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Background: Therapy for glioblastoma (GBM) has always been very challenging, not only
because of the presence of the blood-brain barrier (BBB) but also due to susceptibility to drug
resistance. Recently, the clustered regularly interspaced short palindromic repeats (CRISPR)-
associated protein 9 (CRISPR/Cas9) has revolutionized gene editing technology and is capable
of treating a variety of genetic diseases, including human tumors, but there is a lack of safe and
effective targeting delivery systems in vivo, especially in the central nervous system (CNS).
Methods: Lipid-polymer hybrid nanoparticles (LPHNs-cRGD) were constructed for effi-
cient and targeting delivery of CRISPR/Cas9 plasmids targeting O6-methylguanine-DNA
methyltransferase (MGMT), a drug-resistance gene to temozolomide (TMZ). Focused ultra-
sound (FUS)-microbubbles (MBs) were used to non-invasively and locally open the BBB to
further facilitate gene delivery into glioblastoma in vivo. The gene editing efficiency and
drug sensitivity changes were evaluated both in vitro and in vivo.

Results: The gene-loaded LPHNs-cRGD were successfully synthesized and could protect
pCas9/MGMT from enzyme degradation. LPHNs-cRGD could target GBM cells and med-
iate the transfection of pCas9/MGMT to downregulate the expression of MGMT, resulting in
an increased sensitivity of GBM cells to TMZ. MBs-LPHNs-cRGD complexes could safely
and locally increase the permeability of the BBB with FUS irradiation in vivo and facilitated
the accumulation of nanoparticles at the tumor region in orthotopic tumor-bearing mice.
Furthermore, the FUS-assisted MBs-LPHNS,caomomTCRGD  enhanced the therapeutic
effects of TMZ in glioblastoma, inhibited tumor growth, and prolonged survival of tumor-
bearing mice, with a high level of biosafety.

Conclusion: In this work, we constructed LPHNs-cRGD for targeting delivery of the
CRISPR/Cas9 system, in combination with FUS-MBs to open the BBB. The MBs-LPHNs-
cRGD delivery system could be a potential alternative for efficient targeting gene delivery
for the treatment of glioblastoma.
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Introduction

Glioblastoma (GBM) is the most common and lethal primary brain tumor in adults.
The mean survival of patients with glioblastoma is only 12—14 months, even after
treatment with comprehensive therapy including surgery, chemotherapy, and/or
radiotherapy.'* Temozolomide (TMZ), an alkylating agent, is the main drug ther-
apy for patients with glioblastoma because TMZ can easily cross the blood-brain
barrier (BBB) and inhibit GBM cell proliferation, with low levels of systematic
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toxicity.” However, the therapeutic efficacy of TMZ is
often limited by O6-methylguanine-DNA methyltransfer-
ase (MGMT), which can repair the O6-methylguanine
lesions caused by TMZ, inducing TMZ resistance in
GBM cells.*> Downregulating the expression of MGMT
can reduce chemoresistance and increase the therapeutic
effects of TMZ in GBM cells.®’

The clustered regularly interspaced short palindromic
repeat (CRISPR)-associated protein 9 (CRISPR/Cas9) has
been considered one of the most significant gene editing
technologies. In this system, the Cas9 endonuclease, under
the direction of guide RNA (gRNA), can recognize and
cleave specific DNA sequences, generating double-
stranded breaks (DSBs), leading to insertions, deletions
or mutations at target genomic locations.*® With high
efficiency, specificity, and simplicity, the CRISPR/Cas9
system shows tremendous potential for various cancer
treatments via genome editing in cells and animals.'*"
However, current delivery systems for CRISPR/Cas9 are
mostly viral vectors such as lentiviruses (LVs), adeno-
viruses (AVs), which can be immunogenic and carcino-
genic, especially in vivo.'>'* Thus, non-viral vectors have
emerged as important alternatives for gene delivery with
the advantages of good biocompatibility, low immuno-
genicity, and easy modification.'*

Nanoparticles, such as lipid- and polymer-based sys-
tems, have made significant progress in targeting drug deliv-
ery over the past decades. Lipids, the traditional vectors,
have many favorable properties such as high biological
compatibility, low toxicity, and ease of surface modification,
but their instability, poor bioavailability, and low drug-
loading hinder their clinical use.'® Alternatively, polymeric
nanoparticles (such as PLGAs) have high stability in sys-
temic circulation, a controlled-release profile, and high
drug-loading efficiency. However, the biocompatibility of
synthetic polymers remains a significant concern for
therapy.'®'® Therefore, lipid-polymer hybrid nanoparticles
(LPHNs) were investigated in an effort to combine the
complementary advantages of lipids and polymer
nanoparticles.'>*° LPHNs are typically composed of three
different functional components: a polymer core encapsulat-
ing therapeutic agents; an inner lipid layer surrounding the
polymer core, which can confer biocompatibility and retain
therapeutic agents inside the polymer core; and an outer
lipid-PEG layer coating the lipid layer to extend the blood
circulation time and enhance steric stabilization.'
Additionally, the PEG chains can be further modified with

various bioactive molecules to meet different needs, such as

the use of antibodies for active targeting therapy for
tumors.”> As a new generation delivery vector, use of
LPHNs has been expanded to deliver various diagnosis
and treatment agents, such as Dox/ICG,** siRNA for gene
therapy,”* diagnostic imaging agents.?’

However, the blood-brain barrier (BBB) presents
a major obstacle for glioblastoma therapy.”° The BBB
blocks more than 98% of material to prevent toxic sub-
stances from entering the central nervous system (CNS)
and maintain brain homeostasis. However, this can also
prevent the diffusion of effective therapeutic agents from
entering the brain.?’ Increasing permeability of the BBB
is an important method to enhance drug delivery.
Focused ultrasound (FUS) shows tremendous potential
in this field, especially when combined with microbub-
bles (MBs).>® Compared with other strategies, such as
hypertonic solutions and direct injection, FUS in the
presence of MBs, through the cavitation effect, can non-
invasively, reversibly, and site-specifically increase the
permeability of the BBB without causing damage to the
surrounding brain tissue.?’*° Thus, FUS combined with
MBs is an important alternative strategy to permeabilize
the BBB and facilitate the delivery of therapeutic agents
into the brain.

In this study, we developed LPHNs nanocarriers loaded
with CRISPR/Cas9 plasmids targeting the MGMT gene and
modified with the cRGD peptide which targets the over-
expressed integrin avP3 receptors in tumor cells
(LPHNSpcasomomTcRGD) and evaluated the gene editing
efficiency in vitro. Subsequently, we constructed MBs-
LPHNSspcasomamTcRGD complexes for BBB-opening and
targeting gene delivery in vivo under FUS irradiation. The
results showed that the complexes can execute effective
gene delivery and restore the sensitivity of GBM cells to
TMZ, with a high level of biosafety and biocompatibility
both in vitro and in vivo. This work provides a promising
strategy to construct a safe, efficient and multi-functional
complex for the targeted delivery of CRISPR/Cas9 and the

treatment of TMZ-resistant glioblastoma.

Materials and Methods

Materials and Cells

PLGA (lactide: glycolide = 50:50, Molecular Weight:
12,000) was purchased from Jinan Daigang Biological
Material Company (Shandong, China). 1.2-Dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC), 3beta [N-(N’,N’-
dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol),
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and cholesterol were provided by Avanti Polar Lipids, Inc.
(Alabaster, AL, USA). 1.2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy (polyethylene glycol)-2000]
(DSPE-PEG2000), DSPE-PEG2000-cRGD and DSPE-
PEG2000-Biotin  were
Biological

obtained from Xi’an Ruixi
Ltd. (Xi’an, China).
Lipofectamine 3000 was purchased from Invitrogen
(Carlsbad, CA, USA). Streptavidin was bought from
Solarbio (Beijing, China). Dil and DiO were purchased

Technology Co.,

from Beyotime Biotechnology Company (Shanghai,
China). DAPI and TMZ were purchased from Mengbo
Biotechnology Co., Ltd. (Chongqing, China). DiR was
obtained from Sigma-Aldrich Chemical Co. (St Louis,
MO, USA). The cell Counting Kit-8 (CCK-8) was pur-
chased from Dojindo Laboratories (Kumamoto, Japan).
All reagents and solvents were of analytical grade.

The human glioblastoma cell line T98G was obtained
from the American type culture collection (ATCC) and
maintained in MEM (Hyclone, USA) supplemented with
10% (v/v) fetal bovine serum (FBS) and 1% penicillin-
streptomycin. Cells were incubated in a 37°C incubator
under 5% CO2 atmosphere.

Three pairs of candidate dual-gRNA/Cas9 plasmids target-
ing MGMT gene (pCas9/MGMT, containing an EGFP cas-
sette) were purchased from GenePharma (Shanghai, China).
A blank plasmid was used as control (pctrl). The editing
effects of the plasmids were tested via PCR and Sanger
sequencing in 293T cells (Figure S1-3 and Table S1).
Plasmids with effective editing efficiency were selected for
the subsequent experiments.

Preparation and Characterization of
Lipid-Polymer-Hybrid PEG Nanoparticles
(LPHNs-cRGD)

LPHNs-cRGD were prepared via nanoprecipitation
method.*'*? Briefly, 5 mg of PLGA was dissolved in
1 mL of acetone as an organic phase. Lecithin, DSPE-
PEG-cRGD, and DSPE-PEG-biotin (at a molar ratio of
7:1.5:1.5) were distributed in 20 mL of 4% ethanol solu-
tion as an aqueous phase. The organic solution was then
added dropwise to the aqueous solution under vigorous
stirring. The nanoparticles self-assembled and the acetone
evaporated after 2—3 hours with slow and continuous stir-
ring at room temperature. The LPHNs-cRGD were then
washed three times in phosphate-buffered saline (PBS) to
remove remaining organic solvents using Amicon tubes
(Molecular weight cut off: 10 kDa, Millipore), diluted in

1 mL of PBS, and stored at 4°C. For gene-loaded LPHNs-
cRGD, 300 pg of plasmids and Img DC-chol were co-
incubated for 30 min previously in acetone containing
PLGA. The same method was used to synthesize non-
targeting LPHNs using DSPE-PEG.

The particle size, zeta potential and polydispersity
index (PDI) were determined using a Zetasizer Nano ZS
instrument (Malvern Instruments, UK). The encapsulation
efficiency of the pCas9/MGMT in LPHNs-cRGD was
determined from the ratio of the amount of encapsulated
pCas9/MGMT to the amount of pCas9/MGMT initially
added using PicoGreen dsDNA Quantitation Kit (Thermo
Fisher, USA) according to the manufacturer’s instruction.
The structure of the plasmid in nanoparticles was observed
through agarose electrophoresis after extracted from nano-
particles. Fluorescence microscope (Nikon, Japan) was
used to observe the Dil-labeled LPHNs-cRGD. The mor-
phology and structure of the LPHNs-cRGD were observed
via transmission electron microscopy (TEM, Hitachi
H-7600, Japan). Stability of nanoparticles was examined
in MEM with 10% FBS (v/v) at 37°C, and the size of
nanoparticles was monitored as above at different time
intervals.

Release of pCas9/MGMT in vitro

In vitro release of pCas9/MGMT from nanoparticles was
carried out in PBS at 37°C. 5 mg of pCas9/MGMT-loaded
nanoparticles was suspended in 1 mL PBS and shaken
slowly at 37°C. At a predetermined time, the solution
was centrifuged and the supernatants were collected to
measure the released pCas9/MGMT using the Picogreen
assay as mentioned above. Nanoparticles were then imme-
diately resuspended in fresh PBS and shaken in the incu-
bator at 37°C.

Protection from DNase |

DNase I was used to investigate whether LPHNs-cRGD can
protect pCas9/MGMT from enzymatic digestion. In brief,
100 pL nanoparticles were suspended in reaction buffer
containing 1U of DNase I (Beyotime, Shanghai, China)
per microgram of DNA. The solution was incubated at
37°C for different time. And then nanoparticles were sepa-
rated by high-speed centrifugation, dissolved in 1 mL of
chloroform followed by adding 500 pL TE buffer. The
mixture was rapidly agitated using a magnetic stirrer for 2
h at room temperature to extract pCas9/MGMT from nano-
particles. After centrifugation, the supernatant containing
extracted pCas9/MGMT was collected. As a control, 50 pL
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naked pCas9/MGMT was incubated with DNase I at the
above concentration for 3 min at 37°C. Then, samples were
added with DNA loading buffer before applied to a 0.8%
agarose gel in 0.5 x TAE buffer containing gold-view for 40
min at 70 mV, and images were observed using Bio-Rad
imaging system (Hercules, CA, USA).

Cytotoxicity and Targeting Ability of
LPHNs-cRGD in vitro

5 x 10° T98G cells per well were seeded in 96-well plates
and incubated overnight, then cells were added with dif-
ferent concentrations of LPHNs or LPHNs-cRGD and
further incubated for 48 h. Untreated cells in culture med-
ium were used as the negative control groups. After incu-
bation, the cells were added with 10uL of CCK-8 solution
and further incubated for 1-2 h. Then the absorbance of
solution in each well was measured at 450 nm using
a microplate reader (Synergy HT, Bio-Tek, USA). The
cell viability (%) was calculated according to the instruc-
tions of the CCK-8 assay.

The targeting ability of the LPHNs-cRGD toward T98G
cells was observed using both Laser scanning confocal
microscope (LSCM) and flow cytometry (FCM). T98G
cells were seeded into confocal culture dishes with
a density of 1.0 x 10 cells per dish and incubated overnight.
The cells were then divided into three groups: a control
group (PBS), an LPHNs group and an LPHNs-cRGD
group. After 24 h of incubation, the LPHNs group was
incubated with 10 pL Dil-labeled LPHNs emulsions, the
LPHNs-cRGD group was mixed with 10 pL Dil-labeled
LPHNs-cRGD emulsions. After 4 h of coincubation, the
cells in the dishes were rinsed 3 times with PBS and fixed
with 4% paraformaldehyde for 15 min at room temperature,
then stained with DAPI for 5 min. After rinsing again, the
fixed cells were imaged using LSCM. For FCM, T98G cells
were seeded into 6-well plates with a density of 2.0 x 10°
cells per dish and incubated overnight. The cells were then
mixed with different nanoparticles as previously described.
After 4 h of co-incubation, the cells were washed with PBS,
followed by digestion with trypsin, centrifugation, and sus-
pension in 500 pL. PBS. Finally, the fluorescence intensity
of the cellular uptake was detected via FCM.

Transfection Efficiency and Gene Editing
with LPHNs-cRGD in vitro

Fluorescence microscopy and FCM were used to evaluate
the transfection efficiency. T98G cells were seeded into

6-well plates and incubated overnight, respectively. The
cells were then treated with naked pCas9/MGMT,
LPHNS,casomamt and LPHNS,casomamt -CRDG, respec-
tively. Lip3000 was used as a positive control according to
the product manual. The amount of pCas9/MGMT in all of
the groups was 5 pg. After incubation for 48 h, EGFP
expression was observed with a fluorescence microscope,
and then cells were collected for FCM as described above.

Western blotting was carried out to test the expression of
MGMT protein after transfection with different nanoparti-
cles. T98G cells were seeded into 6-well plates and incubated
overnight. LPHNS,casomemt and LPHNS,c.s0memcRGD
(5 pg of pCas9/MGMT) were then added to the medium and
incubated for 48 h. Untreated cells, PBS and LPHNSs -
cRGD were used as negative controls. Whole-cell protein
was isolated using RIPA lysis buffer (Beyotime, Shanghai,
China) with phenylmethylsulfonyl fluoride and quantified by
a BCA assay. Isolated protein was separated on SDS-PAGE
gel and transferred to polyvinylidene fluoride membranes.
The membranes were incubated with the appropriate antibo-
dies against MGMT (Abcam, USA) and subsequently incu-
bated with secondary anti-rabbit IgG-HRP antibodies
(Beyotime, China). Images were obtained using the Bio-
Rad imaging system.

CCK-8 and Apoptosis Assays for

Chemosensitivity Testing
The sensitivity of the GBM cells to TMZ after treatment
with LPHNSpcasomGmr in vitro was evaluated using CCK-
8 and apoptosis assays. The T98G cells were seeded into
96-well plates and incubated overnight. The cells were
randomly divided into five groups: a negative control
group, an LPHNS,casommTCRGD group, a TMZ group,
an LPHNs,c,omgmt + TMZ  group, and an
LPHNS,casomomT¢cRGD  +  TMZ  group. In the
LPHNS,casomomTCcRGD and TMZ groups, cells were
treated with LPHNSspcasomomTCcRGD or TMZ alone. In
the LPHNSs,caomomr + TMZ and  LPHNS,casonvoMT
cRGD + TMZ groups, the cells were first transfected with
LPHNSs,casomamr 0F LPHNS casomomTCRGD for 48 h,
and then the culture medium was replaced with fresh
medium containing TMZ (150 uM) and incubated continu-
ously for 36 h. The amount of pCas9/MGMT in all of the
groups was 0.2 pg. Finally, cell viability was evaluated
using the CCK-8 assay as previously described.

For apoptosis assay, T98G cells were seeded into
6-well plates, divided into five groups, and treated as
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described above. The amount of pCas9/MGMT in all of
the groups was 5 pg. After co-incubation, the cells were
washed three times with PBS, digested, centrifuged, and
resuspended in 500 pL of PBS. Finally, cells were sub-
jected to flow cytometry analysis.

Preparation of Microbubbles (MBs) and

MBs-LPHNs-cRGD

Microbubbles were prepared via the lipid film hydration
method. Briefly, DPPC, DSPE-PEG-biotin, and cholesterol
(at a mass ratio of 5:2:1) were dissolved in 5 mL of chloro-
form in a round-bottomed flask and processed in a rotatory
evaporator in a water bath at 50°C to form lipid film. The
dried lipid film was rehydrated with 0.5 mL of PBS and
glycerine solution (at a volume ratio of 9:1) followed by
addition of perfluoropropane (C3F8). The mixture was
rapidly mechanically vibrated for 50 s. Finally, the biotiny-
lated MBs were purified by centrifugation and stored at 4°C
for further use.

The MBs and LPHNs-cRGD were bound together via
the biotin-avidin linkage. Briefly, 10 uL of MBs was diluted
in 1 mL PBS and were added with excessive avidin. After
30 min of incubation at room temperature, the mixture
solution was washed to remove unreacted agents. The bio-
tin-avidin MBs were added with LPHNs-cRGD emulsions
and incubated for 1 h to obtain MBs-LPHNs-cRGD. The
MBs-LPHNs were prepared using the same method. The
particle size and zeta potential were determined as above.
MBs-LPHNs-cRGD fabricated by DiO-labeled LPHNs-
cRGD and Dil-labeled MBs were observed by fluorescence
microscope to confirm the connection of the two
nanoparticles.

Opening the Blood Brain Barrier
NOD-SCID mice (4-6 weeks) were purchased from
Beijing HFK Bioscience (Beijing, China) and raised in
a suitable environment in the Experimental Animal
Center of Chongqing Medical University. The animals
received care in accordance with the Guide for the Care
and Use of Laboratory Animals. The procedures were
approved by the Ethics Committee of The Second
Affiliated Hospital of Chongqing Medical University.
Mice were anesthetized with pentobarbital and immo-
bilized on a stereotaxic device. The hair on top of the
heads was shaved. The focused ultrasound probe was
placed above the heads of mice and vertically fixed on
the stereotactic frame to ensure the focus position was

2 mm to the right laterally and 0.5 mm anterior to bregma
and was 2.5 mm under the dura. The mice were randomly
divided into different groups according to the irradiation
times and amounts of MBs-LPHNs-cRGD. After injected
with MBs-LPHNs-cRGD through the tail vein, the mice
were exposed to FUS irradiation immediately followed by
injected with 2% Evans blue dye (EB). 1 h later, the mice
were sacrificed and perfused transcardially with saline, and
the brain tissue was removed and coronally incised for
digital photography and H&E staining.

Orthotopic Xenograft Model

NOD-SCID mice were anesthetized with pentobarbital and
immobilized on a stereotaxic device. The T98G cells (2 x 10°)
were intracranially injected into the striatum of the mice using
the stereotaxic device (2 mm right laterally, 0.5 mm anterior to
the bregma, and 2.5 mm depth from the dura). Tumor growth
was monitored by a 7.0T MRI scanner (Biospec70/20USR,
Bruke, Germany) seven days after implantation.

Targeting Ability, Distribution and
Biosafety in vivo

Orthotopic xenograft NOD-SCID mice were randomly
divided into 4 groups. Group 1 was treated with DiR-
labeled LPHNs-cRGD. Group 2 was treated with DiR-
labeled MBs-LPHNs-cRGD. Group 3 was treated with
DiR-labeled MBs-LPHNs followed by FUS irradiation.
Group 4 was treated with DiR-labeled MBs-LPHNs-
cRGD and immediately exposed to FUS irradiation. 2 h
and 24 h later, images of mice were acquired using
a fluorescence imaging system (Berthold Night OWL LB
983, Germany) after hair removal. Then, brains and major
organs were collected for ex vivo imaging. The fluores-
cence intensity at the tumor sites and major organs was
calculated by the imaging system.

Mice were divided into two groups (a control and an
MBs-LPHNs-cRGD group). Saline and MBs-LPHNs-
cRGD emulsions were intravenously injected into the
mice, respectively. The mice were sacrificed seven days
after injection. The major organs (liver, spleen, kidneys,
heart, and lungs) were harvested and fixed via polyoxy-
methylene for H&E staining.

Therapeutic Effect in vivo

Mice with orthotopic T98G glioblastoma were divided into
five groups. Group 1 (control) was treated with saline. Group 2
was treated with TMZ alone. Group 3 was treated with MBs-
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LPHNSs,cas9momTcRGD and TMZ. Group 4 was treated with
MBs-LPHNSs,casomamr followed by FUS irradiation and
TMZ. Group 5 was treated with MBs-LPHNSs,c.s0moMT
cRGD followed by FUS exposure and TMZ.
Nanocomplexes (MBs-LPHNSsycasonmemmcRGD  or MBs-
LPHNSs,,casomcmT) Were intravenously injected and then the
mice were exposed to FUS irradiation immediately or not. Two
days later, TMZ (50 mg/kg) was administered via daily intra-
peritoneal injection for 5 consecutive days. Three mice in each
group were scanned with a 7.0T MRI to monitor tumor volume
every seven days and then all mice were administered with the
next cycle of treatment. The mice were sacrificed when they
demonstrated severe neurological symptoms.** Tumor volume
was calculated as follows: volume = [length (may 1ayer) X Width
(max layer)] X layers % 0.8/2 (0.8 mean the slices interval). The
survival of each mouse was recorded and the median survival

for each group was calculated.

Statistical Analysis

All experiments were performed in triplicate. Statistical
analysis was performed using SPSS software (SPSS ver-
sion 23.0) and GraphPad software (GraphPad Prism 8.0).
Data are presented as the mean + standard deviation (SD).

p < 0.05 were considered to be statistically significant.

Results

Formulation and Characterization of the

LPHNs-cRGD

The diameters and zeta potentials of the LPHNs-cRGD
were 179.6 = 44.82 nm and 29.6 + 4.33 mv, respec-
tively, with a small PDI (0.048) (Figure 1A and B). And
the encapsulation efficiency was 76.5 = 7.2%. During
the preparation process, the structure of the pCas9/
MGMT was unaffected and remained intact (Figure
S4). After staining by Dil, the LPHNs-cRGD exhibited
uniform red fluorescence signal (Figure 1C). TEM
showed that the LPHNs-cRGD had uniform spherical
shape and typical core-shell structures (Figure 1D and
E). The inner, darker region with high electron density
was indicative of the polymer core, and the outer,
brighter section indicated the lipid layer. In addition,
the nanoparticle size in MEM containing 10% FBS did
not significantly increase, indicating the excellent col-

loidal stability of nanoparticles under physiological con-
ditions (Figure S5).

Release of Plasmids in vitro and

Protection from DNase |

A release study of pCas9/MGMT-loading LPHNs and
LPHNs-cRGD was carried out in a PBS solution. As
shown in Figure S6, the nanoparticles exhibited a sustained
release profile with a short fast release period in the first
hours, followed by a long-term sustained release period.
This may be related to that most of the pCas9/MGMT was
encapsulated within the nanoparticles, which must diffuse
from the PLGA matrix into the aqueous medium.

To test whether the LPHNs-cRGD could protect the
pCas9/MGMT from enzymatic digestion, the nanoparticles
were exposed to DNase I for varying lengths of time; then,
pCas9/MGMT was extracted for agarose electrophoresis.
As (Figure 1F) shows, the naked pCas9/MGMT gradually
degraded within 3 min of incubation with the DNase 1. In
contrast, pCas9/MGMT in the LPHNs-cRGD remained
intact throughout various lengths of incubation with
DNase 1. The increased ratio of circular plasmids might
be related to the long duration and rapidity of stirring
when extracting the pCas9/MGMT from nanoparticles.
This demonstrated that the LPHNs-cRGD could protect
pCas9/MGMT from nuclease digestion.

Targeting Ability and Biosafety Study

in vitro

The targeting ability of LPHNs-cRGD to T98G cells was
evaluated via LSCM and FCM (Figure 2A and Figure S7).
LSCM images showed strong red fluorescence in the
T98G cells treated with the LPHNs-cRGD, which was
much stronger than that in the LPHNs group. The results
of the FCM analysis also showed that the fluorescence
intensity in the LPHNs-cRGD group was higher than that
in the LPHNs group. Those suggested that the nanoparti-
cles with cRGD peptides were more readily taken up than
the nanoparticles without cRGD.

The in vitro biosafety of the nanoparticles was
assessed using a CCK-8 assay to verify that the nano-
particles were biocompatible and non-toxic to cells. As
shown in Figure 2B, the results of this assay demon-
strated that the cell viability was >80% after exposure to
different concentrations of nanoparticles, indicating that
nanoparticles were safe for cells.

Transfection Efficiency
To examine whether the pCas9/MGMT in the LPHNs-cRGD
could be successfully transfected into GBM cells, FCM and
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Figure | Characterization of nanoparticles.

Notes: (A) Particle size and (B) zeta potential of LPHNs-cRGD. (C) Fluorescent image of Dil-labeled LPHNs-cRGD. (D) and (E) TEM image of LPHNs- cRGD, White
arrow: lipid layer and polymer core of nanoparticles, respectively. (F) Protection assay of LPHNs-cRGD from DNasel. Lane |, DNA maker; Lane 2, untreated pCas9/MGMT,;
Lane 3, naked pCas9/MGMT after incubation with DNase | for 3min; Lanes 4-8 correspond to the extracted pCas9/MGMT from LPHNs-cRGD after incubation with DNase

| for 3 min, 15 min, 30 min, | h and 2 h, respectively.

Abbreviations: LPHNSs, lipid—polymer hybrid nanoparticles; cRGD, cyclic arginine-glycine-aspartic acid; Dil, I.I’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine per-
chlorate; TEM, transmission electron microscopy; pCas9/MGMT, Cas9/MGMT plasmid; DNase |, Deoxyribonuclease |.

fluorescence microscopy were used to observe the expression
of EGFP. As shown in Figure 2C and D, FCM results showed
no EGFP fluorescence signal in T98G cells treated with
pCas9/MGMT alone, since naked DNA could not pass
through the cell membrane. EGFP fluorescence signal was
detected in the group transfected with the LPHNs, LPHNs-
cRGD, and Lip3000. After an additional 48 h, the transfec-
tion efficiency of the LPHNs-cRGD group was 36.39%,
which was slightly higher than that in the Lip3000 group
(30.09%), and much higher than that in the LPHNs group
(15.27%). The relatively low expression of EGFP might due
to the large size of the pCas9/MGMT.

We then observed EGFP expression using fluores-
cence microscopy at 48 h after transfection (Figure
2E). The cells treated with LPHNs-cRGD and Lip3000
showed significant EGFP signal, while dim green fluor-
escence was observed in the LPHNs group and no
EGFP signal in the naked-plasmid group. These results
indicated that the pCas9/MGMT encapsulated in the

LPHNs-cRGD were successfully introduced into the
T98G cells.

Genome Editing and Chemosensitivity

Testing in vitro

After 48 h of incubation with PBS, LPHNSs,.-cRGD,
LPHNSs,casomomt and LPHNSspcasomemTcRGD, Western
blotting assays were conducted to determine the MGMT
in Figure 3A, the
LPHNSs,casonomtCRGD group induced significant down-

protein expression. As shown
regulation of MGMT protein expression, while the
LPHNSpcasomamr group had a slight decrease, and control
groups showed a negligible decrease.

Then, we investigated whether the LPHNSs,c.omamtT
cRGD could re-sensitize the T98G cells to TMZ using cell
viability and apoptosis assays. As shown in Figure 3B, when
only exposed to TMZ or LPHNs,casomcm the viability of
cells did not decrease obviously compared to the negative
control. Combination treatment of the LPHNSpcasomomT +
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Figure 2 Targeting ability, biosafety, and transfection efficiency of LPHNs-cRGD in vitro.

Notes: (A) The LSCM images of T98G cells with different treatments (Control, Dil-labeled LPHNs, Dil-labeled LPHNs-cRGD). The scale bar is 20 um. (B) Cell viability at
various concentrations of LPHNs and LPHNs-cRGD in T98G cells after 48 h (n=3). (C) and (D) FCM and statistical analysis of EGFP-positive T98G cells after transfected
with different pCas9/MGMT formulations for 48 h. (E) Microscopy images of EGFP expression in T98G cells after transfected with different pCas9/MGMT formulations for

48h. The scale bar is 50 pm.

Abbreviations: LPHNSs, lipid—polymer hybrid nanoparticles; cRGD, cyclic arginine-glycine-aspartic acid; LSCM, laser scanning confocal microscopy; Dil, I,1’-dioctadecyl-
3,3,3’,3’-tetramethylindocarbocyanine perchlorate; FCM, flow cytometry; EGFP, enhanced green fluorescent protein; pCas9/MGMT, Cas9/MGMT plasmid.

TMZ or LPHNscas0nmemTCRGD + TMZ resulted in signifi-
viability, especially in the
LPHNSs,casomomTcRGD + TMZ group. We also used FCM
to quantify the apoptosis percentage of cells with different
treatments (Figure 3C). Single-agent treatment caused no sig-

cantly decreased cell

nificant changes in the apoptosis assay. The percent of apop-
totic cells was significantly higher in the combination
treatment group in which the LPHNSycasomemTCRGD +
TMZ treatment induced more apoptosis compared with
LPHNSs,casomomt + TMZ due to the targeting ability of the
cRGD (23.44% vs 34.27%).

Local BBB Disruption

Before the BBB-opening experiment, we generated lipid
microbubbles (MBs) and combined with LPHNs-cRGD
Figure 4A shows

via avidin-biotin interactions.>*

a microscopy image of the MBs, with a density of 3.95
+ 0.89 x 10°/mL, a diameter of 1845.2 + 366.7 nm, and
a zeta potential of -16.2 £ 6.82 mV. The diameter of the
MBs-LPHNs-cRGD complexes was 2197.35 + 448.7 nm,
and the zeta potential was -7.49+ 3.14 mV (Figure 4C and
D). Figure 4B shows a fluorescent microscopy image of
the MBs-LPHNs-cRGD complexes illustrating that the
LPHNs-cRGD adhered to the MBs’ surface.

After preparing the MBs-LPHNs-cRGD complexes, we
conducted the BBB-opening experiment in vivo.
According to our previous studies, we used a focused
ultrasound intensity of 1.84 W and investigated the effect
of different irradiation times and amounts of MBs-LPHNs-
cRGD complexes on the permeability of the BBB via EB
dye staining.*> H&E staining was used to observe whether

there were any damages to brain tissue (Figure 4E). Upon
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Figure 3 Chemosensitivity testing induced by LPHNspCas9/MGMT-cRGD.
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Abbreviations: LPHNSs, lipid—polymer hybrid nanoparticles; pCas9/MGMT, Cas9/MGMT plasmid; cRGD, cyclic arginine-glycine-aspartic acid; MGMT, O6-methylguanine-

DNA methyltransferase; TMZ, temozolomide; FCM, flow cytometry.

administration of 2 x 10° MBs-LPHNs-cRGD complexes
and 3 min of irradiation, no EB leakage was observed in
the brain, indicating a lack of BBB permeability.
Increasing the amounts of MBs-LPHNs-cRGD complexes
to 4 x 10° resulted in concentrated EB leakage in the
irradiated brain region, indicating that the local BBB was
opened. The H&E staining showed no erythrocyte extra-

vasation or pathological changes in the irradiated region.

At an exposure time of 5 min and 4 x 10° MBs-LPHNs-
cRGD complexes, the BBB-opening region extended
toward a wider region, with a small amount of erythrocyte
extravasation according to the H&E staining. When the
radiation conditions were 3 min and 8 x 10° MBs-LPHNs-
cRGD, broad BBB-opening was observed in nearly the
entire hemisphere, characterized by obvious pathological

hemorrhage in the H&E stains.
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Figure 4 BBB-opening experiment in vivo.

Notes:(A) Bright-field microscopy image of MBs, The scale bar is 10 pm. (B) Fluorescence image of MBs-LPHNs-cRGD complexes. LPHNs-cRGD was stained by DiO
(green, left), MBs were stained by Dil (red, middle), the green dots around the red bubble indicated that LPHNs-cRGD and MBs were bound together (merged, right). The
scale bar is | um. (C) Particle size and (D) zeta potential of MBs-LPHNs-cRGD complexes. (E) Digital photography of EB leakage (top two rows) and H&E staining of
corresponding black rectangle region (bottom two rows) for BBB — opening induced by FUS-assisted MBs-LPHNs-cRGD. White arrow: erythrocyte extravasation. The FUS
radiation time and amounts of MBs-LPHNs-cRGD were 3 min and 2 x 106 (line I); 3 min and 4 x 106 (line 2); 5 min and 4 x| 06 (line 3) and 3 min and 8 x| 06 (line 4),
respectively. The scale bar is 2 mm for digital photography and 50 um for H&E staining, respectively.

Abbreviations: MBs, microbubbles; LPHNSs, lipid—polymer hybrid nanoparticles; cRGD, cyclic arginine-glycine-aspartic acid; DiO, 3.3’-dioctadecyloxacarbocyanine per-
chlorate; Dil, 1,1’-dioctadecyl-3,3,3’,3’- tetramethylindocarbocyanine perchlorate; EB, Evan blue; BBB, blood brain barrier; FUS, focused ultrasound; H&E, hematoxylin-eosin.

Targeting Ability, Biodistribution, and by FUS in vivo, mice were randomly divided into four
Biosafety in vivo
We established a T98G orthotopic xenograft model in

NOD-SCID mice. Seven days after cell implantation,

groups and given different treatments. Since most studies
have shown that FUS-mediated BBB-opening would gradu-
ally return to normal within 24 h, we observed the distribu-
tion of nanoparticles in the tumor at 2 h and 24 h after FUS

CXpOSllI'C.'%

tumor formation could be observed on MRI images, with

a volume of 3.59 + 1.22 mm?>. Fourteen days later, the As shown in Figure 5B, a significant fluores-

tumor volume increased to 18.4 + 2.05 mm’(Figure 5A).  cence signal was observed in brain after treatment with the

To further validate the active targeting ability of the
cRGD and enhancement effects of the drug delivery induced

FUS-assisted MBs-LPHNs-cRGD complexes, while only
a faint signal was found in mice treated with FUS-assisted
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Notes: (A) MRI images of orthotopic tumor 7 days (left) and 14 days (right) after implantation of T98G cells; (B) in vivo fluorescence images of the distribution of DiR-
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after 24 h of treatments. (D) Corresponding quantitative analysis of fluorescence intensity in major organs (n=3).

Abbreviations: MBs, microbubbles; LPHNs, lipid—polymer hybrid nanoparticles; cRGD, cyclic arginine-glycine-aspartic acid; MRI, magnetic resonance imaging; DiR, I,I’-

dioctadecyl-3,3,3’,3’- tetramethylindotricarbocyanine iodide.

MBs-LPHNs complexes, and nearly no fluorescence signal
appeared in other groups at 2 h and 24 h. For ex vivo
fluorescence imaging (Figure 5C and D), parts of the nano-
particles in each group accumulated in the liver and spleen.
Between the two groups treated with FUS, the fluorescence
intensity in the brain of the MBs-LPHNs-cRGD group was
much higher than that of the MBs-LPHNs group. The results
proved that FUS in combination with MBs can significantly
promote nanoparticle delivery to the brain and LPHNs-
cRGD can exert an active targeting effect to further improve
nanoparticle delivery in the tumor region in vivo.

After a week of treatment of MBs-LPHNs-cRGD or
saline, the H&E staining of major organs (heart, liver,
spleen, lungs, and kidneys) showed no significant histolo-
gical abnormalities between the two groups, indicating the

high histocompatibility and biosafety of the nanoparticles
in vivo (Figure S8).

Therapeutic Effects of FUS-Assisted
MBs-LPHNs-cRGD Complexes in vivo

Seven days after establishing orthotopic xenograft models
in NOD-SCID mice, the mice were given different treat-
ments, and the tumor growth was monitored longitudinally
using MRI. As shown in Figure 6A, mice treated with
FUS-assisted MBs-LPHNS,cas0momTcRGD complexes +
TMZ had suppressed tumor growth compared with other
groups. According to the tumor volume calculated from
the MRI (Figure 6B), the tumor volume of the mice in the
FUS-assisted MBs-LPHNspcasomomTCcRGD  + TMZ
group was smaller than that in other groups in the same
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Abbreviation: MRI, magnetic resonance imaging.

treatment period. At the time of death, the final tumor
volume in the FUS-assisted MBs-LPHNSs,casomomT
cRGD + TMZ group was also smaller than that in other
groups. As shown in Figure 6C, the survival of the control
group, TMZ group, MBs-LPHNSs,cas0moMTCRGD  +
TMZ group, FUS-assisted MBs-LPHNs,casovomT T
TMZ group, and FUS-assisted MBs-LPHNS,cas0maMT
cRGD + TMZ group was 22, 24, 26, 30, and 43 days,
respectively. These results indicated that the FUS-assisted
MBs-LPHNSs,c.s0momTCRGD  complexes enhanced the
therapeutic effect of TMZ in glioblastoma, inhibited the
growth of glioblastoma, and prolonged survival in tumor-
bearing mice compared with other treatments.

Discussion

The MGMT protein is an important factor in the resis-
tance of tumor cells to alkylating agents (such as TMZ).
TMZ induces the O°-methylguanine (O°-MeG) lesion in
DNA, resulting in cell cycle arrest and, eventually, apop-
tosis. MGMT can remove the methyl adducts from DNA
and transfer it to the cysteine residue of the MGMT

molecule, leading to the repair of DNA damage and
irreversible inactivation of MGMT. Therefore, the resis-
tance of tumor cells to TMZ is related to the level of
MGMT in the cells.’” Many studies have shown that
downregulation of MGMT expression can re-sensitize
GBM cells to TMZ.**2° In previous studies, either sig-
naling pathway interference, or siRNA technology, was
used to downregulate the expression of MGMT, but these
strategies have obvious disadvantages, such as instability
and short working times. We applied CRISPR/Cas9 tech-
nology to knock out the expression of MGMT. In the
CRISPR/Cas9 system, we used dual-gRNA sequences to
obtain efficient gene editing that can recognize two adja-
cent regions of the target gene and remove large frag-
ments of nucleotides between the two sites.***" In order
to deliver the Cas9 nucleases and gRNA, we used the
“all-in-one” plasmid system containing a Cas9 expression
cassette and the dual-gRNA expression cassettes simulta-
neously instead of Cas9 mRNA or the Cas9 protein/
gRNA ribonucleoprotein complexes (Cas9 RNPs).
Compared with mRNA- or RNP-based delivery method,
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plasmid DNA is more stable and cost-effective, and has
a more sustained gene expression.'* But due to the large
size of the plasmid system, transfection efficiency and
editing efficiency may be relatively low, resulting in less
satisfactory results, which need to be further optimized in
future.

LPHNs nanoparticles have developed into a powerful
drug delivery vehicle with many favorable characteristics,
such as high structural integrity and stability, controlled
drug release, high biocompatibility and bioavailability. In
this study, the LPHNs-cRGD were synthesized by nano-
precipitation, an easier and more effective alternative to
emulsification-solvent-evaporation (ESE) and two-step
methods.*> PLGA, an FDA-approved polymer, was used
as the polymer core. DC-chol, a type of cationic lipid, was
used to adsorb the pCas9/MGMT by electrostatic action
and encapsulate it within the polymer core. PEG chains
were conjugated to the lipid (DSPE) to enhance the steric
stability and prolong circulation time in vivo.** To endow
the delivery platform with active targeting ability, the
cRGD peptide, which targets integrin avp3 receptors that
are overexpressed in tumor cells, was incorporated with
DSPE-PEG.* The results show that the LPHNs-cRGD
have relatively small particle size (179 nm) and typical
core-shell structure. The preparation process does not
affect the plasmid structure, and LPHNs-cRGD can protect
the plasmid against enzyme degradation. But as shown in
Figure 1D, the nanoparticles have a relatively wide size
distribution. Now some strategies have been used to
improve the size homogeneity of the LPHNs, such as
optimizing formulation parameters, microfluidic nanopre-
cipitation process and so on*'.

The FUS in combination with MBs plays an important
role in drug delivery in the CNS. In this study, LPHNs-
cRGD were bound with MBs to obtain effective nanoparti-
cle delivery. Under FUS irradiation, focused ultrasound
energy interacts with MBs-LPHNs-cRGD complexes and
triggers MBs’ vibrations (expansions/contractions, stable
cavitation), forming shear force, which can induce temporal
disassembling of BBB as well as separation of LPHNs-
cRGD from MBs. When accumulated enough energy, the
MBs will rupture (inertial cavitation) to further promote
BBB-opening, and at the same time all LPHNs-cRGD are
released from the MBs, enter the brain and target tumor cells
via cRGD-avf3 reaction. Since a host of factors can influ-
ence the outcome of FUS-MBs on BBB-opening, including
the duration, burst length, pulse frequency of FUS, and the
composition, size, concentration, dose of MBs and so on, it

is recommended that those factors should be carefully
adjusted according to the specific situational requirements
to obtain safe and effective BBB-opening, especially when
bound other nanoparticles to MBs, which might significantly
change the surface structure of the MBs.**

Tumors in the treatment group were not completely
eliminated during the course of treatment. This was
possibly because the CRISPR/Cas9 system cannot effec-
tively edit genes in all GBM cells due to the relatively
low transfection efficiency and editing efficiency. It is
also plausible that the presence of glioma stem cells
(GSCs) and genotype heterogeneity could protect part
of the GBM population from treatment.*>**® These resi-
dual tumor cells can continue to proliferate, leading to
tumor recurrence. Lastly, TMZ-resistance in glioblas-
toma is a complicated process whose mechanism has
not been fully elucidated. MGMT is one of the many
important factors, and other mechanisms such as the base
excision repair (BER) and the DNA mismatch repair
(MMR) system also play important roles in the TMZ
resistance of glioblastoma.>*”*® In the future study, the
CRISPR/Cas9 system can be optimized to achieve an
enhanced gene editing efficiency. Additionally, several
gRNAs that target key proteins in the TMZ-resistance
pathway can be co-encapsulated in LPHNs-cRGD to
further restore the sensitivity of glioblastoma to TMZ.
We will also explore the potential off-target effects of
CRISPR/Cas9, which is one of the main concerns in the
clinical application of this system. Recently, many
efforts have been made to improve the specificity and
reduce the off-target effects of the CRISPR/Cas9 system,
such as dCas9-Fokl,* SpCas9-HF1,5° and truncated
guide RNAs.”" With these modified strategies, we hope
that the FUS-assisted MBs-LPHNs-cRGD delivery sys-
tem can significantly improve the specificity and reduce
the off-target effects of CRISPR/Cas9 in glioblastoma
treatment.

Conclusions

In summary, we developed a multi-functional (MBs-
LPHNs-cRGD complexes) CRISPR/Cas9 delivery sys-
tem and demonstrated the inhibition effect on the tumor
growth in an orthotopic model of glioblastoma with
FUS-assisted BBB-opening. The LPHNs-cRGD could
efficiently deliver CRISPR/Cas9 plasmids into GBM
cells and downregulate the expression of MGMT, result-
ing in an increased sensitivity of the cells to TMZ.
Subsequently, the FUS-MBs parameters were evaluated
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for effective BBB-opening to ensure biosafety. Finally,
the FUS-assisted MBs-LPHNSs,casomamTCRGD + TMZ
treatment efficiently inhibited tumor growth and pro-
longed survival in tumor-bearing mice. Importantly, the
biotoxicity study also demonstrated the delivery platform
had high biocompatibility and biosafety, which indicates
its potential use in further clinical applications. These
results also highlight the synergistic targeting ability of
the physically site-specific characteristics of FUS and the
biologically active targeting ability of cRGD peptide,
which can significantly improve nanoparticle delivery
into the CNS. This study provides a promising strategy
for drug-resistant glioblastoma treatment via a safe,
effective and targeted CRISPR/Cas9 delivery system,
and further illustrates the therapeutic applications of
FUS-assisted BBB-opening in CNS diseases.
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