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There is a critical need for the development of safe and efficient delivery technologies for CRISPR/Cas9

to advance translation of genome editing to the clinic. Non-viral methods that are simple, efficient, and
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Introduction

The CRISPR (clustered regularly interspaced short palindromic
repeats)/Cas9 (CRISPR associated protein 9) system has recently
emerged as one of the most powerful genome editing tools
available today, with a wide range of applications including
gene disruption and correction, transcription and translation
modulation, and imaging genomic elements." Originally
adopted from the bacterial immune system, the CRISPR/Cas9
system consists of a single chimeric guide RNA (sgRNA) that
directs the sgRNA/Cas9 complex to target DNA sequences inside
cells, and a Cas9 nuclease that causes double-stranded cleavage
of the bound DNA, which is subsequently repaired by various
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completely based on biologically-derived materials could offer such potential. Here we report a simple
and modular tandem peptide-based nanocomplex system with cell-targeting capacity that efficiently
combines guide RNA (sgRNA) with Cas9 protein, and facilitates internalization of sgRNA/Cas9 ribonucleo-
protein complexes to yield robust genome editing across multiple cell lines.

DNA repair mechanisms.” Due to the ease of sgRNA design
against any target DNA, CRISPR/Cas9 has been widely applied
to create a range of animal models and treat genetic disorders
in cells and animal models.® Despite this major breakthrough,
the clinical applications of this technology hinge on the safe
and efficient delivery of CRISPR/Cas9 inside target cells.”
Therefore, in order to bring this field closer to using CRISPR/
Cas in clinical applications as a treatment approach to genetic
disorders, the development of a simple and efficient delivery
system with targeting capabilities is much needed.

A key challenge faced by the existing technology is the
physical delivery of multiple components inside the nucleus of
desired cell types while also maintaining their binding and
catalytic activities.® The CRISPR/Cas9 components are typically
delivered in plasmid form using viral vectors such as lenti-
virus,” adenovirus,'® baculovirus,'"' or, most commonly,
adeno-associated virus (AAV).'>" Using AAVs is quite efficient.
Serotype selection with tropism for different organs is poss-
ible. However, pre-existing immunity to AAVs and their rela-
tively low packaging size limit AAV-mediated clinical appli-
cations.™ In addition, AAVs can result in long-term expression
of Cas9 and sgRNA proteins, increasing the risk of off-target
cleavage, which is a major concern in establishing the safety of
CRISPR/Cas9-based therapeutics.” Several non-viral methods
that have been developed or repurposed to deliver CRISPR
toolbox as plasmids encounter challenges. Their overall effects
are delayed during the protein expression process. Therefore,
transient non-viral delivery of Cas9 protein and sgRNA is an
appealing goal. Yet again, this strategy faces challenges of
combined protein and nucleic acid delivery to the target cell
type and the desired intracellular compartment.

In order to address these challenges, transient delivery of
sgRNA along with the Cas9 mRNA or Cas9 protein has been
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achieved using non-viral methods such as electroporation,***°
hydrodynamic  injection,’””  microinjection,'® lipids,'®?
peptides,*™® polyethylenimine in combination with other
agents DNA graphene  oxide,
cholestero gold and other
nanostructures, extracellular vesicles, virus-like par-
ticles,”® and biolistic delivery in plants.***> Apart from these
methods, many hybrid frameworks have also been used to
deliver CRISPR/Cas9."®™*® While some of these approaches
have delivered CRISPR/Cas9 components iz vivo and mediated
gene correction, most are non-specific delivery methods with
potential for toxicity. Accordingly, alternative particle-based
strategies have also been developed that can target the delivery
of CRISPR/Cas9 components to prostate cancer, osteosarcoma,
and brain cancers in vivo.>>*>*%*! Although these promising
methods offer targeted delivery, they require manipulation of
sgRNA into a plasmid,>**" or subcloning of sgRNA into
minicircle DNA,** and are compounded with complex particles
that are difficult to tailor and require multistep synthesis.
Based on a tandem peptide nanocomplex system,
previously developed by our lab to achieve targeted delivery
of siRNA to tumors, we hypothesized a simple and modular
delivery approach, CRISPR-GPS (Guiding Peptide Sequences).
We discovered that it can co-deliver native or modified
sgRNA and Cas9 protein to various cell types in vitro with com-
parable efficiency as lipofectamine® RNAIMAX, and may
also offer the capacity to target specific cell types in vivo. Our
engineered, modular tandem peptide nanocomplex system
is composed of a C-terminal peptide-based targeting domain,
a cell-penetrating peptide (CPP) domain for cellular internaliz-
ation, and an N-terminal lipid tail for particle packaging and
endosomal escape (Fig. 1).>* By optimizing both the ratios of
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Fig. 1 CRISPR-GPS (guiding peptide sequences) concept. (a) Schematic
representation of the targeted tandem peptide constructs designed to
deliver CRISPR/Cas9 components. A tandem peptide-lipid containing a
cell penetrating peptide, a targeting peptide on its C-terminus, and a
lipid tail on its N-terminus can be designed to package sgRNA and Cas9
in a nanocomplex. (b) The nanocomplex is taken up by target cells via
receptor-mediated endocytosis, after which it escapes from endosomes
so that the sgRNA/Cas9 complex can be internalized within the nucleus,
due to the presence of an NLS sequence on Cas9, ultimately enabling
genome editing.
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individual nanocomplex components and the formulation
strategy, we successfully delivered CRISPR/Cas9 in OVCARS8
cells (ovarian cancer), HeLa cells (cervical cancer), and 3TZ
cells (a mouse fibroblast line derived from 3T6 fibroblasts)
in vitro. Furthermore, we achieved robust CRISPR/Cas9-
mediated disruption of a reporter gene in a functional assay.

Results and discussion

Optimization of tandem peptides to form sgRNA, Cas9, and
sgRNA/Cas9 nanocomplexes

Previously, our lab successfully developed a tandem peptide
nanocomplex system for the delivery of siRNA to target tumors
using a tandem peptide, mTP-LyP-1, where ‘m’ denotes a myr-
istoyl group and acts as a lipid tail, ‘TP’ refers to transportan
(sequence: GWTLNSAGYLLGKINLKALAALAKKIL, net charge
+4), which is a cell penetrating peptide, and the LyP-1
(sequence: CGNKRTRGC, net charge +3) is a tumor targeting
peptide that binds to the p32 receptor and contains a CendR
motif.>*®® We sought to repurpose these tandem peptide
nanocomplexes to deliver sgRNA/Cas9 protein as a ribonucleo-
protein (RNP) complex inside cells. Although sgRNA/Cas9 is
molecularly different and much larger than siRNA, we
reasoned that similarly to siRNA (theoretical net charge —40),
a Cas9 (theoretical net charge +22)/sgRNA (theoretical net
charge —101) RNP complex should also be polyanionic (theore-
tical net charge —79) and therefore, has the potential to nano-
complex with tandem peptides that have successfully delivered
SiRNA in vivo.>>>>?78 For targeting, we utilized a cyclic peptide,
iRGD (sequence: CRGDKGPDC, net charge 0), which mediates
tumor targeting and internalization by binding avp3/avp5 integ-
rins and neuropilin-1.>*> In addition, we designed and tested
different lipid tails and the palmitoyl-TP-iRGD (pTP-iRGD) was
found to be the most optimal candidate (data not shown).

To test the ability of tandem peptides to complex RNP into
nanocomplexes, we developed a gel retardation assay using a
5'-Cy5-labeled sgRNA (Genelink) and a Cy3-labeled Cas9 (PNA
Bio) with unlabeled peptides. Using this assay, we observed a
retardation in the mobility of the components as the peptide
concentration was increased (Fig. 2a). Furthermore, the
increase in the well-retention of sgRNA and Cas9 with higher
concentrations of peptides suggests forming of nanocom-
plexes. Based on this finding, we sought to determine the
minimal concentration of peptides required to assemble
sgRNA and Cas9. We determined that pTP-iRGD can assemble
Cas9 and sgRNA between a concentration of 15x to 60x, rela-
tive to sgRNA and Cas9 (Fig. 2a). Pre-complexation of sgRNA/
Cas9 before the addition of tandem peptide was found to be
the optimal strategy for incorporation of both, sgRNA and
Cas9, relative to the addition of Cas9 after complexation of
sgRNA with peptide, or the addition of sgRNA after complexing
Cas9 with peptide (Fig. S1f). This order of formulation
will also increase the likelihood that the sgRNA and Cas9
remain complexed upon their release from the endosomes.
Interestingly, we found that tandem peptides can not only

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Tandem peptides can assemble sgRNA/Cas9 RNP into nano-
complexes. (a) Effect of increasing the concentration of peptide-lipid
(pTP-iRGD) on encapsulation of sgRNA/Cas9 RNP, sgRNA, or Cas9 (PNA
Bio), as analyzed by an agarose-based gel retardation assay using equal
concentrations of 5'-Cy5-labeled sgRNA and a Cy3-labeled Cas9 with
increasing concentrations of unlabeled peptides. (b) Size analysis of par-
ticles using dynamic light scattering (DLS) for two different ratios of
peptides relative to sgRNA and Cas9, as indicated above. Size analysis at
other ratios can be found in Fig. S2.7 Error bars indicate standard devi-
ation (n = 3). (c) Zeta potential of nanocomplexes at the indicated ratios
(n = 3). (d) Transmission electron microscopy (TEM) analysis of particles
formed by combining 50 nM sgRNA and 50 nM of Cas9 with 1500 nM of
pTP-iRGD (1:1:30) and imaged using 2% uranyl acetate as a counter
stain. TEM analysis at other ratios can be found in Fig. S3.}

complex negatively-charged sgRNA but also complex overall
positively-charged Cas9, suggesting non-electrostatic hydro-
philic, hydrophobic, and van der Waals forces may be involved
(Fig. 2a and S1%).

CRISPR/Cas9 can be nanocomplexed with tandem peptides

To determine whether the sgRNA/Cas9/peptide complexes are
actually nanocomplexes, we performed dynamic light scatter-
ing (DLS) and transmission electron microscopy (TEM) ana-
lyses. For different ratios of sgRNA/Cas9 and peptides, we
found complexes of ranging sizes (mean + SE) from 88.4 +
1.9 nm to 115.3 + 6.0 nm (Fig. 2b and S27). In order to verify
their nanocomplex nature and to determine shape of the par-
ticles, we performed TEM analysis at both 15x and 30x ratios
after counter-staining with uranyl acetate (Fig. 2d and S37).
Interestingly, we observed that the particles showed smaller
core sizes in the TEM than detected by DLS, possibly due to

This journal is © The Royal Society of Chemistry 2019
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their hydrodynamic radii. While the liquid forms of Cas9 from
various commercial sources (NEB, Clontech, and PNA Bio)
formed nanocomplexes, large aggregates were observed when
a lyophilized form of Cas9 (PNA Bio) was used instead (data
not shown). In addition, we also observed particle aggregation
when OptiMEM-diluted nanocomplexes were utilized and ana-
lysed under TEM 10 minutes post-dilution (Fig. S37).

When nanocomplexes were formed by combining equi-
molar amounts of sgRNA and Cas9, using different Cas9
sources mentioned above, we found that the zeta potential
shifts become less negative, ranging from —16 to —7 mV at 0x
peptide, —4 to 0 mV at 15x peptide, and +19 to +29 mV at 30x
peptide relative to sgRNA/Cas9 (Fig. 2c and S4+). It was addition-
ally found that Cas9 aggregates as the pH value nears its PI of 8
(Fig. S57). As Cas9 loses its positive charge, its ability to complex
with negatively charged sgRNA is reduced. We found that the
loss of Cas9 interaction with the sgRNA leads to an increase in
nanocomplex size (Fig. S61). These findings are further indica-
tive of the cationically-charged peptides interacting with the
negatively-charged sgRNA/Cas9 to form nanocomplexes.

CRISPR-GPS achieves functional delivery of CRISPR/Cas9
components in a target-specific manner

Before testing the efficacy of CRISPR-GPS for genome editing
in mammalian cells, we first validated expression of our
chosen targeting peptide ligands, avp3 integrins on a GFP-
expressing HeLa reporter cell line (Fig. S7t). Next, we tested
different formulation strategies and ratios of peptides to co-
deliver Cas9 and a guide RNA targeting GFP (sgGFP1) or a
control scrambled guide (sgScr) previously validated by our lab
and others.”" When we tested our integrin-targeting pTP-iRGD
nanocomplexes to deliver sgGFP1, we observed significant
knockdown of the GFP with sgGFP1 (~28%) compared to the
control sgScr (~8%). Additionally, we did not observe signifi-
cant knockdown of GFP when a control non-targeting peptide
(mTP-ARAL) was utilized (Fig. 3a). Compared to RNAIMAX, we
noticed a trend towards improved RNP delivery in these cells
with CRISPR-GPS. However, these differences were not statisti-
cally significant. Using CRISPR-GPS, we observed no signifi-
cant differences in the knockdown of GFP between the different
formulation strategies (Fig. S7 and S97) or different commercial
sources of Cas9 (Fig. S91). However, we observed significant
toxicity with concentrations of peptides beyond 50x, with
respect to the concentration of RNP (data not shown).
Therefore, we selected 30x as the optimal ratio of
SgRNA : Cas9 : pTP-iRGD. This finding supports the hypothesis
that the CRISPR-GPS system enables targeted delivery of
CRISPR/Cas9 components inside cells. To confirm that the
observed GFP disruption is due to insertions and/or deletions
in genomic DNA mediated by CRISPR/Cas9, we performed
indel identification using Clontech’s indel identification kit.
We detected indels at the intended cleavage site in 3 out of 11
colonies assayed (Fig. 3b). We also detected mutations in 2
other colonies that were present in close proximity to the clea-
vage site, and hence included them in our analysis. These
results confirm that CRISPR-GPS can successfully deliver

Nanoscale, 2019, 11, 21317-21323 | 21319
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Fig. 3 CRISPR-GPS delivers functional CRISPR/Cas9 components in a
target-specific manner. (a) Hela cells expressing destabilized GFP
(d2eGFP) were plated in a 96-well plate and then treated with sgRNA
(50 nM)/Cas9 (50 nM) RNP complex using either RNAIMAX (0.3 pL per
well), 1500 nM of control non-targeting peptide (mTP-ARAL), or 1500 nM
of integrin-targeting peptide (pTP-iRGD) in Opti-MEM media at the indi-
cated ratios. After treatment for 5 h with the transfection mixture con-
taining either a sgRNA against GFP (sgGFP1) or its scrambled sgGFP1
sequence (sgScr), cells were treated with the fresh cell culture media
and GFP disruption was quantified using flow cytometry after 3 days.
Untreated sample represents cells treated with OptiMEM without any
transfection complex. Error bars represent standard deviation (n = 3) and
the asterisks indicate **P < 0.01, ****P < 0.0001 analyzed by two-way
ANOVA test. (b) The loss of GFP in HelLa/d2eGFP cells corresponds with
the formation of indels near the sgRNA target cleavage site, as identified
using an indel identification kit, followed by DNA sequencing (Clontech).
5 out of 11 colonies showed mutated DNA in the region of interest.

sgRNA/Cas9 RNP inside cells and mediate targeted genome
editing in the nucleus.

CRISPR-GPS delivers functional CRISPR/Cas9 components in a
GFP turn-on reporter system

To demonstrate that the system is generalizable to other guide
RNAs and other cellular systems, we utilized CRISPR-GPS to
turn on gene expression. For this purpose, we utilized a mouse
fibroblast line, 3TZ, that harbors a STOP codon flanked by two
FRT sequences, FRT-STOP-FRT-GFP, preventing the expression
of GFP (Fig. 4a). By delivering a guide RNA targeting FRT
sequences (sgFRT) along with Cas9, the expression of GFP can
then be turned on. However, this system requires two different
cuts instead of a single cut. Therefore, the efficiency of the
turn on is expected to be lower than the GFP turn off. By trans-
fecting these cells with CRISPR-GPS carrying sgFRT, Cas9, and
PTP-iRGD, we observed significant increase in expression of
GFP in over 12% of cells, similar to the result achieved by
RNAiIMAX-mediated delivery, at 10% (Fig. 4b). Using this plat-
form, we also observed significant uptake of the nanocom-
plexes formed using control (ARAL) peptides when compared
to iRGD. However, the GFP turn on efficiency was much lower
(~5%). These results confirm that CRISPR-GPS can deliver
sgRNA/Cas9 RNP to different cell types in a target-specific
manner and that the targeting peptide is important for higher
delivery efficiency.
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Fig. 4 CRISPR-GPS delivers functional CRISPR/Cas9 components in a
GFP turn-on reporter system. To test our CRISPR-GPS in a functional
GFP turn-on reporter assay, we utilized mouse fibroblasts, 3TZ cells
expressing a FRT-STOP-FRT cassette upstream of GFP (3TZ/
FRT-STOP-FRT), where paired sgRNAs against FRT (sgFRT) can excise
the stop sequence and turn on GFP expression. (a) Schematic represen-
tation of a sgFRT-based GFP turn-on system. (b) 3TZ/FRT-STOP-FRT
cells were plated in a 96-well plate and then transfected with sgRNA (50
nM)/Cas9 (50 nM) RNP complexes using either RNAIMAX (0.3 pL per
well), 1500 nM of control non-targeting peptide (mTP-ARAL), or 1500
nM of integrin-targeting peptide (pTP-iRGD) in OptiMEM media at the
indicated ratios. After treatment for 3 h with the transfection mixture
containing either sgRNA against FRT sequence (sgFRT) or a sgGFP1
scrambled sequence (sgScr), as described previously, cells were treated
with the fresh cell culture media and GFP expression was quantified
using flow cytometry after 3 days. Untreated sample represents cells
treated with OptiMEM without any transfection complex. Error bars rep-
resent standard deviation (n = 3) and the asterisks indicate *P < 0.05, **P
< 0.01, ****P < 0.0001 analyzed by two-way ANOVA test.

CRISPR-GPS achieves CRISPR/Cas9 internalization and retains
co-localization of sgRNA and Cas9 inside cells

To demonstrate that CRISPR-GPS is generalizable to other
human cancer cell lines, we generated OVCARS cells expres-
sing destabilized GFP (OVCAR8/d2eGFP) using lentiviral trans-
duction, followed by antibiotic selection and cell sorting. To
investigate the ability of integrin-targeted CRISPR-GPS to
deliver RNP inside cells, we first tested the presence of avb3
integrins in OVCARS cells by immunostaining and flow cyto-
metry analysis, confirming expression of the desired target
integrins by OVCARS cells (Fig. S71). This finding makes it
suitable for iRGD-mediated targeting. Similarly, we confirmed
the expression of avb3 integrins in 3TZ cells (Fig. S87).

Next, we used 5'-Cy5-labeled sgRNA (Cy5-sgRNA), unlabeled
recombinant Cas9 carrying a nuclear localization signal (NLS)
domain from different commercial sources, and unlabeled
PTP-iRGD to prepare CRISPR-GPS nanocomplexes that were
then applied to transfect OVCAR8/d2eGFP cells for either 1 h,
3 h, or 24 h. The cells were fixed at these time points and sub-
sequently imaged using a fluorescent microscope. We detected
a similar uptake of the CRISPR-GPS particles between different
Cas9 sources when cells were transfected for 1 h or 3 h (data
not shown). We also observed signs of toxicity based on the
changes in morphology of the treated cells after 24 h of trans-
fection in OptiMEM.

With these optimization parameters in mind, we tested for
subcellular localization of the nanocomplex components using
5'-Cy5-labeled sgRNA (Cy5-sgRNA) and a Cy3-labeled Cas9

This journal is © The Royal Society of Chemistry 2019
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(Cy3-Cas9) formulated with unlabeled pTP-iRGD and trans-
fected OVCARS cells co-expressing destabilized GFP for 3 h
(Fig. 5a). Similarly, the cells were fixed at different time
points and imaged using a wide-field microscope with 3D
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Fig. 5 CRISPR-GPS delivers functional sgRNA/Cas9 cargo inside
human tumor-derived OVCARS cells. Ovcar8/d2eGFP cells were treated
with nanocomplexes containing 50 nM of 5'Cy5-labeled sgRNA and 50
nM of Cy3-labeled Cas9 and 1500 nM of pTP-iRGD in 500 uL of
OptiMEM for 3 h and then the transfection mixture was replaced with
fresh media. The cells were fixed using 4% paraformaldehyde at
different time points (3 h or 24 h) and then imaged using an Olympus
FV1200 Laser Scanning Confocal Microscope with an oil-immersed
60x/1.40, Plan Apo, IX70 objective. Images depict representative fields
of cells (one out of three captured images) with blue nuclei (Hoescht)
and examples of yellow, co-localized Cas9 (green) and sgRNA (red)
complexes, which appear white when co-localized with the blue
nuclear signal. Cas9/sgRNA complexes co-localized in the nucleus are
highlighted with arrows. The experiment was repeated and showed
similar data. (b) To assess CRISPR-GPS functionality in these cells,
OVCARB8/d2eGFP cells were plated in a 96-well plate and transfected as
in (a) for 6 h where the transfection mixture contained either a sgRNA
against GFP (sgGFP1) or its scrambled sgGFP1 sequence (sgScr), fol-
lowed by replacement of the media. GFP disruption was quantified using
flow cytometry after 2 days. Untreated sample represents cells treated
with OptiMEM without any transfection complex. Error bars represent
standard deviation (n = 3) and the asterisks indicate ****P < 0.0001 ana-
lyzed by two-way ANOVA.
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deconvolution capabilities. In addition, we compared the
delivery efficiency of the CRISPR-GPS using RNAIMAX com-
plexed with RNP at the same concentration (Fig. S10t). We
observed that CRISPR-GPS successfully internalized the Cy5-
sgRNA and Cy3-Cas9 inside cells after 3 h of transfection, as
indicated by the yellow overlay (Fig. 5a). Furthermore, we
noted that at least a subset of the complexes co-localized with
the blue nuclear staining (appearing white, indicated with
orange arrowheads), suggesting the particles escaped endo-
somes and reached the target organelle for genome editing.
Interestingly, when we compared with RNAiMAX-mediated
delivery, CRISPR-GPS achieved comparable particle delivery
inside cells. Yet, at least qualitatively, the CRISPR-GPS-deli-
vered particles appeared to co-localize Cy5-sgRNA with Cy3-
Cas9 more efficiently than RNAIMAX. This effect was distinctly
noticeable after 24 h (Fig. S117).

Using unlabeled Cas9 and sgRNA in combination with 30x
of pTP-iRGD in OVCARS8/d2eGFP cells, we confirmed that the
delivered sgRNA/Cas9 complex was functional, based on the
observed disruption of GFP expression in OVCAR8/d2eGFP
cells (Fig. 5b). As expected, we also observed significant knock-
down of GFP with sgGFP1/Cas9-transfected cells compared to
the scrambled sequence guide (sgScr/Cas9)-transfected cells.
Similarly, we also tested the delivery of sgRNA/Cas9 using our
CRISPR-GPS system in OVCARS cells co-expressing eGFP and
RFP. After 3 days, we noted that CRISPR-GPS mediated signifi-
cant knockdown of eGFP when treated with sgGFP1 compared
to sgScr (Fig. S9bt), with no signs of toxicity (Fig. S9ct). In
order to further validate CRISPR-GPS for targeting endogenous
genes, we transfected HEK293 cells expressing GFP under the
control of an EFla promoter with CRISPR-GPS carrying guide
RNAs against CD71 (transferrin receptor)®® and analysed the
levels of indels by Tracking of Indels by Decomposition (TIDE)
analysis.®> We observed significant disruption of the
CD71 gene with target sgRNA compared to scrambled sgRNA
for both CRISPR-GPS and RNAIMAX (Fig. S12 and S13a-df).
These results not only validate that CRISPR-GPS delivers
CRISPR/Cas9 complexes inside cells to the desired subcel-
lular compartment, but also suggest that CRISPR-GPS can
complex them for a durable period and still achieve functional
delivery.

Conclusions

In summary, here we present CRISPR-GPS, a modular non-
viral approach for the delivery of CRISPR/Cas9 RNPs. This
method is easy to formulate into nanocomplexes and achieves
effective genome editing across multiple cell lines without the
need for transfection-mediated gene delivery. Although the
CRISPR-GPS was found to be comparable to RNAIMAX in vitro,
it offers a simple alternative approach for the delivery of
CRISPR/Cas9 RNPs. This platform immediately enables tar-
geted delivery of CRISPR/Cas9 in vitro for a wide range of
genome engineering applications. Given the past success of
tandem peptide nanocomplex-mediated delivery of siRNA, this
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platform may also offer the potential for application in vivo.
The CRISPR-GPS system can be further extended to deliver
other CRISPR/Cas system variants with immediate applications
in the field of DNA and RNA editing.
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