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ABSTRACT: We synthesized a series of poly(disulfide)s by ring-opening polymerization and demonstrated that the
copolymerization of monomer 1 containing diethylenetriamine moieties and monomer 2 containing guanidyl ligands could
generate an efficient delivery platform for different forms of CRISPR-Cas9-based genome editors, including plasmid, mRNA, and
protein. The excellent delivery performance of designed poly(disulfide)s stems from their delicate molecular structures to interact
with genome-editing biomacromolecules, unique delivery pathways to mediate the cellular uptake of CRISPR-Cas9 cargoes, and
strong ability to escape the endosome. The degradation of poly(disulfide)s by intracellular glutathione not only promotes the timely
release of CRISPR-Cas9 machineries into the cytosol but also minimizes the cytotoxicity that nondegradable polymeric carriers often
encounter. These merits collectively account for the excellent ability of poly(disulfide)s to mediate different forms of CRISPR-Cas9
for their eflicient genome-editing activities in vitro and in vivo.

B INTRODUCTION on a virus to transfect plasmids encoding CRISPR-Cas9
elements, viral vectors commonly suffer from inevitable
drawbacks including insertional mutagenesis and immunoge-
nicity.lo In addition, some viral vectors, such as the adeno-
associated virus, have limited packing capacity and can only
accommodate the plasmid up to 4.8 kb.* As an alternative,
nonviral vectors that can deliver CRISPR-Cas9 components
into target cells have attracted much attention in recent years,
largely owing to their favorable biocompatibility, tailored
biophysical properties, and excellent ability to deliver different
forms of cargoes.'' A few types of nonviral vectors, such as
liposomes,'” gold nanoparticles,"”'* and polymeric car-
riers,'>~?° have demonstrated their ability to deliver

The type II clustered, regularly interspaced, short palindromic
repeats (CRISPR) and CRISPR-associated proteins (Cas) are
originally part of the adaptive immune system of bacteria and
archaea, which have been later repurposed as a ground-
breaking tool for genome editing.l’2 In recent years, CRISPR-
Cas systems have been demonstrated for their great potentials
in a wide range of research areas, including biology, genetics,
medicine,>™® etc. Particularly, CRISPR-Cas9 has been
harnessed as biotherapeutics for the treatment of a variety of
genetic disorders, such as Duchenne muscular dystrophy’ and
Hutchinson—Gilford progeria syndrome,® largely due to its
site-specific feature and precise capability. To be effective, the
efficient delivery of CRISPR-Cas9 machineries into cell nuclei
is crucial to induce double-strand breaks (DSBs) at the target Received:  December 10, 2020
loci of the genome, which are repaired by either the Published: May 27, 2021
nonhomologous end-joining (NHE]J) pathway to form

insertion/deletion (indel) mutations or the homology-directed

repair (HDR) pathway to introduce precise DNA repair

templates.” To date, whereas most therapeutic strategies rely
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Figure 1. Schematic illustration of the preparation of poly(disulfide)s, the complexation of genome-editing biomacromolecules (Cas9 plasmid,
Cas9 mRNA, and Cas9 ribonucleoprotein) by poly(disulfide)s, and their intracellular delivery processes for genome editing.

CRISPR-Cas9 components. In contrast with viruses, nonviral
vectors not only can deliver integrated plasmid encoding Cas9
and single-guide RNA (sgRNA) for genome editing21 but also
can be tailored to deliver either Cas9 mRNA/s§RNA
complexes”” or Cas9/sgRNA ribonucleoprotein (RNP),* the
delivery forms which are believed to be more clinically
relevant. Despite such advances, most nonviral vectors only
demonstrated a moderate delivery efficiency, often resulting in
lower genome-editing activity in vivo. In addition, under the
premise of efficiency, the low cytotoxicity of carriers is also of
paramount importance for CRISPR-Cas9-based therapeutic
applications because any apparent toxicity may directly or
indirectly affect NHE] or HDR processes, thereby compromis-
ing genome-editing activities.”* ¢

Understanding both fundamental design principles of
biomaterials and their various delivery processes is conducive
to the development of new nonviral vectors for the delivery of
CRISPR-Cas9 machineries. Recently, poly(disulfide)s have
been emerging as a fascinating class of functional polymeric
materials for a wide range of applications.”” > Due to their
dynamic and reversible chemistry, cell-penetrating poly-
(disulfide)s (CPDs) synthesized by strain-promoted ring-
opening disulfide-exchange polymerization have been explored
for their ability to mediate the intracellular delivery of various
cargoes, including both small molecules and biomacromole-
cules.” " As compared with other disulfide-containing
polycations that are exploited for the delivery of biomacro-
molecules, this class of poly(disulfide)s presents a few
intriguing characteristics. First, racemic lipoic acid offers the
strained disulfide that is essential for the ring-opening disulfide-
exchange polymerization, leading to the formation of poly-
(disulfide)s with the reducible linkers in the polymer main
chain.®*~* Thus, these poly(disulfide)s are ideally fully
biodegradable in the intracellular reductive environment, as
opposed to those with the disulfides in the side chain. Second,
the disulfide linkers within poly(disulfide)s greatly contribute
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to thiol-mediated uptake, resulting in the efficient delivery of
cargoes into the cytosol.”®*”** Finally, as lipoic acid is ready
for the chemical modification, the monomer can be easily
tailored with particular properties. For example, the monomer
obtained by conjugating L-arginine with lipoic acid was
previously exploited for the polymerization, and the resulting
poly(disulfide)s presenting multiple guanidinium cations could
mimic cell-penetrating peptides to cross the cellular bilayer
membrane.”® These merits greatly motivate us to explore
poly(disulfide)s for the delivery of genome-editing biomacro-
molecules. However, the previous strategies largely relzf on the
covalent conjugation of delivery cargoes to CPDs, 7731 or
exploiting CPDs as an additional component to promote the
delivery performance of existing carriers.”’ Despite these
advances, the direct loading and intracellular delivery of
biomacromolecules by CPDs remain to be elusive and have
not been demonstrated yet, not to mention their in vivo
applications. In addition, as endosomal escape is known to be a
limiting step for the intracellular transport of biomacromole-
cules from the endo/lysosome into the cytosol, it is critical to
impart delivery carriers along with the ability to escape
endosomes in order to promote cytosolic delivery. In this
regard, the rational design is essential to repurpose poly-
(disulfide)s as a new class of efficient and universal carriers for
the delivery of CRISPR-Cas9 machineries in different forms
(DNA, mRNA, and RNP), which are of particular interests
toward therapeutic genome-editing contexts.

B RESULTS AND DISCUSSION

In the current study, we designed a series of poly(disulfide)s
and explored their ability to deliver three forms of CRISPR-
Cas9 components, namely, Cas9 plasmid (encoding Cas9
protein and sgRNA), Cas9 mRNA and sgRNA (Cas9 mRNA
complex), and Cas9 RNP (see Figure 1). To this end, we
delicately designed two monomers for the polymerization of
poly(disulfide)s. As shown in Figure 2a, whereas monomer 1
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Figure 2. Design, synthesis, and characterization of poly(disulfide)s. (a) Chemical structure of the DETs, CPDs, and DET-CPDs. (b)
Representative GPC profiles of poly(disulfide)s: 4, DET-CPD-4; 5, DET-CPD-S; 2, DET-CPD-2; 6, DET-CPD-6; 7, DET-CPD-7; 8, DET-CPD-
8; 12, DET-CPD-12. (c) 'H NMR spectrum of DET-CPD-12. (d) GPC analysis of DET-CPD-12 and the degradation of DET-CPD-12 in the
presence of 10 mM GSH. (e) CRISPR-Cas9 plasmid transfected by poly(disulfide)s in 293T cells. Commercially available Lipo 2000 and PEI 25K

were used as the positive controls. Data represent mean + S.D. (n = 3).

(M1) containing cationic diethylenetriamine (DET) moieties
may facilitate entrapped biomacromolecules to escape from
endo/lysosomes, monomer 2 (M2) containing guanidyl groups
is conducive to the transmembrane delivery of CRISPR-Cas9
machineries.” ™" For the complexation of Cas9 RNP, the
multivalent display of guanidyl ligands in M2 facilitates the
adherence of Cas9 RNP with poly(disulfide)s by forming
multiple strong hydrogen bonds and salt bridges between their
guanidiniums and oxyanions that exist ubiquitously in
proteins,’”>” whereas the primary amines in M1 contribute
to the ionic interactions with the carboxyl groups of the Cas9
protein.”’~>’ In the case of large Cas9 plasmids, both amines
and guanidyl ligands contribute to the complexation of
CRISPR-Cas9 plasmids, and the polymerization of poly-
(disulfide)s into the desired molecular weight facilitates the
condensation of plasmid DNA. Similarly, the cationic feature
of poly(disulfide)s is also important for the binding of Cas9
mRNA and sgRNA. Once polymer/cargo complexes reach the
cytoplasm, the disulfide linkers within poly(disulfide)s could
be rapidly degraded in the presence of rich intracellular
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glutathione (1—10 mM) to release CRISPR-Cas9 machi-
neries.”> In the meantime, the intracellular degradation of
poly(disulfide)s is also highly desirable to decrease the
cytotoxicity by avoiding the accumulation of high-molecular-
weight poly(disulfide)s inside the cells. As a result, poly-
(disulfide)s break up the previous dilemma between efficiency
and toxicity for the intracellular delivery of biomacromole-
cules.”*

To prepare poly(disulfide)s, the strained disulfide mono-
mers were first synthesized by a CDI (1,1’-carbonyldiimida-
zole)-mediated coupling reaction between the carboxyl group
of lipoic acid and the primary amines of L-argininate or
diethylenetriamine to obtain M1 or M2, respectively. "H NMR
and C NMR spectra confirmed the chemical structure of M1
and M2 (Figures S1 and S2). The copolymerization of M1 and
M2 was carried out through the ring-opening polymerization
of two monomers using thiolated PEG (polyethylene glycol,
MW: 2000 Da) or N-acetyl-L-cysteine methyl ester as the
initiator, and the polymerization progress was terminated by
adding 2-iodoacetamide. The homopolymerization of either

https://doi.org/10.1021/acscentsci.0c01648
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Figure 3. Preparation and characterization of DET-CPD-12 polyplexes. Agarose gel electrophoresis assay of DET-CPD-12 polyplexes with Cas9
plasmid (a) and Cas9 mRNA (d) at different N/P ratios. Particle size and ¢ potential of DET-CPD-12/Cas9 plasmid complexes (b), DET-CPD-
12/Cas9 mRNA complexes (e), and DET-CPD-12/Cas9 protein complexes (h). The inset is the TEM image of the nanoparticles, and all of the
scale bars represent 200 nm. Percentage of free genome-editing biomacromolecules after the formation of DET-CPD-12/Cas9 DNA complexes
(c), DET-CPD-12/Cas9 mRNA complexes (f), and DET-CPD-12/Cas9 protein complexes (i). The release of Cas9 DNA, mRNA, and protein
from their complexes was also evaluated in the presence or absence of 10 mM GSH. All data represent mean + S.D. (n = 3). (g) SDS-page assay of

DET-CPD-12/Cas9 protein complexes at different weight ratios.

M1 or M2 was also conducted, and all of the polymerization
conditions are shown in Table S1. In order to avoid potential
gelation and to prevent the cross-linking reactions between
reactive thiols in the opened five-membered rings, the
polymerization was conducted under a relatively low monomer
concentration ([M1] + [M2] = 02 M).*** All poly-
(disulfide)s generated from homopolymerization and hetero-
polymerization were characterized for their molecular weight
and distribution (Table S1, Figure 2b, and Figures S3—S5). In
general, for both polymerizations, the molecular weight
increased with the polymerization time. The resulting poly-
(disulfide), DET-CPD-12, was characterized by 'H NMR and
gel permeation chromatography (GPC). As shown in Figure 2c
and Figure S6, the proton signals at 6 4.21—4.35 ppm were
associated with methine protons in the vicinity of the amide
from M2 moieties (peak c). Similarly, the proton signal at §
3.25—3.38 ppm was attributed to the methylene protons in the
vicinity of the amide from M1 moieties (peak b). The singlet
that appeared at 6 4.06 ppm could be ascribed to methylene
protons in the terminal of the main chain (peak e). Based on
the integration of two peaks, the number of M1 and M2
repeating units per chain was calculated as 9.1 and 9.2,
respectively. In the meantime, the number-average molecular
weight (M,) was calculated as ca. 8200 Da based on the
integration from the proton peaks of PEG and those of
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repeating units (peak a). As shown in Figure 2d, DET-CPD-12
displayed a unimodal but rather broad molecular weight
distribution in the GPC chromatogram and was eluted at
relatively low elution times, indicating its polymeric nature.
The peak molecular weight (M,) was indicated as 9360 Da
(PDI = 1.24), which was apprommately in agreement with 'H
NMR results. After incubating with glutathione (GSH, 10
mM) for 12 h, the peak of DET-CPD-12 eluted out at the
same position became much smaller (Figure 2d, Figure S7),
whereas a new sharp peak appeared at the longer elution time
(11.0-11.5 min), suggesting the degradation of DET-CPD-12
due to the rapid cleavage of disulfides linking five-membered
rings in the main chain. These results collectively suggest that
poly(disulfide)s with a designed structure were synthesized
successfully.

In order to screen the optimal structure and molecular
weight for efficient intracellular delivery of biomacromolecules,
24 poly(disulfide)s which were categorized into 3 series
(DETs, CPDs, and DET-CPDs) were synthesized, and their
ability to transfect CRISPR-Cas9 plasmids that were cloned
with luciferase and enhanced green fluorescence protein
(EGFP) tag was evaluated. As shown in Figure 2e, whereas
it was hard for poly(disulfide)s of the DET series to transfect
the CRISPR-Cas9 plasmid efficiently, we noticed that CPD-3
with a medium degree of polymerization was able to mediate a
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cells mediated by DET-CPD-12. The cells were incubated with different inhibitors including S,5’-dithiobis-2-nitrobenzoic acid (DTNB, 2.4 nM),
methyl-f-cyclodextrin (f-CD, SO M), S-(N-ethyl-N-isopropyl) amiloride (EIPA, 30 nM), chlorpromazine (CPZ, 30 uM), wortmannin (Wort, SO
nM), and bafilomycin A1 (Bafl, 200 nM) in 2 h, separately. The cells were also incubated at 4 °C (no inhibitor) or in the presence of both DTNB
and CPZ before the transfection. The control group was conducted at 37 °C (no inhibitor) treated with DET-CPD-12/YOYO-1 labeled Cas9
plasmid nanoparticles only. The mean fluorescence intensity of the cells was quantified after the transfection for 1, 3, or 6 h, separately, using the
flow cytometry. The statistical analysis between the experimental group (1, 3, and 6 h) and the control group (1, 3, and 6 h) was made, separately.
(f) GFP expression in 293T after transfecting Cas9 plasmid DNA with the GFP tag. (g) Disruption of EFGP genes after the transfection of the
CRISPR-Cas9 plasmid. (h) CRISPR/dCas9-mediated transcriptional activation of mCherry expression after cotransfecting three plasmids (SPH,
U6-sgRNA, and CMV-mCherry) in 293T cells. (i) Flow cytometry analysis of GFP-positive cells after Cas9 plasmid transfection in different cell
lines. (j) Analysis of indel frequency in CCNEI locus after the transfection of Cas9 plasmid DNA. The scale bar of parts a and b represents 20 ym.
The scale bar of parts f—h represents 200 ym. All quantitative data represent mean + S.D. (n = 3, one-way ANOVA with a Tukey’s posthoc test:
N.S, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001).

moderate transfection efficiency, which was close to that time, due to the increased molecular weight, but also slightly
mediated by PEL These results indicated that poly(disulfide)s declined after 1.5 h of polymerization, suggesting that the
polymerized from either M1 or M2 were not favorable for molecular weight plays a crucial role in their transfection
intracellular delivery of biomacromolecules, although they activity. Second, the transfection activity of the copolymer was
showed a good ability to complex the CRISPR-Cas9 plasmid greatly influenced when the monomer ratio ([M1]/[M2])
and condense DNA into positively charged nanoparticles changed, though the molecular weight of the resulting
(Figures S8—S11). Based on these findings, we further copolymers only slightly varied. The monomer ratio at 1:2
prepared a series of bifunctional poly(disulfide)s (DET- (molar ratio) was most favorable for the transfection. Third,
CPDs) by randomly copolymerizing M1 and M2 monomers. the initiator concentration for the random copolymerization
By fine-tuning polymerization time, initiator concentration, also significantly impacted the molecular weight of the
and monomer ratio (Table S1), we found that the ability of resulting bifunctional poly(disulfide)s, thereby affecting the
bifunctional poly(disulfide)s to complex with the CRISPR- transfection activity. The most eflicient bifunctional poly-
Cas9 plasmid was greatly improved in comparison with DET's (disulfide) (DET-CPD-2) was obtained when the initiator
or CPDs, and they formed compact nanocomplexes (Figures concentration at 0.03 mM was used for copolymerization. By

S12 and S13). We then carefully studied how polymerization using thiolated PEG as the initiator, we found that the
conditions impact the transfection activity of bifunctional PEGylation of DET-CPD-2 (DET-CPD-12) was critically
poly(disulfide)s (Figure S14 and Table S1). First, we found conducive to further improve the transfection activity and
that the transfection efficiency mediated by bifunctional enhance the water solubility (Figure 2a). These results greatly
poly(disulfide)s increased rapidly with the polymerization motivated us to explore whether DET-CPD-12 could serve as
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the carrier for the intracellular delivery of different formats of
genome-editing agents for therapeutic purposes.

DET-CPD-12 was first examined for its ability to complex
with genome-editing biomacromolecules, and the physiochem-
ical properties of the resulting nanocomplexes were evaluated.
As shown in Figure 3a, DET-CPD-12 was able to inhibit
plasmid DNA from migration when the N/P ratio reached 1,
and the average particle size of the resulting DET-CPD-12/
DNA complexes was ca. 80 nm at the N/P ratio of §, as
revealed by dynamic light scattering (DLS) analysis (Figure
3b). Likewise, DET-CPD-12 also showed a good ability to
inhibit Cas9 mRNA from migration at the N/P ratio of 1
(Figure 3d) but resulted in slightly larger complexes when
complexing with Cas9 mRNA at the N/P ratio of 5 (180 nm in
average by DLS, Figure 3e). In the case of the Cas9 protein,
SDS-PAGE gel electrophoresis was carried out to check the
capability of DET-CPD-12 for protein encapsulation. As
shown in Figure 3g, protein bands were undetectable when
the DET-CPD-12/Cas9 protein weight ratio reached 6,
suggesting the complete encapsulation of the protein by
DET-CPD-12. All three forms of Cas9 cargoes could be
complexed into compact spherical nanoparticles (inserts), and
the surface charges of these nanoparticles were positive (Figure
3b,e,h). It is noted that DET-CPD-12/Cas9 RNP complexes
(at DET-CPD-12/Cas9 weight ratio of 6) also exhibited a
similar size distribution and ¢ potential value (Figure S15). In
addition, while the encapsulation efficiency and loading
capacity for three forms of Cas9 cargoes were generally high,
the release of these cargoes in the presence of 10 mM GSH is
rapid and efficient (Figure 3cfji and Figure S16). Previous
studies have indicated that the release of Cas9 plasmid can be
manipulated by different means,”> ™’ such as external light. In
the current study, the release of the CRISPR-Cas9 plasmid can
be promoted by GSH-triggered polymer degradation in the
main chain, which may accelerate the gene expression process
of Cas9 and sgRNA. These characteristics collectively
indicated that DET-CPD-12 may serve as an efficient vector
for the intracellular delivery and the controlled release of
genome-editing biomacromolecules.

To investigate the mechanism of DET-CPD-12-mediated
cellular uptake and endosomal escape, plasmid DNA,
lysosome, and DET-CPD-12 were labeled with green or red
dye, whereas cell nuclei were stained with blue dye. After 6 h of
transfection, green fluorescence from DNA or DET-CPD-12
already spread out from the red fluorescence of the lysosome,
suggesting the intracellular release of DNA from the endosome
(Figure 4a,b). We also sought to study the endosomal escape
by CPD-3 or DET-4 (Figure 4a and Figure S17). To our
surprise, endosomal escape by either CPD-3 or DET-4 seems
to be limited (Figure 4a,b, Figure S17). To understand how
DET-CPD-12 escapes the endosome, we further studied the
hemolytic activity of DET-CPD-12 at both endosomal acidic
and physiological pH. Whereas a strong hemolytic activity of
DET-CPD-12 was observed in the endosomal acidic pH (54%,
Figure S18), it dropped to 16% at physiological pH. This
suggests that protonation of DET moieties critically contrib-
utes to the membrane disruption, and endosomal escape is
more likely achieved by protonated amines and guanidyl
ligands that collectively lead to the membrane disruption of
endocytotic vesicles. These results indicated that the endo-
somal escape is dominated by a membrane disruption
mechanism, ** which is attributed to the protonated amines
of DET and the penetrating property of guanidyl ligands of
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CPD. By labeling the delivery vector, we could also clearly
observe that a large portion of DET-CPD-12 spread out from
LysoTracker, whereas “gold standard” polyethylenimine (PEI)
seemed to be less efficient in mediating both cellular uptake
and endosomal escape (Figure 4a,b and Figures S19—S21).
Manders’ coeflicient M1 is close to 1 in the case of PEI-
mediated transfection (Figure 4c,d), suggesting poor endo-
somal escape. In sharp contrast, the Manders’ coefficient M1 in
the DET-CPD-12 group is less than 0.3 (Figure 4c,d), which
implied more successful endosomal escape by DET-CPD-12. It
is noted that the internalization of DET-CPD-12/DNA
nanocomplexes by cells was time-dependent, and the majority
of nanocomplexes was not trapped by lysosomes at the
predefined time points. These facts strongly implied that DET-
CPD-12-mediated cytosolic delivery could be promoted by
efficient endosomal escape. In order to understand the role of a
specific internalization pathway, different inhibitors were
supplemented before the transfection to investigate their
effects on the internalization of DET-CPD-12/DNA nano-
complexes. It was evident that the addition of DTNB (§,5'-
dithiobis-2-nitrobenzoic acid) strongly inhibited the internal-
ization, which implied that DET-CPD-12 primarily followed
the thiol-mediated uptake pathway. The addition of
chlorpromazine (CPZ), a well-established inhibitor of
clathrin-mediated endocytosis, only moderately inhibited the
internalization. In contrast, the presence of methyl-3-CD (f-
CD), wortmannin (Wort), S-(N-ethyl-N-isopropyl) amiloride
(EIPA), and bafilomycin Al (Bafl) almost did not inhibit the
cellular uptake at different time points and gene expression
(Figure 4e and Figure S22). Particularly, the cellular uptake, as
indicated by intracellular fluorescence intensity, was clearly
blocked when DTNB concentration increased (Figure S23).
These results strongly suggest that the cellular uptake of DET-
CPD-12/plasmid nanocomplexes primarily follows endocyto-
sis-independent pathways, followed by endocytosis-dependent
pathways. For endocytosis-independent pathway, thiol-medi-
ated uptake, which is associated with counterion-mediated
binding to the cell surface, takes place first. Subsequently, the
formation of transient membrane pores, as proposed
previously, can translocate the cargo into the cytosol.”>>’
For the endocytosis-dependent pathway, endosomal escape
may largely rely on the membrane disruption of endocytotic
vesicles, as the presence of bafilomycin Al, a V-type ATPase
inhibitor that prevents the acidification of endosomes, did not
apparently affect the transfection efficiency. This is in
agreement with our early findings where DET-CPD-12 can
effectively disrupt the murine erythrocytes in the endosomal
acidic pH. In the case of transfecting the smaller CMV-GFP
plasmid (3.7 kb), DET-CPD-12 showed similar internalization
pathways as transfecting the large CRISPR-Cas9 plasmid (10.6
kb) but clearly differed from PEI-mediated internalization in
terms of the thiol-mediated uptake and clathrin-mediated
endocytosis (Figure S24). For CPD-3 which only contains
guanidyl ligands, whereas the addition of DTNB significantly
inhibited the internalization of nanocomplexes, the addition of
S-CD almost did not affect its internalization, implying that
CPD-3 follows both thiol-mediated translocation and caveolar
endocytosis (Figure S25). These results strongly suggested that
DET-CPD-12 could successfully deliver CRISPR-Cas9 plas-
mids into cells primarily following the nonendocytic pathway
through disulfide exchange between DET-CPD-12 and
exofacial thiols of cell membranes. In the case of the secondary
endocytosis-dependent pathway, the DET moieties of DET-
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CPD-12 also greatly facilitate the endosomal escape by
disrupting the membrane of endocytotic vesicles to well
avoid the degradation of genome-editing biomacromole-
cules.®”!

Next, we further evaluated the transfection efficiency and
genome-editing activity of CRISPR-Cas9 machineries of
different forms. First, we found that DET-CPD-12 exhibited
a strong ability to transfect the plasmid in different cell lines at
the optimal N/P ratio (N/P = 5) and is more efficient over
Lipofectamine 2000 (Lipo 2000, a commercial transfection
agent) and PEI of 25 kDa (a gold-standard nonviral
transfection agent) (Figure 4f,i and Figures S26 and S27). In
contrast to the transfection of the large CRISPR-Cas9 plasmid,
DET-CPD-12 showed comparable transfection activities when
transfecting the CMV-GFP plasmid, as compared with Lipo
2000 or PEI (Figure S28). These results corroborated that the
transfection mediated by DET-CPD-12 was independent of
plasmid size, which is in sharp contrast with frequently used
nonviral transfection agents.”* It is noted that the transfection
efficiency slightly dropped under the serum concentration of
10% in the cell culture and significantly decreased when the
serum concentration reached 30%, indicating the moderate
degree ability of DET-CPD-12 to resist serum (Figure S29).
We also found that DET-CPD-12-mediated transfection of the
CRISPR-Cas9 plasmid targeting EGFP gene could successfully
disrupt GFP expression in 293T-EGFP cells (Figure 4g and
Figure S30d), and such a delivery system also works well for
dCas9-mediated transcriptional activation of exogenous gene
expression (mCherry expression) when cotransfecting three
plasmids (SPH, U6-sgRNA, and CMV-mCherry) in 293T cells
(Figure 4h and Figure S31). In the meantime, the T7E1 assay
indicated that DET-CPD-12-mediated genome editing at the
CCNEI locus in 293T cells caused a frequency of indels
(insertions and deletions) up to 39.2%, which was higher than
Lipo 2000- or PEI-mediated genome editing (Figure 4j). The
mutation frequency at the target genome was also confirmed
by deep sequencing (Figure S32). In the meantime, we
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evaluated the transfection efficiency of the Cas9 plasmid and
the resulting indel frequency at the target genome (CCNEI) in
three types of liver cells, including AML-12 cells (hepatocytes),
mouse hepatic stellate cells (HSCs, nonparenchymal cells),
and Hepal—6 cells (liver cancer cells). As shown in Figure
S$33, DET-CPD-12 could mediate efficient transfection in all
three types of cells and caused the substantial indel frequency
at CCNEI. Furthermore, the transfection of Cas9-GFP or GFP
mRNA by DET-CPD-12 also resulted in strong GFP
expression in 293T cells, and 60% EGFP-positive cells
(Cas9-GFP mRNA) were detected by flow cytometry (Figure
Sa,c, and Figure S34). We also found that DET-CPD-12-
mediated transfection of the Cas9-mRNA targeting EGFP gene
was capable of disrupting GFP expression in 293T-EGFP cells
(Figure Sb and Figure S30e), which was more superior to Lipo
3000- or PEI-mediated transfection. The excellent performance
for the transfection of Cas9 mRNA by DET-CPD-12 also
turned into efficient genome editing at CCNEI], resulting in the
indel frequency of 23.6% (Figure 5d). Lastly, we also found
that the intracellular delivery of rhodamine-labeled Cas9 was
efficient, which resulted in strong GFP disruption by
complexing sgRNA targeting EGFP (Figure Se—g and Figure
$30f). Though the intracellular delivery of Cas9 RNP by DET-
CPD-12 was slightly less efficient in comparison with the
commercial transfection agent (Lipofectamine CRISPRMAX,
CMAX), it still induced an indel frequency up to 28.8% in the
CCNEI locus (Figure Sh). It should be noted that DET-CPD-
12 loading with different forms of CRISPR-Cas9 cargoes did
not exhibit any apparent cytotoxicity up to a dose of 64 yg/mL
(Figures S35 and S36). Whereas the cell viability only slightly
decreased with time, the treatment of cells with p,L-buthionine
sulfoximine (BSO), a specific y-glutamylcysteine synthetase
inhibitor that limits the biosynthesis of intracellular GSH,
resulted in the evident decrease of cell viability with the
increased incubation time (Figures S37 and S38). The above
information suggested that the disulfide bonds linking the
monomers critically contributed to the low cytotoxicity nature
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Figure 6. Therapeutic effects of genome editing in vivo. Schematic illustration of DET-CPD-12 for in vivo delivery of CMV-Cas9-sgCCNEI for the

treatment of APAP-induced hepatic injury. (a) APAP was administered through intraperitoneal injection, and DET-CPD-12/CMV-Cas9-

sgCCNE1L complexes were administered through the tail vein; hematological and histological analysis was carried out S days after the first
treatment. In vivo luciferase expression of the Cas9 plasmid with the luciferase tag in the whole mice (b) or in the dislodged organs from treated
mice (c): H, heart; Li, liver; S, spleen; Lu, lung; K, kidney. (d) Frequency of indel mutation detected by the T7E1 assay from liver tissue and

representative Sanger sequencing results of T-A cloning from liver tissue after treatments (Clone 1, DET-CPD-12/CMV-Cas9-sgCCNE]; Clone 2,

DET-CPD-12/Cas9 mRNA-sgCCNE]; Clone 3, DET-CPD-12/Cas9 RNP-sgCCNE1). The serum ALT (e) and AST (f) levels after different

treatments. (g) Survival rates after different treatments (n = 6). Statistical significance was calculated by log-rank test (***P < 0.001, ****P <

0.0001). (h) H&E staining of the liver sections from the mice after the specified treatments. The regions within the dotted lines denote the

accumulation of blood cells. Scale bar, 200 ym. For parts d—h, the code denotes the following: G1, mice without APAP treatment treated with PBS;

G2, APAP-treated mice treated with PBS; G3, APAP-treated mice treated with the DET-CPD-12/Cas9-sgCCNEI plasmid; G4, APAP-treated mice

treated with the DET-CPD-12/Cas9-sgMock plasmid; GS, APAP-treated mice treated with DET-CPD-12/Cas9-sgCCNE1 mRNA; G6, APAP-

treated mice treated with DET-CPD-12/Cas9-sgMock mRNA; G7, APAP-treated mice treated with DET-CPD-12/RNP-sgCCNE1; G8, APAP-

treated mice treated with DET-CPD-12/RNP-sgMock. Error bars represent the standard error (mean + S.D., n = 6).

of DET-CPD-12. Collectively, these results demonstrated that we therefore designed sgRNA targeting CCNEI and delivered

DET-CPD-12 was efficient and safe in mediating CRISPR- different forms of CRISPR-Cas9 in vivo to investigate their
Cas-based genome editing at the target genomic locus. therapeutic efficacies for the prevention of fulminant hepatic

Finally, we explored the therapeutic potential through the failure (FHE).°*®> The mice from acetaminophen (APAP)-
delivery of genome-editing biomacromolecules by DET-CPD- induced FHF were first treated with DET-CPD-12 loaded with

12 in vivo. To this end, we first investigated the in vivo the CRISPR-Cas9 plasmid targeting CCNEI, which induced
distribution of DET-CPD-12/DNA nanocomplexes 48 h after the indel frequency of 16.5%. Similarly, the delivery of
systemic administration (Figure 6a). For different forms of CRIPSR/Cas9 mRNA and Cas9 RNP resulted in the indel
fluorescence-labeled CRISPR-Cas9 machineries (including frequency of 11.2% and 13.7% (Figure 6d), respectively. The

plasmid, mRNA, and RNP), the fluorescence signals were mutation frequency was also confirmed by deep-sequencing
clearly observed to accumulate primarily in the liver, followed analysis (Figure S42). Blood biochemistry suggested that these
by the lung and kidney (Figures S39—S41). As reflected by treatments significantly decreased AST (aspartate trans-
luciferase signals, the strong expression of the CRISPR-Cas9 aminase) and ALT (alanine aminotransferase) levels and
plasmid was observed in the liver, followed by moderate or effectively extended the survival time of the mice with FHF
weak expression in the lung and kidneys (Figure 6b,c). (Figure 6e—g). In the meantime, reduced hyperemia and the
Nevertheless, the tail-vein injection of the naked CRISPR-Cas9 necrotic area in the liver were clearly observed for those mice
plasmid generated poor luciferase expression (Figure 6b,c). received with CRISPR-Cas9 treatments, in sharp contrast with
Therefore, we are curious about whether the systemic ones treated with CRISPR-Cas9 with scramble sgRNA (Figure
administration of genome-editing agents would possibly treat 6h and Figures $43). Hematological indicators were also
liver-associated diseases. Acute liver failure (ALF), also known assessed S days after the systemic administration of these
as fulminant hepatic failure, is defined by coagulopathy and genome-editing agents, and we found that the administration
hepatic encephalopathy, which is usually induced by hepatitis of DET-CPD-12 at the therapy-relevant dose of 100 ug/mL
viruses or drugs. ALF can cause serious complications and merely induced any toxicity in the liver and kidney during the
significant liver dysfunctions, a complicated process involving observational period (Figure S44). The above results were
hepatic parenchymal and nonparenchymal cells.”>®* As further confirmed by H&E staining of lung and kidney
previous studies have shown that the delivery of siRNA sections, where no serious side effects were observed (Figure
targeting CCNEI prevents the liver from liver fibrogenesis,”* S45). These results demonstrated that the bifunctional
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poly(disulfide)s we have developed are effective for the in vivo
delivery of CRISPR-Cas9 biomacromolecules for therapeutic
genome editing.

In conclusion, we have developed a series of poly(disulfide)s
and demonstrated that the bifunctional poly(disulfide)s with
DET and CPD blocks exhibited great potentials for the
efficient delivery of different forms of genome-editing
biomacromolecules in vitro, and in vivo delivery of CRISPR-
Cas9 targeting CCNEI by DET-CPD-12 could successfully
protect mice for FHF. The excellent delivery performance of
DET-CPD-12 stems from their delicate molecular structure to
interact with these biomacromolecules, the efficient intra-
cellular delivery through the thiol-mediated uptake pathway,
and strong endosomal escape capability by membrane
disruption. Because the disulfide linkers within the main
chain of poly(disulfide)s are readily cleavable under the
intracellular glutathione level, the degradation of DET-CPD-12
not only triggers the timely release of CRISPR-Cas9
machineries but also well minimizes the cytotoxicity induced
by the intracellular accumulation of the polymer. These merits
collectively account for the excellent capability of DET-CPD-
12 to mediate different forms to CRISPR-Cas9 for the efficient
genome-editing activities at different levels. In the future,
further functionalization of DET-CPD-12 is still highly
desirable to promote the delivery precision, such as organ or
tissue specificity in vivo. Collectively, the current study not
only successfully develops a delivery platform for the efficient
intracellular transport of CRISPR-Cas9 machineries but also
offers useful insights for the rational design of polymers for the
therapeutic delivery of genome-editing agents.
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