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ABSTRACT: CRISPR/Casg is a combined protein (Casg) and
an engineered single guide RNA (sgRNA) genome editing
platform that offers revolutionary solutions to genetic dis-
eases. It has, however, a double delivery problem owning to
the large protein size and the highly charged RNA compo-
nent. In this work, we report the first example of
CRISPR/Casg encapsulated by nanoscale zeolitic imidazole
frameworks (ZIFs) with a loading efficiency of 17% and en-
hanced endosomal escape promoted by the protonated imid-
azole moieties. The gene editing potential of CRISPR/Casg
encapsulated by ZIF-8 (CC-ZIFs) is further verified by knock-
ing down the gene expression of green fluorescent protein by
37% over 4 days. The nanoscale CC-ZIFs are biocompatible
and easily scaled-up offering excellent loading capacity and
controlled co-delivery of intact Casg protein and sgRNA.

CRISPR/Casg, the clustered regularly interspaced short
palindromic repeat (CRISPR) associated proteins 9 (Casg)
technology, is a recently developed site-specific gene editing
platform that uses single guide RNA (sgRNA) for site recog-
nition.” The protein complex targets the DNA sequence of
interest via the sgRNA. DNA strands complementary to the
sgRNA are cleaved by Casg protein. The break is then re-
paired by non-homologous end-joining (NHEJ) or homology-
directed repair (HR). Recently, several studies have reported the
applicability of CRISPR/Casg technology as a powerful thera-
peutic strategy against viruses,* bacteria® and cancer.” How-
ever, for all the enthusiastic upside surrounding the pro-
spects of RNA-based therapeutics, there continues to be an
equal and opposite downside that started many years ago,
namely the delivery problem. As these therapeutic platforms
are usually taken up by endocytosis, they remain trapped
inside the endosome, behind the lipid bilayer, and as such
are outside of the cytoplasm and the nucleus.” With a current
endosomal escape not exceeding 0.01%, devising new ap-
proaches to get such therapeutic platforms into the nucleus
and overcome the endosomal escape abyss is the key techno-
logical problem to solve before investigating the full poten-
tial of such revolutionary therapeutic technologies.

CRISPR has a double delivery problem because two mac-
romolecules are required for a functional therapeutic system:
one, a large catalytic Casg recombinase that is ~160 kDa and
two, a ~150 nucleotide tracer/sg RNA." Although these com-
ponents will invariably get somewhat smaller by using a low
molecular

Scheme 1. Preparation, cytosolyic delivery and gene
editing efficiency of CC-ZIFs. (a) Encapsulating the
negatively charged Casg/sgRNA within positively
charged ZIF-8 to form CC-ZIFs. (b) Endosomal escape
of CC-ZIFs. (c) CLSM images of cells before and after
treatment with CC-ZIFs.
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weight CRISPR recombinase and/or shorter sgRNAs, from a
delivery perspective, these are still very large and charged
problematic macromolecules. Most of CRISPR/Casg studies
so far have depended on viral or physical delivery; however,
the immunogenicity complications of the viral vectors and
the difficulty of translating physical delivery protocols in vivo
have empowered the need to accomplish such delivery
through synthetic nanoparticles.*® Cationic lipid nanoparti-
cles,” gold nanoparticles” and DNA nanoclews™ have been
successfully employed for delivery of Casg. More recently
zwitterionic amino lipids were used as delivery vehicles,
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however the co-delivery was of Casg mRNA and not the ac-
tual protein.”

Zeolitic imidazolate framework-8 (ZIF-8) are a subclass of
metal-organic frameworks formed by coordination between
Zn>* ions and 2-methylimidazole.*"® They have good bio-
compatibility”” ** and remarkably tunable pore openings® for
a wide range of guest molecules. Recently, ZIFs have been
successfully used for drug delivery *°, ATP imaging * and
biomimetic mineralization or sheltering of biomacromole-
cules.” 2 Moreover, the imidazole linkers are known to have
excellent pH-buffering capacity, which is presumed to confer
enhanced ability to escape the endocytic pathway.** *> Here-
in, we report the first example of nanoscale ZIF-8 co-
encapsulating Casg protein and sgRNA (CC-ZIFs) with a re-
markable loading efficiency of 17% and enhanced endosomal
escape leading to 37% reduction in gene expression over four
days (Scheme 1). This work opens up new possibilities for
exceptionally improved genetic materials delivery enabled by
precisely engineered biocompatible smart coordination
frameworks.

CC-ZIFs

Zeta-potential (mV)

Cas 9/sgRNA

XRD of CC-ZIFs
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Figure 1. Characterization of CC-ZIFs. (a) TEM micrographs
of CC-ZIFs at different scales. (b) Zeta potential of free Casg,
Casg/sgRNA complex, ZIF-8 and CC-ZIFs. Bars represent
meant SD (n=3). (c) PXRD of ZIF-8 (green) and CC-ZIFs
(blue).

ray diffraction (PXRD) graphs showed that the
Casg/sgRNA@ZIF-8 has the same crystal structure as that of
the pure ZIF-8 (Figure 1c).
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Figure 2. CRISPR/Casg loading and release. (a) UV-VIS spec-
tra of Alexa fluora (AF) labeled CC-ZIFs compared to free AF-
Casg/sgRNA complex. (b) pH dependent release of AF-
Casg/sgRNA from CC-ZIFs.

CC-ZIFs were prepared by first mixing Casg and sgRNA at
a molar ratio of 11 in a phosphate buffer saline (PBS) for 5
minutes followed by addition of 2-methylimidazole solution
(0.9 mL, 5 M, pH 7). An aqueous solution of zinc nitrate (0.1
mL, 0.5 M) was then slowly added at room temperature under
mechanical agitation for 20 minutes after which the clear solution
turned opaque (Scheme 1a). The resulting CC-ZIFs were then
collected by centrifugation after washing with DI water (3 cycles)
to remove all residues. The truncated ZIF-8 cubic crystals were
first characterized by tunneling electron microscopy (TEM) show-
ing an average size of 100 nm that is ideal for intracellular de-
livery (Figure la). The average size was confirmed by dynamic
light scattering analysis (DLS) at neutral conditions (Figure S1).
Measuring zeta potential showed that the positively charged
Casg (+15 mV * 1) became negatively charged upon the addi-
tion of sgRNA (-28 mVz 4). After metal-coordination shelter-
ing of the complex and formation of CC-ZIFs the zeta poten-
tial measured at + 5 mV =+ 2, which is less positive than the
native ZIF-8 (+17 mV #1) (Figure 1b). Furthermore, powder X-

CRISPR/Casg loading efficiency and pH responsive release
were tested by labeling Casg with Alexa fluor 647 (AF). The
red fluorescence of AF-Casg in the supernatant decreased
drastically after the de novo encapsulation within ZIF-8 (Fig-
ure S2a). The loading capacity was calculated to be 1.2 wt %
with efficiency of 17 % (Figure 2a), which is consistent with
the loading capacity of previously reported MOF based deliv-
ery systems.” To evaluate the stability of AF-CC-ZIFs under
physiological (pH 7.4) and acidic (pH 5 and 6) conditions,
they were dispersed in PBS solution. DLS analysis showed a
stable structure at neutral conditions that starts degrading
directly at acidic pH (Figure S1). CC-ZIFs completely decom-
posed after 6 hours at pH 5.5 (Figure S1). The release of AF-
Casg was monitored by fluorescence spectroscopy (Figure 2b,
Figure Sz2b). Under physiological conditions less than 3 % of
AF-Casg was released while 60 % and 70 % were released in
10 minutes at pH 6 and 5, respectively. The maximum release
of AF-Casg was observed at pH 5 within 3 hours, exploiting
the selectivity of CC-ZIFs release under acidic conditions.
The release mechanism of CC-ZIFs is superior to reported
protein delivery systems, such as Au NPs and DNA cages, in
a sense that it is associated with a complete and safe dissolu-
tion of ZIF-8 at low pH without leaving residue nanoparticles
or denaturation of DNA strands.

Biocompatibility of CC-ZIFs was tested at different concen-
trations by incubation with Chinese hamster ovary (CHO) cells
for 12 hours. CHO cells were washed and evaluated by the
cell counting kit-8 (CCK-8). Compared to native CHO group,
no measurable impact was seen at concentrations below 200
pg mL”, whereas higher concentrations (= 200 pg mL™) led to
the increased cytotoxicity in both ZIF-8 and CC-ZIFs (Figure
S3a, S3b). Based on the CCK-8 results, we examined the tox-
icity of 250 and 100 pg mL" of ZIF-8 and CC-ZIFs by live-dead
cell staining using flow cytometry (Figure S3c-S3f). No signif-
icant cell death was observed even after 12 hours of transfec-
tion at a concentration of 100 pg mL". The lethal dose (LD50)
of ZIFs and CC-ZIFs was determined to be 400 and 420 ug
mL", respectively (Figure S3g). Based on these results, a con-
centration of 100 pg mL" of CC-ZIFs was used in all subse-
quent experiments. We examined the capability of ZIF-8 to
deliver AF-Casg/sgRNA by flow cytometry and confocal laser
scanning microscopy (CLSM). The intensity of red AF 647
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increased with time suggesting the delivery of more
Casg/sgRNA into the cytoplasm (Figure S4a). CLSM images
showed that AF-Casg/sgRNA internalized in the nucleus
after 3 hours (Figure S4b). In 6 hours, many AF-Casg/sgRNA
were seen in nuclei, elucidating the increase in the AF-Casg
signal in the flow cytometry data (Figure S4b). As a control,
free AF-Casg/sgRNA was not delivered into cells as the signal
of AF-Casg/sgRNA was not detected by flow cytometry (Fig-
ure S4c) or CLSM (Figure S4d) over the same period of time.

3h

1h

Figure 3. CLSM images (40x) of CHO cells after incubation
with AF-CC-ZIFs (red) for 1, 3 and 6 hours. Lysotracker Green
(green) was used to stain the acidic organelles (endosomes).
The merged images are used to confirm that AF-Casg/sgRNA
is released and delivered into the nucleus within 6 hours of

uptake. Scar bar: 20 ym.

To assess the endosomal escape associated with CC-ZIFs,
CHO cells were first transfected with particles at different
time points (1, 3 and 6 hours), to examine the cellular trans-
fection efficiency. The endosomal escape of CC-ZIFs is medi-
ated by the protonation of the imidazole ring,* which is fol-
lowed by the release of Casg/sgRNA to the cytoplasm. AF-
Casg/sgRNA localized inside endosomes within 1 hour of
transfection, which was observed in yellow merged color
(Figure 3). In contrast, 3 and 6 hours post transfection
showed complete separation between red Casg and green
endosomes indicating the release of Casg/sgRNA from endo-
somes. Images at 20x were also obtained to show that many
casg were released form ZIF-8 upon their protonation (Figure
S6). We then compared our system’s ability to escape endo-
somal encapsulation to a cationic liposome based delivery
system.” The obtained results with the same cell line over
the same period of time showed a complete localization of
the liposomes within endosomes (Figure Ss).

To demonstrate the efficiency of gene knockdown by CC-
ZIFs, we used sgRNA to target the coding region of the en-
hanced green fluorescent protein (EGFP) in CHO cells. Tar-
geting the coding region will result in shifting the reading
frame and consequently preventing proper EGFP expression.

EGFP transfected CHO cells were treated with free
Casg/sgRNA, ZIF-8 and CC-ZIFs for 2 days. We also investi-
gated whether incubating cells for more than 2 days would
change EGFP gene expression so cells were incubated for 4
days after treatment. The fluorescence and expression of
EGFP were determined by CLSM, flow cytometry and quanti-
tative real-time polymerase chain reaction (qRT-PCR).
Measuring the EGFP fluorescence using flow cytometry
demonstrates that CC-ZIFs reduced the fluorescence of EGFP
by 31 % when incubated for 2 days and 37 % when incubated
for 4 days (Figure 4a, Figure 4c).
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Figure 4. Genome editing by CC-ZIFs. (a, c¢) Flow cytometry
analysis of EGFP expression at day 2 and 4 at concentration
of 100 pg mL™ (encapsulated Casg/sgRNA 240 nM ). (b) quan-
titation of EGFP expression by qPCR at concentration of 240
nM for 2 and 4 days. Statistical analysis was determined us-
ing unpaired t-test (***P< 0.001, **P<o0.01, *P<0.1). (d) Sur-
veyor assay for indel frequency analysis of EGFP transfected
CHO cells incubated with free Casg/sgRNA and CC-ZIFs.

No effect was seen on the EGFP fluorescence when cells were
treated with free Casg/sgRNA and ZIF-8, demonstrating the
importance of ZIF-8 in the delivery of Casg/sgRNA. CLSM
images also confirmed the quenching of the EGFP fluores-
cence when ZIF-8 was used to deliver Casg/sgRNA (Figure
S7). These results were refined by quantifying the mRNA
levels of EGFP in free Casg/sgRNA, ZIF-8 and CC-ZIFs treat-
ed CHO cells by qRT-PCR. Our results demonstrate that CC-
ZIFs effectively delivered Casg/sgRNA and the sgRNA target-
ed the EGFP coding region causing 2-fold repression of EGFP
gene when cells were incubated for 2 days (Figure 4b). Incu-
bating cells for 4 days post treatment resulted in decreasing
the fluorescence of EGFP by 37 % and reduction of the level
of EGFP gene expression by 3-folds. Free Casg/sgRNA and
ZIF-8 had no effect on the expression of EGFP (Figure 4b).
The efficiency of gene knockdown by CC-ZIFs was compared
to the Lipofectamine CRISPRMAX Casg. The concentration
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of Casg/sgRNA used in lipofectamine was 240 nM. The
Lipofectamine CRISPRMAX Casg resulted in onlyi-fold and
1.5-fold repression of EGFP gene in 2 and 4 days after treat-
ment, respectively (Figure S8). Surveyor assay revealed muta-
tion frequencies of o % and 30 % for cells treated with free
Casg/sgRNA and CC-ZIFs for 2 days (Figure 4¢), respectively,
closely paralleling the results of flow cytometry, CLSM and
qRT-PCR.

In conclusion, we demonstrate the first example of
CRISPR/ Casg delivery by metal-coordination frameworks.
ZIF-8 can successfully shelter both the large Casg protein
and the negatively charged sgRNA with a high loading capac-
ity of 1.2 wt%. The protonation of the imidazole based
framework at endosomal pH promotes fast endosomal es-
cape and enhanced nuclei delivery, which is paramount for
genetic transfection. This system provides a one-step route
for the creation of effective and transient gene editing tech-
nology.
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