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ABSTRACT
Gene therapy has long held promise to correct a variety of human diseases and defects. Discovery of
the Clustered Regularly-Interspaced Short Palindromic Repeats (CRISPR), the mechanism of the CRISPR-
based prokaryotic adaptive immune system (CRISPR-associated system, Cas), and its repurposing into a
potent gene editing tool has revolutionized the field of molecular biology and generated excitement
for new and improved gene therapies. Additionally, the simplicity and flexibility of the CRISPR/Cas9
site-specific nuclease system has led to its widespread use in many biological research areas including
development of model cell lines, discovering mechanisms of disease, identifying disease targets, devel-
opment of transgene animals and plants, and transcriptional modulation. In this review, we present
the brief history and basic mechanisms of the CRISPR/Cas9 system and its predecessors (ZFNs and
TALENs), lessons learned from past human gene therapy efforts, and recent modifications of CRISPR/
Cas9 to provide functions beyond gene editing. We introduce several factors that influence CRISPR/
Cas9 efficacy which must be addressed before effective in vivo human gene therapy can be realized.
The focus then turns to the most difficult barrier to potential in vivo use of CRISPR/Cas9, delivery. We
detail the various cargos and delivery vehicles reported for CRISPR/Cas9, including physical delivery
methods (e.g. microinjection; electroporation), viral delivery methods (e.g. adeno-associated virus
(AAV); full-sized adenovirus and lentivirus), and non-viral delivery methods (e.g. liposomes; polyplexes;
gold particles), and discuss their relative merits. We also examine several technologies that, while not
currently reported for CRISPR/Cas9 delivery, appear to have promise in this field. The therapeutic
potential of CRISPR/Cas9 is vast and will only increase as the technology and its delivery improves.
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Introduction

Discovery of the Clustered Regularly-Interspaced Short
Palindromic Repeats (CRISPR) (Ishino et al., 1987; Mojica
et al., 1993; van Soolingen et al., 1993), their function as part
of an adaptive prokaryotic immune system (CRISPR-associ-
ated system, Cas) (Bolotin et al., 2005; Mojica et al., 2005;
Pourcel et al., 2005; van der Oost et al., 2009), and subse-
quent development into a genomic editing tool (Jinek et al.,
2012; Cho et al., 2013; Cong et al., 2013; Mali et al., 2013),
has revolutionized the field of molecular biology. Much of
this enthusiasm centers on the clinical potential of CRISPR/
Cas9 for treating human disease and editing the human gen-
ome. However, the simplicity and specificity with which
CRISPR/Cas9 can edit DNA is changing the pace of biological
research in many areas, including identifying and under-
standing mechanisms of genetic diseases (Findlay et al.,
2014; Gilbert et al., 2014; Zhou et al., 2014; Konermann et al.,
2015), validating disease targets (Shalem et al., 2014; Wang
et al., 2014), developing animal disease models (Wang et al.,
2013; Yang et al., 2013), facilitating genetic engineering in
plants (Raitskin & Patron, 2016; Zhang et al., 2016, 2017), and
allowing for more thorough epigenetic studies (Yao et al.,
2015; Vora et al., 2016). This broad impact of the CRISPR/

Cas9 gene editing tool has led to over 6000 research publica-
tions since its development five years ago.

Gene therapy may greatly benefit from CRISPR/Cas9 tech-
nology. To date, over 3000 genes have been associated with
disease-causing mutations (Cox et al., 2015). Early efforts to
correct disease-causing genetic mutations in humans,
although generally successful, were tainted by several trag-
edies. Perhaps the most well-known early gene therapy trial
involved two studies from France (Hacein-Bey-Abina et al.,
2002; Hacein-Bey-Abina et al., 2010) and the UK (Gaspar
et al., 2004; Gaspar et al., 2011) of children suffering from
X-linked severe combined immunodeficiency (SCID X-1). Of
the 20 patents participating in the trial, 17 were successfully
and stably cured (Cavazzana et al., 2016). However, five chil-
dren subsequently developed T-cell leukemia, with one child
dying from chemotherapy-refractory leukemia. In all cases of
leukemia, the SCID X-1 correcting gene had inserted into the
patient genome within or near tumor-promoting genes and
caused transcriptional activation (Check, 2002; Kaiser, 2003;
Thomas et al., 2003). In another tragedy, an 18-year-old male
suffering from a partial deficiency of ornithine transcarbamy-
lase (OTC) died after developing a massive inflammatory
response to the genetic cargo delivery vehicle, an adenovirus
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vector, four hours after receiving the treatment (Marshall,
1999; Authors, 2002).

It is important to note that both tragedies stemmed from
the therapeutic delivery method (LaFountaine et al., 2015). In
the case of SCID X-1, the correcting gene construct was non-
specifically inserted into the genome; in the case of partial
OTC, the viral vector induced a severe immune response. It is
therefore critical that gene therapy technologies allow for
highly specific editing of the genome to reduce the risk of
undesired mutagenesis, and that the delivery vehicle allows
for safe and efficient transport to the target.

In just one decade after these tragedies, great progress
has been made in advancing gene therapy technologies,
leading to renewed enthusiasm in the promise of broad-
spectrum treatment of genetic diseases. Advances include
the discovery and development of site-specific nucleases for
gene editing: zinc finger nucleases (ZFNs) (Bibikova et al.,
2002), transcription activator-like effector nucleases (TALENs)
(Christian et al., 2010), and CRISPR/Cas9. Advances further
include tools for delivery of the cargo to targeted cells for
genetic editing, both ex vivo and in vivo. Careful consider-
ation and development of both the gene editing tool and
the delivery mechanism will be required if the full potential
of therapeutic gene editing is to be realized. This review will
briefly introduce ZFNs and TALENs, then provide an in-depth
description of the CRISPR/Cas9 system, including recent
advances and modifications to the technology, and factors
affecting system performance. This will be followed by a
comprehensive synopsis of existing CRISPR/Cas9 delivery

methods, their potential and challenges in delivering CRISPR,
and recently reported promising candidates for delivery of
gene editing systems.

Gene editing

At the core, gene gain/loss-of-function therapy comprises (1)
the generation of double-stranded breaks (DSBs) in defined
regions of the genome, (2) correction of the defective
endogenous genes or introduction of exogenous genes, and
(3) DSB repair. DSBs in eukaryotes are repaired by one of two
endogenous repair mechanisms: non-homologous end join-
ing (NHEJ) or homology-directed repair (HDR). In NHEJ, pro-
tein factors re-ligate the broken DNA strand either directly or
by including nucleotide insertions or deletions (indels)
(Hefferin & Tomkinson, 2005). This process occurs without a
homologous DNA template, regularly leading to mutations
and deletions in the repaired strand (Bibikova et al., 2002), as
shown in Figure 1(A). NHEJ is, therefore, characterized as
error-prone. NHEJ can occur at any phase of the cell cycle
and is the primary cellular DSB repair mechanism. In contrast,
HDR uses a homologous repair template to precisely repair
the DSB (Capecchi, 1989; Takata et al., 1998) (see Figure 1(B)).
HDR typically occurs in late S- or G2-phase, when a sister
chromatid can serve as the repair template. In general, the
incidence of HDR for DSB repair is extremely low compared
with NHEJ, at least in instances where both pathways are
equally available to an organism. Given the significant gene
editing enabled by HDR, development of methods to

Figure 1. Following formation of a double stranded break (DSB), endogenous DNA repair can occur by (A) non-homologous end joining (NHEJ) resulting in random
indels, or by (B) homology-directed repair (HDR) which uses a template DNA strand for precise repair.
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increase the incidence/efficiency of HDR for gene editing
with site-specific nucleases is an active field of research.

The use of site-specific nucleases and NHEJ or HDR gener-
ally results in one of four gene editing products. Shown in
Figure 2, these include gene knockout, deletion, correction,
or addition. The error-prone character of NHEJ can be
exploited to introduce indels and frameshifts into the coding
regions of a gene. This knocks the gene out (Figure 2(A)) via
nonsense-mediated decay of the mRNA transcript. In gene
deletion (Figure 2(B)), paired nucleases excise regions of the
coding gene, resulting in premature truncation and knockout
of the protein in a manner more generally efficient than
introducing frameshifts. Both gene correction (Figure 2(C))
and gene addition (Figure 2(D)) require an exogenous DNA
template that can be introduced as either single-stranded
(Radecke et al., 2010; Chen et al., 2011; Soldner et al., 2011)
or double-stranded DNA (Rouet et al., 1994). The DNA tem-
plate contains homologous sequence arms that flank the
region containing the desired mutation or gene cassette.

Site-specific nucleases

To address challenges with non-specific insertion, provide
greater fidelity, and assist in more precise gene editing, pro-
gramable nucleases have been developed.

Zinc finger nucleases (ZFNs)

In 2002, the first sequence-specific nucleases, termed zinc fin-
ger nucleases (ZFNs), were reported by Bibikova et al. (2002,
2003). ZFNs are a fusion protein of Cys2-His2 zinc finger pro-
teins (ZFPs) and a non-specific DNA restriction enzyme
derived from FokI endonucleases, as shown in Figure 3(A).
ZFPs are common in eukaryotic cells and are associated with
transcriptional regulation and protein–protein interactions
(Wolfe et al., 2000; Urnov et al., 2010). For an in-depth review
on specific ZFN function, see the review by Carroll (2011).

Challenges with ZFNs include design and engineering of
the ZFP for high-affinity binding of the desired sequence,
which can prove non-trivial (Ramirez et al., 2008). Also, not
all sequences are available for ZFP binding, so site selection
is limited. Using open-source ZFP domains, sites could be tar-
geted only every 200-bps in a random DNA sequence

(Gupta & Musunuru, 2014). This may not be a concern if the
objective is gene knockout or deletion; however, this may be
an obstacle if the objective is a gene correction or addition
product. Another significant challenge is off-target cutting
(Gabriel et al., 2011; Pattanayak et al., 2011). ZFN design
improvements addressing off-target concerns have included
ZFNs that work in pairs, with each pair recognizing two
sequences that flank the target cleavage site. One ZFN binds
the forward strand, and the second ZFN binds the reverse
strand, increasing the total number of recognized bps to
between 18 and 36. Further, FokI domains that are obligate
heterodimers with opposite charge have been fused to ZFPs
such that only properly paired ZFNs will result in FokI dimer-
ization/activity and the formation of a DSB (see Figure 3(A))
(Miller et al., 2007; Doyon et al., 2011).

Transcription activator-like effector nucleases (TALENS)

Four years following the development of ZFNs, a new class
of natural DNA-binding proteins was discovered in the plant
pathogenic bacteria Xanthomonas sp. (Zhang et al., 2013).
The proteins, termed transcription activator-like effectors
(TALEs), contain 33–35 amino acid repeats that flank a central
DNA binding region (amino acids 12 and 13). This DNA bind-
ing region, known as the repeat variable di-residues (RVDs),
specifically binds the DNA (Christian et al., 2010; Miller et al.,
2011) as shown in Figure 3(B). Shortly after the discovery of
TALEs, TALE nucleases (TALENs) were developed that, like
ZFNs, are a fusion protein comprised of a TALE and a FokI
nuclease (Christian et al., 2010; Miller et al., 2011; Li et al.,
2011; Reyon et al., 2012). For an in-depth TALEN function
review, see Joung & Sander (2013).

Unlike ZFNs, design and engineering of TALENs is much
simpler and can be done in a shorter time (Cermak et al.,
2011; Reyon et al., 2012). TALENs are also not as limited as
ZFNs in target site selection due to the 1:1 TALE–DNA bind-
ing (Zhu et al., 2013). While off-target cutting remains a con-
cern, TALENs have been shown in one side-by-side
comparison study to be more specific and less cytotoxic than
ZFNs (Mussolino et al., 2014). TALENs, however, are substan-
tially larger than ZFNs, requiring 3 kb of cDNA encoding for
one TALEN versus just 1 kb for a single ZFN. This makes deliv-
ery of a pair of TALENs more challenging than a pair of ZFNs

Figure 2. Products of site-specific nuclease-based gene editing: (A) gene knockout, (B) gene deletion, (C) gene correction, and (D) gene addition.

1236 C. A. LINO ET AL.



due to delivery vehicle cargo size limitations. Further, packag-
ing and delivery of TALENs in some viral vectors may be
problematic due to the high level of repetition in the
TALENs sequence.

CRISPR/Cas9

The most recently developed site-specific gene editing tool,
CRISPR/Cas9, is a naturally occurring RNA-guided endonucle-
ase. A methodical investigation by the scientific community
has deciphered the natural function of the CRISPR/Cas9 gene
editing system. Based on this work, several laboratories
developed CRISPR/Cas9 as a tool that has now been applied
in much of modern molecular biology. A key difference of
this system from the protein-based binding to DNA of ZFNs
and TALENs is the use of a short RNA sequence as the speci-
ficity-determining element to drive the formation of a DSB at
the targeted site. The use of CRISPR/Cas9 avoids the need for
protein engineering to develop a site-specific nuclease
against a specific DNA target sequence, requiring only the
synthesis of a new piece of RNA. This dramatically simplifies
and greatly reduces the time needed for gene editing design
and implementation.

History of CRISPR

Discovery of unusual repeat sequences in E. coli separated by
non-repeating sequences in a nearly palindromic pattern was
first reported by Ishino et al. (1987). Described as ‘curious
sequences’, similar sequences were identified in Haloferax
and Haloarcula archaea by Mojica et al. (1993) and in M.
tuberculosis by van Soolingen et al. (1993). The function of

the interrupted repeat sequences was unknown, but they
were soon identified in 20 microbial species (Mojica et al.,
2000) and later found in more than 40% of bacteria and 90%
of archaea (Mojica et al., 2005). In 2002, the acronym CRISPR
was proposed to bring uniformity to the description of
the sequences.

Two significant advances in the understanding of the
CRISPR system were then made in 2002, when Jansen discov-
ered a set of genes adjacent to the CRISPR locus, which was
termed CRISPR-associated system, or Cas (Jansen et al., 2002).
Analysis of the genes indicated a functional relationship
between the CRISPR/Cas genes/loci and involvement in DNA
metabolism or gene expression. However, the function
remained a mystery. The second significant advance occurred
in 2005 when Mojica et al. (2005), Pourcel et al. (2005), and
Bolotin et al. (2005) all independently reported that the non-
repeating CRISPR spacers contained sequences derived from
foreign chromosomal DNA, specifically DNA from bacterio-
phages. Further, some bacteria that carried a given viral DNA
sequence in the CRISPR locus were known to be resistant to
infection by that phage, indicating that the CRISPR system
may be a type of adaptive immune system in prokaryotes.
All three studies hypothesized an adaptive immune system
function of CRISPR and were rejected by high-profile journals,
eventually being published elsewhere (Lander, 2016). The
first experimental evidence of this hypothesis was published
by Barrangou et al. (2007).

Biological mechanism of CRISPR

Following discovery of the native CRISPR system function in
bacteria, researchers set out to understand the mechanism of

Figure 3. Site-specific endonucleases with programable DNA-binding protein domains: (A) zinc finger nucleases (ZFNs) and (B) transcription activator-like effector
nucleases (TALENs).
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the adaptive immune system. Although initially hypothesized
to follow a RNA interference mechanism (Mojica et al., 2005),
it was quickly determined that CRISPR functions as a gen-
omic memory of invading pathogens. This memory is used
by Cas proteins, serving as guided endonucleases, to scan for
invading DNA and disable it by introducing DSBs (Brouns
et al., 2008).

CRISPR systems were further classified into six types that
were additionally grouped into two classes (Wiedenheft
et al., 2011; Wright et al., 2016). Types I–III are the most
studied, while types IV–VI were more recently identified
(Makarova & Koonin, 2015; Makarova et al., 2015; Shmakov
et al., 2015). Type I and Type III CRISPR systems both utilize
sets of Cas proteins. In Type I systems, a multi-protein CRISPR
RNA (crRNA) complex known as Cascade recognizes the tar-
get DNA, which is then cleaved by Cas3. In Type III systems,
Cas10 assembles into a Cascade-like complex that recognizes
and cleaves the target.

Type II CRISPR systems require only one protein, Cas9, to
scan, bind and cleave the target DNA sequence (Makarova
et al., 2011). Details of the Type II CRISPR/Cas9 system are
shown in Figure 4(A). The genomic CRISPR locus is comprised
of three components: the trans-activating CRISPR RNA
(tracrRNA) gene, the Cas gene, and the CRISPR repeat and
spacer sequences (Chylinski et al., 2014). These are tran-
scribed into tracrRNA, Cas9 protein, and pre-crRNA. Following
transcription, the tracrRNA and pre-crRNA are stabilized by
Cas9 and base pair, and RNase III processes the pre-crRNA
into crRNA by cleaving it at the repeat (Deltcheva et al.,
2011). This dependence on RNase III likely explains why Type
II systems are found in bacteria and not archaea, as RNase III
is not found in archaea (Garrett et al., 2015). The
crRNA:tracrRNA:Cas9 complex forms the active crRNA-guided
endonuclease (Chylinski et al., 2013).

The Cas9:RNA complex randomly interrogates DNA in the
cell, searching first for the appropriate protospacer adjacent
motif (PAM), a short motif (50-NGG-30 for Cas9 from

Figure 4. Biology of the type II CRISPR/Cas system. (A) Genomic representation of CRISPR/Cas9 along with relevant transcription/translation products. (B)
Engineered CRISPR/Cas9 for site-specific gene editing (sgRNA:Cas9). Grey arrows indicate sites of single-stranded nucleotide breaks.
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Streptococcus pyogenes) adjacent to the target sequence
(Chylinski et al., 2013). Upon recognition of the PAM
sequence, the Cas9:RNA complex unwinds the DNA from the
first 10–12 nucleotides following the PAM sequence, termed
the seed region (Szczelkun et al., 2014). If the interrogated
DNA sequence matches the crRNA target sequence, the HNH
nuclease domain of the Cas9 nuclease lobe cleaves the target
strand while the RuvC-like nuclease domain of the Cas9
a-helical lobe cleaves the non-target strand (Anders et al.,
2014; Jinek et al., 2014; Nishimasu et al., 2015). Single mis-
matches, and sometimes multiple mismatches, can be toler-
ated by the Cas9:RNA complex, with mismatches being more
tolerated in regions downstream of the seed region (Cong
et al., 2013; Sternberg et al., 2014).

Type II CRISPR/Cas9 for gene editing

In view of the simplicity of the Type II CRISPR/Cas9 system,
researchers first exploited use of CRISPR for gene editing
using the Cas9 system from S. pyogenes. In 2012, Doudna
and Charpentier showed the first use of CRISPR/Cas9 to intro-
duce DSBs in target DNA (Jinek et al., 2012). Further, they
showed that the duo-tracrRNA:crRNA units could be engi-
neered into a single, truncated RNA chimera and still direct
efficient DNA cleavage. As shown in Figure 4(B), this further
simplified CRISPR/Cas9 into a two component system: a Cas9
protein and a single guide RNA (sgRNA). This simplicity
makes the CRISPR/Cas9 system the most convenient, simple,
and flexible tool for site-directed gene editing cur-
rently available.

In early 2013, only a few months after the publication of
Jinek et al. (2012), three independent groups reported the
use of CRISPR/Cas9 for gene editing. Cho et al. (2013) used
the S. pyogenes Cas9 system (SpCas9) to edit human cells to
incorporate GFP and RFP. Mali et al. (2013) engineered the
SpCas9 system and cloned it into human cells, then per-
formed multiplexed editing of target loci. Cong et al. (2013)
engineered two different Type II CRISPR/Cas9 systems to
introduce precise cleavage in human and mouse cell gene
loci. Since these pioneering works, CRISPR/Cas9 has been
implemented for gene editing in thousands of laborato-
ries worldwide.

CRISPR: beyond gene editing

In addition to site-specific gene editing, the DNA-binding
properties of CRISPR/Cas9 may prove useful in other import-
ant applications. Qu et al. repurposed CRISPR into an
RNA-guided platform for controlling gene expression by
developing a catalytically-dead Cas9 enzyme (dCas9) that
retained its capability to recognize and bind a target DNA
sequence (Qi et al., 2013). Instead of cleaving the bound
DNA, the dCas9 enzyme remained bound to the target DNA
sequence, disrupting RNA polymerase or transcription factor
binding. They showed that this system, termed CRISPR inter-
ference (CRISPRi), could repress expression of multiple genes
simultaneously without altering the genome. They demon-
strated this gene repression in both Escherichia coli and

human cells. Shortly after reporting the gene interference
CRISPR variant, this same group developed a gene expres-
sion/amplification CRISPR (CRISPR activation, CRISPRa) by cre-
ating a fusion protein of a dCas9 and a repeating peptide
array transcription factor (Tanenbaum et al., 2014). Using
these two tools together, genomic libraries of CRISPR inhib-
ition and activation systems were created and used to screen
sensitivity to a cholera-diphtheria toxin (Gilbert et al., 2014).
Further, Mali et al. (2013) showed that adding functional RNA
components to the sgRNA can also enhance transcriptional
activity. Two copies of a MS2 RNA aptamer stem-loop
sequence were added to the 3’ end of the sgRNA and used
together with a Cas9–VP64 activation domain fusion, result-
ing in robust sequence-specific transcriptional activation.
Finally, a system utilizing another catalytically dead Cas9 has
been recently described by Gaudelli et al. (2017) for precise
base editing. Using a seventh-generation evolved transfer
RNA adenosine deaminase attached to dCas9, researchers
demonstrated conversion of A�T base pairs to G�C base pairs
in a targeted fashion at efficiencies of around 50% with few
undesired mutations in human cells. As is the case with
CRISPRi and CRISPRa, the Cas9 component is utilized for its
precision targeting rather than for catalytic activity. Unlike
with those activation and suppression systems, however, the
result of this system is gene editing with no double-stranded
breaks. As many diseases are caused by single point muta-
tions, this application of CRISPR could prove to be one of the
system’s most powerful gene editing tools.

The CRISPR system may also serve as a powerful tool for
epigenetic studies, allowing for targeted manipulation of epi-
genetic markers to interrogate epigenetic and transcriptional
control relationships. A fusion protein of dCas9 and acetyl-
transferase was developed by Hilton et al. (2015), catalyzing
acetylation of histone H3 lysine 27 at target sites. They
showed highly specific gene activation across the genome.
Other epigenetic markers (e.g. methyl groups) may be modu-
lated using this approach.

Inducible CRISPR systems were also developed. A photoac-
tivated Cas9 was generated from a split of Cas9 fragments
and photoinducible dimerization domains. In response to
blue light, the CRISPR/Cas9 system performed gene sequence
modification (Nihongaki et al., 2015). Editing activity was
extinguished by removing the light source. A similar blue
light activating system was developed for the epigenetic
gene activator CRISPR system of Hilton et al. discussed above
(Polstein & Gersbach, 2015). Chemically induced CRISPRs
have also been created. Dow et al. developed a doxycycline-
regulated Cas9 that allowed for inducible in vivo genome
editing in adult mice (Dow et al., 2015).

The specific DNA binding function of CRISPR has also
been repurposed to detect the location of genes within
undisturbed nuclei of fixed cells (Deng et al., 2015) and living
human cells (Ma et al., 2015). Termed CASFISH, dCas9 pro-
teins were labeled with differently colored fluorophores and
coordinated to a specific sgRNA. This allowed for multicolor
detection of specific genomic loci with high spatial resolution
and the assessment of DNA compaction. Unlike traditional
fluorescent in situ hybridization, this technique avoided the
need of heat treatment and chemicals that can distort the
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natural organization of the nucleus. It is important to note
that fusing proteins to dCas9, however, does not always
result in a functional fusion (Ledford, 2016).

Finally, though the CRISPR/Cas9 system has traditionally
only been utilized to modify or otherwise interact with DNA
substrates containing a PAM site, some recent cutting-edge
work suggests that RNA with no PAM site can also be an
active substrate for Cas9. Strutt and colleagues demonstrated
that Cas9 subtypes II-A and II-C can recognize and cleave
RNA in a directed manner utilizing RNA–RNA interactions
independent of the presence of a PAM site in the target RNA
molecule (Strutt et al., 2018). This cleavage protected E. coli
cells from infection with bacteriophage MS2 particles, sug-
gesting that Cas9 can provide cellular defense against both
DNA and RNA viruses. This exciting work allows for the possi-
bility of direct RNA targeting via CRISPR/Cas9, further
expanding the scope of the system for practical applications.

Factors affecting efficacy of the CRISPR/Cas9 system

While the CRISPR/Cas9 system has demonstrated great prom-
ise for site-specific gene editing and other applications, there
are several factors that influence its efficacy which must be
addressed, especially if it is to be used for in vivo human
gene therapy. These factors include target DNA site selection,
sgRNA design, off-target cutting, incidence/efficiency of HDR
vs. NHEJ, Cas9 activity, and the method of delivery. As deliv-
ery remains the major obstacle for use of CRISPR for in vivo
applications, efforts addressing other factors will be briefly
summarized here. A comprehensive synopsis of existing
delivery strategies and potential future delivery candidates
will follow.

Target DNA site selection and sgRNA design

A powerful advantage of the CRISPR/Cas9 system is the abil-
ity to target any �23-bp sequence that contains a PAM motif
on either strand of DNA. This motif has been reported to
occur every eight bps, on an average, for the SpCas9 PAM
(Ramakrishna et al., 2014). Cas9 proteins from other species
are being characterized and found to have differing PAM
sequences. As an example, the PAM from Neisseria meningiti-
dis Cas9 is reported to be 50-NNNNGATT-30 (Jiang et al., 2013;
Ma et al., 2014). This provides even greater flexibility in tar-
get sequence selection, and this flexibility will increase as
new Cas9 proteins with differing PAMs are identified.
Additionally, directed evolution and structure-guided rational
design has allowed for engineering of Cas9 variants with
altered PAM sequence specificity (Kleinstiver et al., 2015;
Anders et al., 2016; Hirano et al., 2016). As examples, the
VGR, EQR, and VRER variants of SpCas9 have PAM sequences
of 50-NGAN-30, 50-NGAG-30, and 50-NGCG-30, respectively, fur-
ther reducing limits on genome target selection imposed by
the PAM sequence.

Reports from several groups, however, have shown that
target site selection and sgRNA design are not as simple as
perhaps originally assumed. As mentioned previously, single-
and multiple-base mismatches can be tolerated, with

mismatches more tolerated at greater distances from the
PAM (Fu et al., 2013; Hsu et al., 2013; Pattanayak et al., 2013;
Wang et al., 2014; Doench et al., 2014; Moreno-Mateos et al.,
2015; Xu et al., 2015). One report suggests that CRISPR/Cas9
may be less specific than ZFNs or TALENs due to the rela-
tively shorter targeting sequence (Cradick et al., 2013). This
contrasts with many reports that show no detectable off-tar-
get cleavage from CRISPR/Cas9 editing, with off-target effects
being guide-RNA-specific (Cradick et al., 2013; Fu et al., 2013;
Hsu et al., 2013; Pattanayak et al., 2013;Cho et al., 2014).
Rational design of the sgRNA has therefore been the subject
of a significant body of work resulting in many criteria and
no simple rules. There are now many computational tools
and software packages available that facilitate sgRNA design.
However, caution is still needed, as shown in a recent study
by Haeussler et al. (2016) that compared predictions from
several sgRNA design tools with experimental results pub-
lished in eight SpCas9 off-target studies. The authors showed
evidence of algorithmic overfitting and the importance of
using a model trained on data from the same guide RNA
expression system.

Off-target cutting

In addition to rational design of sgRNA, efforts to improve
specificity and reduce off-target cutting have resulted in the
design of mutant Cas9 systems. While Cas9 itself does not
cause off-target effects – these exist solely due to the sgRNA
– improvements to the Cas9 protein can limit these effects
nonetheless. One mutant system disrupts the Cas9 protein so
that it introduces only single-stranded DNA nicks. The nickase
CRISPR/Cas9 is then used as a pair with one Cas9 binding to
the forward DNA sequence and another Cas9 binding to the
reverse DNA sequence flanking the target site. Only when
binding in this configuration is a DSB formed through
cooperative nicks. Off-target cutting results in only a single-
stranded nick that is repaired with simple DNA ligases. The
use of this system in mammalian cells reduced off-target cut-
ting by three orders of magnitude with little to no reduction
in on-target cutting efficacy (Mali et al., 2013; Ran et al.,
2013; Cho et al., 2014).

ZFN and TALEN systems served as inspiration for another
mutant Cas9 system, a fusion protein of inactive dCas9 and a
FokI nuclease dimer. Again, sgRNAs are designed to bind
both the forward and reverse sequences flanking the target,
and only when bound in this configuration will the FokI
nuclease dimers reconstitute into a functional FokI and form
a DSB (Guilinger et al., 2014; Tsai et al., 2014). While these
approaches increase specificity and reduce off-target cutting,
the number of potential target sites is lower due to PAM and
other sgRNA design constraints. This system also significantly
increased the size of the gene editing tool, providing greater
constraints on in vivo delivery approaches. Another reported
mutant Cas9 systems designed to reduce off-target effects
include fusions of Cas9 with ZFPs or TALEs that can target
nearly any genomic locus with improved precision (Bolukbasi
et al., 2015). Cas9 mutants have also been designed to
reduce non-specific DNA contacts by weakening binding of
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the target DNA strand (Kleinstiver et al., 2016) or the non-tar-
get DNA strand (Slaymaker et al., 2016) to Cas9 while main-
taining robust on-target cleavage.

Incidence/efficiency of HDR

The incidence of HDR-mediated DNA repair from DSBs is typ-
ically extremely low in mammalian cells. For example, Cas9-
based gene editing in mice resulted in HDR repair efficiencies
of 0.5–20%, while NHEJ-mediated repair occurred at 20–60%
(Maruyama et al., 2015). Even in the presence of donor tem-
plate DNA, NHEJ is the more frequent repair mechanism
observed from CRISPR/Cas9 editing (Maruyama et al., 2015).
Several approaches have emerged to increase HDR efficiency
and suppress NHEJ, including use of small molecular inhibi-
tors of NHEJ (Srivastava et al., 2012; Tomkinson et al., 2013;
Robert et al., 2015; Vartak & Raghavan, 2015; Yu et al., 2015),
gene silencing (Chu et al., 2015), cell cycle synchronization
(Lin et al., 2014), and use of cell lines deficient in NHEJ com-
ponents (Weinstock and Jasin, 2006). One of the most com-
monly used inhibitors, Scr7, targets the NHEJ component
DNA ligase IV, and has been reported to increase efficiency
of HDR from Cas9 editing by up to 19-fold (Srivastava et al.,
2012; Chu et al., 2015; Vartak & Raghavan, 2015). While the
use of Scr7 and other inhibitors have resulted in increased
HDR-mediated gene editing efficiency, these inhibitors may
have toxic effects on the host cells. Recent work to synchron-
ize cells into late S and G2 phase, where HDR can occur,
along with direct nucleofection of Cas9 ribonuclease com-
plex, may prove a viable alternative to chemical suppression
of NHEJ (Lin et al., 2014).

Cas9 activity

Several Cas9 proteins from differing species have been iden-
tified and used for gene editing, including Staphylococcus
aureus (SaCas9) (Ran et al., 2013), Neisseria meningitidis
(NmCas9) (Hou et al., 2013), and S. thermophiles (St1Cas9)
(Kleinstiver et al., 2015). Each has differing PAM sequences
and variable activity. Thus, selection of a specific Cas9 ortho-
log may provide improved gene editing efficiency for a given
target sequence and should be considered as part of gene
editing system design.

In addition to the inherent activity of a given Cas9 protein,
other factors have been shown to influence activity. For gene
editing in eukaryotic cells, Cas9 must translocate into the
nucleus. In these systems, the nuclear location signal (NLS) is
connected to the Cas9 protein. Increasing access to the NLS
by adding a 32 amino acid spacer between the NLS and Cas9
was shown to increase DNA cleavage activity (Shen et al.,
2013). Increasing the relative concentration of sgRNA to Cas9
protein was also shown in increase on-target cutting activity,
presumably by ensuring all Cas9 proteins formed the active
ribonucleoprotein complex (Kim et al., 2014). However, exces-
sive sgRNA was also shown to increase off-target effects
(Fu et al., 2013).

Finally, in comparison with other enzymes, the activity of
Cas9 is quite low, with a single turnover rate of
�0.3–1.0min�1(Jinek et al., 2012). And, once bound to the

target DNA sequence, displacement of Cas9 from the DNA
strand, even after DSB formation, is challenging – 1 nM Cas9
cleaved �2.5 nM plasmid DNA after 120min (Jinek et al.,
2012). Thus, Cas9 is less like a catalytic enzyme and more like
a single-shot actuator. While this characteristic may be useful
in some instances, such as gene activation/inhibition or
short-lived activity for gene editing with lower off-target
effects, it may be undesirable for other applications where
catalytic activity is useful.

CRISPR delivery systems

Here we will discuss the features of the most widely used
systems for delivery of CRISPR/Cas9 components. Delivery
can be broken into two major categories: cargo and delivery
vehicle. Regarding CRISPR/Cas9 cargoes, there are three
approaches that are commonly reported: (1) DNA plasmid
encoding both the Cas9 protein and the guide RNA, (2)
mRNA for Cas9 translation alongside a separate guide RNA,
and (3) Cas9 protein with guide RNA (ribonucleoprotein com-
plex). The delivery vehicle used will often dictate which of
these three cargos can be packaged, and whether the system
is usable in vitro and/or in vivo. As an example, Cas9 protein
is positively-charged, but oligonucleotides and Cas9:sgRNA
RNP are negatively charged (Sun et al., 2015). Additionally,
considerations for how tightly controlled the overall concen-
tration of Cas9 is must also be made; by introducing Cas9
DNA instead of protein, it becomes more difficult to ascertain
precisely how many functional Cas9 units are present in the
system at any given timepoint.

Vehicles used to deliver the gene editing system cargo
(Table 1) can be classified into three general groups: physical
delivery, viral vectors, and non-viral vectors. The most com-
mon physical delivery methods are microinjection and electro-
poration, while methods such as hydrodynamic delivery are
currently under investigation. Viral delivery vectors include
specifically engineered adeno-associated virus (AAV), and full-
sized adenovirus and lentivirus vehicles. Especially for in vivo
work, viral vectors have found favor and are the most com-
mon CRISPR/Cas9 delivery vectors. Non-viral vector delivery is
not as prominent as viral-based delivery; however, non-viral
vectors possess several advantages over viral vectors and are
a bourgeoning area of research. Non-viral vector systems
include systems such as lipid nanoparticles, cell-penetrating
peptides (CPPs), DNA ‘nanoclews’, and gold nanoparticles.
There are additionally many delivery technologies that have
not been demonstrated in the literature as suitable to CRISPR/
Cas9 delivery, though they appear to naturally lend them-
selves to the application. Four such technologies are streptoly-
sin O, multifunctional envelope-type nanodevices (MENDs),
lipid-coated mesoporous silica particles, and other inorganic
nanoparticles.

Physical delivery methods

Microinjection

Microinjection is considered the ‘gold standard’ for introduc-
ing CRISPR components into cells, with efficiencies
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approaching 100% (Yang et al., 2013; Horii et al., 2014).
In this method, either plasmid DNA encoding both the Cas9
protein and the sgRNA, mRNA encoding Cas9 and sgRNA, or
Cas9 protein with sgRNA, can be directly injected into indi-
vidual cells. Using a microscope and a 0.5–5.0 lm diameter
needle, a cell membrane is pierced and cargoes are delivered
directly to a target site within the cell. This process circum-
navigates barriers associated with delivery through extracellu-
lar matrices, cell membranes, and cytoplasmic components.
Further, microinjection is not limited by the molecular weight
of the cargo, which is a significant limiting factor with viral
vector delivery systems. This method also allows for the con-
trolled delivery of known quantities of the cargo, improving
control over off-target effects. Naturally, microinjection is
best suited for in vitro and ex vivo work only, as the use of a
microscope to target individual cells (and precisely inject car-
goes to specific locations within them) precludes the use of
microinjection in a true in vivo setting.

Nucleic acids are by far the most common cargo for
microinjection delivery. There are three primary methods for
injection of these components: (1) as DNA directly delivered
to the cell nucleus, (2) as in vitro-transcribed mRNA mole-
cules delivered to the nucleus, or (3) as in vitro-transcribed
mRNA molecules delivered to the cytoplasm. These different
methods have benefits and drawbacks. By placing the DNA
encoding both Cas9 and the sgRNA into the nucleus, the cell
is free to transcribe and translate the components. This
method is preferred by some groups, such as Chuang et al.
(2017) and Nakagawa et al. (2015), due to the ability to omit
lengthy in vitro transcription reactions from the overall pro-
cess. However, single-stranded DNA is prone to random inte-
gration into the host genome, which may disrupt genes,
result in constitutive expression of Cas9, and lead to greater
off-target effects. Even circularized plasmid DNA can undergo
this phenomenon (Yang et al., 2013).

When delivering mRNA, the ideal case is to deliver the
sgRNA directly to the nucleus and the Cas9-encoding mRNA
to the cytoplasm, facilitating translation and shuttling of
Cas9 to the nucleus. Unfortunately, microinjection is a tech-
nically challenging and laborious process, making two differ-
ent microinjections into a single cell impractical. Further, two
microinjections, even when separated by several hours, typic-
ally results in non-viable cells (Yang et al., 2013). Therefore,
microinjections of CRISPR mRNA components often occurs
directly into the cytoplasm of the cell; for some examples see
Crispo et al. (2015), Raveux et al. (2017), and Sato et al.
(2015). This method has the advantage of putting the Cas9
mRNA directly into the cytoplasm, where it can be translated
by the cell. sgRNA in the cytoplasm is then bound by Cas9
while being shuttled into the nucleus, allowing for modifica-
tion of the host DNA. The vast majority of studies using
microinjection to deliver CRISPR use this approach, including
simultaneous knock-out of four genes from a single injection
into rat zygotes (Ma et al., 2014), disruption of two genes in
cynomolgus monkeys from a single injection into one-cell-
stage embryos (see Figure 5(A)) (Niu et al., 2014), correction
of a cataract-causing mutation in mice (Wu et al., 2013), and
correction of a Duchenne muscular dystrophy (DMD)-causing
mutation in mice (Long et al., 2014). With some exceptions,

microinjection of CRISPR/Cas9 RNA components into cells
results in a finite duration of action of the system, owing to
the natural decay of mRNA within eukaryotic cells (Ross,
1995). This is often desirable as it reduces off-target effects.

Microinjection is also the most commonly used method
for generating animal models. Injection of the gene editing
cargo into zygotes allows for efficient germline modification.
In addition, there is evidence that injection of Cas9 mRNA
and sgRNA into the zygote cytoplasm is the most efficient
method for yielding normal embryos and full-term mouse
pups harboring the desired modification (Horii et al., 2014).
Microinjection can also be useful for CRISPRa and CRISPRi to
provide transient up- or down-regulation of a specific gene
within the genome of a mature cell. Microinjection is a well-
established technology and its use is widespread, as evi-
denced by the ability to custom-order microinjected mouse
zygotes from facilities such as the Genome Modification
Facility at Harvard University (https://gmf.fas.harvard.edu/
talen-or-crispr-microinjection).

Electroporation

One of the long-standing physical methods for delivery of
gene editing tools into a population of cells is electropor-
ation. This technique utilizes pulsed high-voltage electrical
currents to transiently open nanometer-sized pores within
the cellular membrane of cells suspended in buffer, allowing
for components with hydrodynamic diameters of tens of
nanometers to flow into the cell. Electroporation is less
dependent on cell type than other delivery techniques and
can efficiently transfer cargo into cells that are traditionally
difficult to manipulate. Electroporation is most commonly
used in an in vitro setting, though as with microinjection, ex
vivo applications are also valid. Owing to the oftentimes-large
amounts of voltage needed to be applied across cell mem-
branes, however, electroporation is typically not suitable for
in vivo applications.

There are many published methods for electroporation of
mammalian cells. While these protocols can provide a start-
ing point, mammalian cells are often quite sensitive to pre-
cise voltages and current application times. This contrasts
with bacterial cells, which are often more tolerant of electro-
poration. This problem becomes even more prominent when
studying zygotes rather than immortalized cell lines.

Several groups have developed technological solutions to
increase the prominence of electroporation within the
CRISPR/Cas9 community. For example, Hashimoto and
Takemoto (2015) built a custom electroporation chamber for
40–50 zygotes which allowed them to achieve both very
high levels of CRISPR/Cas9 entry into cells and viable
embryos. Other groups have used more standard electropor-
ation cuvettes and methods to deliver CRISPR/Cas9 compo-
nents with high efficiency to zygotes (Figure 5(B)) (Qin et al.,
2015; Chen et al., 2016). In other examples, electroporation
was used to deliver plasmid DNA encoding both Cas9 and
mRNA to generate colorectal cancer models from Cas9-engi-
neered human intestinal organoids (Matano et al., 2015), gen-
erate an early-onset Alzheimer’s disease model in human
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cells (Paquet et al., 2016), and correct mutations that cause
DMD (Ousterout et al., 2015). Electroporation for delivery of
Cas9:sgRNA ribonucleoprotein (RNP) to primary human cells
has also been reported (Kim et al., 2014; Schumann et al.,
2015). The use of RNP was shown to reduce off-target effects
versus plasmid transfection and be less stressful on the cells,
producing two-fold more embryonic stem cell colonies than
with plasmid transfection (Kim et al., 2014).

A specialized electroporation method designed to deliver
cargoes directly into the nuclei of mammalian cells has also
been used to deliver CRISPR/Cas9. Termed nucleofection, this
technique does not require breaking down the nuclear enve-
lope, or cells in a state of division, for cargo to enter the
nucleus. Plasmid DNA encoding Cas9 and sgRNA has been
delivered via nucleofection to correct a cataract-causing
mutation in mouse spermatogonial stem cells (Wu et al.,
2015), confer resistance to HIV infection by adding the nat-
ural CCR5D32 mutation to human cells (Ye et al., 2014), gen-
erate lung cancer cell models in human lung epithelial cells
(Choi & Meyerson, 2014), and cure latent herpesvirus infec-
tion by Cas9-based cleavage and destruction of latent viral
genomes (Wang & Quake, 2014).

The use of electroporation and CRISPR/Cas9 to edit genes
in vivo was also recently reported. Zuckermann et al. (2015)

developed a model of a childhood malignant brain cancer,
Sonic hedgehog medulloblastoma, via in utero electropor-
ation of a developing mouse. Plasmids encoding both Cas9
and sgRNA were injected into the embryo cerebral ventricu-
lar zone, followed by electroporation using forceps-
like electrodes.

Because of the attractiveness of high-throughput and
high-efficiency CRISPR/Cas9 transformation utilizing com-
monly available laboratory resources, electroporation/
nucleofection will likely continue to be used and refined as a
major technique to efficiently deliver CRISPR/Cas9.

Hydrodynamic delivery

Hydrodynamic delivery is an in vivo delivery technique that
involves rapidly pushing a large volume (8–10% body
weight) solution containing the gene editing cargo into the
bloodstream of an animal, typically using the tail vein in
mice. As blood is incompressible, the large bolus of liquid
results in an increase in hydrodynamic pressure that tempor-
arily enhances permeability into endothelial and parenchymal
cells, allowing for cargo not normally capable of crossing a
cellular membrane to pass into cells. This includes naked
DNA plasmids and proteins. Delivery of cargo using this

Figure 5. Physical methods for delivery of CRISPR. (A) Microinjection disrupting two genes (Ppar-c and Rag1) in Cynomolgus monkeys from a single injection into
one-cell-stage embryos. Photographs of Founder Monkeys A and B, PCR products of the targeted loci from genomic DNA of A and B, and a control wild-type
Cynomolgus monkey (Con). Adapted with permission from Nui et al. (2014). Copyright 2014 Elsevier Inc. (B) Electroporation delivery of CRISPR RNP targeting genes
impacting mice coat color (Tyr) followed by transfer to pseudopregnant mothers. Bar plot quantifies coat color phenotypes generated from microinjection and elec-
troporation at 1ms pulse length and 3ms pulse length. Adapted with permission from Chen et al. (2016). Copyright 2016 American Society for Biochemistry and
Molecular Biology. (C) Hydrodynamic injection of CRISPR into mice results in liver-specific targeting (see bioluminescence image of hydrodynamically injected luci-
ferase plasmid), generating indel mutation of two tumor suppressor genes and oncogenes. The development of liver tumors can be seen in the hematoxylin and
eosin (H&E) and cytokeratin 19 (Ck19)-stained micrographs. Adapted with permission from Xue et al. (2014). Copyright 2014 Macmillan Publishers Ltd: Nature.
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method is significantly enriched in the liver, but also includes
cells of the kidneys, lung, muscles, and heart. Hydrodynamic
delivery is attractive because it is technically simple and does
not require any exogenous delivery components to success-
fully introduce gene editing components into cells.
Hydrodynamic delivery is typically used for in vivo applica-
tions only, as the premise of delivery relies on transiently
increasing the pressure in a closed system and forcing cargo
through otherwise-impermeable barriers.

Yin et al. (2014) demonstrated successful delivery of DNA
plasmid encoding Cas9 and sgRNA to liver cells using hydro-
dynamic delivery, resulting in in vivo correction of the Fah
mutation in mouse hepatocytes modeling hereditary tyrosi-
nemia. Although initial delivery efficiency was only one in
250 liver cells, the liver’s regenerative capacity allowed for
the expansion of the modified cells and phenotype rescue.
Soon after, Guan et al. also used hydrodynamic delivery of
naked plasmid DNA encoding CRISPR/Cas9 components to a
mouse model of hemophilia B. Again, targeting the liver,
they showed restored hemostasis in treated mice (Guan
et al., 2016). They also showed that an adenovirus (AdV)
delivery system resulted in higher corrective efficiency, but
no therapeutic effects due to severe hepatic toxicity, presum-
ably a result of the high immunogenicity of the viral vector.
Other examples of hydrodynamic injection of plasmid DNA
encoding Cas9 and sgRNA include indel mutation of two
tumor suppressor genes and oncogenes resulting in gener-
ation of liver tumors in mice (Figure 5(C)) (Xue et al., 2014),
inhibiting hepatitis B virus (HBV) replication and gene expres-
sion in HBV-infected mice (Lin et al., 2014; Zhen et al., 2015),
and specific targeting of the HBV genome in the nucleus of
HBV-infected mice, showing the potential of CRISPR/Cas9 as
a therapeutic against chronic HBV infection (Dong
et al., 2015).

Despite these successes, hydrodynamic delivery is not cur-
rently being considered for clinical applications. The process
of hydrodynamic delivery can be quite traumatic, resulting in
potential physiological complications, including cardiac dys-
function, elevated blood pressure, and liver expansion (Suda
et al., 2007; Bonamassa et al., 2011). It is relatively easy to
cause accidental mortality with this method. Also, as dis-
cussed previously, transfection rates are very low, and only
certain cell types are amenable to successful delivery.

Viral vector delivery methods

Adeno-associated virus (AAV)

AAV, of the Dependovirus genus and Parvoviridae family, is a
single stranded DNA virus that has been extensively utilized
for gene therapy (Daya and Berns, 2008; Samulski and
Muzyczka, 2014). AAV is an excellent vehicle for gene therapy
for many reasons. AAV is not known to cause or relate with
any diseases in humans. There is also a wide range of known
serotypes which allow for infection of a multitude of cells
with different specificities. The virus itself is able to efficiently
infect cells while provoking little to no innate or adaptive
immune response or associated toxicity, at least upon first
treatment with a serotype (Daya and Berns, 2008).

Immune responses are eventually seen to the capsid, some-
times even causing CD-8 T-cell toxicity (Samulski and
Muzyczka, 2014). However, owing to the many serotypes of
AAV with broad tropism, it is often possible to evade the
problem of immune response to AAV should it arise. Finally,
unlike some other methods, the use of AAV for gene therapy
provides a persistent source of the provided DNA, as AAV-
delivered genomic material can exist indefinitely in cells
either as exogenous DNA or, with some modification, be dir-
ectly integrated into the host DNA (Deyle and Russell, 2009).
This can, of course, be either advantageous or disadvanta-
geous depending on the desired goals of a specified modifi-
cation. AAV particles can see application in in vitro, ex vivo,
and in vivo work, making them highly versatile deliv-
ery vehicles.

CRISPR/Cas9 AAV particles are typically created in HEK
293 T cells. Once particles with specific tropism have been
created, they are used to infect the target cell line much in
the same way that native viral particles do. This is what
ultimately allows for persistent presence of CRISPR/Cas9 com-
ponents in the infected cell type, and what makes this ver-
sion of delivery particularly suited to cases where long-term
expression is desirable.

With specific regard to CRISPR/Cas9, AAVs are typically uti-
lized as a delivery system in one of the four ways. In the first,
SpCas9 and sgRNA are packaged directly onto one DNA plas-
mid vector and delivered via one AAV particle. While this is
within the realm of technical possibility, the SpCas9 and
sgRNA are roughly 4.2kB in size, and the overall size of AAV
(�20 nm) only allows for �4.5–5 kb of genomic material to
be packaged within it (Wu et al., 2010). This makes consistent
packaging of this construct challenging, and it is also
extremely difficult to include other elements (such as report-
ers, fluorescent tags, multiple sgRNAs, or DNA templates for
HDR) to help ensure successful delivery of CRISPR/Cas9 com-
ponents to cells and meet desired gene editing objectives.
This has been accomplished before by Long et al. (2016)
who utilized a mini-cytomeglovirus promoter/enhancer with
SpCas9 to correct DMD-causing mutations in mice (Figure
6(A)). AAVs were delivered by intraperitoneal, intramuscular,
or retro-orbital injection and resulted in muscle function
enhancement to varying degrees.

In another approach, AAVs were used to deliver sgRNAs
into cells that were previously engineered to express Cas9.
Carroll et al. (2016) used microinjection to transfect mouse
embryos to express Cas9 in cardiomyocytes and then used
AAVs to deliver sgRNAs, resulting in a cardiovascular research
model that allows for rapid introduction of indels in heart tis-
sue. Platt et al. developed Cre-dependent Cas9 knock-in mice
and used AAVs to deliver sgRNAs, inducing loss-of-function
mutations in tumor suppressing genes and gain-of-function
mutations in proto-oncogens (see Figure 6(B)). This resulted
in the generation of lung adenocarcinoma (Platt et al., 2014).

Many groups have reported success packaging the SpCas9
and sgRNA into two separate AAV particles and using them
for co-infection (Swiech et al., 2015; Hung et al., 2016). This
has the added benefit of increasing the overall size of the
constructs that can be used. However, this naturally adds
more complexity than exists with a single vector. Multiple
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tags (one for each particle) can be employed to preemptively
screen cells for co-infection. In a similar approach, a split
Cas9 system has been developed in which the Cas9 C-ter-
minal is packaged into one AAV vector and the Cas9 N-ter-
minal is packaged into a second AAV vector (Figure 6(c))
(Truong et al., 2015; Chew et al., 2016). Reconstitution of the
two Cas9 halves results in a functional Cas9 with editing effi-
ciency comparable to the native Cas9, allowing for the use of
larger overall Cas9 variants with AAV particles.

The most recently developed AAV CRISPR/Cas9 delivery
method was reported by Ran et al. (2015), and it uses a ver-
sion of Cas9 from S. aureus rather than Streptococcus pyro-
genes (designated SaCas9). This version of Cas9 is roughly
70% the size of SpCas9 while retaining the same potent cut-
ting ability. This results in the ability to use a single vector,
but the decrease in size leaves �1 kB of ‘free space’ within
the AAV particle. This is often enough to include multiple dif-
ferent tags and markers in one particle. Groups have used of
SaCas9 in AAV vectors to target the cholesterol regulatory
gene Pcsk9 (Ran et al., 2015) and disrupt mutations in the
DMD gene in adult mice (Nelson et al., 2016; Tabebordbar
et al., 2016). Shorter Cas9 variants from Streptococcus thermo-
philus (Cong et al., 2013) and Neisseria meningitidis (Esvelt
et al., 2013) have also been used for gene editing and may
be good candidates for AAV delivery of CRISPR/Cas9. It
should be noted, however, that shorter Cas9 variants identi-
fied to date have longer PAM sequences and thus greater
limitations on sequences available for targeting.

Lentivirus (LV) and adenovirus (AdV)

While LVs and AdVs are clearly distinct, the way they are uti-
lized for delivery of CRISPR/Cas9 components is quite similar.
In the case of LV delivery, the backbone virus is a provirus of
HIV (Naldini et al., 1996); for AdV delivery, the backbone virus
is one of the many different serotypes of known AdVs. As in
the case of AAV, these are plentiful, and finding a useful AdV
to a desired target is relatively facile. The serotype most com-
monly used is AdV type 5. LV is particularly useful because it
can be pseudotyped with other viral proteins, such as the G-
protein of vesicular stomatitis virus. In doing so, the cellular
tropism of the LV can be altered to be as broad or narrow as
desired. And, to improve safety, second- and third-generation
LV systems split essential genes across three plasmids, signifi-
cantly reducing the likelihood of accidental reconstitution of
viable viral particles within cells. Both LV and AdV can infect
dividing and non-dividing cells; however, unlike LV, AdV does
not integrate into the genome. This is advantageous in the
case of CRISPR/Cas9-based editing for limiting off-target
effects. As is the case with AAV particles, both LV and AdV
can be used in in vitro, ex vivo, and in vivo applications,
which eases both efficacy and safety testing.

In terms of mechanism, this class of CRISPR/Cas9 delivery
is like AAV delivery described above. Full viral particles con-
taining the desired Cas9 and sgRNA are created via trans-
formation of HEK 293 T cells. These viral particles are then
used to infect the target cell type. The biggest difference
between LV/AdV delivery and AAV delivery is the size of the

particle; both LVs and AdVs are roughly 80–100 nm in
diameter. Compared with the �20 nm diameter of AAV,
larger insertions are better tolerated in these systems. When
considering CRISPR/Cas9, additional packaging space for dif-
ferently-sized Cas9 constructs or several sgRNAs for multiplex
genome editing is a significant advantage over the AAV
delivery system.

Many groups are currently using AdV or LV vectors for
delivery of CRISPR/Cas9 components. Voets et al. (2017)
recently used an AdV vector to inactivate genes in normal
human lung fibroblasts and bronchial epithelial cells, wherein
they reported efficient silencing of genes at MOIs of AdV as
low as 20. Additionally, Kabadi et al. (2014) created a unique
lentiviral CRISPR/Cas9 system via Golden Gate synthesis. Their
construct allowed for the expression of one Cas9 and four
different sgRNAs, each under the control of a different pro-
moter, to allow for the editing of several different types of
human cells. The work done by these two groups, especially
on primary human cells, allows for exciting possibilities for
the use of these delivery systems in vivo.

Maddalo et al. (2014) reported the generation of a model
of Eml4-Alk oncogene-driven lung cancer in adult mice by
intratracheal instillation of AdV-delivered CRISPR/Cas9. Wang
et al. (2015) used AdV delivery of Cas9 and sgRNA to target
Pten, a gene involved in the liver disease non-alcoholic stea-
tohepatitis (NASH) as shown in Figure 6(D). Four months
post treatment, Pten gene-edited mice showed massive hep-
atomegaly and features of NASH. Importantly, in addition to
displaying AdV vector-associated immunotoxicity in the liver,
humoral immunity against SpCas9 was detected, as was a
potential SpCas9-specific cellular immune response. This indi-
cates the importance of also studying the immunogenicity of
specific Cas9s for in vivo delivery of CRISPR.

The use of AdV for CRISPR/Cas9 delivery has been
reported targeting loss-of-function PCSK9 mutation in mouse
liver (Ding et al., 2014), in vitro partial restoration of muscle
function in a DMD model mice (Maggio et al., 2016), resist-
ance to HIV-1 infection of primary CD4þ T-cells by adding
the cell membrane receptor CCR5D32 variant (Li et al., 2015),
and tissue-specific gene knockout in mouse liver (Cheng
et al., 2014).

Examples of LV delivery of CRISPR/Cas9 include modifica-
tion of up to five genes using a single LV to deliver plasmid
DNA encoding Cas9, sgRNA and a fluorescent marker to
develop a mouse model of acute myeloid leukemia (Heckl
et al., 2014), target of herpes simplex virus-1 genome regions
essential to viral protein expression during early and late
phases of viral infection/reinfection to suppress infection and
prevent new infection (Roehm et al., 2016), and the use of LV
to mutate genes in mouse primary immune cells (Platt
et al., 2014).

Leveraging the integration ability of LV, this system has
also been used to create gene libraries for studying mecha-
nisms of disease. Wang et al. (2014) used LV to deliver a pool
of 73,000 sgRNAs to two human cells lines that had been
previously engineered to express Cas9. Shalem et al. (2014)
delivered 64,751 unique sgRNA sequences by LV to human
cancer cells, and Koike-Yusa et al. (2014) delivered 87,897
sgRNAs targeting 19,150 protein coding genes in mouse
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embryonic stem cells, both again constitutively expressing
Cas9. These, and other similar studies, will enable identifica-
tion of new therapeutic targets and the design of next-gen-
eration drugs. For example, genomics screening using
CRISPR/Cas9 and LV was used to identify the genes essential
for West-Nile-virus-induced cell death (Figure 6(e)) (Ma et al.,
2015) and define a signal peptide pathway required by flavi-
viruses (Zhang et al., 2016).

However, there are drawbacks to LV or AdV delivery sys-
tems, as typical AdVs and LVs elicit strong immune responses
(Follenzi et al., 2007; Ahi et al., 2011). In addition, although
care is taken to make the HIV provirus as integration-defi-
cient as possible (Chen and Goncalves, 2016) and AdVs are
naturally very low integrators into the cell genome, it is not
currently possible to completely eliminate the chances of
integration into the host. Additionally, although steps can be
taken to make this integration targeted, one cannot

guarantee that the viral payload goes to the same precise
location every time. This can result in an increase of expres-
sion and off-target effects, or even potential damage to the
cell if the insertion randomly occurs within an important cel-
lular protein (Bestor, 2000; Papapetrou and Schambach,
2016). Care must always be taken with LVs and AdVs when
utilizing them for genome editing.

Non-viral vector delivery vehicles

Lipid nanoparticles/liposomes

Lipid nanoparticles have long been used as delivery vehicles
for a wide range of different molecules to cells and have
demonstrated popularity for nucleic acid delivery. Nucleic
acids are typically unstable outside of cells, and owing to
their highly anionic nature, they do not easily pass through

Figure 6. Viral vector methods for delivery of CRISPR. (A) AAV delivery of Cas9 and sgRNAs disrupting mutations in the Dmd gene in adult mdx mice, resulting in
improvement of muscle biochemistry and function. Adapted with permission from Long et al. (2016). Copyright 2016 American Association for the Advancement of
Science. (B) AAV intratracheal instillation delivery of sgRNAs in Cre-dependent Cas9 knock-in mice, resulting in lung adenocarcinoma (EGFP-positive tumors).
Adapted with permission from Platt et al. (2016). Copyright 2014 Elsevier Inc. (C) A split Cas9 system in which the Cas9 C-terminal is packaged into one AAV vector
and the Cas9 N-terminal is packaged into a second AAV vector. Reconstitution results in a fully functioning Cas9. Reprinted from Truong et al. (2015). Copyright
2014 The Authors (CC BY license). (D) AdV delivery of Cas9 and sgRNA targeting the Pten gene in mouse liver resulting in Pten mutation (see arrows by gel), and
massive hepatomegaly and features of NASH in infected livers. Immunohistochemistry shows loss of Pten staining (arrows) one month after AdV infection; H&E
stained micrographs show sections of steatosis (lipid accumulation, arrows) four months post infection. Adapted with permission from Wang et al., 2015. Copyright
2015 Mary Ann Liebert, Inc. Publishers. (E) Schematic of a lentivirus and CRISPR-based gene library functional screen used to identify the genes essential for West-
Nile-virus-induced cell death. Reprinted from Ma et al. (2015). Copyright 2015 The Authors (CC BY license).
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the cell membrane. However, by encapsulating nucleic acids
within typically very cationic liposomes, they can be deliv-
ered to cells with relative ease. Lipid nanoparticles do not
contain any viral components, which helps minimize safety
and immunogenicity concerns. They can also, like viral par-
ticles, be utilized in vitro, ex vivo, and in vivo, allowing for
extensive testing on a variety of scales of cell populations.

When used to deliver CRISPR/Cas9 components, there are
two main approaches to the use of lipid nanoparticles: deliv-
ering Cas9 and sgRNA genetic material (either plasmid DNA
or mRNA) or delivering Cas9:sgRNA RNP complexes. If deliver-
ing Cas9 mRNA and sgRNA, this method is functionally like
microinjection in result (Yin et al., 2016). However, several
groups have shown good success with the use of
Cas9:sgRNA RNP complexes (Zuris et al., 2015; Wang et al.,
2016). CRISPR/Cas9 seems to be particularly well-suited to
this type of delivery because Cas9 and the sgRNA as a ribo-
nucleoprotein complex are highly anionic. This allows them
to be packaged utilizing approaches typically employed for
delivering nucleic acids.

There are substantial drawbacks for delivery of CRISPR/
Cas9 components via lipid nanoparticle. First, there are both
external and internal barriers that must be considered. Once
the nanoparticle has passed through the surface of the cell,
it is typically encased within an endosome. Encased contents
can very rapidly be directed by the cell into the lysosomal
pathway, causing the degradation of all lysosome contents.
Therefore, the cargo must escape the endosome. Also, if the
Cas9:sgRNA complex can escape the endosome, it must also
translocate to the nucleus, which can also be a potential
point of failure. Because of this, it is rare to see particularly
high efficacies when delivery CRISPR/Cas9 components via
lipid nanoparticles. While Wang et al. (2016) could achieve
�70% in vitro modification efficiency in cells (see
Figure 7(A)), that only came after an intense screen to deter-
mine the most optimal lipids with which to construct their
liposomes for their system. Finally, lipid nanoparticles are like
virus particles in that the nature and size of the cargo, along
with the target cell type, highly affect transfection efficiency
and the types of lipids that are appropriate or useful in
the system.

Perhaps the most commonly used lipid nanoparticle
system is the commercially available Lipofectamine.
Lipofectamine is a cationic liposome formulation that com-
plexes to negatively charged nucleic acids, allowing fusion of
the complex with negatively-charged cell membranes and
endocytosis. Lipofectamine has been used to deliver Cas9-
and sgRNA-encoding plasmid DNA to human pluripotent
stem cells to generate a model for Immunodeficiency,
Centromeric region instability, Facial anomalies syndrome
(ICF) syndrome with 63% transfection efficiency (Horii et al.,
2013), transfect human cells with an all-in-one expression
cassette with up to seven sgRNAs and a Cas9 nuclease/nick-
ase (Sakuma et al., 2014), correct the cystic fibrosis trans-
membrane conductor receptor locus in cultured intestinal
stem cells of cystic fibrosis patients (Schwank et al., 2013),
introduce modular ‘AND’ gate circuits based on CRISPR/Cas9
that detects bladder cancer cells, inhibits bladder cancer cell
growth, induces apoptosis, and decreases cell motility (Liu

et al., 2014), and deliver Cas9:sgRNA RNP in vivo to modify
the hair cells within mouse inner ear (Zuris et al., 2015).

In an intriguing study, Liang et al. (2015) compared the
transfection efficacy of three lipofectamine formulations and
electroporation against eleven cell lines. They also compared
different gene editing cargoes: plasmid DNA, Cas9 mRNA
with sgRNA, and Cas9:sgRNA RNP. They showed greater effi-
ciencies for electroporation transfection versus lipofectamine,
and lower off-target effects using RNP over plasmid DNA or
mRNA cargo.

Because of their lack of viral components, there will
always be interest in improving lipid nanoparticles to deliver
CRISPR/Cas9 components. This improvement process can
come through the screening of better lipid carriers, as above;
better decorations on the liposome surface to help target
particles to specific cells or tissues, avoid immune system
detection, and facilitate endosomal escape; and improved
packaging of CRISPR/Cas9 components, increasing the odds
of some subset of packaged molecules to be appropri-
ately delivered.

Lipoplexes/polyplexes

Delivery of CRISPR/Cas9 gene editing components has been
reported using other nanocomplexes that generally rely on
electrostatic interactions. A common approach is the use of
the commercially available FuGENE-6 reagent, a non-liposo-
mal solution containing lipids and other proprietary compo-
nents. Kennedy et al. used FuGENE-6 to deliver Cas9 and
sgRNA encoding plasmid DNA, inactivating human papillo-
mavirus E6 or E7 gene in cervical carcinoma cells, resulting in
cell-cycle arrest and eventual cell death (Kennedy et al.,
2014). The synthesis and development of zwitterionic amino
lipids (ZALs) was reported by Miller et al. (2017). ZALs were
complexed with Cas9 mRNA and sgRNA, forming nanopar-
ticles with �15 nm diameter which showed effective transfec-
tion in mice, accumulating primarily in the liver, kidney, and
lungs. Another common and commercially available tech-
nique, calcium phosphate transfection, utilizes Ca2þ mole-
cules to induce precipitation of DNA/Ca2þ microcomplexes.
These complexes strongly bind to the negatively charged cell
membrane and induce endocytosis into the cell. Ebina et al.
(2013) used calcium phosphate transfection to deliver plas-
mid DNA encoding Cas9 and sgRNA into latent HIV-1-
infected human 293 T cells. The CRISPR construct targeted
the provirus genome, blocking expression of viral compo-
nents and removing internal viral genes from the host
cell chromosome.

Other common polymeric vectors for DNA delivery are
polyethenimine (PEI) and poly(L-lysine) (PLL). Branched PEI
have high charge density, facilitating efficient plasmid DNA
packing, and pH-buffering ability which enables escape from
endosomes. However, branched PEI is cytotoxic. Therefore, a
balance between the desirable properties of branched PEI
and the less toxic linear PEI must be struck for effective
transfection. Zuckermann et al. (2015) reported the use of PEI
to deliver Cas9- and sgRNA-encoding plasmid DNA into
mouse brains to generate a malignant brain tumor model
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(Figure 7(B)). PEI was also used to deliver CRISPR plasmid
DNA to inhibit HBV replication and gene expression in
HBV-infected mice (Zhen et al., 2015). PLL has been used to
complex with Cas9 plasmid DNA, forming a multifunctional
envelope-type nanodevice (MEND), described in the
Emerging Delivery Technologies section of this review.

Cell-penetrating peptides (CPPs)

CPPs are generally short stretches of amino acids that are
polycationic, amphipathic, or non-polar in nature. Each class
of CPPs can facilitate uptake of different types of proteins
into different cell types, and often different combinations of
CPPs and the desired molecule for uptake will result in differ-
ent uptake levels. CPPs can be used for in vitro and ex vivo
work quite readily, and extensive optimization for each cargo
and cell type is usually required. Because of the level of
detail required for this optimization, CPPs are not generally
currently utilized to deliver components in vivo. In the spe-
cific case of CRISPR/Cas9, the CPPs are usually covalently
attached to the Cas9 protein directly, which is then com-
plexed with the sgRNA and delivered to cells. Some work
with CPPs and CRISPR/Cas9 was accomplished as early as
2014 by Ramakrishna et al. (2014), who showed separate
delivery of CPP–Cas9 and CPP–sgRNA to multiple human cell
lines. However, most reports are quite recent, such as the
work done by Axford et al. (2017) in which the authors
demonstrated cellular and sub-cellular localization of CPP-
delivered CRISPR/Cas9 RNP using confocal microscopy.

Typically, CPPs show low efficiency of the desired targeted
mutation in cells – usually around 10–20%. As shown above,
however, naked plasmids can achieve tangible long-term
effects with an efficiency rate of just 0.4%. As CPPs are
roughly 40-fold more efficient than transfection from bare

plasmids, CPPs are a serviceable method for delivery of
CRISPR/Cas9 components to cells. This method requires a fair
amount of investment, however, as efficiencies of the CPP
themselves to penetrate cellular membranes vary with both
attached cargo and cell type. The same challenges of translo-
cating the Cas9:sgRNA complex into the nucleus once it is
within the cell must also be overcome.

DNA nanoclew

A DNA ‘nanoclew’ is a unique technology for CRISPR/Cas9
component delivery. Developed by Sun et al. (2014), a DNA
nanoclew is a sphere-like structure of DNA that has been
compared with a ball of yarn. The nanoclew is synthesized
by rolling circle amplification with palindromic sequences
that aide in the self-assembly of the structure. The sphere
can then be loaded with a payload – Sun et al. originally
used doxorubicin – and the payload can be specifically trig-
gered for release by certain biological conditions. As this is a
relatively new delivery technology, it has currently only been
utilized in an in vitro setting. In 2015, the group repurposed
the nanoclew for CRISPR/Cas9 delivery by designing the pal-
indromic sequences to be partially complementary to the
sgRNA within the Cas9:sgRNA ribonucleoprotein complex
(Figure 8(A-a)) (Sun et al., 2015). By coating the nanoclew
with PEI to induce endosomal escape (Figure 8(A-b)), the
group demonstrated roughly 36% efficiency in delivery of
CRISPR/Cas9 RNP with the nanoclew (compared with 5% with
bare Cas9:sgRNA and PEI). This allowed the nanoclew to
attain efficiencies on the order of other high-efficiency
CRISPR/Cas9 delivery systems, but still contain no viral com-
ponents (or indeed, any exogenous material besides repeat-
ing DNA and PEI). More testing is warranted, particularly on

Figure 7. Lipid nanoparticle and polyplex delivery of CRISPR. (A) Combining bioreducible lipid nanoparticles and anionic Cas9:sgRNA complexes drives the electro-
static self-assembly of nanoparticles (see TEM micrograph of 3-O14B/Cas9:sgRNA nanoparticles) for potent protein delivery and genome editing. Adapted with per-
mission from Wang et al. (2016). Copyright 2017 National Academy of Sciences. (B) Microinjection of PEI with Cas9- and sgRNA-encoding plasmid DNA into mouse
brain directed against the Ptch1 locus to generate a malignant brain tumor model. Compare the wild type and Trp53± H&E stained micrographs (arrows indicate
small lesions encompassing only one cerebellar folium) with the tumor from the Trp53�/� condition (MB¼medulloblastoma). Adapted from Zuckermann et al.
(2015). Copyright 2015 The Authors (CC BY license).
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the potential immunogenicity of DNA nanoclews. Still, early
results are promising for this new delivery system.

Gold nanoparticles (AuNPs)

AuNPs have many uses in applied biomedical science, from
imaging agents to inert carriers of other components. As
such, these particles are readily used in in vitro, ex vivo, and
in vivo settings. Mout et al. (2017) demonstrated that, by
engineering Cas9:sgRNA RNP and AuNPs to associate with
one another (Figure 8(B)), a complex is created that can be
efficiently delivered to cells and cause a desired mutation at
a rate of roughly 30%. Lee et al. (2017) also reported use of
AuNPs to deliver Cas9:sgRNA RNP to mice suffering from
DMD. In this work, 15 nm diameter AuNPs were conjugated
to thiolated short DNA oligos (Figure 8(C)), which were then
conjugated to a single-stranded donor DNA. This donor DNA
then complexed with the Cas9 RNP. The resulting particle
was coated in a silicate and an endosomal disruptive poly-
mer, PAsp(DET). A single injection of the AuNP-Cas9 conju-
gate corrected 5.4% of the mutated DMD-causing dystrophin
gene and showed recovered dystrophin gene expression.
Treated mice further showed partial restoration of muscle
function and reduced levels of fibrosis.

Again, these results place AuNPs within the high bounds
for CRISPR/Cas9 delivery efficiency while also eliminating the
need for exogenous viral material. In addition, unlike the
DNA nanoclew which relies on a biological molecule to act
as a carrier, AuNPs are inert and will not trigger an immune
response to the nanoparticle itself (Lee et al., 2017). Still,
AuNPs have been shown to stimulate immune cytokine pro-
duction in general (for a recent review, see Dykman and
Khlebtsov, 2017). While this method also requires additional
testing, it is promising as another delivery mechanism for
CRISPR/Cas9 components.

iTOP

Many other delivery techniques have been developed for
gene editing systems. An example includes the CPP-inde-
pendent protein delivery method reported by D'Astolfo et al.
(2015). This technique, termed iTOP for induced transduction
by osmocytosis and propanebetaine, uses NaCl-mediated
hyperosmolality together with a transduction compound
(propanebetaine) to trigger macropinocytotic uptake into
cells of extracellular macromolecules. As another newer deliv-
ery technique, applications of iTOP have been limited to
in vitro settings at this time. iTOP was used to delivery
CRISPR/Cas9 RNP into primary human KBM7 and H1 cells,
conferring diphtheria toxin resistance with �70% gene
knockout efficiency.

Emerging delivery technologies

We conclude this review with a look at four intriguing tech-
nologies: streptolysin O (SLO), multifunctional envelope-type
nanodevices (MENDs), lipid-coated mesoporous silica par-
ticles, and inorganic nanoparticles. While none of these have

been demonstrated in the literature for CRISPR/Cas9 delivery,
their properties make them naturally amenable for use as
CRISPR/Cas delivery vehicles.

SLO

SLO is a toxin produced by Group A streptococci that works
by creating pores in mammalian cell membranes (Sierig
et al., 2003). While typically fatal to cells, Walev et al. (2001)
developed a system in 2001 to allow for this toxin to act in a
reversible manner. This allows for the delivery of proteins of
up to 100 kDa to the cytosol of both adherent and non-
adherent cells in culture without compromising overall viabil-
ity. Other groups have used SLO for delivery of siRNA (Brito
et al., 2008) and imaging agents for live-cell microscopy
(Teng et al., 2017). Although there would be clear challenges
to using SLO in vivo, the potential is there for its usage
in vitro for delivery of CRISPR/Cas9 components, primarily for
the smaller variants of Cas9.

MENDs

MENDs, developed by the Harashima group at Hokkaido
University, are a non-viral gene editing and therapeutic deliv-
ery system that is composed of condensed plasmid DNA, a
PLL core, and a lipid film shell (Kogure et al., 2004).
Packaging the DNA/PLL core with lipids increased transfec-
tion rates by ten-fold over bare DNA/PLL. Addition of the
cell-penetrating peptide stearyl octaarginine to the lipid shell
increased transfection rates by 1000-fold over bare DNA/PLL.
The lipid envelope can be readily modified with other func-
tional components, including the following: polyethylene gly-
col to increase vascular circulation time, ligands for targeting
of specific tissues/cells, additional cell-penetrating peptides
for greater cellular delivery, lipids to enhance endosomal
escape, and nuclear delivery tags.

Recently, a tetra-lamellar MEND (T-MEND) was developed
that targeted the cellular nucleus and mitochondria, and a
PEG-peptide-DOPE-conjugated MEND (PPD-MEND) was devel-
oped that targeted bladder cancer cells (Nakamura et al.,
2012). MEND has been used to successfully deliver cargoes of
plasmid DNA, short interfering RNA (siRNA), and Bacillus
Calmette-Guerin (BCG) cell wall therapeutic agents. This ver-
satile platform may serve as an effective CRISPR/Cas9 delivery
tool in the future, although as with SLO, more work must be
done to move the work from in vitro to in vivo settings.

Lipid-coated mesoporous silica particles

Developed by Brinker and colleagues at Sandia National
Laboratories and the University of New Mexico, this bio-
logical delivery system is composed of a mesoporous silica
nanoparticle core and a lipid membrane shell (Liu et al.,
2009). While not yet utilized for CRISPR/Cas9, the particles
have intriguing properties that may make them good deliv-
ery vehicles for the technology. The silica core has a large
internal surface area, leading to high cargo loading capaci-
ties. In addition, pore size, pore chemistry, and overall
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particle size can be individually tailored, allowing for the
loading of various types of cargo (Du et al., 2014; Durfee
et al., 2016). The lipid coating of the particle can also be tail-
ored to maximize cargo loading, increase circulation times,
and provide precise targeting and cargo release. A wide var-
iety of lipids and lipid modifications have been used in the
formulation of lipid-coated mesoporous silica particles, allow-
ing selection of the most relevant lipid formulation for the
selected cargo and application (Liu et al., 2009; Mackowiak
et al., 2013; Wang et al., 2013; Du et al., 2014; Durfee et al.,
2016; Gonzalez Porras et al., 2016; Su et al., 2017).

To date, lipid-coated mesoporous silica particles have
been loaded with a variety of imaging agents, chemothera-
peutics, and phototherapy agents for both in vitro and
in vivo work (Mackowiak et al., 2013; Wang et al., 2013;
Durfee et al., 2016; Su et al., 2017). The characteristics of this
delivery platform seem to naturally lend themselves to
CRISPR/Cas9 components. Still, there are many challenges to
overcome, primarily the packaging of large cargoes. CRISPR/
Cas9 components, whether in an RNP complex, as mRNA, or

as DNA plasmids, are larger than other components that
have been reported to load within the particles.

Inorganic nanoparticles

Inorganic nanoparticles are natural potential CRISPR compo-
nent carriers because they have already been used for similar
purposes. Examples of these include AuNPs, carbon nano-
tubes (CNTs), bare mesoporous silica nanoparticles (MSNPs),
and dense silica nanoparticles (SiNPs). The use of AuNPs for
CRISPR/Cas9 delivery was described above. While CNTs (Bates
and Kostarelos, 2013), MSNPs (Luo et al., 2014), and SiNPs
(Luo and Saltzman, 2000) have been used for many gene
delivery applications, the use of these carries for Cas9 deliv-
ery has yet to be reported. However, when compared with
viral and lipid/polymer based vectors, inorganic nanoparticles
are simpler to generate, with reproducible composition, size,
and size distribution, are simpler to characterize and chem-
ically functionalize, and are more stable over time. We, there-
fore, expect many reports detailing the use of inorganic

Figure 8. Nanomaterial delivery vehicles for CRISPR delivery. (A) DNA ‘nanoclew’ loaded with Cas9:sgRNA RNP via Watson-Crick base pairing, followed by coating
with PEI to improve endosomal escape. Reprinted with permission from Sun et al. (2015). Copyright 2015 John Wiley & Sons. (B) Arginine-modified gold nanopar-
ticles (ArgNPs, positively charged) interact with multiple Cas9:sgRNA RNPs engineered with an E-tag to form a local negatively charged region, forming a nanoas-
sembly that delivers Cas9 via membrane fusion. Reprinted with permission from Mout et al. (2017). Copyright 2017 American Chemical Society. (C) Synthesis of
AuNPs engineered to complex with multiple Cas9:sgRNA RNPs, followed by coating in silica and the endosomal disruptive polymer PASp(DET). Adapted with per-
mission from Lee et al. (2017). Copyright 2017 Macmillan Publishers Ltd: Nature Biomedical Engineering.

DRUG DELIVERY 1251



nanoparticles as delivery vehicles for CRISPR/Cas9 in both
in vitro and in vivo settings in the short term.

Perspective and future directions

There are many benefits of CRISPR/Cas9 systems that can be
utilized using in vitro laboratory engineering. However, full
realization of the potential of CRISPR/Cas9 approaches will
require addressing many challenges. Within the system itself,
off-target cutting remains a problem. Cas9 nickases and
mutants that reduce non-specific DNA binding have been
engineered specifically to ameliorate this problem, though
they are an imperfect solution. Extensive efforts have been
made in understanding sgRNA binding and mismatch toler-
ance, leading to the development of several predictive soft-
ware sgRNA design tools; however, our understanding of off-
target effects remains poor. This is a vital area for continued
study if CRISPR/Cas9 is to realize its promise.

Regarding gene cargo delivery systems, this remains the
greatest obstacle for CRISPR/Cas9 use, and an all-purpose
delivery method has yet to emerge. Instead, multiple meth-
ods are seen for delivering CRISPR to cells. Every method has
both advantages and disadvantages, and some can be quite
specific or ill-suited to certain types of delivery (e.g. delivery
to cells in a flask vs. delivery to a living organism). Further,
the best gene editing results with minimal off-target effects
are generally obtained from delivery of the ribonucleopro-
tein, as opposed to plasmid DNA or mRNA. Currently, there
are more options for delivery of small-molecule cargo than
for the relatively large protein–nucleic acid complex.
Development of new delivery approaches that enable effect-
ive RNP delivery will make a meaningful impact to the field.
Still another barrier for delivery systems is ensuring that the
chosen system is both safe and specific. Safety in living
organisms will always be a concern, and a delivery vehicle
that can target the desired cells with high-specificity will also
limit off-target effects and improve safety. Additionally, it is
vitally important that, especially in the case of nanoparticle
carriers, long-term studies on safety of the component pieces
are done. There is currently limited information available on
where various components of nanoparticle delivery
systems end up in the body, how long they stay there, and
whether there is any long-term toxicity associated with
any component.

As evident through the many examples presented in the
‘Delivery Methods’ portion of this review, the therapeutic
potential of CRISPR/Cas9 is great. Already, much has been
published on the altering of cell line genotypes and pheno-
types using this gene editing system. Work has even moved
into animal models, and therapeutic effects are broad-rang-
ing, including inhibition of viral infection, reversal of debili-
tating conditions such as muscular dystrophy, and
elimination of tumors in cancer models. Taken together, it is
easy to see the reason for so much excitement in the CRISPR
field. As the technology evolves and CRISPR becomes even
more mechanistically precise and can be delivered with ever-
increasing precision, its therapeutic potential will continue
to rise.

Importantly, the CRISPR field is evolving at an incredible
pace, with the number of peer-reviewed scientific papers
with the term CRISPR in the title or abstract increasing by
1,453% since 2011. The outlook for the technology, therefore,
is certainly positive, and we expect that with the large num-
ber of researchers from divergent fields now focusing on this
system, any limitations will eventually be addressed and
solved. Indeed, CRISPR is even beginning to make its way
into modern-day popular culture, with casual references in
multiple media formats. Truly, CRISPR is the new face of
modern genetic engineering.

Acknowledgements

The authors would like to thank Raga Krishnakumar for her insightful
comments and Kimberly Butler for her contributions to the ‘Emerging
Delivery Technologies’ section.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Laboratory Directed Research and
Development program at Sandia National Laboratories, a multi-mission
laboratory managed and operated by National Technology and
Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International, Inc., for the US Department of Energy's National
Nuclear Security Administration under contract [DE-NA0003525]. This
paper describes objective technical results and analysis. Any subjective
views or opinions that might be expressed in the paper do not necessar-
ily represent the views of the US Department of Energy or the United
States Government.

ORCID

Jerilyn A. Timlin http://orcid.org/0000-0003-2953-1721

References

Ahi YS, Bangari DS, Mittal SK. (2011). Adenoviral vector immunity: its
implications and circumvention strategies. CGT 11:307–20.

Anders C, Bargsten K, Jinek M. (2016). Structural plasticity of PAM recog-
nition by engineered variants of the RNA-guided endonuclease Cas9.
Mol Cell 61:895–902.

Anders C, Niewoehner O, Duerst A, Jinek M. (2014). Structural basis of
PAM-dependent target DNA recognition by the Cas9 endonuclease.
Nature 513:569–73.

Axford DS, Morris DP, McMurry JL. (2017). Cell penetrating peptide-medi-
ated nuclear delivery of Cas9 to enhance the utility of CRISPR/Cas
genome editing. FASEB J 31:909.4.

Barrangou R, Fremaux C, Deveau H, et al. (2007). CRISPR provides
acquired resistance against viruses in prokaryotes. Science
315:1709–12.

Bates K, Kostarelos K. (2013). Carbon nanotubes as vectors for gene ther-
apy: past achievements, present challenges and future goals. Adv
Drug Deliv Rev 65:2023–33.

Bestor TH. (2000). Gene silencing as a threat to the success of gene ther-
apy. J Clin Invest 105:409–11.

Bibikova M, Beumer K, Trautman JK, Carroll D. (2003). Enhancing gene
targeting with designed zinc finger nucleases. Science 300:764.

1252 C. A. LINO ET AL.



Bibikova M, Golic M, Golic K, Carroll GD. (2002). Targeted chromosomal
cleavage and mutagenesis in Drosophila using zinc-finger nucleases.
Genetics 161:1169–75.

Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. (2005). Clustered regularly
interspaced short palindrome repeats (CRISPRs) have spacers of extra-
chromosomal origin. Microbiology 151:2551–61.

Bolukbasi MF, Gupta A, Oikemus S, et al. (2015). DNA-binding-domain
fusions enhance the targeting range and precision of Cas9. Nat
Methods 12:1150–6.

Bonamassa B, Hai L, Liu D. (2011). Hydrodynamic gene delivery and its
applications in pharmaceutical research. Pharm Res 28:694–701.

Brito JL, Davies FE, Gonzalez D, Morgan GJ. (2008). Streptolysin-O revers-
ible permeabilisation is an effective method to transfect siRNAs into
myeloma cells. J Immunol Methods 333:147–55.

Brouns SJ, Jore MM, Lundgren M, et al. (2008). Small CRISPR RNAs guide
antiviral defense in prokaryotes. Science 321:960–4.

Capecchi MR. (1989). Altering the genome by homologous recombin-
ation. Science 244:1288–92.

Carroll D. (2011). Genome engineering with zinc-finger nucleases.
Genetics 188:773–82.

Carroll KJ, Makarewich CA, McAnally J, et al. (2016). A mouse model for
adult cardiac-specific gene deletion with CRISPR/Cas9. Proc Natl Acad
Sci USA 113:338–43.

Cavazzana M, Six E, Lagresle-Peyrou C, et al. (2016). Gene therapy for X-
linked severe combined immunodeficiency: where do we stand? Hum
Gene Ther 27:108–16.

Cavazzana-Calvo M, Hacein-Bey S, de Saint Basile G, et al. (2000). Gene
therapy of human severe combined immunodeficiency (SCID)-X1 dis-
ease. Science 288:669–72.

Cermak T, Doyle EL, Christian M, et al. (2011). Efficient design and assem-
bly of custom TALEN and other TAL effector-based constructs for DNA
targeting. Nucleic Acids Res 39:e82.

Check E. (2002). A tragic setback. Nature 420:116–8.
Chen X, Goncalves MA. (2016). Engineered viruses as genome editing

devices. Mol Ther 24:447–57.
Cheng R, Peng J, Yan Y, et al. (2014). Efficient gene editing in adult

mouse livers via adenoviral delivery of CRISPR/Cas9. FEBS Lett
588:3954–8.

Chen S, Lee B, Lee AY, et al. (2016). Highly efficient mouse genome edit-
ing by CRISPR ribonucleoprotein electroporation of zygotes. J Biol
Chem 291:14457–67.

Chen F, Pruett-Miller SM, Huang Y, et al. (2011). High-frequency genome
editing using ssDNA oligonucleotides with zinc-finger nucleases. Nat
Methods 8:753–5.

Chew WL, Tabebordbar M, Cheng JK, et al. (2016). A
multifunctional AAV-CRISPR-Cas9 and its host response. Nat Methods
13:868–74.

Choi PS, Meyerson M. (2014). Targeted genomic rearrangements using
CRISPR/Cas technology. Nat Commun 5:3728.

Cho SW, Kim S, Kim Y, et al. (2014). Analysis of off-target effects of
CRISPR/Cas-derived RNA-guided endonucleases and nickases. Genome
Res 24:132–41.

Cho SW, Kim S, Kim JM, Kim JS. (2013). Targeted genome engineering in
human cells with the Cas9 RNA-guided endonuclease. Nat Biotechnol
31:230–2.

Christian M, Cermak T, Doyle EL, et al. (2010). Targeting DNA double-
strand breaks with TAL effector nucleases. Genetics 186:757–61.

Chu VT, Weber T, Wefers B, et al. (2015). Increasing the efficiency of
homology-directed repair for CRISPR-Cas9-induced precise gene edit-
ing in mammalian cells. Nat Biotechnol 33:543–8.

Chuang CK, Chen CH, Huang CL, et al. (2017). Generation of GGTA1
mutant pigs by direct pronuclear microinjection of CRISPR/Cas9 plas-
mid vectors. Anim Biotechnol 28:174–81.

Chylinski K, Le Rhun A, Charpentier E. (2013). The tracrRNA and Cas9
families of type II CRISPR-Cas immunity systems. RNA Biol 10:726–37.

Chylinski K, Makarova KS, Charpentier E, Koonin EV. (2014). Classification
and evolution of type II CRISPR-Cas systems. Nucleic Acids Res
42:6091–105.

Cong L, Ran FA, Cox D, et al. (2013). Multiplex genome engineering
using CRISPR/Cas systems. Science 339:819–23.

Cox DB, Platt RJ, Zhang F. (2015). Therapeutic genome editing: prospects
and challenges. Nat Med 21:121–31.

Cradick TJ, Fine EJ, Antico CJ, Bao G. (2013). CRISPR/Cas9 systems target-
ing beta-globin and CCR5 genes have substantial off-target activity.
Nucleic Acids Res 41:9584–92.

Crispo M, Mulet AP, Tesson L, et al. (2015). Efficient generation of myo-
statin knock-out sheep using CRISPR/Cas9 technology and microinjec-
tion into zygotes. PLoS One 10:e0136690.

D'Astolfo DS, Pagliero RJ, Pras A, et al. (2015). Efficient intracellular deliv-
ery of native proteins. Cell 161:674–690.

Daya S, Berns KI. (2008). Gene therapy using adeno-associated virus vec-
tors. Clin Microbiol Rev 21:583–93.

Deltcheva E, Chylinski K, Sharma CM, et al. (2011). CRISPR RNA matur-
ation by trans-encoded small RNA and host factor RNase III. Nature
471:602–7.

Deng W, Shi X, Tjian R, et al. (2015). CASFISH: CRISPR/Cas9-mediated in
situ labeling of genomic loci in fixed cells. Proc Natl Acad Sci USA
112:11870–5.

Deyle DR, Russell DW. (2009). Adeno-associated virus vector integration.
Curr Opin Mol Ther 11:442–7.

Ding Q, Strong A, Patel KM, et al. (2014). Permanent alteration of PCSK9
with in vivo CRISPR-Cas9 genome editing. Circ Res 115:488–92.

Doench JG, Hartenian E, Graham DB, et al. (2014). Rational design of
highly active sgRNAs for CRISPR-Cas9-mediated gene inactivation. Nat
Biotechnol 32:1262–7.

Dong C, Qu L, Wang H, et al. (2015). Targeting hepatitis B virus cccDNA
by CRISPR/Cas9 nuclease efficiently inhibits viral replication. Antiviral
Res 118:110–7.

Dow LE, Fisher J, O'Rourke KP, et al. (2015). Inducible in vivo genome
editing with CRISPR-Cas9. Nat Biotechnol 33:390–4.

Doyon Y, Vo TD, Mendel MC, et al. (2011). Enhancing zinc-finger-nuclease
activity with improved obligate heterodimeric architectures. Nat
Methods 8:74–9.

Du X, Shi B, Tang Y, et al. (2014). Label-free dendrimer-like silica nanohy-
brids for traceable and controlled gene delivery. Biomaterials
35:5580–90.

Durfee PN, Lin YS, Dunphy DR, et al. (2016). Mesoporous silica nanopar-
ticle-supported lipid bilayers (protocells) for active targeting and deliv-
ery to individual leukemia cells. ACS Nano 10:8325–45.

Dykman LA, Khlebtsov NG. (2017). Immunological properties of gold
nanoparticles. Chem Sci 8:1719–35.

Ebina H, Misawa N, Kanemura Y, Koyanagi Y. (2013). Harnessing the
CRISPR/Cas9 system to disrupt latent HIV-1 provirus. Sci Rep 3:2510.

Esvelt KM, Mali P, Braff JL, et al. (2013). Orthogonal Cas9 proteins for
RNA-guided gene regulation and editing. Nat Methods 10:1116–21.

Findlay GM, Boyle EA, Hause RJ, et al. (2014). Saturation editing of gen-
omic regions by multiplex homology-directed repair. Nature
513:120–3.

Follenzi A, Santambrogio L, Annoni A. (2007). Immune responses to lenti-
viral vectors. Curr Gene Ther 7:306–15.

Fu Y, Foden JA, Khayter C, et al. (2013). High-frequency off-target muta-
genesis induced by CRISPR-Cas nucleases in human cells. Nat
Biotechnol 31:822–6.

Gabriel R, Lombardo A, Arens A, et al. (2011). An unbiased genome-wide
analysis of zinc-finger nuclease specificity. Nat Biotechnol 29:816–23.

Garrett RA, Shah SA, Erdmann S, et al. (2015). CRISPR-Cas adaptive
immune systems of the sulfolobales: unravelling their complexity and
diversity. Life (Basel, Switzerland) 5:783–817.

Gaspar HB, Cooray S, Gilmour KC, et al. (2011). Long-term persistence of
a polyclonal T cell repertoire after gene therapy for X-linked severe
combined immunodeficiency. Sci Translational Med 3:97ra79.

Gaspar HB, Parsley KL, Howe S, et al. (2004). Gene therapy of X-linked
severe combined immunodeficiency by use of a pseudotyped gam-
maretroviral vector. Lancet (London, England) 364:2181–7.

Gaudelli NM, Komor AC, Rees HA, et al. (2017). Programmable base edit-
ing of A�T to G�C in genomic DNA without DNA cleavage. Nature
551:464–71.

Gilbert LA, Horlbeck MA, Adamson B, et al. (2014). Genome-scale
CRISPR-mediated control of gene repression and activation. Cell
159:647–61.

DRUG DELIVERY 1253



Gonzalez Porras MA, Durfee PN, Gregory AM, et al. (2016). A novel
approach for targeted delivery to motoneurons using cholera toxin-B
modified protocells. J Neurosci Methods 273:160–74.

Guan Y, Ma Y, Li Q, et al. (2016). CRISPR/Cas9-mediated somatic correc-
tion of a novel coagulator factor IX gene mutation ameliorates hemo-
philia in mouse. EMBO Mol Med 8:477–88.

Guilinger JP, Thompson DB, Liu DR. (2014). Fusion of catalytically inactive
Cas9 to FokI nuclease improves the specificity of genome modifica-
tion. Nat Biotechnol 32:577–82.

Gupta RM, Musunuru K. (2014). Expanding the genetic editing tool kit:
ZFNs, TALENs, and CRISPR-Cas9. J Clin Invest 124:4154–61.

Hacein-Bey-Abina S, Hauer J, Lim A, et al. (2010). Efficacy of gene therapy
for X-linked severe combined immunodeficiency. N Engl J Med
363:355–64.

Hacein-Bey-Abina S, Le Deist F, Carlier F, et al. (2002). Sustained correc-
tion of X-linked severe combined immunodeficiency by ex vivo gene
therapy. N Engl J Med 346:1185–93.

Haeussler M, Schonig K, Eckert H, et al. (2016). Evaluation of off-target
and on-target scoring algorithms and integration into the guide RNA
selection tool CRISPOR. Genome Biol 17:148.

Hashimoto M, Takemoto T. (2015). Electroporation enables the efficient
mRNA delivery into the mouse zygotes and facilitates CRISPR/Cas9-
based genome editing. Sci Rep 5:11315.

Heckl D, Kowalczyk MS, Yudovich D, et al. (2014). Generation of mouse
models of myeloid malignancy with combinatorial genetic lesions
using CRISPR-Cas9 genome editing. Nat Biotechnol 32:941–6.

Hefferin ML, Tomkinson AE. (2005). Mechanism of DNA double-strand
break repair by non-homologous end joining. DNA Repair (Amst)
4:639–48.

Hilton IB, D'Ippolito AM, Vockley CM, et al. (2015). Epigenome editing by
a CRISPR-Cas9-based acetyltransferase activates genes from promoters
and enhancers. Nat Biotechnol 33:510–7.

Hirano S, Nishimasu H, Ishitani R, Nureki O. (2016). Structural basis for
the altered PAM specificities of engineered CRISPR-Cas9. Mol Cell
61:886–94.

Horii T, Arai Y, Yamazaki M, et al. (2014). Validation of microinjection
methods for generating knockout mice by CRISPR/Cas-mediated gen-
ome engineering. Sci Rep 4:4513.

Horii T, Tamura D, Morita S, et al. (2013). Generation of an ICF syndrome
model by efficient genome editing of human induced pluripotent
stem cells using the CRISPR system. IJMS 14:19774–81.

Hou Z, Zhang Y, Propson NE, et al. (2013). Efficient genome engineering
in human pluripotent stem cells using Cas9 from Neisseria meningiti-
dis. Proc Natl Acad Sci 110:15644–9.

Hsu PD, Scott DA, Weinstein JA, et al. (2013). DNA targeting specificity of
RNA-guided Cas9 nucleases. Nat Biotechnol 31:827–32.

Hung SS, Chrysostomou V, Li F, et al. (2016). AAV-mediated CRISPR/Cas
gene editing of retinal cells in vivo. Invest Ophthalmol Vis Sci
57:3470–6.

Ishino Y, Shinagawa H, Makino K, et al. (1987). Nucleotide sequence of
the iap gene, responsible for alkaline phosphatase isozyme conversion
in Escherichia coli, and identification of the gene product. J Bacteriol
169:5429–33.

Jansen R, Embden JD, Gaastra W, Schouls LM. (2002). Identification of
genes that are associated with DNA repeats in prokaryotes. Mol
Microbiol 43:1565–75.

Jiang W, Bikard D, Cox D, et al. (2013). RNA-guided editing of bacterial
genomes using CRISPR-Cas systems. Nat Biotechnol 31:233–9.

Jinek M, Chylinski K, Fonfara I, et al. (2012). A programmable dual-RNA-
guided DNA endonuclease in adaptive bacterial immunity. Science
337:816–21.

Jinek M, Jiang F, Taylor DW, et al. (2014). Structures of Cas9 endonu-
cleases reveal RNA-mediated conformational activation. Science
343:1247997.

Joung JK, Sander JD. (2013). TALENs: a widely applicable technology for
targeted genome editing. Nat Rev Mol Cell Biol 14:49–55.

Kabadi AM, Ousterout DG, Hilton IB, Gersbach CA. (2014). Multiplex
CRISPR/Cas9-based genome engineering from a single lentiviral vec-
tor. Nucleic Acids Res 42:e147.

Kaiser J. (2003). Gene therapy. Seeking the cause of induced leukemias
in X-SCID trial. Science 299:495.

Kennedy EM, Kornepati AV, Goldstein M, et al. (2014). Inactivation of the
human papillomavirus E6 or E7 gene in cervical carcinoma cells by
using a bacterial CRISPR/Cas RNA-guided endonuclease. J Virol
88:11965–72.

Kim S, Kim D, Cho SW, et al. (2014). Highly efficient RNA-guided genome
editing in human cells via delivery of purified Cas9 ribonucleopro-
teins. Genome Res 24:1012–9.

Kleinstiver BP, Pattanayak V, Prew MS, et al. (2016). High-fidelity CRISPR-
Cas9 nucleases with no detectable genome-wide off-target effects.
Nature 529:490–5.

Kleinstiver BP, Prew MS, Tsai SQ, et al. (2015). Broadening the targeting
range of Staphylococcus aureus CRISPR-Cas9 by modifying PAM recog-
nition. Nat Biotechnol 33:1293–8.

Kleinstiver BP, Prew MS, Tsai SQ, et al. (2015). Engineered CRISPR-Cas9
nucleases with altered PAM specificities. Nature 523:481–5.

Kogure K, Moriguchi R, Sasaki K, et al. (2004). Development of a non-viral
multifunctional envelope-type nano device by a novel lipid film
hydration method. J Control Release 98:317–23.

Koike-Yusa H, Li Y, Tan EP, et al. (2014). Genome-wide recessive genetic
screening in mammalian cells with a lentiviral CRISPR-guide RNA
library. Nat Biotechnol 32:267–73.

Konermann S, Brigham MD, Trevino AE, et al. (2015). Genome-scale tran-
scriptional activation by an engineered CRISPR-Cas9 complex. Nature
517:583–8.

LaFountaine JS, Fathe K, Smyth HD. (2015). Delivery and therapeutic
applications of gene editing technologies ZFNs, TALENs, and CRISPR/
Cas9. Int J Pharm 494:180–94.

Lander ES. (2016). The heroes of CRISPR. Cell 164:18–28.
Ledford H. (2016). CRISPR: gene editing is just the beginning. Nature

531:156–9.
Lee K, Conboy M, Park HM, et al. (2017). Nanoparticle delivery of Cas9

ribonucleoprotein and donor DNA in vivo induces homology-directed
DNA repair. Nat Biomed Eng 1:889–901.

Liang X, Potter J, Kumar S, et al. (2015). Rapid and highly efficient mam-
malian cell engineering via Cas9 protein transfection. J Biotechnol
208:44–53.

Li C, Guan X, Du T, et al. (2015). Inhibition of HIV-1 infection of primary
CD4þ T-cells by gene editing of CCR5 using adenovirus-delivered
CRISPR/Cas9. J Gen Virol 96:2381–93.

Li T, Huang S, Jiang WZ, et al. (2011). TAL nucleases (TALNs): hybrid pro-
teins composed of TAL effectors and FokI DNA-cleavage domain.
Nucleic Acids Res 39:359–72.

Lin S, Staahl BT, Alla RK, Doudna JA. (2014). Enhanced homology-
directed human genome engineering by controlled timing of CRISPR/
Cas9 delivery. Elife 3:e04766.

Lin SR, Yang HC, Kuo YT, et al. (2014). The CRISPR/Cas9 system facilitates
clearance of the intrahepatic HBV templates in vivo. Mol Ther Nucleic
Acids 3:e186.

Liu J, Stace-Naughton A, Jiang X, Brinker CJ. (2009). Porous nanoparticle
supported lipid bilayers (protocells) as delivery vehicles. J Am Chem
Soc 131:1354–5.

Liu Y, Zeng Y, Liu L, et al. (2014). Synthesizing AND gate genetic circuits
based on CRISPR-Cas9 for identification of bladder cancer cells. Nat
Commun 5:5393.

Long C, Amoasii L, Mireault AA, et al. (2016). Postnatal genome editing
partially restores dystrophin expression in a mouse model of muscular
dystrophy. Science 351:400–3.

Long C, McAnally JR, Shelton JM, et al. (2014). Prevention of muscular
dystrophy in mice by CRISPR/Cas9-mediated editing of germline DNA.
Science 345:1184–8.

Luo GF, Chen WH, Liu Y, et al. (2014). Multifunctional enveloped meso-
porous silica nanoparticles for subcellular co-delivery of drug and
therapeutic peptide. Sci Rep 4:6064.

Luo D, Saltzman WM. (2000). Enhancement of transfection by physical
concentration of DNA at the cell surface. Nat Biotechnol 18:893–5.

Mackowiak SA, Schmidt A, Weiss V, et al. (2013). Targeted drug delivery
in cancer cells with red-light photoactivated mesoporous silica nano-
particles. Nano Lett 13:2576–83.

1254 C. A. LINO ET AL.



Ma H, Dang Y, Wu Y, et al. (2015). A CRISPR-based screen identifies
genes essential for West-Nile-Virus-induced cell death. Cell Rep
12:673–83.

Maddalo D, Manchado E, Concepcion CP, et al. (2014). In vivo engineer-
ing of oncogenic chromosomal rearrangements with the CRISPR/Cas9
system. Nature 516:423–7.

Maggio I, Stefanucci L, Janssen JM, et al. (2016). Selection-free gene
repair after adenoviral vector transduction of designer nucleases: res-
cue of dystrophin synthesis in DMD muscle cell populations. Nucleic
Acids Res 44:1449–70.

Makarova KS, Haft DH, Barrangou R, et al. (2011). Evolution and classifica-
tion of the CRISPR-Cas systems. Nat Rev Microbiol 9:467–77.

Makarova KS, Koonin EV. (2015). Annotation and classification of CRISPR-
Cas systems. Methods Mol Biol 1311:47–75.

Makarova KS, Wolf YI, Alkhnbashi OS, et al. (2015). An updated evo-
lutionary classification of CRISPR-Cas systems. Nat Rev Microbiol
13:722–36.

Mali P, Aach J, Stranges PB, et al. (2013). CAS9 transcriptional activators
for target specificity screening and paired nickases for cooperative
genome engineering. Nat Biotechnol 31:833–8.

Mali P, Yang L, Esvelt KM, et al. (2013). RNA-guided human genome
engineering via Cas9. Science 339:823–6.

Ma H, Naseri A, Reyes-Gutierrez P, et al. (2015). Multicolor CRISPR label-
ing of chromosomal loci in human cells. Proc Natl Acad Sci USA
112:3002–7.

Marshall E. (1999). Gene therapy death prompts review of adenovirus
vector. Science 286:2244–5.

Maruyama T, Dougan SK, Truttmann MC, et al. (2015). Increasing the effi-
ciency of precise genome editing with CRISPR-Cas9 by inhibition of
nonhomologous end joining. Nat Biotechnol 33:538–42.

Ma Y, Shen B, Zhang X, et al. (2014). Heritable multiplex genetic engin-
eering in rats using CRISPR/Cas9. PLoS One 9:e89413.

Matano M, Date S, Shimokawa M, et al. (2015). Modeling colorectal can-
cer using CRISPR-Cas9-mediated engineering of human intestinal
organoids. Nat Med 21:256–62.

Ma Y, Zhang L, Huang X. (2014). Genome modification by CRISPR/Cas9.
FEBS J 281:5186–93.

Miller JC, Holmes MC, Wang J, et al. (2007). An improved zinc-finger
nuclease architecture for highly specific genome editing. Nat
Biotechnol 25:778–85.

Miller JC, Tan S, Qiao G, et al. (2011). A TALE nuclease architecture for
efficient genome editing. Nat Biotechnol 29:143–8.

Miller JB, Zhang S, Kos P, et al. (2017). Non-viral CRISPR/Cas gene editing
in vitro and in vivo enabled by synthetic nanoparticle co-delivery of
Cas9 mRNA and sgRNA. Angew Chem Int Ed Engl 56:1059–63.

Mojica FJ, Diez-Villasenor C, Garcia-Martinez J, Soria E. (2005). Intervening
sequences of regularly spaced prokaryotic repeats derive from foreign
genetic elements. J Mol Evol 60:174–82.

Mojica FJ, Diez-Villasenor C, Soria E, Juez G. (2000). Biological significance
of a family of regularly spaced repeats in the genomes of Archaea,
Bacteria and mitochondria. Mol Microbiol 36:244–6.

Mojica FJ, Juez G, Rodriguez-Valera F. (1993). Transcription at different
salinities of Haloferax mediterranei sequences adjacent to partially
modified PstI sites. Mol Microbiol 9:613–21.

Moreno-Mateos MA, Vejnar CE, Beaudoin JD, et al. (2015). CRISPRscan:
designing highly efficient sgRNAs for CRISPR-Cas9 targeting in vivo.
Nat Methods 12:982–8.

Mout R, Ray M, Yesilbag Tonga G, et al. (2017). Direct cytosolic delivery
of CRISPR/Cas9-ribonucleoprotein for efficient gene editing. ACS Nano
11:2452–8.

Mussolino C, Alzubi J, Fine EJ, et al. (2014). TALENs facilitate targeted
genome editing in human cells with high specificity and low cytotox-
icity. Nucleic Acids Res 42:6762–73.

Nakagawa Y, Sakuma T, Sakamoto T, et al. (2015). Production of knock-
out mice by DNA microinjection of various CRISPR/Cas9 vectors into
freeze-thawed fertilized oocytes. BMC Biotechnol 15:33.

Nakamura T, Akita H, Yamada Y, et al. (2012). A multifunctional enve-
lope-type nanodevice for use in nanomedicine: concept and applica-
tions. Acc Chem Res 45:1113–21.

Naldini L, Blomer U, Gallay P, et al. (1996). In vivo gene delivery and sta-
ble transduction of nondividing cells by a lentiviral vector. Science
272:263–7.

Nelson CE, Hakim CH, Ousterout DG, et al. (2016). In vivo genome edit-
ing improves muscle function in a mouse model of Duchenne muscu-
lar dystrophy. Science 351:403–7.

Nihongaki Y, Kawano F, Nakajima T, Sato M. (2015). Photoactivatable
CRISPR-Cas9 for optogenetic genome editing. Nat Biotechnol
33:755–60.

NIH Report. (2002). Assessment of adenoviral vector safety and toxicity:
report of the National Institutes of Health Recombinant DNA Advisory
Committee. Hum Gene Ther 13:3–13.

Nishimasu H, Cong L, Yan WX, et al. (2015). Crystal structure of
Staphylococcus aureus Cas9. Cell 162:1113–26.

Niu Y, Shen B, Cui Y, et al. (2014). Generation of gene-modified cynomol-
gus monkey via Cas9/RNA-mediated gene targeting in one-cell
embryos. Cell 156:836–43.

Ousterout DG, Kabadi AM, Thakore PI, et al. (2015). Multiplex
CRISPR/Cas9-based genome editing for correction of dystrophin
mutations that cause Duchenne muscular dystrophy. Nat
Commun 6:6244.

Papapetrou EP, Schambach A. (2016). Gene insertion into genomic safe
harbors for human gene therapy. Mol Ther 24:678–84.

Paquet D, Kwart D, Chen A, et al. (2016). Efficient introduction of specific
homozygous and heterozygous mutations using CRISPR/Cas9. Nature
533:125–9.

Pattanayak V, Lin S, Guilinger JP, et al. (2013). High-throughput profiling
of off-target DNA cleavage reveals RNA-programmed Cas9 nuclease
specificity. Nat Biotechnol 31:839–43.

Pattanayak V, Ramirez CL, Joung JK, Liu DR. (2011). Revealing off-target
cleavage specificities of zinc-finger nucleases by in vitro selection. Nat
Methods 8:765–70.

Platt RJ, Chen S, Zhou Y, et al. (2014). CRISPR-Cas9 knockin mice for gen-
ome editing and cancer modeling. Cell 159:440–55.

Polstein LR, Gersbach CA. (2015). A light-inducible CRISPR-Cas9 system
for control of endogenous gene activation. Nat Chem Biol
11:198–200.

Pourcel C, Salvignol G, Vergnaud G. (2005). CRISPR elements in Yersinia
pestis acquire new repeats by preferential uptake of bacteriophage
DNA, and provide additional tools for evolutionary studies.
Microbiology 151:653–63.

Qi LS, Larson MH, Gilbert LA, et al. (2013). Repurposing CRISPR as an
RNA-guided platform for sequence-specific control of gene expres-
sion. Cell 152:1173–83.

Qin W, Dion SL, Kutny PM, et al. (2015). Efficient CRISPR/Cas9-mediated
genome editing in mice by zygote electroporation of nuclease.
Genetics 200:423–30.

Radecke S, Radecke F, Cathomen T, Schwarz K. (2010). Zinc-finger nucle-
ase-induced gene repair with oligodeoxynucleotides: wanted and
unwanted target locus modifications. Mol Ther 18:743–53.

Raitskin O, Patron NJ. (2016). Multi-gene engineering in plants with RNA-
guided Cas9 nuclease. Curr Opin Biotechnol 37:69–75.

Ramakrishna S, Kwaku Dad AB, Beloor J, et al. (2014). Gene disruption by
cell-penetrating peptide-mediated delivery of Cas9 protein and guide
RNA. Genome Res 24:1020–7.

Ramirez CL, Foley JE, Wright DA, et al. (2008). Unexpected failure rates
for modular assembly of engineered zinc fingers. Nat Methods
5:374–5.

Ran FA, Cong L, Yan WX, et al. (2015). In vivo genome editing using
Staphylococcus aureus Cas9. Nature 520:186–91.

Ran FA, Hsu PD, Lin CY, et al. (2013). Double nicking by RNA-guided
CRISPR Cas9 for enhanced genome editing specificity. Cell
154:1380–9.

Raveux A, Vandormael-Pournin S, Cohen-Tannoudji M. (2017).
Optimization of the production of knock-in alleles by CRISPR/Cas9
microinjection into the mouse zygote. Sci Rep 7:42661.

Reyon D, Tsai SQ, Khayter C, et al. (2012). FLASH assembly of
TALENs for high-throughput genome editing. Nat Biotechnol
30:460–5.

DRUG DELIVERY 1255



Robert F, Barbeau M, Ethier S, et al. (2015). Pharmacological inhibition of
DNA-PK stimulates Cas9-mediated genome editing. Genome Med
7:93.

Roehm PC, Shekarabi M, Wollebo HS, et al. (2016). Inhibition of HSV-1
replication by gene editing strategy. Sci Rep 6:23146.

Ross J. (1995). mRNA stability in mammalian cells. Microbiol Rev
59:423–50.

Rouet P, Smih F, Jasin M. (1994). Expression of a site-specific endonucle-
ase stimulates homologous recombination in mammalian cells. Proc
Natl Acad Sci USA 91:6064–8.

Sakuma T, Nishikawa A, Kume S, et al. (2014). Multiplex genome engin-
eering in human cells using all-in-one CRISPR/Cas9 vector system. Sci
Rep 4:5400.

Samulski RJ, Muzyczka N. (2014). AAV-mediated gene therapy for
research and therapeutic purposes. Annu Rev Virol 1:427–51.

Sato M, Koriyama M, Watanabe S, et al. (2015). Direct injection of
CRISPR/Cas9-related mRNA into cytoplasm of parthenogenetically acti-
vated porcine oocytes causes frequent mosaicism for indel mutations.
Ijms 16:17838–56.

Schumann K, Lin S, Boyer E, et al. (2015). Generation of knock-in primary
human T cells using Cas9 ribonucleoproteins. Proc Natl Acad Sci USA
112:10437–42.

Schwank G, Koo BK, Sasselli V, et al. (2013). Functional repair of CFTR by
CRISPR/Cas9 in intestinal stem cell organoids of cystic fibrosis
patients. Cell Stem Cell 13:653–8.

Shalem O, Sanjana NE, Hartenian E, et al. (2014). Genome-scale CRISPR-
Cas9 knockout screening in human cells. Science 343:84–7.

Shen B, Zhang J, Wu H, et al. (2013). Generation of gene-modified mice
via Cas9/RNA-mediated gene targeting. Cell Res 23:720–3.

Shmakov S, Abudayyeh OO, Makarova KS, et al. (2015). Discovery and
functional characterization of diverse class 2 CRISPR-Cas systems. Mol
Cell 60:385–97.

Sierig G, Cywes C, Wessels MR, Ashbaugh CD. (2003). Cytotoxic effects of
streptolysin o and streptolysin s enhance the virulence of poorly
encapsulated group a streptococci. Infect Immun 71:446–55.

Slaymaker IM, Gao L, Zetsche B, et al. (2016). Rationally engineered Cas9
nucleases with improved specificity. Science 351:84–8.

Soldner F, Laganiere J, Cheng AW, et al. (2011). Generation of isogenic
pluripotent stem cells differing exclusively at two early onset
Parkinson point mutations. Cell 146:318–31.

Srivastava M, Nambiar M, Sharma S, et al. (2012). An inhibitor of nonho-
mologous end-joining abrogates double-strand break repair and
impedes cancer progression. Cell 151:1474–87.

Sternberg SH, Redding S, Jinek M, et al. (2014). DNA interrogation by the
CRISPR RNA-guided endonuclease Cas9. Nature 507:62–7.

Strutt SC, Torrez RM, Kaya E, et al. (2018). RNA-dependent RNA targeting
by CRISPR-Cas9. Elife 7.

Su J, Sun H, Meng Q, et al. (2017). Enhanced blood suspensibility and
laser-activated tumor-specific drug release of theranostic mesoporous
silica nanoparticles by functionalizing with erythrocyte membranes.
Theranostics 7:523–37.

Suda T, Gao X, Stolz DB, Liu D. (2007). Structural impact of hydrodynamic
injection on mouse liver. Gene Ther 14:129–37.

Sun W, Jiang T, Lu Y, et al. (2014). Cocoon-like self-degradable DNA
nanoclew for anticancer drug delivery. J Am Chem Soc 136:14722–5.

Sun W, Ji W, Hall JM, et al. (2015). Self-assembled DNA nanoclews for the
efficient delivery of CRISPR-Cas9 for genome editing. Angew Chem Int
Ed Engl 54:12029–33.

Swiech L, Heidenreich M, Banerjee A, et al. (2015). In vivo interrogation
of gene function in the mammalian brain using CRISPR-Cas9. Nat
Biotechnol 33:102–6.

Szczelkun MD, Tikhomirova MS, Sinkunas T, et al. (2014). Direct observa-
tion of R-loop formation by single RNA-guided Cas9 and Cascade
effector complexes. Proc Natl Acad Sci USA 111:9798–803.

Tabebordbar M, Zhu K, Cheng JKW, et al. (2016). In vivo gene editing in
dystrophic mouse muscle and muscle stem cells. Science 351:407–11.

Takata M, Sasaki MS, Sonoda E, et al. (1998). Homologous recombination
and non-homologous end-joining pathways of DNA double-strand
break repair have overlapping roles in the maintenance of chromo-
somal integrity in vertebrate cells. EMBO J 17:5497–508.

Tanenbaum ME, Gilbert LA, Qi LS, et al. (2014). A protein-tagging system
for signal amplification in gene expression and fluorescence imaging.
Cell 159:635–46.

Teng KW, Ishitsuka Y, Ren P, et al. (2017). Labeling proteins inside living
cells using external fluorophores for fluorescence microscopy. Elife
6:e25460.

Thomas CE, Ehrhardt A, Kay MA. (2003). Progress and problems with the
use of viral vectors for gene therapy. Nat Rev Genet 4:346–58.

Tomkinson AE, Howes TR, Wiest NE. (2013). DNA ligases as therapeutic
targets. Translational Cancer Res 2:1219.

Truong DJ, Kuhner K, Kuhn R, et al. (2015). Development of an intein-
mediated split-Cas9 system for gene therapy. Nucleic Acids Res
43:6450–8.

Tsai SQ, Wyvekens N, Khayter C, et al. (2014). Dimeric CRISPR RNA-guided
FokI nucleases for highly specific genome editing. Nat Biotechnol
32:569–76.

Urnov FD, Rebar EJ, Holmes MC, et al. (2010). Genome editing with engi-
neered zinc finger nucleases. Nat Rev Genet 11:636–46.

van der Oost J, Jore MM, Westra ER, et al. (2009). CRISPR-based adaptive
and heritable immunity in prokaryotes. Trends Biochem Sci 34:401–7.

van Soolingen D, de Haas PE, Hermans PW, et al. (1993). Comparison of
various repetitive DNA elements as genetic markers for strain differen-
tiation and epidemiology of Mycobacterium tuberculosis. J Clin
Microbiol 31:1987–95.

Vartak SV, Raghavan SC. (2015). Inhibition of nonhomologous end join-
ing to increase the specificity of CRISPR/Cas9 genome editing. FEBS J
282:4289–94.

Voets O, Tielen F, Elstak E, et al. (2017). Highly efficient gene inactivation
by adenoviral CRISPR/Cas9 in human primary cells. PLoS One
12:e0182974.

Vora S, Tuttle M, Cheng J, Church G. (2016). Next stop for the CRISPR
revolution: RNA-guided epigenetic regulators. FEBS J 283:3181–93.

Walev I, Bhakdi SC, Hofmann F, et al. (2001). Delivery of proteins
into living cells by reversible membrane permeabilization with
streptolysin-O. Proc Natl Acad Sci U S A 98:3185–90.

Wang D, Huang J, Wang X, et al. (2013). The eradication of breast
cancer cells and stem cells by 8-hydroxyquinoline-loaded hyaluronan
modified mesoporous silica nanoparticle-supported lipid bilayers con-
taining docetaxel. Biomaterials 34:7662–73.

Wang D, Mou H, Li S, et al. (2015). Adenovirus-mediated somatic gen-
ome editing of Pten by CRISPR/Cas9 in mouse liver in spite of Cas9-
specific immune responses. Hum Gene Ther 26:432–42.

Wang J, Quake SR. (2014). RNA-guided endonuclease provides a thera-
peutic strategy to cure latent herpesviridae infection. Proc Natl Acad
Sci 111:13157–62.

Wang T, Wei JJ, Sabatini DM, Lander ES. (2014). Genetic screens in
human cells using the CRISPR-Cas9 system. Science 343:80–4.

Wang H, Yang H, Shivalila CS, et al. (2013). One-step generation of mice
carrying mutations in multiple genes by CRISPR/Cas-mediated gen-
ome engineering. Cell 153:910–8.

Wang M, Zuris JA, Meng F, et al. (2016). Efficient delivery of genome-
editing proteins using bioreducible lipid nanoparticles. Proc Natl Acad
Sci USA 113:2868–73.

Weinstock DM, Jasin M. (2006). Alternative pathways for the repair of
RAG-induced DNA breaks. Mol Cell Biol 26:131–9.

Wiedenheft B, Lander GC, Zhou K, et al. (2011). Structures of the RNA-
guided surveillance complex from a bacterial immune system. Nature
477:486–9.

Wolfe SA, Nekludova L, Pabo CO. (2000). DNA recognition by Cys2His2
zinc finger proteins. Annu Rev Biophys Biomol Struct 29:183–212.

Wright AV, Nunez JK, Doudna JA. (2016). Biology and applications of
CRISPR systems: Harnessing Nature's Toolbox for genome engineering.
Cell 164:29–44.

Wu Y, Liang D, Wang Y, et al. (2013). Correction of a genetic disease in
mouse via use of CRISPR-Cas9. Cell Stem Cell 13:659–62.

Wu Z, Yang H, Colosi P. (2010). Effect of genome size on AAV vector
packaging. Mol Ther 18:80–6.

Wu Y, Zhou H, Fan X, et al. (2015). Correction of a genetic disease by
CRISPR-Cas9-mediated gene editing in mouse spermatogonial stem
cells. Cell Res 25:67–79.

1256 C. A. LINO ET AL.



Xu H, Xiao T, Chen CH, et al. (2015). Sequence determinants of improved
CRISPR sgRNA design. Genome Res 25:1147–57.

Xue W, Chen S, Yin H, et al. (2014). CRISPR-mediated direct mutation of
cancer genes in the mouse liver. Nature 514:380–4.

Yang H, Wang H, Shivalila CS, et al. (2013). One-step generation of mice
carrying reporter and conditional alleles by CRISPR/Cas-mediated gen-
ome engineering. Cell 154:1370–9.

Yao S, He Z, Chen C. (2015). CRISPR/Cas9-mediated genome editing of
epigenetic factors for cancer therapy. Hum Gene Ther 26:463–71.

Ye L, Wang J, Beyer AI, et al. (2014). Seamless modification of wild-type
induced pluripotent stem cells to the natural CCR5Delta32 mutation
confers resistance to HIV infection. Proc Natl Acad Sci USA
111:9591–6.

Yin H, Song CQ, Dorkin JR, et al. (2016). Therapeutic genome editing by
combined viral and non-viral delivery of CRISPR system components
in vivo. Nat Biotechnol 34:328–33.

Yin H, Xue W, Chen S, et al. (2014). Genome editing with Cas9 in adult
mice corrects a disease mutation and phenotype. Nat Biotechnol
32:551–3.

Yu C, Liu Y, Ma T, et al. (2015). Small molecules enhance CRISPR genome
editing in pluripotent stem cells. Cell Stem Cell 16:142–7.

Zhang D, Li Z, Li JF. (2016). Targeted gene manipulation in plants using
the CRISPR/Cas technology. J Genet Genomics¼ Yi Chuan Xue Bao
43:251–62.

Zhang R, Miner JJ, Gorman MJ, et al. (2016). A CRISPR screen defines a
signal peptide processing pathway required by flaviviruses. Nature
535:164–8.

Zhang Y, Ma X, Xie X, Liu Y-G. (2017). CRISPR/Cas9-based genome editing
in plants. Prog Mol Biol Transl Sci 149:133–50.

Zhang Z, Zhang S, Huang X, et al. (2013). Rapid assembly of customized
TALENs into multiple delivery systems. PLoS One 8:e80281.

Zhen S, Hua L, Liu YH, et al. (2015). Harnessing the clustered
regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associ-
ated Cas9 system to disrupt the hepatitis B virus. Gene Ther
22:404–12.

Zhou Y, Zhu S, Cai C, et al. (2014). High-throughput screening of a
CRISPR/Cas9 library for functional genomics in human cells. Nature
509:487–91.

Zhu H, Lau CH, Goh SL, et al. (2013). Baculoviral transduction facilitates
TALEN-mediated targeted transgene integration and Cre/LoxP cassette
exchange in human-induced pluripotent stem cells. Nucleic Acids Res
41:e180.

Zuckermann M, Hovestadt V, Knobbe-Thomsen CB, et al. (2015). Somatic
CRISPR/Cas9-mediated tumour suppressor disruption enables versatile
brain tumour modelling. Nat Commun 6:7391.

Zuris JA, Thompson DB, Shu Y, et al. (2015). Cationic lipid-mediated
delivery of proteins enables efficient protein-based genome editing
in vitro and in vivo. Nat Biotechnol 33:73–80.

DRUG DELIVERY 1257


	Abstract
	Introduction
	Gene editing
	Site-specific nucleases
	Zinc finger nucleases (ZFNs)
	Transcription activator-like effector nucleases (TALENS)
	CRISPR/Cas9

	History of CRISPR
	Biological mechanism of CRISPR
	Type II CRISPR/Cas9 for gene editing
	CRISPR: beyond gene editing
	Factors affecting efficacy of the CRISPR/Cas9 system
	Target DNA site selection and sgRNA design
	Off-target cutting
	Incidence/efficiency of HDR
	Cas9 activity

	CRISPR delivery systems
	Physical delivery methods
	Microinjection
	Electroporation
	Hydrodynamic delivery

	Viral vector delivery methods
	Adeno-associated virus (AAV)
	Lentivirus (LV) and adenovirus (AdV)

	Non-viral vector delivery vehicles
	Lipid nanoparticles/liposomes
	Lipoplexes/polyplexes
	Cell-penetrating peptides (CPPs)
	DNA nanoclew
	Gold nanoparticles (AuNPs)
	iTOP

	Emerging delivery technologies
	SLO
	MENDs
	Lipid-coated mesoporous silica particles
	Inorganic nanoparticles

	Perspective and future directions
	Acknowledgements
	Disclosure statement
	References



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages false
	/AutoRotatePages /All
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Bicubic
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


