

For peptide conjugation to 4-arm PRX the following steps were carried
out. i) Two arms of a 4-arm PEG tetra-amine polymer were selectively
blocked after a reaction with SMPT in DMF at a fixed feed ratio (4-arm
PEG:SMPT = 1:2, molar ratio). ii) The 4-arm PEG diamine-SMPT was
added to aqueous saturated solution of α-CDs to form a 2/4-arm
polypseudorotaxane-SMPT inclusion complex. iii) The amino ends
of 2/4–arm polypseudorotaxane-SMPT were blocked with Z-L-Tyr as
mentioned above. iv) The α-CDs in the 2/4-arm polyrotaxane were
modified with positively charged amine groups by reaction with DMAE
and CDI in DMSO as done for pristine 4-arm PRX. v) Peptides modified
with cysteine and glycine spacers were conjugated to the ends of free PEG
chains in DMAE-4-arm polyrotaxane-SMPT via thiol exchange chemistry.

Adv. Therap. 2019, 2, 1900061 C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900061 (10 of 13)
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The peptide sequences are as follows: NCAM ASKKPKRNIKAGGC,
PipB RXRRBRRXRRBRXBGGC.[21,22] Thiol groups from cysteine were
introduced on the C-terminus of the peptides to facilitate conjugation. An
oligo glycine spacer was included at both ends of the functional sequence
so that conjugation would not interfere with the binding efficiency. The
modified peptides were mixed with DMAE-4-arm polyrotaxane-SMPT
at a molar ratio of 5:1 in aqueous solution and reacted for 2 h at room
temperature. The excessive peptide and pyridine-2-thione was removed
via repeated concentration with DI water in Amicon centrifugal filter. The
pyridine-2-thione was collected and quantified by UV–vis spectroscopy to
determine the successful peptide conjugation.

The synthesis schemes for PRX formulations can be found in Figures
S1, S7, and S11, Supporting Information.[31,32] For the list of average CD
numbers per polymer and cationic charge density (Figure S4, Supporting
Information), PRX samples were dissolved in d6-DMSO or deuterated wa-
ter and examined on an AV400 spectrometer (Bruker). The integration of
C1(H) peak (δa) from α-CD and -CH2CH2O- peak (δf) from PEG were
used to calculate the total number of α-CD per PRX polymer. The cationic
charge density was determined via the integration of -N(CH3)2 peak (δg)
from DMAE and C1(H) peak (δa) from α-CD in 1H-NMR spectra as we
reported previously.[20] For peptide conjugated 4-arm PRX, UV–vis spec-
troscopy was used to confirm peptide conjugation by the production of
pyridine-2-thione (Figure S12, Supporting Information). The enhanced ab-
sorbance at 340–380 nm demonstrated successful peptide conjugation.

Physiochemical Characterization and Plasmid Loading of PRX Formula-
tions: CRISPR plasmid was complexed with different PRXs at various N/P
ratios in aqueous solution with an equivalent plasmid concentration of
1 µg mL−1. The size and ζ -potential of plasmid complexed with differ-
ent PRXs were measured by ZETAPALS (Brookhaven Instruments Corpo-
ration). DNA gel retardation assay was performed with precast agarose
gel (Sigma-Aldrich). Samples (equivalent to 100 ng plasmid) were loaded
in gel loading buffer (Sigma-Aldrich), ran in TBE buffer at 150 V for 30
min, followed by visualization on gel imager (MultiImage II AlphaImager
HP, Alpha Innotech). To demonstrate the reduction-responsive dissocia-
tion of plasmid, CRISPR plasmid laden disulfide 4-arm PRXs were incu-
bated with 5 mm DTT solution for 30 min, before assessing size or DNA
gel electrophoresis. The morphology of plasmid laden PRX was visualized
by atomic force microscopy (AFM). Plasmid laden PRX was directly added
to mica substrate (1 cm × 1 cm), and free plasmid was premixed with 5
mm MgCl2-HEPES buffer before addition to mica substrate. The equiva-
lent concentration of plasmid was 0.2 µg mL−1. The samples were dried
with nitrogen gas and imaged on Bruker Dimension FastScan AFM.

PRX Delivery In Vitro: Myoblasts were seeded at 1.2 × 105 cells cm−2

for growth conditions or 1.7 × 105 cells cm−2 for differentiation where
the media was changed to differentiation media the following day. PRX
complexed with a pCSCMV:tdTomato reporter plasmid (Addgene 30530,
Gerhart Ryffel[33]), or px333 44C4+55C3 CRISPR plasmid (see above) was
added to the cells at various PRX to plasmid (N/P) ratios determined em-
pirically and as follows: pristine linear PRX to plasmid: 10:1, disulfide linear
PRX to plasmid: 5:1, pristine 4-arm, and disulfide 4-arm PRX to plasmid:
3:1, peptide conjugated 4-arm PRX to plasmid: 5:1. For uptake and plas-
mid dissociation studies, PRXs were conjugated with FITC and plasmid
labeled with Cy3 using LabelIT Tracker kit (Mirus Bio). Imaging for up-
take and lysosomal studies was done at time points between 40 min and
24 h using a confocal microscope (SP8-SMD, Leica). Imaging for reporter
expression was done at time points between 1 day and 7 days using an
Axio Observer Z1 microscope (Zeiss) and five random images per well
were taken for quantification in ImageJ software (NIH). For CRISPR de-
livery, cells were harvested at days 5, 7, or 14 and pelleted for genomic
DNA extraction using the Quick gDNAmini prep kit (Zymo Research) and
analyzed with the deletion PCR described below.

Lipofectamine 2000 Transfection: Lipofectamine 2000 (Invitrogen) trans-
fections were carried out in a 96-well plate according to themanufacturer’s
instructions. In brief, complexes were prepared by mixing 0.2 µg tdTomato
plasmid DNA with 0.5 µL Lipofectamine 2000 (2:5, w/v) per well for my-
oblasts and myotubes.

CRISPR Exon 45–55 Deletion PCR: To assay for the exon 45–55 dele-
tion, individual PCR reactions containing primers flanking the deletion

(purple arrows in Figure 7a) or internal to the deletion (red arrows in
Figure 7a) were performed on genomic DNA using AccuPrime Taq High
Fidelity (Thermo Fisher) or Herculase II Fusion Polymerase (Agilent Ge-
nomics) as described.[7a] PCR products were blunt cloned with Zero Blunt
TOPO according to the manufacturer’s instructions and sequenced by
Laragen Inc.

NCAM Peptide Administration In Vitro: A green fluorophore (5-FAM on
N-terminus) labeled NCAM peptide (sequence ASKKPKRNIKAGGC[22])
was synthesized by Biomatik. 0.5, 1, 5, 10, 25, and 50 µm NCAM peptide
was incubated for 6 h on C2C12 and B16 cells before imaging.

Intracellular Uptake Study of Cy-3 Labeled CRISPR Plasmid: The following
working antibody concentrations were used: anti-LAMP-1 antibody (Ab-
cam, ab25245) at 1 µg mL−1, anti-myosin 4 antibody MF20 at 2 µg mL−1.
Goat anti-rat IgG (H+L) Alexafluor 647 (Thermo Fisher, A21247), and goat
anti-mouse IgG (H+L) Alexafluor 647 (Thermo Fisher, A21235) were used
as secondary antibodies, respectively. F-actin was stained with Phalloidin-
iFluor 647 Reagent (Abcam, ab176759). The nuclei were counterstained
with DAPI. The intracellular distribution of Cy3-labeled plasmid was visu-
alized by confocal microscopy (SP8-SMD, Leica). For the image analysis,
Pearson’s correlation coefficient was used to determine the level of co-
localization between LAMP-1/Cy3-plamid or PRX/Cy3-plasmid.[34] Image
Pro Plus (Media Cybernetics) software was used to determine Pearson’s
correlation coefficient (n = 5). To evaluate the intracellular level of Cy3-
plasmid, the intracellular fluorescence intensity was analyzed by ImageJ
software (NIH) (n = 5). The fluorescence intensity per image was normal-
ized to cell number in the case of myoblasts or cell spread area in the case
of myotubes for comparison.

MTS Colorimetric Assay: Cell viability was measured using the CellTiter
96 Aqueous One Solution MTS assay (Promega) according to the
manufacturer’s instructions. Measurements were taken 24 h post-
administration for myoblasts and 72 h post-administration for myotubes.
In brief, cells were treated with 20 uL per well assay reagent and incu-
bated for 2 h at 37 °C. Absorbance (OD = 490 nm) was measured using a
microplate reader (M5e, Molecular Device), and normalized to untreated
control cells to determine percentage of cell viability (n = 6).

Statistical Analysis: Results presented in Figures 2–6 and S6, S10, and
S13, Supporting Information, are shown as mean ± standard error of the
mean (SEM) and comparison between two conditions was evaluated by
the unpaired t-test (two-tailed). Results in Figure 6e and f are presented
as mean ± standard deviation (SD) and comparison between groups was
evaluated using one-way analysis of variance (ANOVA) followed by Tukey’s
post-hoc test. p < 0.05 (*), p < 0.01 (**), p = 0.0001 (***), p < 0.0001
(****) were considered significant. Statistical analysis and graphs were
generated using GraphPad Prism 6 software.

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