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1. Introduction

In this study, direct and effective intracellular delivery of CRISPR/Cas9

plasmids for homology-directed repair is achieved by functionalized
mesoporous silica nanoparticles (MSNs). The functionalized MSNs

Genome-editing technology has opened up
new horizons for the treatment of a wide
range of diseases, and thus might become a

(Cy5.5-MSNs-NLS) are synthesized by in situ labeling of a fluorescent dye
(Cy5.5) and surface conjugation of nuclear localization sequence (NLS,
PKKKRKV), showing a high loading efficiency (50%) toward the plasmids
(PXN cutdown plasmid: GFP-Cas9-paxillin_gRNA and repair plasmid:
AICSDP-1: PXN-EGFP). Subsequently, a polymeric coating of the
poly(dimethyldiallylammonium chloride) (PDDA) is electrostatically deposited
onto the plasmid-loaded Cy5.5-MSNs-NLS by microfluidic nanoprecipitation.
The coating layer offers effective protection against the denaturation of
plasmids by EcoRV restriction enzymes, and is shown to prevent premature
release. Moreover, owing to the positive charge and pH-responsive
disaggregation of PDDA, enhanced cellular internalization (16 h) and
endosomal escape (4 h) of the nanocarrier are observed. After escape of
nanocarrier system into the cytoplasm, the NLS on the surface of MSNs
facilitates nuclear transport of the CRISPR/Cas9 plasmids, achieving
successful GFP-tag knock-in of the PXN genomic sequence in U20S cells.
This intracellular delivery system thus offers an attractive method to
overcome physiological barriers for CRISPR/Cas9 delivery, showing
considerable promise for paxillin-associated focal adhesion and signaling

revolutional tool in the gene-therapy field.[!]
Among different genome editing tools,
Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-associated
protein 9 (Cas9) is the most promising one,
which uses single guide RNA (sgRNA)
for site recognition.?3] After cleaving by
Cas9 protein, the DNA strands can be
repaired by nonhomologous end-joining
or homology-directed repair (HDR).[*"]
Currently, CRISPR/Cas9 technology has
shown tremendous promise for biomedical
research due to its versatility, simplicity,
efficiency, and high specificity.(®]
Although CRISPR/Cas9 has shown
many advantages in potential applica-
tions, the major challenge for the efficient
delivery of CRISPR/Cas9 remains. Com-
pensating for the side effects of viral vectors
(high off-target effects, restricted packaging
capacity, and immunogenicity),['®! some

regulator investigation.

nonviral-based delivery systems, such
as DNA nanoclews,'! cationic lipids or
polymers,['213] and gold nanoparticles,['*]
have been developed for CRISPR/Cas9
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delivery in recent research reports. However, considering the
high toxicity or high preparation costs, some of the delivery
systems still challenge the effectiveness and potency of har-
nessing CRISPR/Cas9 s technological development. Simultane-
ously, for many nanocarriers with polyethyleneimine or cationic
lipid modification, the CRISPR/Cas9 is conjugated or adsorbed
onto the carrier surface,[’! which cannot effectively protect the
CRISPR/Cas9 from denaturation while the cationic modifying
materials can increase cytotoxicity to some extent. Furthermore,
in most cases, unspecific delivery has shown to induce off-target
effects that may result in severe side-effects.'®! Considering the
above issues, devising new carriers for CRISPR/Cas9 delivery
with high biocompatibility, better protectivity, and targeted edit-
ing ability are highly desirable, especially for the HDR pathway
with low editing efficiency.

Among the variety of nanoparticles developed to date, meso-
porous silica nanoparticles (MSNs) have emerged as an effi-
cient delivery platform due to their high and adjustable poros-
ity, easy surface manipulation, biocompatibility, biodegradabil-
ity, and ease of preparation in large quantity with low cost.['2]
MSNs have been used for delivering plasmid DNAs (pDNAs)
for gene therapy.[2°-22] However, because of the freely accessible
pores of MSNs and surface adsorption loading mechanism, the
carried pDNAs lack efficient protection from environmental con-
ditions, which can result in premature pDNAs release or degrada-
tion. More recently, encapsulating the drug-loaded MSNs within
a polymer matrix to seal the pores can more efficiently protectand
tailor the release kinetics of the active compounds.[?>%] More-
over, the encapsulating process can be widely improved by mi-
crofluidic technology that can process and manipulate nanoliter
volumes in microscale fluidic channels, leading to narrow size
distribution and high batch-to-batch reproducibility.l2*-28] There-
fore, encapsulating the pDNA-loaded MSNs within a polymer
matrix assisted by the microfluidic approach should be an ideal
strategy for advanced gene editing system preparation.

In this study, we report a proof-of-concept study of using a
functionalized MSNs-based nanocarrier for active and safe intra-
cellular delivery of CRISPR/Cas9 plasmids for PXN gene knock-
in trough HDR pathway. Paxillin, one of the first proteins re-
cruited to nascent adhesions, serves as a scaffolding protein for
kinases (Src, FAK), guanosine-5'-triphosphate (GTP) exchange
factors, and other structural proteins, and plays a key role in
assembly and disassembly of focal adhesions. It performs crit-
ical functions in coordinating the signaling events between the
local tumor microenvironment and tumors cells, which can in-
fluence the tumor dissemination and metastasis.[*”! Therefore,
mutation in the PXN gene, as well as abnormal expression of
paxillin protein, has been implicated in the progression of vari-
ous cancers.[**3] For this purpose, nuclear localization sequence
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(NLS)-conjugated MSNs were prepared, which could further im-
mobilize the plasmids with high loading efficiency (50%). After
pH-responsive polymer (poly(dimethyldiallylammonium chlo-
ride), PDDA) coating in water assisted by microfluidic technol-
ogy, the positively charged nanocarrier can efficiently protect
loaded plasmids, and subsequently it can enhance the cellular
internalization and endosomal escape. Two different plasmids
used for PXN gene cutdown (GFP-Cas9-paxillin_gRNA) and re-
pair (AICSDP-1: PXN-EGFP) are then transported to the nucleus
to initiate the specific GFP-tag knock-in of the PXN genomic
sequence. Compared to previous nanoparticle-based methods
for CRISPR/Cas9 delivery, these proof-of-concept-functionalized
MSN nanocarriers can overcome different physical barriers and
effectively deliver CRISPR/Cas9 plasmids into cells, enabling the
successful recovery of the edited gene by HDR.

2. Results and Discussion

2.1. Preparation and Characterization of
pCas9pPXN @NPs@PDDA

The design and synthetic strategy of MSNs-based nanocarrier
for CRISPR/Cas9 plasmid are illustrated in Scheme 1. Red
emitting fluorescein dye (Sulfo-Cyanine5.5 NHS ester, Cy5.5)-
incorporated MSNs were achieved via a one-pot bi-phase stratifi-
cation approach for intracellular visualization of the particles.[*?]
As shown in Figure 1a, the dye-loaded MSNs particles (Cy5.5-
MSNs) exhibit high monodispersity and have uniform spherical
morphology with an average size of 100 nm with a well-defined
mesoporous structure. The hydrodynamic size of Cy5.5-MSNs in
water is around 110 nm in diameter (Figure S1, Supporting In-
formation), which is theoretically suitable for high cellular up-
take and penetration into tumors due to the enhanced perme-
ability and retention effect.!*}] Successful dye incorporation can
be demonstrated by UV-vis absorbance spectra (Figure S2, Sup-
porting Information), which show an obvious absorbance band
of Cy5.5 in Cy5.5-M SNs. Following surfactant extraction, the sur-
face of Cy5.5-MSNs was modified with amine moieties via post-
synthesis grafting of an aminopropylsilane for further peptide
conjugation, the success of which could be verified by Fourier-
transform infrared spectroscopy analysis (Figure S3, Support-
ing Information): v, (NH,): 3353 cm™, v, .. (NH,): 3268 cm™;
5(NH,): 1636 cm~1.34 After surface modification, the uniform
spherical morphology was still maintained (Figure 1b), while the
zeta potential changed significantly from —15.9 to +7.0 mV due
to the positively charged amino groups (Figure S4a, Supporting
Information).

Later, NLS (PKKKRKV) was conjugated onto the outer surface
of amine-modified Cy5.5-MSNs (Cy5.5-MSNs-NH,), referred
to as Cy5.5-MSNs-NLS, through a typical amidation process.['’]
NLS is one general type of nucleus targeting signal peptide that
can facilitate the transfection of DNA.[**] The NLS-modification
strategy does not induce any significant difference in particle
size (Figure 1c) compared with Cy5.5-MSNs, but it can play an
important role for CRISPR/Cas9 plasmid delivery to the nucleus.

To improve the loading efficiency of the negatively charged
CRISPR/Cas9 plasmids, the net surface charge by means of zeta
potential of Cy5.5-MSNs-NLS in buffers of different pH was

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Schematic illustration of the functionalized MSNs-based nanocarrier for the delivery of CRISPR/Cas9 plasmids: a) preparation of
Cy5.5-MSNs-NLS, plasmid loading, and polymer encapsulation; b) intracellular delivery of the two kinds of plasmids to the nucleus for paxillin gene

knock in.

Figure 1. TEM micrographs of prepared a) Cy5.5-MSNs, b) Cy5.5-MSNs-NH,, and c) Cy5.5-MSNs-NLS. Scale bar: 200 nm.

explored. As shown in Figure S4b in the Supporting Information,
the highest positive net surface charge can be achieved in a pH
6.5 buffered solution. Thus, the synthesized Cy5.5-MSNs-NLS
was mixed with both plasmids (GFP-Cas9-paxillin_gRNA
(pCas9) and AICSDP-1: PXN-EGFP (pPXN)) in 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
solution (pH = 6.5) under continuous stirring at 4 °C overnight
to load the gene-editing system into the nanocarrier, which
was denoted as pCas9pPXN@Cy5.5-MSNs-NLS. The molar
ratio of the two plasmids was 1:1. After plasmid loading, the
zeta potential of the complexes manifests a highly negative
value, —23 mV (Figure S4a, Supporting Information). The
loading capacity of Cy5.5-MSNs-NLS to pCas9 and pPXN was
calculated to be 50 pg mg~! by quantification of the plasmids via
NanoDrop (2000c), indicating the synthesized Cy5.5-MSNs-NLS
particles can act as nanocarriers to efficiently incorporate the
CRISPR/Cas9 gene-editing plasmids.

The plasmid-loaded Cy5.5-MSNs-NLS is encapsulated within
PDDA using microfluidic nanoprecipitation. The polyelec-

Adv. Therap. 2021, 4, 2000072 2000072 (3 of 12)

trolyte, PDDA, provides a pH-controlled molecular gate for
storage and release of the plasmids from Cy5.5-MSNs-NLS.
The pCas9pPXN@Cy5.5-MSNs-NLS (pCas9pPXN@NPs) and
PDDA are mixed in water to form a stable system, in which
PDDA adsorbed to anionic pCas9pPXN@NPs by oppositely
charged ionic interaction, and then pumped into the mi-
crofluidics inner capillary. As the outer flow, absolute ethanol,
rapidly diffuses to the inner flow and leads to precipitation of
PDDA on top of pCas9pPXN@NPs (Figure 2a), referred to as
pCas9pPXN@NPs@PDDA. The precipitation process is fast and
after that the PDDA shell forms, which would not produce nega-
tive effect on the function of plasmids.

As described in our previous study, the coating layer thickness
and encapsulation efficiency can be adjusted by changing the
concentration of NPs and polymer, and the flow ratio and flow
rates of the two flows in the microfluidic system.’®! In this
work, we have applied the concentration ratio 1:2.5 (mg mL™') of
pCas9pPXN@NPs to PDDA and the flow rates of inner and outer
flow as 2:40 (mL h7'), which gives the optimal conditions for

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Schematics of the process to coating PDDA outside of the plasmid-loaded nanoparticles using microfluidic co-flow focusing nanoprecipi-
tation method; b) TEM micrograph of the prepared pCas9pPXN@NPs@PDDA consisting of the polymer light gray outer region, scale bar: 200 nm; c)
0.8% agarose gel electrophoresis image of EcoRV digestion assay (100 V, 80 min) stained with the intercalating agent ethidium bromide (10 mg mL™"):
Lane M: DNA ladder, lane 1: naked pCas9, lane 2: EcoRV-treated pCas9, lane 3: the releasing pCas9 from pCasO@NPs after EcoRV treatment, lane 4: the

releasing pCas9 from pCasO@NPs@PDDA after EcoRV treatment.

efficient encapsulation. As illustrated in Figure 2b, a clear PDDA
shell can be observed outside the NPs and the pores of MSN have
been fully sealed after encapsulation. Furthermore, zeta potential
values shifted to +25 mV with the PDDA matrix coating (Figure
S4a, Supporting Information). To facilitate the biological exper-
iments, the particle colloidal stability was investigated by mea-
suring the hydrodynamic size and zeta potential in cell culture
media, i.e., Dulbecco’s modified eagle’s medium (DMEM) with
10% fetal bovine serum (FBS). The particles maintained good dis-
persibility after 24 h incubation in DMEM (Table S1, Supporting
Information). Moreover, the PDDA shell can effectively protect
the CRISPR/Cas9 plasmids against degradation by restriction
enzymes. An agarose gel electrophoresis of EcoRV-digested
pCas9, which has one EcoRV recognition site was performed
after mixing them for 2 h at 37 °C. As shown in Figure 2c, the
released pCas9 from the nanocarrier with PDDA (lane: 4) has the
same ladder with the control one (lane 1), indicating that the plas-
mid backbone was maintained. In contrast, the released pCas9

Adv. Therap. 2021, 4, 2000072 2000072 (4 of 12)

from the nanocarrier without PDDA (lane 3) migrates slower
due to the digestion to form the linearized DNA conformation.

2.2. In Vitro pH-Responsive Release of Plasmids

To evaluate the pH-responsive cargo release, the plasmid-loaded
nanocarrier was immersed in phosphate-buffered saline (PBS)
buffer at different pH values and the mass transport from
nanocarrier to solution was detected by UV-vis spectrophotom-
etry. Figure 3a shows the dependence of the released amount of
plasmid over time at pH values of 7.4 and 5.5, respectively. No-
tably, the release rate is fast at pH 5.5, and the released amount
reaches a maximum value of 33% at 35 h. Although no complete
release accomplished due to the electrostatic interaction between
plasmids and functionalized MSNs, the high loading efficiency
could help to address this issue to achieve the editing. This pH-
responsive release is mainly due to the charge reversal of loaded

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Cumulative release profile of CRISPR/Cas9 plasmids from
PDDA-coated nanocarrier at different pH buffer (37 °C) as a function of
incubation time measured by NanoDrop; b) schematic representation of
pH-responsive plasmids release based on the interaction between nega-
tive phosphate acid species of loaded plasmids with polycations (PDDA),
c) WST-1 results of U20S cells cultured with various concentration of
pCas9pPXN@NPs@PDDA (0-100 pg mL~1). Bar chart represents the
mean and standard deviation of three independent measurements.

plasmids, which can be transformed from ionized phosphate acid
species (-PO47) to protonated groups (-PO,H) by decreasing the
pH value as depicted in Figure 3b. Subsequently, the electrostatic
interaction between positively charged PDDA and negatively
charged plasmids loaded into pCas9pPXN@NPs@PDDA is
weakened with increasing acidity. Consequently, the polycations
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are separated from the surface of pCas9pPXN@NPs@PDDA,
leading to the release of the plasmid.*”] On the contrary, at pH
7.4, the release amount is quite low and remains essentially con-
stant (~10%), which suggests that the state of the gates around
the mesopores is still closed due to the interaction between pos-
itively charged PDDA and negatively charged plasmid. The dis-
assembly of PDDA coating in acidic conditions can also be con-
firmed by transmission electron microscopy (TEM) imaging after
treating the pCas9pPXN@NPs@PDDA at pH 5.5 for 10 h (Fig-
ure S5, Supporting Information).

2.3. In Vitro Cytotoxicity and Cellular Uptake

Low cytotoxicity and high biocompatibility are important fea-
tures for any biomaterials. To determine the impact of
pCasIpPXN@NPs@PDDA on cell viability, WST-1 assay was
conducted on human bone osteosarcoma epithelial cells (U20S)
for 48 h. As shown in Figure 3c, there were no significant changes
in cell viability for pCas9pPXN@NPs@PDDA at different con-
centrations up to 100 pg mL™", compared to that of the control
group.

For effective CRISPR/Cas9-based gene editing, it is crucial for
pCasIpPXN@NPs@PDDA to be efficiently internalized into the
targeted cells. Based on the cytotoxicity measurement results, a
concentration of 50 pg mL™! of pCas9pPXN@NPs@PDDA was
used for incubating with U20S cells at different time points. The
cellular uptake behavior of pCas9pPXN@NPs@PDDA (red flu-
orescence from Cy5.5) was evaluated with confocal laser scan-
ning microscopy (CLSM) and flow cytometry. pCas9pPXN@NPs
were also employed in this study for comparison. As shown in
Figure 4a, the red signal from pCas9pPXN@NPs@PDDA in-
creases gradually over time. After 16 h incubation, an obvious
uptake of pCas9pPXN@NPs@PDDA is observed. In contrast,
a much lower level of uptake is detected from the cells treated
with pCas9pPXN@NPs. These observations were further con-
firmed with flow cytometry analysis (Figure 4b). The quantitative
analysis results indicate that lower uptake efficiency can be ob-
tained from the cells incubated with pCas9pPXN@NPs, whereas
an enhanced uptake efficiency (1.3-fold) was occurred in the
pCas9I@NPs@PDDA treated cells, which can be caused by the
positive PDDA layer coated on the surface of the nanocarriers.

2.4. Endosomal Escape and Nucleus-Targeting Capability

For efficient gene editing, endosomal escape is another key char-
acteristic for the nanocarriers. It has been reported that many
pH-responsive polymers can facilitate endosomal escape when
degraded inside the endosome.®®*! To investigate the endoso-
mal escape capability, Cy5.5-labeled nanocarriers with PDDA
(pCas9pPXN@NPs@PDDA) were exposed to U20S cells, and
the cells were then observed using CLSM after 1, 2, and 4 h incu-
bation. The endosomes of the cells were stained with LysoTracker
Green before confocal microscopy observation. As shown in
Figure 5a, the colocalizations (yellow) of the nanocarriers and
endosomes can be observed after 2 h incubation, indicating the
entrapment of the pCas9pPXN@NPs@PDDA in endosomes.
However, at 4 h, the red fluorescence signal is rather observed

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Cellular uptake and intracellular distribution of the plasmids-loaded nanocarriers with and without PDDA after 1, 6, and 16 h incubation
detected by a) confocal microscopy and b) flow cytometry. The nanocarriers are red signal with Cy5.5, while the nuclei were stained with DAPI. The

intensity of Cy5.5 was determined by the mean value in Flowjo. Two-sample t-test was performed, ***p < 0.001, **p < 0.07, and *p < 0.05. Bar chart
represents the mean with standard deviations from tree independent measurements. Scale bar: 20 pm.
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Figure 5. a) CLSM images (63 X) of U20S cells after incubation with pCas9pPXN@NPs@PDDA (red) for 1, 2, and 4 h. Lysotracker@Green (green)
was used to stain the acidic organelles (endosomes) and DAPI was used to stain the nucleus. Co-localization was indicated by yellow fluorescence.
b) Intracellular distribution of the nanocarriers b) with and c) without NLS sequence after treating the U20S cells with 24 h. Scale bar: 20 pm.

in the nanocarrier group, implying the successful endosomal
escape of the nanocarrier system. In contrast, the nanocarrier
without PDDA (pCas9pPXN@NPs) shows lower endosomal
escape efficiency after 4 h treatment (Figure S6, Supporting In-
formation), indicating the key role of the pH-responsive polymer
to overcome the endosomal escape abyss. Following that, the in-

Adv. Therap. 2021, 4, 2000072 2000072 (7 of 12)

tracellular distribution of NPs is also evaluated. As presented in
Figure 5D, the escaped NPs accumulate in the vicinity of the nu-
cleus due to the presence of NLS, promoting the pCas9 and pPXN
penetrating into the nucleus. In contrast, the NPs without NLS
are widely distributed in the cytosol and show no obvious target-
ing ability to the nucleus (Figure 5c). These results demonstrate

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Fluorescence microscopy images of U20S cells treated with pCas9@NPs@PDDA (50 pug mL™") after a) 2, b) 4, c) 6, and d) 7 days incubation

to confirm the in vitro transfection and GFP expression. Scale bar: 100 ym.

that the designed nanocarrier can effectively promote the endoso-
mal escape and deliver the pCas9 and pPXN close to the nucleus.

2.5. In Vitro Gene Expression

To further evaluate the capability of the nanocarrier for
CRISPR/Cas9 plasmid delivery, we next examine the expression
of the plasmids in the target cells. Here, we take pCas9 as an ex-
ample. The pCas9 encoding Cas9 and sgRNA scaffold has been
fused with GFP expressing sequence oligos in the downstream,
which can be used as a fluorescent marker.[**! To track the green
signal at different time points after transfection, we culture the
U20S cells with pCas9, NPs@PDDA, and pCas9@NPs@PDDA
and observed them after 2, 4, 6, and 7 days. As shown in Fig-
ure 6a, the obvious GFP signal from a block proportion of U20S
cells can be observed through fluorescence microscopy after 2
days treatment with pCas9@NPs@PDDA. In contrast, no GFP
signal was detected by treating U20S cells with free pCas9 or
pure NPs@PDDA (not shown), indicating the importance of us-
ing the designed delivery platform for the plasmid transfection.

Adv. Therap. 2021, 4, 2000072 2000072 (8 of 12)

Nevertheless, due to the plasmid dilution with cell division, the
GFP positive cell population decreases dramatically. After 4 (Fig-
ure 6b) and 6 days (Figure 6¢) treatment, lower expression signal
can be measured and the GFP signal almost disappears when in-
cubating the cells for 7 days (Figure 6d).

2.6. In Vitro Gene Knock-In

To confirm the gene editing efficiency of the designed nanocar-
rier, we have studied the in vitro PXN knock-in potency. Paxillin
is a key focal adhesion protein and signaling regulator at sites
of cell extracellular matrix adhesion. In this experiment, U20S
cells were transfected with the nanocarrier loaded with pCas9
and pPXN in equimolar ratio. The plasmid pCas9 that can
express the sgRNA to target the coding region of the PXN and
Cas9 protein is used to create double-stranded breaks (DSBs) at
PXN genome. Subsequently, the donor template pPXN is used
to repair the DSBs in the HDR pathway. Thus, the correct PXN
sequence can be inserted into the target site. Since the PXN
sequence in plasmid pPXN has been tagged with GFP-linked
expression cassette, gene editing cells can be subsequently

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) Fluorescence microscopy and b) confocal image of U20S cells treated with pCas9pPXN@NPs@ PDDA after 7 days incubation. c) Confocal
immunofluorescent analysis of pCas9pPXN@NPs@PDDA-treated U20S cells using primary antibody (anti-paxillin antibody [Y113]) and secondary
antibody (anti-rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor 647 Conjugate)) showing colocalization with GFP signals.

inspected by fluorescence microscopy. The green signal is easily
distinguished from the pCas9 expression interference because of
the transient expression can be disappeared after 7 days, accord-
ing to the above discussion. Therefore, the gene editing behavior
in U20S cells is investigated starting from 7 days post-treatment
with pCas9pPXN@NPs@PDDA. As expected, obvious GFP
fluorescence can be observed by fluorescence microscopy in
Figure 7a,b. To confirm GFP localization to the appropriated
structure of paxillin, fibronectin-stained focal adhesion and
immunofluorescence colocalization have been explored. Fi-
bronectin, as the ligand for a dozen members of the integrin
receptor family, could bind paxillin to achieve the transduction
of environmental signals to the cell interior.?!} After plated on
fibronectin, U20S cells-localized focal adhesion sites displayed a
punctate distribution with bright green fluorescence (Figure 7c).
When staining the edited cells with monoclonal paxillin antibody
and Alexa Fluor@647-conjugated goat anti-rabbit IgG (which
was predicted to label both the GFP-tagged and untagged paxillin
protein factions within the same cells), obvious colocalization of
different fluorescence channels (paxillin, red and GFP, green)
was observed in Figure 7c. Taken together, the results confirmed
that the GFP-tagged paxillin gene has been inserted into the
appropriate site of U20S cells, which demonstrated that the
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functionalized MSNs-based nanocarrier was safe and specific
for the CRISPR/Cas9 editing system delivery.

3. Conclusion

In summary, we have for the first time demonstrated
CRISPR/Cas9 plasmid delivery by functionalized MSNs for
paxillin knock-in in U20S cells. Porous MSNs particles can
effectively load large CRISPR/Cas9 plasmids with a loading
efficiency of 50% and the microfluidic-based polymer (PDDA)
coating can effectively protect the payloads in the nanocarrier.
The electrostatic interaction between positive PDDA and the
negative plasmid is weakened with increasing acidity due to the
protonation of phosphate acid species (-PO*"), which leads to
pH responsive CRISPR/Cas9 release, and PDDA degradation
induces fast endosomal escape (4 h) of the nanocarrier. By
surface functionalizing the MSNs with NLS, the NPs can accu-
mulate close to the nucleus and improve the nuclear plasmid
delivery efficiency. By using GFP-Cas9-paxillin-gRNA and Cas9
plasmids as model plasmids, we have successfully knocked in
the GFP-tagged paxillin into the U20S cells genome. Therefore,
this platform provides a simple but active route for the delivery

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of CRISPR/Cas9 plasmids, showing considerable potential for
gene editing in biomedical applications.

4. Experimental Section

Materials: ~ Cetyltrimethylammonium chloride solution (CTAC, 25 wt%
in H,0), tetraethyl orthosilicate (TEOS, reagent grade, 98%), PDDA
solution (average M,, 200000-350000 (medium molecular weight),
20 wt% in H,0), paraformaldehyde (PFA, paraformaldehyde, powder,
95%), DAPI (4’,6-diamidino-2-phenylindole, for nucleic acid staining),
and cell proliferation reagent (WST-1) were purchased from Sigma-
Aldrich. Ammonium nitrate (NH,NO;, 99+%, for analysis), triethy-
lamine (TEA, 99%, pure), and 3-aminopropyltriethoxysilane (APTES,
99%, AcroSeal) were purchased from ACROS Organics. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl, > 98.0%)
was purchased from Tokyo Chemical Industry Co., Ltd. (TCI)) and N-
hydroxysuccinimide (NHS, 98+%) was purchased from Alfa Aesar. The
NLS (PKKKRKV) was bought from Genscript biotech corporation (Nan-
jing, China). The plasmid (pCas9) that encoded with the gRNA sequence
targeting paxillin (5'-GCACCTAGCAGAAGAGCTTG-3’) into pSpCas9(BB)-
2A-GFP backbone, the template plasmid (AICSDP-1:PXN-EGFP, pPXN),
and primary antibodies against paxillin (anti-paxillin antibody [Y113]) were
kind gifts from Prof. Johanna Ivaska at Turku Bioscience Centre (Biocity,
Finland). The secondary antibodies anti-rabbit IgG (H+L) conjugated to
Alexa Fluor 647 were bought from Invitrogen.

Preparation of Cy5.5-Loaded MSN (Cy5.5-MSNs): The preparation
of Cy5.5-MSNs was operated through a modified method by Zhao's
group.[*?2] It was achieved via a one-pot bi-phase stratification approach
by continuous growth using cationic surfactant CTAC as a template, TEOS
as a silica source, TEA as a catalyst, and organic solvent cyclohexene as
an emulsion agent. A typical synthesis process was performed as follows.
Briefly, 24 mL (25 wt%) CTAC solution and 0.18 g of TEA were added to
36 mL water and stirred for 1 h at 60 °C. Then added 20 mL of TEOS (10
v/v%) in cyclohexene to the CTAC and TEA water solution carefully un-
der stirring. The reaction was kept at 60 °C with gentle magnetic stirring
(=150 rpm) overnight to obtain the products. After that, the products were
collected by centrifugation and washed several times with ethanol to re-
move the residual reactants. To remove the template, the collected prod-
ucts were extracted with a 0.6 wt% NH,NO; ethanol solution at 60 °C for
6 h twice.

Surface Functionalization of Cy5.5-MSNs: The amine-functionalized
Cy5.5-MSNss particles (Cy5.5-MSNs-NH,) were synthesized by refluxing
50 mg of Cy5.5-MSNs and 50 pL of APTES in ethanol at 60 °C overnight
(150 rpm). After 16 h, the obtained particles (Cy5.5-MSNs-NH,) were col-
lected with centrifugation and washed twice with ethanol.

NLS Conjugation: 2 mg (2 pmol) of NLS was dissolved in 10 mL of
PBS (pH = 6) with gentle mixing. After this, 0.1 mmol of EDC (19.17 mg)
and 0.15 mmol of NHS (17.26 mg) were added to the PBS solution. This
mixture was then kept at stirring for 30 min to activate the carboxyl group.
20 mg of Cy5.5-MSNs-NH, particles were centrifuged, washed two times
with PBS to get rid of the ethanol, and then added to the NLS mixture. This
solution was kept at stirring for 2 h. NLS-modified MSN particles (Cy5.5-
MSNSs-NLS) were obtained after washing with PBS twice.

Loading of Plasmids: A stock of Cy5.5-MSNs-NLS particles (1 mg
mL~1) was dispersed in PBS (pH 6.0). Plasmid stock (pCas9 and pPXN
mixed with 1:1 ratio) was also prepared in PBS buffer (100 ug mL™").
500 pL of plasmid stock and 500 pL of Cy5.5-MSNs-NLS stock were mixed.
This mixture was kept overnight at +4 °C and under magnetic stirring
in 2 mL Eppendorf tube. After overnight incubation, 100 pL of the solu-
tion was taken away to measure how much plasmids were loaded to the
particles. The solution was centrifuged for 10 min at 13 400 rpm with Ep-
pendorf MiniSpin. Plasmids that were not loaded into the particles were
found in the supernatant, and were collected into a new tube. These non-
loaded plasmids were collected and then assayed by using a UV-vis spec-
trophotometer (NanoDrop 2000c, ThermoFisher) at wavelengths of 260
and 280 nm. From the DNA concentration, both loading efficiency (LE%)
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and the loading capacity (LC, mg g~') were determined by using the for-
mula below

A—A
LE% = 'Tf % 100 (1)

A — A
amount of MSNs

LC (ugmg™') = 2)

where A; stands for the initial and A¢ for the final amount of plasmid.

Polymer Coating with Microfluidic Technology: A 3D microfluidic co-
flow focusing device was fabricated by assembling two (inner and outer)
glass capillaries on a glass slide. After mixing the polymer (PDDA, 1.25 mg
mL™1) and plasmid-loaded Cy5.5-MSN-NLS (pCas9pPXN@NPs 250 pg
mL~") in water, the solution was served as inner phase, meanwhile, the
pure ethanol was selected as the outer phase. The two liquids were injected
separately into the microfluidic device at a constant flow rate. The flow
rate of inner and outer liquids was set to 2 and 40 mL h~', which was con-
trolled by pumps (PHD 2000, Harvard Apparatus, USA). And the coating
process was monitored by using the Meros high-speed digital microscope
(Dolomit microfluidics), in which the inner fluid was focused by the outer
continuous fluid. In this procedure, the hydrophilic polymer would precip-
itate outside of the nanocarrier after meeting with ethanol to form a uni-
form coating layer. The coated nanocarrier (pCas9pPXN@NPs@PDDA)
was obtained after centrifuging.

Characterization of the NPs:  The morphology of the synthetic NPs was
evaluated by a TEM (JEOL 1400 Plus, USA). Particle sizing was performed
using dynamic light scattering with a Zetasizer Nano ZS (Malvern Instru-
ments Ltd., UK). The nanocarrier surface zeta potential was measured with
a Zetasizer Nano ZS by using disposable folded capillary cells (DTS1070,
Malvern, UK).

In Vitro Plasmid Releasing: The in vitro release of encapsulated plas-
mid from PDDA-coated nanocarriers and the effect of pH on the release
profiles were determined by suspending the pCas9pPXN@NPs@PDDA
in 100 pL HEPES buffer with different pH (7.4 and 5.5) value at a final
nanocarrier concentration of 0.5 mg mL~". All suspensions were placed in
ashaker (Grant GLS400). The amount of released plasmid was determined
by removing the supernatant after centrifugation (13 000 rpm, 5 min) and
replacing it with a new buffer (100 pL) at the collecting time points. Then
the release profile was measured using NanoDrop 2000c Fluorospectrom-
eter (ThermoFisher, USA) and all the measurements were performed in
triplicate.

EcoRV Digestion and DNA Electrophoresis Assay:  For digestion reaction:
The nuclease-free water (16 pL) and 10 X buffer R (2 pL) were mixing
together and then adding 1 pL (1 pg pL™") pure pCas9, released pCas9
from pCas9@NPs, and released pCas9 from pCas9@NPs@PDDA sepa-
rately, following by adding EcoRV (2 pL). The solution for pCas9 without
EcoRV was taken as control group. Every solution was mixed gently and
spun down for a few seconds. Afterward, they were incubated overnight at
37 °C water bath. For DNA electrophoresis assay: 8 mg of agarose powder
was added to 100 mL TBE (Tris-borate-ethylenediaminetetraacetic acid,
0.5%) in a microwavable flask and microwaved for several minutes until
the agarose was completely dissolved. After the agarose solution cooled
down, 40 mL was taken and one drop of ethidium bromide was added to
a final concentration of ~0.2-0.5 pg mL~". Then the agarose was poured
into a gel tray with the well comb and waited for 20-30 min until it had
completely solidified. After that, the samples (2 pL) mixed with 6 X load-
ing buffer (4 pL) were loaded into comb wells carefully. The FastRuler High
Range DNA ladder was loaded into the first lane of the gel. The gel was
placed into the gel box and run it at 100 V until the dye line was ~75-80%
of the way down the gel. Finally, the gel was imaged by ChemiDoc imager
to visualize the DNA fragments.

Cell Viability Assay:  The used cell line, U20S, was a generous gift from
Prof. Johanna Ivaska at Turku Bioscience Centre (Biocity, Finland). The
cells were cultured in a 37 °C incubator under 5% CO, and 90% humidity
with complete growth medium: DMEM supplemented with 10%, v/v heat-
inactivated FBS, 0.5% penicillin/streptomycin solution, 1% nonessential
amino acid, and 1% L-glutamine. To study cytotoxicity, WST-1 assay was
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performed according to the manufacture’s protocol. U20S cells were
seeded into 96-well plates (2 x 10* cells per well) one day before. Then, the
cell growth medium was replaced with a fresh medium containing different
concentrations of NPs@PDDA, which positive control was 100 uL DMEM
with 10% dimethyl sulfoxide. After 48 h incubation, the WST-1 reagent
was added to each well and the cells were incubated for 2 h at 37 °C with
5% CO,. The absorbance was measured by a Varioskan Flash Multimode
Reader (Thermo Scientific Inc., Waltham, MA, USA) at 440 nm. Triplicates
were used for the experiment and averaged absorbance readings were
plotted.

Cell Uptake Study: The U20S cells were seeded and incubated
overnight in confocal dishes (20 x 10* cells per dish) and 6-well plates
(2 x 10° cells per well). Then the medium was replaced with the fresh
medium containing pCas9pPXN@NPs@PDDA and pCas9pPXN@NPs
(50 pg mL™") and incubated for another 1, 6, and 16 h at 37 °C. For CLSM
(Zeiss, LSM780, Germany), the cells in confocal dishes were rinsed with
PBS twice, fixed with 4% PFA, and stained with DAPI (5 pg mL™"). Detec-
tion of DAPI was performed with 405 nm laser excitation and laser 633 was
utilized for Cy5.5 exciting. For quantitative analysis, the cells in the 6-well
plate were collected by trypsin and dispersed in PBS. Then the acquisition
of cellular uptake was determined by flow cytometer BD LSRFortessa by
using the Alexa Fluor 700 channel. All measurements were carried out in
triplicate.

Endosome Escape and Nucleus Targeting: The U20S cells were seeded
in confocal dishes (2 x 10° cells per dish) and incubated overnight for at-
tachment. The plasmids-loaded nanocarrier (pCas9pPXN@NPs@PDDA)
was dispersed into DMEM and added to each dish (50 pg mL™", 2 mL).
LysoTracker@Green probe was used to stain endosomes according to the
manufacture protocol. At the determined time point (1, 2, 4 h), the cells
were fixed with 4% PFA and further stained with DAPI. Then the endoso-
mal escape and nucleus targeting ability of the nanocarrier were measured
with CLSM.

In Vitro Gene Transfection Study: The U20S cells were seeded into
24-well plate (5 x 10* cells per well) and cultured overnight. The
pCas9@NPs@PDDA (1 pg NPs loaded with 500 ng plasmids) were dis-
persed into 1 mL DMEM culture medium and added to corresponding
wells, in which the pCas9 and NPs@PDDA were used as control. After in-
cubating for the determined time at 37 °C, the cells were analyzed by EVOS
fluorescence microscopy (AMG) using a GFP filter.

Analysis of Gene Editing Efficiency: ~ Fibronectin staining: Fibronectin was
prepared in PBS (10 pg mL~") and confocal microscope slide was incu-
bated into the fibronection solution at 4 °C. After overnight treatment, the
glass with fibronectin was rinsed a few times with PBS. Then the trans-
fected U20S cells were seeded on top of the fibronectin-coated glass and
incubated at room temperature for 2 h. After that, the cells were fixed
with 4% PFA for 15 min at room temperature and washed with PBS three
times. DAPI solution (5 ug mL™") was then added into the cells for 5 min.
Then it was washed three times with PBS. Immunofluorescence test: After
fibronectin staining, the treated cells were kept in PBS solution with 1 m
glycine and then washed with PBS. To remove the cellular membrane lipid,
the cells were permeabilized with 0.3% Triton X-100 in PBS (600 pL) for
2 min at room temperature. After that, cells were washed and incubated
with primary antibodies 1:100 diluted in 1% bovine serum albumin (BSA)
in PBS at +4 °C overnight. The samples were then washed twice with PBS
and incubated with secondary antibodies diluted in 1% BSA in PBS for
1 h at room temperature. For confocal measurement, the prepared sam-
ples were washed three times with PBS.

Statistical Analysis: ~ All results were presented as mean + standard de-
viations (SD) and performed using two-sample t-test. The statistical sig-
nificance between groups was indicated by ***p < 0.001, **p < 0.01, and
*p < 0.05, respectively.
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