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Abstract

CRISPR/Cas9 is an efficient and precise gene editing technology that offers a versatile solution for 

establishing treatments directed at genetic diseases. Current CRISPR/Cas9 delivery into cells 

relies primarily on viral vectors, which suffer from limitations in packaging capacity and safety 

concerns. To address these issues, we report a nonviral delivery where Cas9•sgRNA 

ribonucleoprotein (RNP) can be encapsulated into supramolecular nanoparticle (SMNP) vectors to 

form RNP⊂SMNPs, which can then be delivered into targeted cells via a supramolecular 

nanosubstrate-mediated delivery (SNMD) strategy. Utilizing the U87 glioblastoma cell line as a 

model system, we examine a variety of parameters for cellular-uptake of the RNP-laden 

nanoparticles. We further examine dose-dependent and time-dependent CRISPR/Cas9-mediated 

gene disruption in a green fluorescent protein (GFP)-expressing U87 cell line (GFP-U87). Finally, 

we demonstrate the utility of this optimized SMNP formulation in co-delivering Cas9 protein and 

two sgRNAs that target deletion of exons 45-55 (708 kb) of the dystrophin gene. Mutations in this 

region lead to Duchenne muscular dystrophy (DMD), a severe genetic muscle wasting disease. We 

observe efficient delivery of these gene deletion cargoes in a human cardiomyocyte cell line 

(AC16), induced pluripotent stem cells (iPSCs), and mesenchymal stem cells (MSCs).

Graphical Abstract
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A supramolecular nanosubstrate-mediated delivery (SNMD) strategy is developed to improve the 

delivery efficiency of Cas9 ribonucleoprotein (RNP) into target cells. This strategy leverages local 

enrichment of supramolecular nanoparticles (SMNPs) from the surrounding medium onto 

nanowires via molecular recognition, enabling high-efficient CRISPR/Cas9 gene disruption and 

deletion. This platform offers a general clinical therapeutic solution for genetic diseases, such as 

DMD.

Keywords

CRISPR/Cas9; supramolecular nanoparticle; nanosubstrate-mediated delivery; Duchenne 
muscular dystrophy; gene editing

1. Introduction

The clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein 9 

(CRISPR/Cas9) system has rapidly shifted from its natural role as an RNA-guided genetic 

adaptive immune system in prokaryotes to a robust site-specific gene editing method.[1] The 

CRISPR/Cas9 system consists of two critical components, i.e., the Cas9 endonuclease and a 

short, single-guide RNA (sgRNA), which form a Cas9•sgRNA ribonucleoprotein (RNP) 

complex.[2] Based on a simple base-pairing mechanism, the RNP identifies and cuts a 

targeted DNA in the genome, leading to a double-strand break (DSB) at the specified 

location.[3] Endogenous DNA repair mechanisms, e.g., the non-homologous end joining 

(NHEJ) pathway, lead to insertions or deletions (indels)[4] that result in gene disruption. 

Gene disruption via CRISPR/Cas9 editing has been frequently applied for knocking down 

genes in cell lines and animal models.[5] Alternatively, complete gene knockout can be 

achieved via CRISPR/Cas9-mediated gene deletion, where a pair of sgRNA targeting two 

ends of a given gene are used in the presence of Cas9 protein to induce two DSBs at the 

targeted sites where subsequent NHEJ-based DNA repair enables precise removal of the 

gene. In contrast to gene disruption, CRISPR/Cas9-mediated gene deletion offers a different 

gene knockdown solution capable of removing a DNA sequence (up to 30 million bp)[6] 

associated with monogenetic diseases, e.g., Duchenne muscular dystrophy (DMD)[7] and 

Leber congenital amaurosis type 10 (LCA10).[8]

Although CRISPR/Cas9 strategies have considerable potential for treating a series of 

diseases, several barriers impede their effective translation into patient care, such as 

minimizing effects associated with off-target editing, ensuring proper delivery of gene-

editing reagents into targeted cells, and the optimization of editing efficiency.[9] Presently, 

developing highly efficient intracellular delivery methods remains a major obstacle towards 

the robust application of CRISPR/Cas9 genome editing strategies both in vitro and in vivo.
[10] Physical strategies such as microinjection and electroporation have been successfully 

used to deliver CRISPR/Cas9 reagents intracellularly via energetic or physical disruption of 
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cellular membranes.21 However, the decrease in cell viability and the potential for premature 

cell differentiation pose a challenge to their clinical applications. Viral-based approaches 

utilizing lentivirus (LV),[11] adenovirus (AV),[12] and adeno-associated virus (AAV)[13] -

derived vectors remain the standard choice for the delivery of gene-editing machinery due to 

their easy construction, good production titer, and high transgene expression.[10a] However, 

limitations in packaging capacity in AAV (<4.7 kb)[14] and concerns over safety related to 

insertional mutagenesis and immunogenicity associated with viral delivery remain. 

Significant effort has been devoted to exploring the design and application of non-viral 

vectors,[10b, 15] including lipids,[16] polymers[17] and nanoparticles[18] for delivery of 

CRISPR/Cas9 reagents. The CRISPR/Cas9 system can be introduced as Cas9 DNA plasmid,
[17a, 18b, 19] Cas9 mRNA,[20] or RNP.[21] Compared to non-viral methods of delivering Cas9 

DNA plasmid and Cas9 mRNA, the direct delivery of RNP represents the most 

straightforward strategy. In principle, non-viral delivery of RNP has the advantage of rapid 

gene editing, as it skips the gene transcription and/or translation process. The transient gene 

editing also leads to reduced off-target activity and avoids the concern of integrating 

CRISPR genes into the host genome. Since the size of Cas9 protein is as large as ~160 kDa, 

developing more effective delivery vehicles is critical.[10b]

Previously, we reported a flexible self-assembled approach for preparing supramolecular 

nanoparticle (SMNP) vectors[22] via mixing three common molecular building blocks, i.e., 
adamantane-grafted polyamidoamine dendrimer (Ad-PAMAM), adamantane-grafted 

poly(ethylene glycol) (Ad-PEG), and β-cyclodextrin-grafted polyethyleneimine (CD-PEI). 

By leveraging multivalent molecular interactions between β-cyclodextrin (CD) and 

adamantane (Ad) motifs, modular control over the surface chemistry, sizes, and payloads of 

the nanoparticles can be easily achieved, offering a versatile playground for various 

diagnostic imaging[23] and therapeutic applications.[24] Inspired by existing substrate-

mediated delivery approaches,[25] we developed a supramolecular nanosubstrate-mediated 

delivery (SNMD) strategy[26] to improve the delivery efficiency of SMNP vectors, where 

Ad-grafted silicon nanowire substrates (Ad-SiNWS) were designed for dynamic assembly 

and local enrichment of SMNPs. As cells settle onto the substrates, their membranes form 

intimate contacts with the nanowires and generate transient defects that facilitate 

intracellular uptake of SMNPs. Moreover, one can carry out multiple rounds of delivery on 

the same batch of cells via sequential additions of SMNPs without regenerating/reloading 

the substrates after each single use. We hypothesized that this SNMD strategy could be 

applied to deliver CRISPR/Cas9-based RNP complexes efficiently and show that it offers a 

robust gene editing solution for a variety of human cell types.

We demonstrate that SNMD facilitates the delivery of Cas9•sgRNA RNPs into cells attached 

to Ad-SiNWS, enabling both CRISPR/Cas9-mediated gene disruption (Figure 1a) and 

deletion (Figure 1b). Here RNP complexes are encapsulated into SMNP vectors to form 

RNP⊂SMNPs via a self-assembly approach (Figure 1c). To obtain an optimized 

formulation of RNP⊂SMNPs, an enhanced green fluorescent protein (EGFP)-labeled Cas9 

protein and sgRNA complex (EGFP-labeled RNP) was employed as a cargo in a quantitative 

fluorescent imaging study. By conducting small-scale combinatorial screening, an optimal 

formulation of EGFP-labeled RNP⊂SMNPs that gave the highest cellular uptake was 
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identified and subjected to time-dependent imaging studies using the U87 cell line as a 

model system. The optimal formulation identified was subsequently used to delivering a 

Cas9 protein and green fluorescent protein (GFP) gene-targeting sgRNA complex 

(Cas9•sgRNA-GFP, i.e., RNP-GFP) into a GFP-expressing U87 cell line (GFP-U87). The 

RNP-GFP is designed to disrupt GFP gene expression via the introduction of a frameshift 

mutation resulting from the formation of a CRISPR/Cas9-mediated DSB followed by DNA 

repair via NHEJ (Figure 1a). Finally, we demonstrated the utility of SNMD for the CRISPR/

Cas9-mediated large deletion of exons 45-55 (708 kb) of the dystrophin gene in human cells, 

including cardiomyocytes (AC16), induced pluripotent stem cells (iPSCs), and mesenchymal 

stem cells (MSCs) (Figure 1b). Approximately 60% of mutations causing DMD, a severe 

inherited genetic muscle wasting disease, occur within exons 45-55 of the dystrophin gene. 

Effective gene editing at these locations represents an attractive target for gene therapies.[27] 

In addition, given that approximately 90% of DMD patients suffer from cardiomyopathies, 

the capability to correct cardiomyocytes directly or stem cell-derived products may offer a 

solution to a primary cause of morbidity and mortality in this population.[27] It has been 

demonstrated that CRISPR/Cas9-mediated in-frame deletion of exons 45-55 could produce 

an internally deleted dystrophin protein, resulting in rescue from the disease phenotype.[7a–c] 

Here, a pair of RNP complexes, i.e., Cas9 protein and intron 44-targeting sgRNA complex 

(RNP-44) and Cas9 protein and intron 44-targeting sgRNA complex (RNP-55), were 

encapsulated in separate SMNP vectors to form RNP-44⊂SMNPs and RNP-55⊂SMNPs, 

respectively. After deletion of exons 45-55 of the dystrophin gene, the 3′ end of intron 44 

and the 5′ end of intron 55 join together to create a new chimeric intron via NHEJ. The T7 

endonuclease I (T7E1) assay, polymerase chain reaction (PCR), Sanger sequencing, and 

quantitative PCR were employed to confirm the precise large deletion of exons 45–55 of the 

dystrophin gene in AC16, MSC, and iPSC cells.

2. Results and Discussion

2.1. Cell-Uptake Studies of EGFP-Labeled RNP via SNMD strategy

By taking advantage of our previous experience in using SMNP vectors for co-encapsulating 

a transcription factor and a DNA plasmid,[28] RNP⊂SMNPs were prepared via 
stoichiometric mixing of the desired RNP complex reagents and four SMNP molecular 

building blocks (Figure 1c). To identify RNP⊂SMNP formulations that achieve optimal 

cell-uptake performance, we applied SNMD to conduct a three-step optimization process. A 

EGFP-labeled Cas9 protein (EGFP-Cas9, GenScript, New Jersey) and sgRNA complex 

(EGFP-labeled RNP) was used to monitor the cellular uptake in U87 cells using 

fluorescence microscopy-based quantitative analysis (Figure 2a). Three batches of EGFP-

labeled RNP⊂SMNPs (Figure 2b) were formulated by systemically modulating i) the 

weight ratios (wt%) of SMNP to EGFP-labeled RNP (from 100:1 to 100:8), ii) SMNP size 

(from110 to 200 nm), and iii) the surface coverage of a membrane penetration peptide, TAT 

(from 2% to 10%).[29] For cellular-uptake studies, each batch of EGFP-labeled 

RNP⊂SMNPs containing 1.0 μg of EGFP-Cas9 was added to a well (in a 24-well plate), in 

which an Ad-SiNWS (1×1 cm2) was immersed with 1.0 mL of Dulbecco’s modified Eagle’s 

medium (DMEM). Due to the supramolecular assembly process, EGFP-labeled 

RNP⊂SMNPs were quickly enriched and grafted onto the Ad-SiMWS from the medium. 
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Prior to settling the cells onto the Ad-SiMWS, U87 cells were synchronized in serum-free 

DMEM overnight (10 h) to the G0/G1 phases of the cell cycle.[30] Thereafter, approximately 

1×105 U87 cells were introduced into each well. The delivery efficiency of EGFP-labeled 

RNP into U87 cells was quantified by fluorescence microscopy 24 h after treatment. We first 

evaluated how the weight ratios of SMNPs to EGFP-labeled RNP affect the intracellular 

delivery performance. As shown in Figure 2b and Figure S1, the highest percentage (47%) 

of EGFP-positive U87 cells was obtained at a ratio of 100:4. Based on this ratio, we then 

studied the influence of the sizes of RNP⊂SMNPs. By adjusting the mixing ratio of Ad-

PAMAM and CD-PEI, we were able to obtain EGFP-labeled RNP⊂SMNPs with varying 

sizes from 110 to 200 nm as measured by dynamic light scattering (DLS, Figure S2). We 

found that 120 nm EGFP-labeled RNP⊂SMNPs showed the best cellular uptake, achieving 

~60% EGFP-positive cells (Figure S3). TAT-grafted EGFP-labeled RNP⊂SMNPs were 

prepared with TAT coverage ranging between 2% to 10%. EGFP-labeled RNP⊂SMNPs 

with 8% TAT exhibited the highest cell-uptake performance up to 75% (Figure S4). We thus 

identified the formulation that yielded the optimal SMNP configuration of 120 nm EGFP-

labeled RNP⊂SMNPs with 8% TAT coverage. These SMNPs were subsequently used in 

time-dependent imaging studies to evaluate intracellular trafficking of the gene editing 

reagents.

Note that after cellular uptake and dynamic disassembly of EGFP-labeled RNP⊂SMNPs, 

EGFP-labeled Cas9 protein is expected to traffic into the targeted nucleus to facilitate gene 

editing. To characterize the transport of EGFP-labeled RNP into cell nuclei using the SNMD 

strategy, we conducted a time-dependent quantitative imaging study on individual U87 cells 

under the optimal delivery conditions. Three control conditions, i.e., U87 cells treated with 

EGFP-labeled RNP⊂SMNPs (without Ad-SiNWS), U87 cells treated with EGFP-labeled 

RNP (without SMNP vectors), and U87 cells treated with EGFP-labeled RNP encapsulated 

using the commercial Lipofectamine CRISPRMAX system were tested in parallel to SNMD 

treated cells (Figure S5). Our results highlight the critical role of both functional 

components of the SNMD strategy (i.e., the SMNP vectors and the Ad-SiNWS). Multiple 

cellular uptake studies were performed in parallel and terminated at 0.5, 1.0, 1.5, 2.0, 3.0, 

4.0, 5.0, 6.0, 24, and 48 h after treatment (Figure S6). Figure 2c compiles serial fluorescent 

micrographs of the U87 cells at 1.5, 3, 24, and 48 h after the treatment with EGFP-labeled 

RNP⊂SMNPs via SNMD. Figure 2d shows the histograms of single-cell EGFP-labeled 

Cas9 uptake at the respective times, indicating that the highest cell uptake (92% of EGFP-

positive U87 cells) occurred at 3.0 h. Thereafter, slow decay of EGFP-labeled Cas9 

accumulation was observed. In parallel, the accumulation of EGFP-labeled Cas9 in cell 

nuclei was also analyzed. Figure 2e compiles serial fluorescent micrographs of individual 

U87 cells at 0.5, 1.0, 1.5, 2, 3, 4, 6, and 48 h. Figure 2f shows time-dependent EGFP-labeled 

Cas9 accumulation in the U87 cells’ nuclei, achieving maximum nuclear localization of 

EGFP-labeled Cas9 at 3 h.

2.2. Characterization

In addition to DLS measurements, scanning electron microscope (SEM) and transmission 

electron microscope (TEM) imaging were utilized to characterize 8%-TAT-grafted EGFP-

labeled RNP⊂SMNPs, which exhibited the optimal EGFP-Cas9 delivery performance. The 
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SEM and TEM micrographs showed these nanoparticles possessed homogeneous spherical 

morphologies with sizes of 120 ± 45 nm (Figures 3a, b, and S7), aligning with our DLS 

data. The zeta potential of the SMNPs was determined to be 20 ± 5 mV (Figure S8). The 

electron microscope images of the Ad-SiNWS showed that the lengths and diameters of Ad-

SiNWS are ca. 5-10 μm and 30-80 nm, respectively (Figures 3c, d, and S9a, b). The 

assembly of SMNPs onto nanosubstrates (Figure 3e and Figure S9c) and the interactions 

between SiNWS and cells (Figure 3f and Figure S9d) can also be visualized by SEM, 

verifying the mechanism of the SNMD strategy.

2.3. CRISPR/Cas9-Mediated GFP Gene Disruption via SNMD strategy

To test the gene-editing capabilities of our SNMD approach, we designed SMNP vectors 

that enable CRISPR/Cas9-mediated GFP gene disruption (Figure 4a). A GFP-targeting 

sgRNA (sgRNA-GFP) was designed and synthesized. Using the optimized SMNP 

formulation and parameters identified earlier, the Cas9•sgRNA-GFP ribonucleoprotein 

(RNP-GFP) was encapsulated into a SMNP vector to generate RNP-GFP⊂SMNPs 

(hydrodynamic sizes = 140 ± 30 nm, see Figure S10). We hypothesized that successful 

introduction of RNP-GFP into the GFP-U87 cells could disrupt GFP expression as this RNP 

complex was designed to establish a frameshift mutation via the generation of CRISPR/

Cas9-mediated DNA DSBs and indel formation upon DNA repair via NHEJ.[31] We first 

examined how different doses of RNP-GFP⊂SMNPs affected GFP-disruption performance. 

The RNP-GFP⊂SMNPs (containing 0.375, 0.75, 1.5, and 3.0 μg Cas9 protein) was first 

added to a culture well, in which an Ad-SiNWS (1×1 cm2) was placed in DMEM (1.0 mL). 

After settling growth-synchronized GFP-U87 cells onto the RNP-GFP⊂SMNP-loaded Ad-

SiNWS for 48 h, the cells were fixed for DAPI nuclear staining. Residual fluorescence from 

the GFP-U87 cells on the Ad-SiNWS was then measured and analyzed via optical 

microscopy. Figure 4b displays fluorescent micrographs of the GFP-U87 cells in the 

presence of different doses of RNP-GFP⊂SMNPs. Figure 4c summarizes the dose-

dependent GFP disruption observed upon delivery of the RNP-GFP⊂SMNPs, suggesting 

that the minimum effective dose of Cas9 protein is 1.5 μg mL−1. Using this minimum 

effective dose, we carried out time-dependent CRISPR/Cas9-mediated GFP disruption 

experiments to establish the correlation between GFP signal decay and treatment times. 

Figure 4d shows fluorescent micrographs of the GFP-U87 cells after settling onto Ad-

SiNWS presenting RNP-GFP⊂SMNPs that were taken serially at 0, 24, 36, 48, 60, 72, and 

168 h. Irreversible disruption of the EGFP signal is observed in the GFP-U87 cells from 0 to 

168 h in culture (Figure 4e). For fluorescent micrographs (Figure S11a) and histograms of 

GFP signals (Figure 4f and S11b) of four cell samples (GFP-U87, U87, fresh knockout 

GFP-U87 for 24 h, and long-term knockout GFP-U87 for 72 h), the cut off value of 

fluorescence intensity for positive and negative cells was determined to be 350 a.u. After 

treatment with RNP-GFP⊂SMNPs for 24 h, the GFP signal was reduced by 2% the 

threshold. After treatment with RNP-GFP⊂SMNPs for 72 h, 46% of the treated GFP-U87 

cells had fluorescent intensity below 350 a.u. After culturing the GFP-U87 cells for one 

week, the averaged GFP signal remained at a similar level. In an attempt to examine 

CRISPR/Cas9-mediated gene disruption in GFP-U87 cells directly, we applied the T7E1 

assay to detect indel events associated with the CRISPR/Cas9-mediated gene editing at the 

genomic DNA level.[32] Genomic DNA was first extracted from treated GFP-U87 cells and 
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then the sgRNA-targeted surrounding region was amplified via polymerase chain reaction 

(PCR). T7 endonuclease specifically recognizes and cleaves mismatched DNA amplicons 

associated with the indel events (Figure 4g). The wild-type amplicon (90 bp) and two 

characteristic fragments (54 bp and 36 bp) were detected and quantified. The intensity of 

these DNA fragments was quantified using ImageJ, and the indel efficiency based on the 

T7E1 assay was found to be ~27% for the RNP-GFP⊂SMNPs-treated cells. Our functional 

assay of GFP disruption revealed ca. 46% CRISPR/Cas9-mediated gene editing efficiency, 

whereas the T7E1 assay showed ca. 27% efficiency at the genomic DNA level. The apparent 

discrepancy may be due to limitations in the T7E1 assay, which has been shown to 

underestimate editing efficiency with a peak signal of 37% on a 50% mix of wildtype and 

mutant alleles.[33]

We hypothesized that administering additional RNP-GFP⊂SMNPs treatments after the 

GFP-U87 cells settle initially on the Ad-SiNWS could further increase the efficiency of 

CRISPR/Cas9-mediated GFP gene disruption (Figure 4h–k). To test this hypothesis, we 

administered two to three treatments every 3 h of our 8%TAT-grafted RNP-GFP⊂SMNPs 

(containing 1.5 μg Cas9 protein) to growth-synchronized GFP-U87 cells cultured on an Ad-

SiNWS to maintain a steady supply of RNP-GFP. The cells were cultured for 88 h and then 

observed via fluorescence microscopy. For GFP-U87 cells that received three RNP-

GFP⊂SMNP treatments, less fluorescence was detected (Figure 4j) compared to cells 

treated only once (Figure 4c) or twice (Figure 4h). Analysis of the fluorescence intensity 

distribution indicates that the triple treatment group exhibited the highest degree of gene 

disruption (84%, Figure 4k), compared with the single (46%, Figure 4f) and double (63%, 

Figure 4i) treatment groups, which suggests that multiple rounds of RNP-GFP⊂SMNP 

treatments can be used to enhance CRISPR/Cas9-mediated GFP gene disruption. 

Interestingly, we found that adding more RNP-GFP⊂SMNPs (3 μg/mL vs. 1.5 μg/mL Cas9 

protein) failed to reduce the GFP signal further and that the administration of 1.5 μg/mL 

SMNP doses twice in series was more effective than a single administration of 3 μg/mL. 

Possible reasons for these observations include that: i) the SMNPs interact with components 

of the plasma membrane or extracellular matrix and enter cells primarily through 

endocytosis. The size, surface charge, and shape of the SMNPs can impact endocytosis and 

limit the cell’s uptake capacity.[34] Upon reaching this limit, adding more SMNPs does not 

lead to increased endocytosis. ii) Adding RNP-GFP⊂SMNPs (1.5 μg/mL Cas9 protein) once 

to the Ad-SiNWS causes SMNPs to reach local saturation on the nanowire substrates, so 

increased concentrations of SMNPs will not increase the loading capacity of SMNPs on the 

Ad-SiNWS. iii) Considering the possibility that Cas9 protein will be degraded by the cell to 

some extent, adding SMNPs twice could maintain an effective concentration of Cas9 

protein.

2.4. CRISPR/Cas9-Mediated Deletion of Exons 45–55 of Dystrophin Gene via SNMD

After successful demonstration of the SNMD strategy for i) delivery of RNP and ii) GFP 

gene disruption, we further examined whether this approach could be extended for genomic 

editing of mutations associated with a genetic disease. We selected DMD, a devastating X-

linked muscle disease characterized by progressive muscle degeneration and weakness that 

affects approximately 1 out of 5000 newborn males, as an initial target for testing.[35] 
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Mutations in the dystrophin gene are associated with the disease phenotype. Although DMD 

is one of the most difficult genetic diseases to treat and dystrophin is the largest gene thus far 

described in the human genome,[36] about 60% of DMD-causing mutations occur within 

exons 45–55 of the dystrophin gene. These mutations often involve one or more exon 

deletions in the dystrophin gene, disrupting the reading frame of the gene and thus lead to a 

functional loss of dystrophin expression.[37] The potential for dystrophin gene modification 

using the CRISPR/Cas9 system has previously been reported in vitro and in vivo using viral 

vector-based methods.[38] For example, a pair of sgRNAs, i.e., sgRNA-44 and sgRNA-55, 

was designed and applied to achieve the deletion of exons 45-55. Through NHEJ-mediated 

repair, the 5′ end of intron 55 and the 3′ end of intron 44 are joined together to create a new 

chimeric intron, resulting in functional rescue from the dystrophic phenotype.66 However, 

these previous demonstrations relied on viral vectors to deliver the gene editing components, 

which are limited in terms of cargo packaging capacity and by safety concerns due to 

potential insertional mutagenesis. To address these safety concerns, we leveraged SNMD for 

CRISPR/Cas9-mediated deletion of exons 45–55 of the dystrophin gene in human cells, 

including AC16 cells, MSCs, and iPSCs (Figure 5a).

The AC16 cell line was selected as about 90% of individuals with DMD suffer from 

cardiomyopathies, which represent the primary source of morbidity and mortality in these 

patients.54 First, two different SMNP vectors were prepared to encapsulate Cas9•sgRNA-44 

ribonucleoprotein (RNP-44,targeting introns 44) and Cas9•sgRNA-55 ribonucleoprotein 

(RNP-55, targeting introns 55), respectively, i.e., 8% TAT-grafted RNP-44⊂SMNPs 
(hydrodynamic sizes = 120 ± 20 nm, see Figure S12a) and 8% TAT-grafted 

RNP-55⊂SMNPs (hydrodynamic sizes = 130 ± 25 nm, see Figure S12b). Using our 

optimized delivery protocol, cells received three sequential treatments at 3 h intervals of the 

RNP-44⊂SMNPs and RNP-55⊂SMNPs (each group containing 1.5 μg Cas9 protein). 

Empty SMNP vectors (with no Cas9 protein) and a negative control group (not exposed to 

SMNPs) were tested in parallel. At 88 h post-treatment, the AC16 cells were harvested to 

analyze indel production via the T7E1 assay. As displayed in Figure 5b, the indel production 

efficiency of RNP-44⊂SMNPs and RNP-55⊂SMNPs was 44.3% for intron 44 (two 

characteristic fragments are 516 and 387 bp) and 41.2% for intron 55 (two characteristic 

fragments are 458 and 411 bp), respectively. Furthermore, to test the deletion of exons 

44-55, we used PCR to detect the repaired DNA junction. First, the forward primer was 

designed at −231 bp for the sgRNA-44 targeting sequence, i.e., intron 44, while the reverse 

primer was designed at +232 bp for the sgRNA-55 targeting sequence, i.e., intron 55. Then, 

we successfully obtained a 497 bp repaired DNA junction in the test group 

(RNP-44⊂SMNPs and RNP-55⊂SMNPs treatments) by PCR, while no fragment was 

detected in the control group (Figure 5c). Sanger sequencing (Figure 5d and S13) was 

employed to analyze the DNA fragment at the repaired junction boundary (red arrow in 

Figure 5a and d), indicating precise deletion of exons 45–55 (708 kb) of the dystrophin gene 

in AC16 cells. Next, quantitative PCR (qPCR) analysis (Figure 5e) showed that the deletion 

efficiency of our system in the AC16 cells was 19.8%, higher than what was achieved using 

electroporation (15.9%), SMNPs only without Ad-SiNWS (7.5%), commercial transfection 

reagents Lipofectamine CRISPRMAX (7.5%) or Lipofectamine 3000 (6.0%). Note that the 

deletion efficiency calculated by qPCR is the ratio of exons 44-55 at the specific splice 
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junction to the non-edited event sequence. The deletion efficiency does not correspond to 

achieving the correct edit.

On the other hand, demonstrating effective gene editing in human stem cell populations is 

more desirable for designing gene therapies directed at DMD.[39] To test whether our SNMD 

strategy may be used for these applications, we further carried out CRISPR/Cas9-mediated 

deletion of exons 45–55 of the dystrophin gene in both human MSCs and iPSCs. Sanger 

sequencing (Figure S14) was employed to analyze the DNA fragment at the repaired 

junction boundary, indicating the precise deletion of exons 45–55 (708 kb) of the dystrophin 

gene in treated MSC and iPSC populations. Furthermore, our platform achieved higher 

deletion efficiencies in MSCs (16.2%) and iPSCs (2.7%), compared with SMNPs only 

without Ad-SiNWS (4.2% for MSCs and 1.2% for iPSCs), Lipofectamine CRISPRMAX 

(4.3% for MSCs and 1.1% for iPSCs) and Lipofectamine 3000 (4.2% for MSCs and 1.1% 

for iPSCs) treated cells (Figure 5f, g). To address the issues of safety and biocompatibility of 

our SNMD platform, we measured the proliferation and viability of three cell types, as well 

as conducted microscopy imaging and alkaline phosphatase (AP) staining post CRISPR/

Cas9-mediated gene deletion. Our data (Figure S15) suggest that the SNMD platform had 

less impact on cell proliferation and viability than electroporation and Lipofectamine 

CRISPRMAX-treated controls. Optical microscopy analyses (Figure S16) showed that each 

cell type maintained normal cellular morphology after treatment with SMNP vectors via the 

SNMD strategy, suggesting that the platform is not harmful to the cells. Alkaline 

phosphatase staining indicate that the platform had no effect on the differentiation potential 

of the iPSCs.

3. Conclusion

We have successfully demonstrated the feasibility of applying a SNMD-based strategy to 

deliver Cas9 RNP complexes into target cells, enabling CRISPR/Cas9-mediated gene 

disruption and deletion. This SNMD strategy leverages local enrichment of RNP⊂SMNPs 

from the surrounding medium onto nanowires of Ad-SiNWS. As cells come in contact with 

the nanostructured substrates, physical interactions between nanowires and cell membranes 

facilitates the uptake of RNP⊂SMNPs. In our previous work, [26c] we reported potential of 

SNMD-based strategy as an effective delivery platform to knockin the HBB/GFP gene into 

the AAVS1 locus via homology-directed repair (HDR) pathway in hematologic cells to cure 

hemoglobinopathies. Here, through co-delivering a pair of RNP complexes, we achieved 

highly efficient large deletion of exons 45-55 (708 kb) in the dystrophin gene via NHEJ 

pathway in human adherent cells, including AC16 cells, MSCs, and iPSCs, offering a 

general clinical therapeutic solution for DMD. This is the longest gene deletion record using 

non-viral vectors showed in the literatures. Future studies will focus on validating the 

feasibility of this system to deliver CRISPR/Cas9 systems including RNP, DNA plasmid, 

and mRNA to correct mutated genes, thus broadening the type of diseases that could be 

targeted by our approach. To explore the potential in vivo applications of this platform, we 

plan to develop an implantable nanosubstrate that is biodegradable and flexible (e.g., based 

on polymer nanoneedles) to enable implantation into target organs. This work is currently 

undergoing in our labs.
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4. Methods Section

sgRNA Synthesis:

All sgRNA were synthesized by Synbio Technologies. sgRNA-GFP: 

gccguccagcucgaccaggaGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGU

CCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUU.

sgRNA-44:

guugaaauuaaacuacacacuggGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUA

GUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUU.

sgRNA-55:

uguaugaugcuauaauaccaaggGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUA

GUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUU.

Synthesis of RNP⊂SMNPs:

The RNP⊂SMNPs was prepared via self-assembly as follows: Cas9 protein (3.0 μg) and 

sgRNA (0.6 μg, Molar ratio ca. 1:1) RNP complex were added in to a 50 μL PBS mixture 

with CD-PEI (20 μg) and Ad-PEG (45 μg). Then, the DMSO solution (2.0 μL) containing 

Ad-PAMAM (7.2 μg) was added into above solution and stirred vigorously at 4 °Cfor 0.5 h. 

Finally, the PBS solution (10 μL) of Ad-PEG-TAT (3.6 μg) was added into above mixture 

and stirred vigorously for at 4 °C for 0.5 h to obtain optimal RNP⊂SMNPs.

Cell culture:

AC16 cells were kindly provided by the Chinese Academy of Sciences, Shanghai, China. 

The cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, High Glucose) 

with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA), 100 units/mL penicillin, 

and 100 μg/mL streptomycin. The cells were incubated at 37 °C with 5% CO2 in a 

humidified chamber and passaged when 60% confluence was reached using a trypsin-EDTA 

solution (RP01007, NuwaCell, China).

Human MSCs were kindly provided by the Shanghai Institute of Biochemistry and Cell 

Biology, Chinese Academy of Sciences, Shanghai, China. The MSCs were cultured at 37 °C 

with 5% CO2 in DMEM/F12 medium supplemented with 10% FBS, 100 units/mL 

penicillin, and 100 μg/mL streptomycin. Cells were passaged after reaching 80% confluence 

using trypsin-EDTA.

Human iPSCs were obtained from NuwaCell. Ltd, China. The iPSCs were seeded on 

Matrigel-coated plates and cultured at 37 °C with 5% CO2 in Target medium (RP01020, 

NuwaCell, China) supplemented with 100 units/mL penicillin, and 100 μg/mL streptomycin. 

Upon reaching 80% confluence, cells were dissociated using trypsin-EDTA and passaged as 

single cell suspensions in the presence of the selective Rho-associated protein kinase 

(ROCK) inhibitor Y27632 (5 μM, HY-10071, MedChemExpress).
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Delivery of RNP⊂SMNPs to human cells via the SNMD strategy:

For U87 cells, GFP-U87 cells, AC16 cells, and MSCs, prior to settling the cells onto Ad-

SiMWS, the cells were first synchronized in serum-free medium overnight (10 h) to G0/G1 

phases of the cell cycle.[30] After overnight, the medium was replaced by new serum-

containing medium. The RNP⊂SMNPs (containing 1.5 μg of Cas9 protein in 0.5 mL serum-

containing medium) was added to each well of a 24-well plate, where a piece of Ad-SiNWS 

(1×1 cm2) was placed. Approximately 1×105 cells (in 0.5 mL serum-containing medium) 

were introduced into each well. The cells were co-incubated with SMNPs for a certain 

period. Every 48 h, 0.5 mL medium was removed via pipette and then new 0.5 mL serum-

containing medium was added to each well. The PBS was added to the control groups. After 

washing with PBS, the cells on the Ad-SiNWS were fixed with PFA (2%) and then stained 

with DAPI. Microscopy-based image cytometry was used to detect the deliver performances 

of different conditions. After different treatments, the cells were harvested and the GFP 

signal was quantified with fluorescent microscope with a CCD camera (Nikon TE2000S, 

Japan, exposure time: 200 ms).

For iPSCs, the cells were first synchronized in serum-free Target medium (RP01020, 

NuwaCell, China) overnight (10 h) to G0/G1 phases of the cell cycle. The RNP⊂SMNPs 

(containing 1.5 µg of Cas9 protein in 0.5 mL serum-free medium) was added to each well of 

a 24-well plate, where a piece of Ad-SiNWS (1×1 cm2) was placed. Approximately 1×105 

cells (in 0.5 mL serum-free medium to prevent cell differentiation) were introduced into 

each well. The cells were co-incubated with SMNPs for a certain period. Every 48 h, 0.5 mL 

medium was removed via pipette and then new 0.5 mL serum-free medium was added to 

each well.

Encapsulation efficiency and loading capacity of RNP in the RNP⊂SMNPs:

The encapsulation efficiency of RNP was calculated based on the ratio of RNP encapsulated 

into the SMNPs to the total RNP added during the synthesis. A NanoDrop™ 2000/c 

Spectrophotometer was used to compare the Cas9 protein and sgRNA concentrations present 

in the total solution after synthesizing the nanoparticles and in the supernatant collected 

following centrifugation of RNP-GFP⊂SMNPs. The encapsulation efficiency of RNP was 

83.5%. By determining the ratio of the weight of the encapsulated Cas9 protein to the total 

weight of the SMNPs, we calculated the loading capacity of RNP to be 4.5%.

Electroporation:

Generic quartz cuvettes were used for all electroporation experiments. After dissociation 

with trypsin and neutralization with fresh cell culture medium, AC16 cells were 

centrifugated for 3 min at 1000g. Cells were then resuspended in 100 μl of the desired buffer 

(BTXpress Electroporation Buffer), followed by the addition of RNP-44 (containing 1.5 μg 

Cas9 protein) and RNP-55 (containing 1.5 μg Cas9 protein). The AC16 Cells were then 

transferred to a sterile 0.2-cm cuvette and electroporated using a Lonza® Nucleofector® II 

electroporation system (900V, 30ms, 1 pulse). After electroporation, the transfected cells 

were gently resuspended in 1 mL of pre-warmed medium and were then seeded in 6-well 

plates and grown at 37 °C and 5% CO2.
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DNA extraction and polymerase chain reaction (PCR):

After RNP⊂SMNPs delivery for different times, cells were washed with PBS and replaced 

with DMEM, and then allowed to grow for 48 h. At this time point, cells were harvested, 

and genomic DNA was extracted with a commercial QIAamp® DNA Mini Kit (Qiagen, 

Germany), following the manufacturer’s instructions. Then, PCR was conducted to amplify 

GFP and DMD. The primer sequences were listed as follow:

GFP: forward: 5′-GAGCAAGGGCGAGGAGC-3′,

reverse: 5′-CCGGACACGCTGAACTTGTG-3′.

DMD introns-44: forward: 5′-GAGAGTTTGCCTGGACGGA-3′,

reverse: 5′-CCTCTCTATACAAATGCCAACGC-3′.

DMD introns-55: forward: 5′-TCCAGGCCTCCTCTCTTTGA-3′,

reverse: 5′-CCCTTTTCTTGGCGTATTGCC-3′.

We amplified GFP and DMD with an S1000™ Thermal Cycler (Bio-Rad) under the 

following PCR conditions: 95°C for 3 min followed by 35 cycles (95°C for 15 s, 58°C for 15 

s, and 72°C for 20 s) and 72°C for 3 min. The PCR products run through 1.5% agarose 

electrophoresis gel.

T7 endonuclease assay:

After amplification, the PCR products were hybridized and digested with a T7 endonuclease 

1 mutation detection kit (New England Biolabs, NEB #E3321 ) assays kit. After incubation 

at 37 °C for 30 min, the product from the T7E1 assay run through 1.5% agarose 

electrophoresis gel and the bands were analyzed using a gel imaging instrument 

(AlphaImager® HP).

The formula for the calculation of indel mutation is below:

% indel = 100 x [1-(1-fraction cleaved)1/2],

where, fraction cleaved = concentration of digested products/ (concentration of digested 

products + concentration of undigested band).

PCR for exons 44-55 deletion in the DMD gene:

After 88 h post-treatment, the cells were harvested to extract genomic DNA and detect exons 

44-55 deletion of DMD by PCR. Primers were designed as follow:

Primer introns-44 forward: 5′-TGCCCTCATCTGTCTTAATCAGTA-3′,

Primer introns-55 reverse: 5′-GTGCTGTAGTGCCCGGTT-3′.

Primers were synthesized by Sangon biotech company (Shanghai, China). We amplified the 

target sequence for deletion with an S1000™ Thermal Cycler (Bio-Rad) under the following 

PCR conditions: 95°C for 5 min followed by 35 cycles (95°C for 15s, 58°C for 15s, and 

72°C for 30s) and 72°C for 3 min. The PCR products were checked on a 1.5% 

electrophoresis gel. When electrophoresis was completed, a longitudinal slice of the gel was 
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cut, fixed, and purified to extract DNA using a FastPure Gel DNA Extraction Mini Kit 

(Vazyme, China). The DNA was sent to Sangon Biotech (Shanghai, China) for sequencing.

Quantitative PCR for exons 44-55 deletion ratio detection:

After 88 h post-treatment, AC16 cells were harvested to extract genomic DNA and detect 

deletion efficiency of exons 44-55 deletion of DMD by in-out Quantitative PCR assay. 

Primer 44-55 exons deleted forward: 5′-TGCCCTCATCTGTCTTAATCAGTA-3′, reverse: 

5′-GTGCTGTAGTGCCCGGTT-3′.

Primer 44-55 exons undeleted forward: 5′-ACTCTGACCATAAAAGCGTGGA-3′,

reverse: 5′-GTGCTGTAGTGCCCGGTT-3′.

Primers were synthesized by Sangon Biotech (Shanghai, China). The reactions were run on 

a 5100 real-time Thermal Cycler system (Thermo fisher, USA), under the following 

conditions: 95 °C for 5 min followed by 40 cycles (95 °C for 10 s, 60 °C for 30 s and 60 °C 

for 30 s). Data were quantified automatically using the 5100 real-time Thermal Cycler 

system, and the relative expression was determined using the 2−ΔΔCt method.

Cell viability assay:

Cell viability of AC16, MSCs, and iPSCs was evaluated using the CCK-8 assay according to 

the manufacturer’s instructions. Cells were seeded into 96-well plates, CCK-8 (10 μl) was 

added to each well and incubated for a further 1.5 h at 37 °C. Optical density (OD) was 

measured at 450 nm using a microplate reader (SpectraMax i3 Platform, Molecular Devices, 

Austria).
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Figure 1. 
a) Schematic of the SNMD strategy for CRISPR/Cas9-mediated GFP gene disruption by 

introducing a Cas9 protein and a GFP-targeting sgRNA (RNP-GFP) into a GFP-U87 cell 

line. The RNP-GFP cargo is designed to disrupt GFP gene expression by establishing a 

frameshift mutation via the formation of double-strand breaks (DSBs) and subsequent DNA 

repair via the non-homologous end joining (NHEJ) pathway. b) Schematic illustrating the 

SNMD strategy for CRISPR/Cas9-mediated deletion of exons of 45-55 of dystrophin gene 

by delivering RNP-44⊂SMNPs and RNP-55⊂SMNPs into human cells, including 

cardiomyocytes (AC16), induced pluripotent stem cells (iPSCs), and mesenchymal stem 

cells (MSCs). After the deletion of exons 45-55 of the dystrophin gene, the 3′ end of intron 

44 and the 5′ end of intron 55 joined together via the NHEJ pathway. c) The self-assembled 

synthesis of RNP⊂SMNPs via mixing of four SMNP molecular building blocks and RNP 

cargoes.
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Figure 2. 
a) The SNMD strategy for delivering an EGFP-labeled Cas9 protein and a sgRNA complex 

(EGFP-labeled RNP) into U87 cells. b) Different formulations of EGFP-labeled 

RNP⊂SMNPs were subjected to cellular uptake studies in the presence Ad-SiNWS. An 

optimal formulation of 120 nm EGFP-labeled RNP⊂SMNPs with 8% TAT coverage (*) was 

identified. Three control conditions, i.e., EGFP-labeled RNP⊂SMNPs [only] (without Ad-

SiNWS), EGFP-labeled RNP encapsulated using the commercial Lipofectamine 

CRISPRMAX system, and EGFP-labeled RNP (without SMNP vectors) were tested. c) 
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Serial fluorescent micrographs of the U87 cells taken at 1.5, 3, 24, and 48 h after treatment 

with SMNPs. d) By performing single-cell image analyses to quantify EGFP-labeled Cas9 

signals in the micrographs shown in 2c, histograms of single-cell EGFP-Cas9 uptake were 

obtained for the respective times. The optimal cell uptake (92% of U87 cells) was observed 

at 3 h post-treatment. e) Serial fluorescence micrographs of individual U87 cells depict 

dynamic accumulation of EGFP-labeled Cas9 signals in cell nuclei at 0.5, 1.0, 1.5, 2, 3, 4, 6, 

and 48 h. All scale bars are 20 μm. f) Time-dependent EGFP--labeled Cas9 accumulation in 

cell nuclei, which reaches a maximum at 3.0 h. Data are presented as means ± SD of three 

independent assays.
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Figure 3. 
a) Scanning electron microscopy (SEM) and of b) transmission electron microscopy (TEM) 

images of EGFP-labeled RNP⊂SMNPs. c) SEM image of Ad-SiNWS prepared via wet-

etching followed by covalent functionalization of Ad motifs. d) TEM image of free 

nanowires. e) Upon exposure of SMNPs in the medium to the Ad-SiNWS, the SMNPs 

become grafted onto the Ad-SiNWS as indicated by SEM. The SMNPs are highlighted in 

false color (blue) to improve contrast. f) The interaction between a U87 cell and an Ad-
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SiNWS loaded with SMNPs was visualized by SEM, where SMNPs are highlighted in blue 

(false color).
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Figure 4. 
a) Performing CRISPR/Cas9-mediated GFP gene disruption in GFP-U87 cells using SNMD 

strategy. The RNP-GFP⊂SMNPs were prepared by encapsulating RNP-GFP into an SMNP 

vector. b) Fluorescence micrographs of GFP-U87 cells collected at 48 h post GFP-U87 cell 

settlement. Four different Cas9 protein doses (0.375, 0.75, 1.5, and 3.0 μg/mL) in RNP-

GFP⊂SMNPs were studied. c) Quantitative analysis of the fluorescent micrographs in b) 

shows dose-dependent disruption of the fluorescence signals in the GFP-U87 cells. A 

minimum effective dose is therefore determined as 1.5 μg of Cas9 protein per mL. d) Serial 
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fluorescence micrographs of GFP-U87 cells collected at 0, 24, 36, 48, 60, 72, 168 h post 

GFP-U87 cell settlement. e) Quantitative analysis of the fluorescent micrographs in d) shows 

the time-dependent decay of GFP signals. f) Histograms of GFP signals in individual GFP-

U87 cells treated by RNP-GFP⊂SMNPs after 72 h, suggesting successful disruption of the 

GFP gene was achieved in 46% of GFP-U87 cells. g) T7E1 assay for detecting indel 

generation at the GFP gene in GFP-U87 cells treated with RNP-GFP⊂SMNPs (1.5 μg/mL 

Cas9 protein) after 72 h. h) The designated timelines summarize the two sequential 

treatments of RNP-GFP⊂SMNPs to GFP-U87 cells via the SNMD strategy, sustaining a 

steady supply of RNP-GFP. Fluorescence microscopy images of GFP-U87 cells double-

treated by RNP-GFP⊂SMNPs. Cells were visualized with DAPI (live/dead assay) staining 

(blue) and GFP expression (green). i) Histograms of GFP gene disruption performance in 

individual GFP-U87 cells double-treated by RNP-GFP⊂SMNPs after 88 h. j) The 

designated timelines and fluorescence microscopy images summarize the three sequential 

treatments of RNP-GFP⊂SMNPs to GFP-U87 cells. k) Histograms of GFP gene disruption 

performance in individual GFP-U87 cells triple-treated by RNP-GFP⊂SMNPs after 88 h. 

All data are presented as means ± SD of three independent assays.
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Figure 5. 
a) Graphical summary for CRISPR/Cas9-mediated deletion of exons 45–55 of the 

dystrophin gene in in the human cardiomyocyte cell line (AC16), induced pluripotent stem 

cells (iPSCs), and mesenchymal stem cells (MSCs) using the supramolecular nanosubstrate-

mediated delivery (SNMD) strategy. Two RNP complexes (i.e., RNP-44 targeting introns 44 

and RNP-55 targeting introns 55) were separately encapsulated in SMNP vectors to give 

RNP-44⊂SMNPs and RNP-55⊂SMNPs. b) The T7E1 assay was used to determine the 

indel production efficiency at introns 44 and 55 of the dystrophin gene in AC16 cells triple-

treated by RNP-44⊂SMNPs and RNP-55⊂SMNPs. c) A PCR assay and d) Sanger 

sequencing were used to confirm deletion of exons 44-55 of the dystrophin gene. e) 

Quantitative PCR for quantification of deletion efficiency in AC16 cells treated by SMNPs 

(RNP-44⊂SMNPs and RNP-55⊂SMNPs) with Ad-SiNWS, Electroporation (RNP-44 and 

RNP-55), SMNPs only without Ad-SiNWS, Lipofectamine CRISPRMAX 
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(RNP-44⊂LipoCRISPR and RNP-55⊂LipoCRISPR) or Lipofectamine 3000 

(RNP-44⊂Lipo3000 and RNP-55⊂Lipo3000). f) Quantitative PCR for quantification of 

deletion efficiency in MSCs treated by SMNPs with Ad-SiNWS, SMNPs only without Ad-

SiNWS, Lipofectamine CRISPRMAX, or Lipofectamine 3000. g) Quantitative PCR for 

quantification of deletion efficiency in iPSCs treated by SMNPs with Ad-SiNWS, SMNPs 

only without Ad-SiNWS, Lipofectamine CRISPRMAX, or Lipofectamine 3000. Data are 

presented as means ± SD of three independent assays. A two-tailed unpaired t-test was used 

to determine the significance of the comparisons of data indicated in Figures e-f (*P<0.5, 

**P<0.01).
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