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Healing of large calvarial bone defects remains challenge but may be improved by stimulating bone regeneration
of implanted cells. The aim of this study is to specially co-activate transforming growth factor β1 (TGF-β1) and
vascular endothelial growth factor (VEGF-A) genes expressions in pre-osteoblast MC3T3-E1 cells through the non-
viral CRISPR activation (CRISPRa) system to promote osteogenesis. A cationic copolymer carrying nucleus
localizing peptides and proton sponge groups dimethyl-histidine was synthesized to deliver CRISPRa system into
MC3T3-E1 cells with high cellular uptake, lysosomal escape, and nuclear translocation, which activated VEGF-A
and TGF-β1 genes expressions and thereby additively or synergistically induced several osteogenic genes ex-
pressions. A tunable dual-crosslinked hydrogel was developed to implant the above engineered cells into mice
calvaria bone defect site to promote bone healing in vivo. The combination of multi-genes activation through non-
viral CRISPRa system and tunable dual-crosslinked hydrogel provides a versatile strategy for promoting bone
healing with synergistic effect.
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1. Introduction

Bone renewal is often compromised because of the limited regener-
ation capacity of bone self-healing particularly in critical-size bone de-
fects, resulting in delayed union and nonunion fracture [1]. Autografts
and allografts have been developed to resolve this dilemma with optimal
skeletal incorporation [2]. However, their uses are limited by host
morbidity and low availability of autografts and extrusion of allografts
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[3]. Thus, synthetic bone-grafts are required to remedy the shortages of
natural bone implants. The synthetic bone-grafts harness three main el-
ements including osteogenic cells, osteogenic factors, and structural
scaffolds, to mimic the natural bone regeneration process in which the
coordinated expression of multiple osteogenic factors plays a critical role
[4,5]. Some growth factors act individually, while certain combinations
of these factors promote bone regeneration synergistically [6]. During
the bone regeneration process, osteogenic and angiogenic processes are
closely connected [7]. Vascular endothelial growth factor-A (VEGF-A),
member of the VEGF family, plays a critical role in angiogenesis [8], and
transforming growth factor-beta 1 (TGF-β1) regulates osteoblast prolif-
eration and differentiation during bone growth and development [9].
The TGF-β1 alone downregulates bone formation-related genes (e.g.,
alkaline phosphate (ALP) gene, osteocalcin (OC) gene, and collagen type
II (COL-II) gene) expressions, but the combination of VEGF-A and TGF-β1
upregulates these genes expressions [10]. In addition, the combination of
en).
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these two factors stimulates the secretion of bone morphogenetic pro-
teins (BMPs) to regulate osteoblastic progenitor cells and pre-osteoblasts.
Therefore, the combination of VEGF-A and TGF-β1 is a promising
approach to enhance bone regeneration capacity.

To increase the contents of these factors, the direct protein delivery
and gene transfer strategies have been used in multiple types of cells
(e.g., Mesenchymal stem cell (MSC) and pre-osteoblast). Although pro-
tein delivery-based therapy shows substantial effect on bone regenera-
tion, its clinical application faces several issues regarding bioactivity loss
after incorporation into a scaffold, short life time, high cost, and high
dose-induced systemic cytotoxicity [11]. The gene transfer persistently
produces therapeutic protein in a physiological manner at ectopic sites,
but may cause some unwanted changes of host gene structure. The
CRISPR activation (CRISPRa) system activates gene expression by bind-
ing with transcription factors at normal physiological sites rather than at
ectopic sites, through fusing a catalytically inactive Cas9 (dCas9) with
transcription activators such as VP64 [12] or with a tripartite activator
VPR [13] to induce specific expression of target gene by guiding with a
single-guide RNA (sgRNA) [14]. The activation of Sox9 gene by viral
vector-based CRISPRa (viral CRISPRa) promotes the differentiation of
BMSC into cartilage [15]. The co-activation of Wnt10b and Foxc2 genes
through viral CRISPRa in rat BMSCs enhanced osteoblast differentiation
in vitro and significantly improved skull bone repair in vivo [16]. How-
ever, the clinical applications of the viral CRISPRa are hindered by
several limitations including uncontrolled chromosomal integration,
immunogenicity, and limited packaging capacity as well as scale-up
production. By contrast, the non-viral CRISPRa has advantages
including high safety, low immunogenicity, and enhanced genetic
payloads.

To deliver the plasmid DNA (pDNA) encoding CRISPRa and CRISPR
components into target cells, some cationic materials including polymers,
liposomes, and inorganic materials have been used as carriers. Cationic
liposomes [17] were used to encapsulate negatively charged pDNA
encoding CRISPR-Cas9 system (CRISPR-Cas9 plasmid) through electro-
static interactions, repairing mutation of the α-L-iduronidase gene and
disrupting the gene structure of polo-like kinase 1 [18]. The CRISPR-Cas9
plasmids are co-precipitated with CaCO3 to knock out the CTNNB1 gene
encoding β-catenin [19]. Cationic polymers (e.g., PEI, dendrimer and
helical peptide) are used to complex with CRISPR-Cas9 plasmids to form
nanoparticles [20], enabling efficient gene editing. In addition, the hy-
brids of these materials are also developed to deliver CRISPR-Cas9
plasmids [21]. However, few non-viral vectors are prepared to activate
target gene expression through non-viral delivery of CRISPR-dCas9
plasmids. To the best of our knowledge, only PEI-based non-viral vec-
tors were explored to deliver CRISPR-dCas9 plasmids for activation of
microRNA-524 in vivo [22]. To enhance the delivery efficiency of
CRISPR-dCas9 plasmid, the non-viral vectors with lysosomal escape and
nuclear translocation properties are required. To avoid the degradation
of pDNA in lysosome, some groups with tertiary amines including
dimethyl-histidine (DMH), 2-(diisopropylamino) ethylamine (DIP), and
polyethyleneimine (PEI) were introduced into non-viral carriers [23].
The fused peptide of nuclear localization sequence (NLS) and microtu-
bule associated sequence (MTAS) was used to transport pDNA into the
nucleus [24]. Thus, the DMH and NLS-MTAS peptide-based nanocarrier
may be an effective platform to deliver CRISPRa system targeting VEGF-A
and TGF-β1 genes into osteoblast.

The scaffold should not only encapsulate the engineered cells but also
offer a suitable environment for bone regeneration through mimicking
natural extracellular matrix [25]. Hyaluronic acid (HA)-based hydrogels
are attracting attention due to their high-water content, high viscoelastic
nature, and high permeability for exchange of nutrients and metabolites
[26]. Moreover, several types of cross-linking reactions including
Michael additions, Diels-Alder (DA) reactions, azide-alkyne cycloaddi-
tions, and condensation reactions between carbonyl groups and N-nu-
cleophiles were combined to optimize the mechanical strength, gelation
rate, and degradation rate of HA hydrogel [27]. For instance, the
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combination of DA click chemistry and acyl-hydrazone bond formation
resulted in a multifunctional HA hydrogel with excellent mechanical
properties [28]. Two types of HA (i.e., aldehyde- and ketone-modified
HA) with different reaction rates with poly(ethylene glycol) (PEG)-oxy-
amine were jointly used to achieve controllable cell encapsulation by
regulating the gelation rate of HA hydrogels [29]. The crosslinking re-
action between aminooxy and aldehyde groups has been widely used to
prepare injectable hydrogels due to the high reactivity and mild reaction
conditions [30], but its gelation rate is limited by low second-order rate
constants commonly below 0.1 M�1 s�1 [31]. Thus, the combination of
the slow-reacting aldehyde-amine Schiff-base and fast-reacting cyclo-
addition-based reactions is an alternative approach to control hydrogel
properties including gelation rate, mechanical strength, and degradation
rate. Besides, a particular target of hydrogels is the development of an
easily prepared injectable hydrogel with in situ gelation behavior after
injection in a minimal injure [32].

In this study, we prepared a pH-sensitive cationic polymer decorated
with nucleus localizing peptide NLS-MTAS to complex CRISPRa plasmid
targeting VEGF-A and TGF-β1 genes (Fig. 1). The pre-osteoblast MC3T3-
E1 cells effectively internalized the nanocomplexes, resulting in signifi-
cant activation of VEGF-A and TGF-β1, which promoted the osteoblastic
activity and mineralization. A dual-crosslinked HA hydrogel formed by
Schiff-base and azide-alkyne cycloadditions reactions was fabricated to
encapsulate CRISPRa system-engineered MC3T3-E1 in an injectable
manner. The bone regeneration capacity of the hydrogel was investigated
both in vitro and in vivo.

2. Materials and methods

2.1. Materials

Plasmids SP-dCas9-VPR (#63798) and phU6-gRNA (#53188) were
purchased from Addgene (Cambridge, USA). pcDNA3.1þC-EGFP
(pEGFP) was purchased from GenScript Biotechnology (Nanjing, China).
Lipofectamine™ 2000, 3-(4,5-dimethylthiahiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT), LysoTracker™ Deep Red, DND-26, 4’,6-
diamidino-2-phenylindole (DAPI), Hoechst 33,342, and YOYO™-1 Io-
dide (491/509) (YOYO-1) were purchased from Invitrogen (Gaithers-
burg, MD, USA). Heparin, NaN3, nocodazole, cytochalasin-D (CD),
amiloride, dynasore, chlorpromazine (CPZ), and nystatin were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals for the
synthesis of polymers were purchased from Sigma-Aldrich unless other-
wise specified. The MTAS-NLS peptide (GRYLTQETNKVETY-
KEQPLKTPGKKKKGKPGKRKEQEKKKRRTR) and control peptide
(scrambled MTAS-NLS peptide) were synthesized by the Haode Peptide
company (Wuhan, China).

Mouse osteoblast precursor MC3T3-E1 cells were purchased from the
Cell Bank of the Chinese Science Academy (Shanghai, China). MC3T3-E1
cells were cultured in alpha-MEM medium (Corning) with 10% fetal
bovine serum and 1% penicillin and streptomycin (100 IU/mL). Cells
were sub-cultured using 0.25% trypsin (Gibco) containing ethylene
diaminetetraacetic acid after reaching 90% confluence. All reagents and
consumables for cell culture were purchased from Gibco (Life Technol-
ogies). To induce osteogenesis, osteogenic medium containing 50 μg/mL
L-ascorbic acid (Sigma-Aldrich), 10 mM β-glycerophosphate (Sigma-
Aldrich), and 10 nm dexamethasone (Sigma-Aldrich) was added. The
medium and osteogenic factors were changed every 2 days.

2.2. Preparation and characterization of polyaspartate(NLS-MTAS-co-
DMH)/pDNA nanoparticles (PND/pDNA-NPs)

After the cationic copolymer polyaspartate(NLS-MTAS-co-DMH),
refereed to here as PND, was dissolved in sodium acetate/acetate
(NaAc/HAc) buffer solution (PBS, pH 5.5), pDNA solutions (0.2 mg/mL
in water) were added into the polymer solution at predetermined
amounts according to N/P ratios. Here, N/P ratios indicate the moles of



Fig. 1. Schematic of the preparation of non-viral CRISPRa system and intracellular co-activation of VEGF-A and TGF-β1 for bone healing. Cationic polymers PAsp
(MTAS-NLS-co-DMH) complex with plasmids encoding CRISPRa system into nanoparticles; after internalization by MC3T3-E1 cells, pH-sensitive groups DMH rapture
lysosome allowing release of nanoparticles into cytoplasm through proton sponge effect; nuclear localizing peptides NLS-MTAS guid plasmid into nucleus to express
mRNAs encoding dCas9 protein and sgRNA, which specially activates the expressions of VEGF-A and TGF-β1; the non-viral CRISPRa system-engineered pre-osteoblasts
MC3T3-E1 are implanted with dual-crosslinked hyaluronic acid-based hydrogel to repair calvarial defect.
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nitrogen (N) in the polymer PND relative to the moles of phosphate
groups (P) in the pDNA. For example, 6 μg of PND polymer containing
30.98 nmol of N and 1 μg of pDNA containing 3.07 nmol of P were used to
prepare PND/pDNA-NPs with an N/P ratio of 10/1. The mixture was
vigorously ultrasonicated for 30 s and kept at room temperature for 30
min to form polyplexes referred to here as PND/pDNA-NPs.

2.3. Characterization of polymer and nanoparticle

1H NMR spectra were measured with a 400 MHz spectrometer
(Bruker, Germany) using DMSO-d6 at room temperature. For trans-
mission electron microscopy (TEM) analysis of PND/pDNA-NPs, 5 μL of
PND/pDNA-NPs (0.1 mg/mL) was dropped to a copper grid coated with
amorphous carbon. After being dried at 40 �C, the sample was stained
with a phosphotungstic acid solution (3 wt%) and observed using a
transmission electron microscope (JEOL JEM-1400 Plus, Japan) at 120
kV. Sizes and zeta potentials of the PND/pDNA-NPs were measured by
dynamic light scattering (DLS) at 25 �C (Malvern NANO ZS, UK). Poly-
plexes between the polymer PND and pDNA were evaluated by gel
retardation assays. The solutions containing PND/pDNA-NPs were
stained with GoldenView (NEB, Beverly, MA, USA) and different volumes
at a concentration of 100 ng DNA/well were loaded into 1% agarose gels.
The electrophoresis was performed under 100 V for 30 min using a Bio-
Rad Sub-Cell electrophoresis cell (Bio-Rad Laboratories, Inc., US) and
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images were obtained with a DNR Bio-Imaging System (Jerusalem,
Israel) under UV light.

2.4. Cytotoxicity assay

The cytotoxicity of PND/pDNA-NPs was evaluated via an MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] kit according to the
manufacturer's instructions. Cells (1 � 104) were cultured in a 96-well
plate and incubated for 24 h. Various concentrations of PAsp(NLS-
MTAS-co-DMH) were then added to the cells. The cell viability was
analyzed using the MTT assay.

2.5. Cellular uptake

Cationic polymers PAsp(NLS-MTAS-co-DMH) were used to self-
assemble with plasmid encoding enhanced green fluorescence protein
(pEGFP) into nanoparticles PND/pEGFP-NPs. Briefly, cells were inocu-
lated at a density of 5 � 104 cells per well in 12-well plates and cultured
for 12 h. Nanoparticles were prepared at various N/P ratios (i.e., 6, 8, 10,
12, 14, 16), respectively. The nanoparticles were added to the wells and
then incubated with cells under the serum-free α-MEM at 37 �C for 4 h.
Afterward, the medium was replaced with serum-containing medium.
Cells were further incubated for 48 h. Cells transfected with pEGFP using
Lipofectamine™ 2000 were used as the control group. Cells were washed
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three times with PBS solution and detached with 0.25% trypsin solution.
After being resuspended in 500 μL PBS solution, at least 5� 104 live cells
of each group were subjected to flow cytometry analysis. The EGFP-
positive cells were quantified using flow cytometry (Life Technology,
Carlsbad, USA) at 25 �C using a 530/30 nm band pass filter. All statistics
were collected in triplicate and three independent tests were carried out.
The transfection efficiency was expressed as percentage of EGFP-positive
cells.

2.6. Intercellular distribution

Cells were plated in 35-mm culture dishes at a density of 1� 106 cells
per dish and incubated for 24 h at 37 �C under a humidified atmosphere
with 5% CO2. The pDNA was stained with YOYO-1 dyes. Cell nuclei and
lysosomes were stained with Hoechst 33342 and LysoTracker™ Deep
Red, respectively. Fluorescence of nucleus, pDNA, and lysosome were
observed with CLSM at different time points (e.g., 2 h, 4 h, and 6 h) after
addition of PND/pDNA-NPs. The intracellular distribution of dCas9-VPR
protein was recorded through immunofluorescence (IF) analysis. Briefly,
MC3T3-E1 cells were transfected with PND/pDNA-NPs. After incubation
with PND/pDNA-NPs for 4 h, the culture medium containing PND/
pDNA-NPs was replaced with fresh medium plus FBS. IF analyses of
dCas9-VPR protein were performed at different time points post-
transfection. After being washed three times with PBS, cells were fixed
for 10 min in 4% paraformaldehyde and permeabilized with 0.15%
Triton X-100 for 15 min. Cells were washed with PBS three times for 5
min and incubated with 1% BSA in PBST (PBS plus 0.1% Tween 20) for 1
h. Cells were incubated with a 200 � dilution of anti-CRISPR-Cas9
antibody (ab191468, Abcam, Cambridge, UK) in PBST plus 1% BSA in
a humidified chamber overnight at 4 �C. Cells were washed with PBS
three times for 5 min and incubated with a fluorescence-labeled sec-
ondary antibody (ab150115, Cambridge, UK) for 1 h at room tempera-
ture. All operations were performed in the dark. Cells were observed with
confocal laser scanning microscope (CLSM, Leica SP8, Germany) to
determine cellular distribution of pDNA and dCas9-VPR protein.

2.7. Construction and identification of sgRNA plasmid (psgRNA) targeting
TGF-β1 and VEGF-A genes

Candidate sgRNAs were designed using the online CRISPR Design
Tool (crispr.mit.edu) to be complementary to sequences between �800
and þ100 bp from the transcription start sites of the TGF-β1 and VEGF-A
genes. Ten pairs of 25-bp complementary DNA oligonucleotides with a
20-bp target sequence were synthesized by Sangon Biotech (Shanghai,
China) as templates for sgRNA transcriptions. Two complementary oli-
gonucleotides were annealed to generate a double-stranded DNA
(dsDNA) with 4-bp overhangs and cloned into BbsI-digested phU6-sgRNA
to generate psgRNA plasmids.

A mixture of pdCas9-VPR and psgRNA plasmids at a weight ratio of
1:1 was used to prepare nanopolyplexes PND/pDNA-NPs. MC3T3-E1
cells were plated in 12-well plates at a density of 5 � 104 cells/well and
cultured for 12 h. The cells were transfected with PND/pDNA-NPs at a
concentration of 1 μg/mL DNA per well. After incubation at 37 �C for 48
h, TGF-β1 and VEGF-A mRNA levels were quantified using RT-PCR
method with SYBR Green Master Mix. Total RNA was extracted from
cells using TRIzol Reagent (Invitrogen, CA, USA). The total RNAwas then
reverse transcribed into cDNA using the PrimeScript RT Master Mix Kit
(Takara, Dalian, China) and amplified using the LightCycle® 480 SYBR
Green I Master Kit (Roche, Switzerland). The PCR amplification was
carried out for 40 cycles under the following conditions: 95 �C for 10min;
95 �C for 15 s; 60 �C for 1 min; and 72 �C for 30 s using the Step One plus
Real-time PCR System (ABI, USA). Mouse GAPDH gene was used as the
internal reference. The primers for specific genes (TGF-β1 and VEGF-A
genome sequences, osteogenic genes of bone sialoprotein (BSP), osteo-
pontin (OPN) and Collagen Type I Alpha 1 (COL1a1)) and the internal
reference (mouse GAPDH) were prepared by Sangon Biotech company
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(Shanghai, China) (Table S2). All experiments were conducted in
triplicate.

2.8. Protein expression assay

MC3T3-E1 cells were harvested 48 h after transfection. Total proteins
were isolated from lysed cells using the RIPA lysis buffer (Abcam, Cam-
bridge, UK) in the presence of protease inhibitors. Total protein content
was determined using a bicinchoninic acid (BCA) protein assay kit
(Sangon Biotech Co. Ltd., Shanghai, China), 30 μg proteins were elec-
trophoresed in 10% SDS-PAGE and transferred onto a PVDF membrane
(Millipore Corp., USA). After incubation with 5% (w/v) BSA (MP,
Auckland, New Zealand) for 1 h, the membranes were probed with pri-
mary antibodies (Abcam, Cambridge, UK) overnight at 4 �C. The mem-
branes were immersed into solutions containing secondary antibodies
(Abcam, Cambridge, UK) for 1 h. The protein bands were visualized with
a luminol reagent (Santa Cruz Biotechnology, Dallas, Texas, USA) in a
chemiluminescence imaging system (GE Image Quant LAS 500, USA).
TGF-β1 (Quantikine ELISA Kit, cat# F11590, Westang) and VEGF-A
(Quantikine ELISA Kit, cat# F11669, Westang) levels in cell superna-
tants were determined with ELISA kits according to the manufacturer's
instructions. Color changes caused by avidin-horseradish peroxidase-
mediated reactions were monitored by measuring optical absorbance at
450 nm.

2.9. In vitro osteogenesis analysis

MC3T3-E1 cells were plated in 6-well plates at a density of 5 � 105

cells/well and cultured for 12 h. The cells were transfected with PND/T-
NPs, PND/V-NPs, and PND/TV-NPs at a concentration of 1 μg/mL DNA
per well. After incubation at 37 �C for 6 h, the medium was replaced by
osteogenic medium. The osteogenic medium was changed every other
day. For ALP staining, at days 7, 14, and 28 after transfection, the cells
were washed twice with PBS and fixed in 4% paraformaldehyde for 15
min, followed by incubation with BCIP/NBT ALP Color Development Kit
(Beyotime, China) at 37 �C for several minutes. The staining reaction was
stopped by PBS wash until the ALP-positive cells stained blue. Digital
images of cells were captured with a microscope (Leica DM750, Ger-
many). ALP activity was measured using an ALP assay kit (Beyotime,
China), following the manufacturer's protocol. The results were
normalized to the total intracellular protein content determined by the
BCA Protein Assay Kit (Beyotime, China) and expressed in nanomoles of
produced p-nitrophenol per min per mg of protein (nmol/(min⋅mg)
protein).

Alizarin Red staining was performed at 14 d and 28 d after trans-
fection to evaluate calcium deposition. Cells were washedwith PBS, fixed
in 4% paraformaldehyde for 30 min at room temperature, and then
washed with deionized water (dH2O) twice. Extracellular calcium was
stained by incubating the cell layers in the Alizarin Red S (Sigma, St.
Louis, MO, USA) solution saturated in dH2O (pH 4.1). Nonspecific
staining was removed by washing the wells with dH2O five times under
gentle agitation. For quantification of ARS staining, CPS area were
scanned using a desktop scanner, and the area fraction of the test areas
were determined with ImageJ (Version 2.0.0) as described [33].

2.10. Preparation of aldehyde hyaluronic acid (HA-CHO)

2 g (0.0002 mmol) of hyaluronic acid (HA) were added into a 500-mL
reaction flask, and fully dissolved in 250 mL dH2O under nitrogen-gas
protection for 20 min, followed by the addition of 0.013 g (0.06 mmol)
of sodium periodate. The reaction was performed in an ice bath for 48 h.
Subsequently, 490 μL of ethylene glycol aqueous solution (10% v/v) was
added to terminate the reaction. The solution was dialyzed (MWCO: 14
KDa) against NaCl aqueous solution (0.1 mol/L) for 3 d and continuously
dialyzed against dH2O for 4 d. After that, the reaction solution was
lyophilized to obtain 1.38 g of white powdery solid (HA-CHO).

http://crispr.mit.edu
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2.11. Preparation of azido/cyclooctyne modified PEG

After 0.008 g (0.05 mmol) of p-azidobenzoic acid was dissolved in
1.5 mL of DMSO, 0.024 g (0.125 mmol) of 1-(3-dimethylaminopropyl)
-3-ethylcarbodiimide hydrochloride (EDCI), and 0.014 g (0.125mmol) of
N-hydroxysuccinimide (NHS) were added. The reactionmixture was kept
being stirred at room temperature overnight. An aliquot of 0.2 g (0.01
mmol) 8-arm polyethylene glycol amino (8 Arm–NH2–PEG) dissolved in
5 mL dH2O was added. The reaction was performed at room temperature
for 24 h. Subsequently, the solution was dialyzed (MWCO: 7 KDa) against
dH2O for 48 h and lyophilized. Finally, a light-yellow solid azido-
modified PEG (N3-PEG) was obtained.

An aliquot of 0.02 g (0.05 mmol) dibenzocyclooctyne-succinimide
ester (DBCO-NHS) in 4 mL DMSO and 0.2 g 8-arm polyethylene glycol
amino (8-arm–NH2–PEG) (0.01 mmol) in 5 mL dH2O were mixed in a 25-
mL reaction flask. The reaction mixture was kept being stirred at room
temperature for 12 h. The reaction solution was subsequently dialyzed
(MWCO: 7 KDa) against dH2O for 48 h and then lyophilized. Finally, a
white solid cyclooctyne-modified PEG (DBCO-PEG) was obtained.

2.12. Preparation of dual-crosslinked hydrogels

0.01 g of HA-CHO and 0.015 g of 8-arm–NH2–PEG were dissolved in
120 μL of dH2O and allowed to stand for 30 min to obtain a light-yellow
liquid (HA-PEG-hydrazone). Afterward, 0.0025 g of N3-PEG dissolved in
the dH2O was added to the HA-PEG-hydrazone and followed with
standing for 30 min at room temperature to obtain a yellow-brown
viscous liquid. The product was denoted as HA-N3. The DBCO-modified
HA (HA-DBCO) can be obtained using the same method. Briefly,
0.0025 g of DBCO-PEG dissolved in 30 μL of dH2O was added to HA-PEG-
hydrazone and allowed to stand for 30 min at room temperature. Finally,
a yellow viscous liquid HA-DBCO was obtained. The mentioned liquid
HA-N3 and HA-DBCO were mixed in a 4-mL centrifuge tube and incu-
bated in a water bath at 37 �C. Finally, a gel-like solid was obtained. This
dual-crosslinked HA hydrogel was named as HA-HS hydrogel.

2.13. Gelation time of samples

The gelation behavior was determined using the tube inversion
method. Liquids HA-N3 and HA-DBCO were prepared at different mass
ratios of HA-CHO to NH2-PEG to N3-PEG/DBCO-PEG in a serum bottle at
37 �C according to the method described in Section 2.10.3. The formation
of hydrogels was evaluated according to the reported protocol [34]. The
gelation time was determined as the time from initiating mixing of the
polymer solution to the formation of the hydrogel. The gel formation was
verified if flow was not observed within 60 s after inverting the bottle.

2.14. In vitro degradation of hydrogels

The hydrogels were divided into two groups and weighed, followed
with immersion in PBS solutions (0.01 M) of pH 7.4 and pH 6.5 con-
taining 300 mU/mL hyaluronidase, respectively. At different time points
after immersion, the samples were weighed after the superficial water of
hydrogel was removed using a filter paper. The degradation rate was
calculated using the following equation: Weight loss ratio (%) ¼ (W0
-Wm)/Wm, where W0 and Wm represent the initial weight of hydrogel
and the weight of hydrogel at different time points after immersion,
respectively. The experiments were conducted in triplicate.

2.15. In vitro biological assessment of hydrogels

MC3T3-E1 pre-osteoblasts were co-cultured with hydrogels to
perform biological assessment. Briefly, cell suspensions at a density of 1
� 104 cells per tube were added into hydrogels and mixed gently. The
concentration of hydrogels in the mixture was 1 μg/mL. The mixtures of
hydrogels and cell suspensions were plated in a culture dish before they
5

begun to solidify. The cell-encapsulated gels were covered with cell
culture medium and incubated at 37 �C. After 1, 7, and 14 days, the cells
were stained with propidium iodide (red fluorescent dye) and calcein
acetoxymethyl ester (green fluorescent dye) for CLSM observation,
respectively. To test the cytotoxicity of hydrogel materials, the cells were
incubated for 1, 3 or 7 days with different concentrations of hydrogel
materials. The cell viability was measured using the MTT [3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium] assay.

The MC3T3-E1cells were treated with PBS (PBS group), polyplexes
targeting VEGF-A gene (V group), polyplexes targeting TGF-β1 gene (T
group), and polyplexes targeting both VEGF-A and TGF-β1 genes (VT
group). The cells transfected with different polyplexes were encapsulated
into HA hydrogels. Briefly, cells transfected with different polyplexes for
48 h were harvested by trypsinization, centrifuged, and resuspended in 1
μg/mL hydrogel at 37 �C under aseptic conditions, resulting in a 20% (w/
v) hydrogel containing 2 � 106 cells. The hydrogel containing no cells
was used as control.

2.16. Calvarial defect model

All surgical experiments strictly abided by the guidelines of the
Institutional Animal Care and Use Committee of Southern Medical Uni-
versity. A full-thickness (2.7 mm in diameter) defect was drilled on 8 –

12-week-old C57BL/6 male mice on the parietal bone using a trephine
drill (Changzhou, China) with care to avoid potential damage to the dura
mater. The defect site was rinsed extensively with saline to remove bone
fragments and implanted with the prepared hydrogels. The incisions
were sutured, and all animals were subcutaneously administered
buprenorphine at 0.1 mg/kg body weight once a day for 3 days. The
animals drank water containing trimethoprim/sulfamethoxazole for 1
week to prevent postoperative infection. All of the mice were sacrificed
after implantation for 4 or 8 weeks, and the skulls were removed and
fixed in 4% paraformaldehyde.

2.17. MicroCT scanning and analysis

Bone defect specimens were collected and immersed in the formal-
dehyde solution (4%) for 1 d at 25 �C. Microcomputed tomography (μCT)
analysis was performed for all the samples using a μCT 80 (Scanco
Medical, AG, Switzerland) instrument with an isotropic voxel size of 36
μm (145 μA, 55 kVp). DICOM images of each sample were reconstructed
using Mimics Research 17.0 (Materialise), Bone volume (mm3) and bone
density (average Hounsfield Unit, HU) within a chosen disk-shaped
volume of interest (VOI, 2.7 mm in diameter and 0.5 mm in height)
representing the original defect, and the percentage of newly formed
bone surface area was analyzed and compared to the original defect.

2.18. Histological evaluation

After μCT scanning, the parietal bones were decalcified and paraffin-
embedded. Then, 5 μm longitudinal sections of bone samples were sub-
jected to hematoxylin and eosin (H&E) staining, Masson trichrome
staining, and immunohistochemical staining, respectively. The images
were captured using bright-field microscopy (E800 microscope, Nikon,
Japan). The deparaffinized sections were processed with citric acid for
antigen retrieval, thereafter incubated with the primary antibody against
osteocalcin (OCN) and CD31, and were detected by the HRP/DAB kit
(DAKO, K5007). The sections were further counterstained with Mayer's
hematoxylin.

2.19. Statistical analysis

For each sample, data was showed mean � standard deviation (SD)
and was analyzed using Student's t-test for comparing means from two
independent sample groups using SPSS (v. 10.0) software (*p< 0.05, **p
< 0.01, and ***p < 0.001).
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3. Results

3.1. Preparation and characterization of polyplexes

The copolymer polyaspartate(N-(dibenzocyclooctyne)-co-(N0, N0-
dimethyl-histidine), referred to here as PAsp(DBCO-DMH), was first
synthesized and characterized (Figs. S1–S2). The appearance of charac-
teristic peaks for histidine group (a, 7.8 ppm, -HNCH ¼ N-; b, 7.0 ppm,
-HNCH ¼ C-) and DBCO group (d, 7.2 ppm, Ar) confirmed the successful
synthesis of PAsp(DBCO-DMH). Then, the N3-modified peptide NLS-
MTAS was conjugated to PAsp(DBCO-DMH) through azide-alkyne
cycloaddition (Fig. 2A and Scheme S1). The new characteristic peaks at
0.8–2.0 ppm and 4.21 ppm assigned to NLS-MTAS peptide. These results
suggest the successful synthesis of polymer PAsp(NLS-MTAS-co-DMH),
referred to here as polymer PND. Next, the polymer PND was used to
complex with CRISPRa plasmid DNA (CRISPRa pDNA) to form a polyplex
(Fig. 1). The complexation capacity of polymer PND with pDNA at
Fig. 2. Preparation and characterization of copolymer and nanoparticle. (A) 1H NMR
of plasmids in agarose gel after complexation with PND polymers. (C) Transmission
bars, 200 nm. (D) Sizes and zeta potentials of PND/pDNA-NPs at different N/P ratio
Mean SD (n ¼ 3). The PND polymer and pDNA indicate polymer PAsp(MTAS-NLS-c
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various N/P ratios was determined by using agarose gel retardation assay
(Fig. 2B). The zeta potentials of PND/pDNA-NPs increased with the N/P
ratio and showed a positive charge at N/P ratios above 10. The size of
polyplexes decreased as the increase of N/P ratio and kept constant
(~135 nm) at N/P ratios above 10, showing a uniform and round
morphology observed using transmission electronic microscopy (TEM)
(Fig. 2C). At N/P ratios below 10, the pDNA bands with different
migration distances were observed because of the different complexation
states caused by incomplete complexation of pDNA. In contrast, the
pDNA bands were completely retarded when the N/P ratio was greater
than or equal to 10, which was due to the negative charges of pDNA being
completely neutralized by cationic polymers PND. These results are in
line with that of zeta potential (Fig. 2D). The polyplexes showed low
cytotoxicity (>90%) even at a high N/P ratio of 16 (Fig. 2E). Although
the cell viability of PND/pDNA-NPs at N/P ratios of 2 was greater than
100%, it showed no statistical significance compared with control group.
The polyplexes at an N/P ratio of 10 had a smaller size of ~143 nm and a
spectrum of copolymer PAsp(MTAS-NLS-co-DMH). (B) Electrophoretic mobility
electron microscopy (TEM) image of nanoparticles at a N/P ration of 10. Scale
s. (E) Cytotoxicity of PND/pDNA-NPs at different N/P ratios to MC3T3-E1 cells.
o-DMH) and plasmid DNA, respectively.
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lower zeta potential ofþ14.9 mV, which were in favor of cellular uptake.
In addition, the polyplexes at an N/P ratio of 10 showed excellent
colloidal stability in cell culture medium. Therefore, the polyplexes were
prepared at an N/P ratio of 10 in subsequent experiments.
Fig. 3. Mechanism and characterization of the intracellular trafficking of PND/pDNA
intracellular trafficking of PND/pDNA-NPs. (C) Immunofluorescence staining of dCas9
with PND/pDNA-NPs modified with live peptide MTAS-NLS and devitalize peptide, r
PND/pEGFP-NPs (mean � SD, n ¼ 3).
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3.2. Cellular uptake of polyplexes

To track the intracellular fate of CRISPRa pDNA, the nuclei, lyso-
somes, and pDNAs were labeled with Hoechst 33342 (blue fluorescence),
LysoTracker™ Deep Red (red fluorescence), and YoYo-1 dye (green
fluorescence), respectively. To clarify the intracellular distribution of
-NPs. (A) Lysosomal escape of PND/pDNA-NPs. (B) Time-lapse CLSM images of
-VPR protein. (D) Confocal laser scanning microcopy (CLSM) of cells transfected
espectively. (E) Flow cytometry analysis of EGFP-positive cells transfected with
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pDNA and dCas9 protein, we magnified the cell images and quantita-
tively analyzed the fluorescence signals of nucleus and pDNA. The non-
overlapping region of green and red fluorescence indicated the lyso-
somal escape of pDNAs, and the increase of green fluorescence with time
in the range of blue fluorescence indicated the accumulation of pDNA in
the nuclei (Fig. 3A, B and S8A). The lysosomal escape of PND/pDNA-NPs
is due to the pH-sensitive DMH moieties of PND polymer which rupture
the lysosomes via a proton sponge effect [23d]. At 24 h after transfection,
the pDNAs and Cas9 proteins mainly located in the nuclei (Fig. 3C, S8B),
which is closely related to the nuclear-trafficking peptide NLS-MTAS
[24a]. The constant green fluorescence of pDNA was due to the reason
that the no pDNA were internalized into cells after cell culture medium
containing PND/pDNA-NPs was replaced with fresh medium without
nanoparticles. To verify the role of nucleus localizing peptide NLS-MTAS,
a PND polymer modified with scrambled NLS-MTAS sequence instead of
the active one was used to deliver pDNA encoding enhanced green
fluorescence protein (EGFP). The tubulins were stained red to display cell
morphology.

The polymer PND with unscrambled NLS-MTAS peptide resulted in
significant EGFP production. In contrast, no obvious EGFP gene expres-
sion was observed in the cells treated with polymer with the scrambled
peptide (Fig. 3D). To quantify the delivery efficiency of polymer PND, the
cells transfected with PND/pEGFP-NPs were subjected to flow cytometry
analysis. The percentage of EGFP-positive cells increased with the N/P
ratio and reached a plateau of ~75% at N/P ratios between 8–12. By
contrast, the commercial transfection agent Lipofectamine only resulted
in 24.5% of EGFP-positive cells. These results suggest that the polymer
PND can effectively deliver pDNA into the nuclei to produce target
proteins, indicating that pH-sensitive DMH and nucleus localizing pep-
tide NLS-MTAS are vital for lysosomal escape and nuclear translocation
of pDNA, which are favorable for highly efficient dCas9/sgRNA-based
gene activation. The polyplexes with an N/P ratio above 10 showed no
significant increases in the transfection efficiency (Fig. 3E). Therefore,
the PND/pDNA-NPs prepared at an N/P ratio of 10 were used in
following studies based on comparative analysis of the delivery efficiency
and cytotoxicity of PND/pEGFP-NPs at various N/P ratios.

3.3. TGF-β1 and VEGF-A specific gene activation

The CRISPR-dCas9 system can specifically activate target gene
expression, guiding by sgRNA complementary to the upstream sequence
(promotor region) [13]. We designed and synthesized 19 strands of
psgRNA targeting mouse TGF-β1 (T-sgRNA) and VEGF-A (V-sgRNA)
genes, listed in Table S1. The TGF-β1 and VEGF-A genes were targeted by
9 and 10 strands of sgRNAs, respectively. The highest levels of TGF-β1
and VEGF-A mRNAs were recorded in the cells treated with T8-sgRNA
and V9-sgRNA, increasing mRNA levels by 4.88 and 4.82 folds
(Fig. S4A) in comparison to the control group, respectively. The com-
bined treatment of several sgRNAs targeting TGF-β1 gene showed lower
mRNA level than the T8-sgRNA alone treatment. Similarly, the combined
treatment of several sgRNAs targeting VEGF-A showed no significant
increase in mRNA level of VEGF-A compared to V9-sgRNA alone treat-
ment (Fig. S4B). To optimize the use of T8-sgRNA and V9-sgRNA, their
dosage effect was evaluated. The highest level of TGF-β1 mRNA was
observed in the cells receiving 2.5 μg of T8-sgRNA(Fig. S4C). Although
the VEGF-A mRNA levels increased with the amount of V9-sgRNA, the
PND/pDNA-NPs showed cytotoxicity to cells at the amounts of above 4.5
μg. The combined treatment of T8-sgRNA and V9-sgRNA did not enhance
TGF-β1 mRNA level but significantly increased VEGF-A mRNA level by
6.5 folds compared to single treatments (T8-sgRNA and V9-sgRNA
treatments). Notably, the increase of V9-sgRNA amount in the com-
bined treatment of T8-sgRNA and V9-sgRNA reduced the TGF-β1 and
VEGF-A mRNA levels (Fig. S4D). Therefore, the T8-sgRNA and V9-sgRNA
were combined at doses of 2.5 μg and 1 μg, respectively. In subsequent
studies, the T-sgRNA and V-sgRNA indicated T8-sgRNA and V9-sgRNA,
and their combination was named TV-sgRNA. Thus, the polyplexes
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formed with polymers PND and pDNAs encoding CRISPRa-dCas9 and
TV-sgRNA were named PND/TV-NPs. Similarly, the polyplexes carrying
pDNA encoding T-sgRNA or V-sgRNA were named PND/T-NPs or
PND/V-NPs, respectively.

Next, the time-dependent effect of PND/TV-NPs treatment on the
TGF-β1 and VEGF-A gene expressions was investigated (Fig. 4A and B). In
comparison to control treatment, the single treatment with PND/T-NPs
increased the TGF-β1 mRNA levels to 4.2 folds at 2 d after transfection
but did not induce VEGF-A gene expression, and the single treatment
with PND/V-NPs increased the TGF-β1 mRNA levels to 1.8 folds and
VEGF-A mRNA level to 2.8 folds, respectively. Notably, the combined
treatment with PND/TV-NPs increased the TGF-β1 mRNA levels to 6.0
folds and VEGF-A mRNA level to 3.5 folds. The inductive effect of the
CRISPRa system on TGF-β1 and VEGF-A mRNA levels disappeared at 7
d and 14 d after transfection, respectively. The extracellular and intra-
cellular proteins of TGF-β1 and VEGF-A were detected by ELISA analysis
(Fig. 4B) and Western blot (Fig. 4C). All CRISPRa treatments increased
the intracellular content of TGF-β1 protein, but no significant difference
was observed between PND/T-NPs and PND/TV-NPs treatments. How-
ever, the intracellular content of VEGF-A protein was not influenced by
each CRISPRa treatment. As for their extracellular contents, the PND/T-
NPs and PND/TV-NPs treatments showed no effect on the TGF-β1 con-
tents, but the PND/V-NPs and PND/TV-NPs treatments increased the
contents of VEGF-A by 3416 folds and 4311 folds compared to control
treatment at 4 d after transfection, showing significant synergism on
VEGF induction. Thus, the single treatment PND/T-NPs and PND/V-NPs
can effectively induce TGF-β1 and VEGF-A gene expressions, respec-
tively, and the combined treatment with PND/TV-NPs strengthens this
effect.

Next, we investigated whether the activation of TGF-β1 and VEGF-A
can enhance osteogenesis of pre-osteoblasts. The activations of bone
sialoprotein (BSP), osteopontin (OPN), and collagen type I alpha1
(COL1a1) reflect the osteogenic capacity of implanted cells [35].
Compared to single treatments of PND/T-NPs and PND/V-NPs, the
combined sgRNA treatment of PND/TV-NPs increased the mRNA levels
of BSP to 1.7 folds and 8.0 folds at 4 d after transfection, OPN to 1.8 folds
and 15 folds at 2 d after transfection (Fig. 4D), respectively, showing
additive or synergistic effects on the osteogenesis. The inductive effect on
BSP and OPN of these nanoparticles almost disappeared 7–14 d after
transfection. Notably, the single sgRNA treatments hardly increased the
COL1a1 gene expression 2–4 d after transfection, but the combined
treatment significantly increased its expression to ~2.0 fold compared to
the control treatment. The greatest levels of COL1a1 mRNA appeared at
7 d after transfection in the cells receiving with single sgRNA treatments,
which was later than that in the cells receiving combined sgRNA treat-
ment. These results demonstrate that the combined treatment with
PND/TV-NPs synergistically enhances the expression levels of
osteogenesis-related genes.

3.4. In vitro osteogenic potential

The osteoblastic activity andmineralization, which are indicated with
the activity of alkaline phosphatase (ALP) and deposition of calcium
phosphate salts (CPS), respectively, are important indicators to directly
evaluate osteogenic potential of pre-osteoblasts and MSCs [36]. All
treatments suppressed the ALP activities 7–14 d after transfection,
whereas the combined treatment showed the greatest ALP activity at 28
d after transfection (Fig. 5A and B). These results indicated that the ALP
activity was inhibited at the early stage after transfection but was
enhanced in the late stage by the up-regulation of TGF-β1 and VEGF-A,
which agrees with a previous work [37]. The cell layer in the com-
bined treatment (PND/TV-NPs) showed greater CPS area than that in any
single treatment (PND/T-NPs and PND/V-NPs) at 28 d after transfection
(Fig. 5C and D), with a CPS area increase of 3.83 folds, 2.25 folds, and
1.35 folds when compared to control group, respectively. Thus, the in-
creases of ALP activity and CPS content in the cells treated with



Fig. 4. Activation profiles of VEGF-A, TGF-β1 and osteogenic proteins in the cells transfected with PND/pDNA-NPs targeting VEGF-A and TGF-β1. (A) Relative mRNA
levels of VEGF-A and TGF-β1 genes at different time points after transfection. (B) Extracellular contents of VEGF-A and TGF-β1 proteins determined by ELASIA assay at
different time points after transfection. (C) Intracellular contents of VEGF-A and TGF-β1 proteins determined by Western-blot assay at 2 d after transfection. (D)
Relative mRNA levels of BSP, OPN and COL1a1 at different time points after transfection. The relative mRNA levels are determined by normalizing to those of the
control cells without PND/pDNA-NPs transfection. The data represent mean � SD of three independent culture experiments. The T, V, and TV indicate the PND/T-NPs,
PND/V-NPs, and PND/TV-NPs treatments, respectively. *p < 0.05, **p < 0.01 versus control group.
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PND/TV-NPs were closely related to upregulation of TGF-β1 and VEGF-A.
3.5. Preparation and characterization of dual crosslinked hydrogels

To encapsulate and implant the engineered pre-osteoblasts into the
bone defect site, the HA-based hydrogel with a dual crosslinking struc-
ture was prepared and characterized (Figs. 6 and 7, and S5-7). We first
synthesized an aldehyde derivative of HA (HA-CHO) by oxidizing the
vicinal hydroxyl groups in the HA to dialdehyde in the presence of so-
dium periodate. The characteristic resonance peaks at 3.6–3.8 ppm for
-CH, 3.4–3.6 ppm for -CH2, and 7.8–7.9 ppm for aldehyde group indi-
cated the successful synthesis of the HA-CHO (Fig. S5A). The conversion
efficiency of the vicinal hydroxyl to aldehyde was 49.1% according to the
integral value of characteristic peaks. Next, we synthesized the azide-
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modified PEG (N3-PEG) and cyclooctyne-modified PEG (DBCO-PEG)
through the amidation reaction by which the NH2 in the 8-arm oxyamine-
PEG (NH2-PEG) reacted with p-azidobenzoic acid and
dibenzocyclooctyne-succinimide, respectively. In the 1H NMR spectrum,
the characteristic resonance peaks at 3.4–3.6 ppm for PEG (a, b, -CH2), at
7.8–7.9 ppm for benzene ring in DBCO (d, e, -CH), and at 7.75–7.85 ppm
for benzene ring in p-azidobenzoic acid (c, d, -CH) confirmed the suc-
cessful synthesis of N3-PEG and DBCO-PEG (Figs. S5B and C). According
to the integral value of characteristic peaks, 33.5% and 37.9% of amino
groups in the NH2-PEG were converted to DBCO and N3, respectively.
Finally, these polymers were used to prepare a dual-crosslinked HA
hydrogel (Fig. 6). One crosslinking structure was the pH-sensitive
hydrozone bond between the aldehyde groups in the HA-CHO and oxy-
amine groups in the PEG polymers (e.g., NH2-PEG, N3-PEG, and DBCO-



Fig. 5. Osteogenic potential of MC3T3-E1 cells transfected with non-viral CRISPRa system targeting VEGF-A and TGF-β1. (A) Alkaline phosphatase (ALP) staining and
(B) Activity analysis of ALP in the cells receiving different treatments at 14 and 28 d after transfection. (C) Deposition of calcium phosphate salts (CPS) determined
through Alizarin red staining and (D) Contents of CPS in the panel C in the cells receiving different treatments at 14 and 28 d after transfection. Cells were cultured in
the osteoinduction medium to induce osteogenesis. The data are mean � SD of three independent culture experiments, *p < 0.05, **p < 0.01. The T, V, and TV
indicate the PND/T-NPs, PND/V-NPs, and PND/TV-NPs treatments, respectively. Scale bars: 50 μm.

Fig. 6. Schematic of preparation and degradation of
crosslinked hydrogels HA-HS. The aldehyde deriva-
tive of HA (HA-CHO) is mixed with NH2-PEG, N3-PEG,
and DBCO-PEG to prepare dual-crosslinked hydrogel
HA-HS through the formations of hydrozone and
strain-promoted azide-alkyne cycloadditions (SPAAC)
structures. The NH2-PEG, N3-PEG, and DBCO-PEG
indicate the oxyamine-terminated 8-arms PEG, oxy-
amine- and N3-terminated 8-arms PEG, and oxyamine-
and DBCO-terminated 8-arms PEG, respectively. The
disassembly of hydrogel occurs in the presence of low
pH (pH 6.5) and hyaluronidase through the breakage
of pH-sensitive hydrozone bond and the
hyaluronidase-triggered HA degradation.
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PEG); the other one was result of the strain-promoted azide-alkyne cy-
cloadditions (SPAAC) between N3-PEG and DBCO-PEG. The slow-
reacting aldehyde-oxyamine conjugation and fast-reacting N3-DBCO
conjugation were combined to produce a dual-crosslinked hydrogel with
tunable mechanical and biochemical properties, which are favorable for
cell encapsulation and proliferation [38]. Moreover, the combination of
stable SPAAC and pH-labile hydrozone linkages allowed unique degra-
dation control to encourage cell expansion in the hydrogel matrix [38].

Thus, the HA-CHO was mixed with oxyamine-terminated polymers
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NH2-PEG and N3-PEG in sequence at room temperature to prepare the
single-crosslinked hydrogel HA-N3 through the formation of hydrozone
bonds between oxyamine and aldehyde groups. Similarly, the single-
crosslinked hydrogel HA-DBCO was prepared using HA-CHO, NH2-PEG
and DBCO-PEG. Afterward, the HA-N3 and HA-DBCO were mixed to
prepare the dual-crosslinked hydrogel HA-Hydrozone-SPAAC, referred to
here as HA-HS. HA-HS hydrogels were characterized by Fourier Trans-
form Infrared Spectroscopy (FTIR) analysis. As shown in Fig. 7A,
compared to single-crosslinked hydrogels HA-N3 and HA-DBCO, the



Fig. 7. Characterizations of different hydrogels. (A)
FT-IR spectra of HA- HS, HA-DBCO and HA-N3

hydrogels. (B) Gelation times of hydrogels at different
mass ratio of HA-CHO to NH2-PEG. (C) Gelation times
of hydrogels at different mass ratio of HA-CHO to
NH2-PEG to N3-PEG to DBCO-PEG. (D) Weight loss
ratios of hydrogels in the presence of 300mU/mL of
hyaluronidase under pH 7.4 and pH 6.5, respectively.
(E) Scanning electron microcopy (SEM) images of
hydrogels. (F) Three-dimensional images of MC3T3-
E1 cells in the hydrogels HA–HS–0.25. The live and
dead cells were stained green and red, respectively.
The HA-CN indicates single-crosslinked hydrogel
which was prepared at a mass ration of HA-CHO to
NH2-PEG of 1 : 1.5. The HA–HS–0.1 indicates dual-
crosslinked hydrogel which was prepared at a mass
ration of HA-CHO to NH2-PEG to N3-PEG to DBCO-
PEG of 1 : 1.5: 0.1 : 0.1. The HA–HS–0.25 indicates
dual-crosslinked hydrogel which was prepared at a
mass ration of HA-CHO to NH2-PEG to N3-PEG to
DBCO-PEG of 1 : 1.5: 0.25 : 0.25.
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disappearance of the characteristic peak at 2100-2200 cm�1, which is
ascribed to azido and alkynyl groups of DBCO, indicated successful click
reactions between DBCO and N3.

To optimize the formation of HA-HS, we comparatively analyzed the
morphologies and physicochemical properties of hydrogels prepared at
different mass ratios of HA-CHO to crosslinking agents (e.g., NH2-PEG,
N3-PEG, and DBCO-PEG). In the presence of NH2-PEG, the gelation time
shortened with the mass ratio of HA-CHO to NH2-PEG (MHA-CHO: MNH2-

PEG) (Fig. 7B). The hydrogel prepared at the MHA-CHO: MNH2-PEG of 1 : 1.5,
referred to here as HA-CN showed a proper gelation time (25 min),
allowing the introduction of the other crosslinking structure based on
SPAAC linkage. After HA-CHO and NH2-PEG (MHA-CHO: MNH2-PEG ¼ 1 :
1.5) were mixed, the N3-PEG and DBCO-PEG were added at different
mass ratios (MHA-CHO: MNH2-PEG: MN3-PEG/DBCO-PEG) to obtain HA-N3 and
HA-DBCO solution, respectively. Finally, the HA-N3 and HA-DBCO were
mixed at 37 �C to prepare dual-crosslinked hydrogels at different mass
ratios of HA-CHO hydrogel to N3-PEG and DBCO-PEG (MHA-CHO: MNH2-

PEG: MN3-PEG: MDBCO-PEG). The dual-crosslinked hydrogels at MHA-CHO:
MNH2-PEG: MN3-PEG: MDBCO-PEG of 1 : 1.5: 0.1 : 0.1 and 1 : 1.5: 0.25 : 0.25
were named HA–HS–0.1 and HA–HS–0.25, respectively, showing gela-
tion times of 16 min and 8 min, respectively (Fig. 7C). The equilibrium
swelling ratios of HA-CN, HA–HS–0.1, and HA–HS–0.25 were ~57%,
~46%, ~36% (Fig. S6), respectively. The swelling ratio was closely
associated with the rigidity of hydrogel. Furthermore, the rheological
tests demonstrated that the storage modulus (G0) is much higher than loss
modulus (G00) for all hydrogels. The G0 values of HA-CN, HA–HS–0.1, and
HA–HS–0.25 were 1700 Pa, 3400 Pa and 5500 Pa (Fig. S7), respectively,
suggesting that the increase of fraction of N3 and DBCO can enhance the
rigidity of hydrogel.

Biodegradation of hydrogels is mainly attributed to the degradation
of polymeric backbone and cleavage of crosslinking bonds, which are
influenced by the enzymes and local pH [39]. The biodegradable HA
backbone and low pH-labile hydrozone bonds endow the
dual-crosslinked hydrogels with biodegradability. Moreover, the com-
bination of the cleavable crosslinker hydrozone bond and nondegradable
crosslinker SPAAC assigned tunable degradation and stiffness properties
to hydrogel, which favored the balance of promoting cell expansion and
keeping 3D structure of hydrogel [40]. The HA-CN, HA–HS–0.1 and
HA–HS–0.25 showed a largely linear weight loss in the presence of hy-
aluronidase, and lower pH conditions (pH 6.5) accelerated their degra-
dation (Fig. 7D). The single-crosslinked hydrogels exhibited ~30% and
~60% weight loss at 27 d and 54 d after hyaluronidase treatment at pH
7.4. At lower pH, degradation increased, resulting in ~50% and ~96% of
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weight loss. In contrast, the addition of the non-degradable SPAAC
crosslinker in the dual-crosslinked hydrogel HA–HS–0.25 reduced the
weight loss to ~25% after 27 d and ~40% after 54 d in the presence of
hyaluronidase treatment at pH 6.5. The morphology of crosslinked
hydrogels was recorded using scanning electron microscopy (SEM). The
single-crosslinked hydrogels HA-CN showed an interconnected porous
structure with a pore size from several micrometers to ~50 μm (Fig. 7E),
resulting from the sublimation of water from the high-water-content
hydrogel. Comparatively, the dual-crosslinked hydrogel HA-HS (e.g.,
HA–HS–0.1 and HA–HS–0.25) had a similar porous structure but thinner
pore wall. These results indicate the combination of nondegradable
structure (crosslinker SPACC) and degradable structures (HA backbone
and low pH-labile hydrozone bonds) can control hydrogel degradation.
3.6. Cytocompatibility of dual crosslinked hydrogels

To investigate the cytocompatibility of different hydrogel with/
without nanoparticles to MC3T3-E1 cells, the live/dead cell staining and
cell counting kit-8 (CCK8) methods were performed (Fig. S9). Although
the HA–HS–0.25 resulted in the greatest amounts of live cells, there were
no significant difference in percentages of live cells among different
hydrogels (e.g., HA-CN, HA–HS–0.1, and HA–HS–0.25). However, the
cell proliferation in the HA–HS–0.25 hydrogel was greater than that in
the HA–HS–0.1 and HA-CN hydrogels at 7 d and 14 d after implantation.
The cells transfected with PND/pDNA-NPs showed similar behaviors
(i.e., cytocompatibility and cell proliferation) with that without trans-
fection. Moreover, we evaluated the cell behaviors in the different
hydrogel with/without PND/TV-NPs (Fig. S10). In the absence of PND/
TV-NPs, different hydrogels had the similar effect on the ALP activity,
but the hydrogel HA–HS–0.25 resulted in the greatest CPS content. The
transfection with PND/TV-NPs suppressed the ALP activities but
enhanced the CPS contents, and the greatest CPS content was observed in
the PND/TV-NPs-engineered cells encapsulated in the hydrogel
HA–HS–0.25 incorporating PND/TV-NPs, which were consistent with the
results of PND/TV-NPs-transfected cells without hydrogel encapsulation.
After transfection with PND/TV-NPs, the cells encapsulated in the
HA–HS–0.25 hydrogels showed the greatest mRNA levels of TGF-β1 and
VEGF-A compared to that encapsulated in the HA-CN and HA–HS–0.1
hydrogels. Therefore, HA–HS–0.25 was used for the subsequent experi-
ments due to its suitable and degradable porous structure, and excellent
cytocompatibility. Furthermore, the cells almost covered the entire sur-
faces of the hydrogels and spread with numerous filopodia and cyto-
plasmic extensions, demonstrating that HA–HS–0.25 are favorable for



Fig. 8. Bone healing capacity of non-viral CRISPRa system-engineered cells implanted with dual-crosslinked hydrogel. (A) Calvarial bone healing capacity evaluated
by microcomputed tomography (Micro-CT) imaging at 4 and 8 weeks after implantation. (B) Quantitative analyses of the bone volumes and (C) Bone density of new
bone formation at the bone defect site. After being transfected with PND/V-NPs, PND/T-NPs, and PND/TV-NPs, respectively, the MC3T3-E1 cells were implanted into
bone defect site using dual-crosslinked hydrogel HA–HS–0.25. (**p < 0.01,*p < 0.05). The red dotted circles indicate the original edges of bone defects. Scale bars:
0.5 mm.
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cell adhesion and spreading in 3D culture (Fig. 7F). The hydrogel
HA–HS–0.25 effectively encapsulated cells and showed excellent cyto-
compatibility to cells even at a high concentration of 10 μg/mL
(Fig. S11), resulting in significant cell proliferation.
3.7. In vivo synergistic effect on osteogenesis

The pre-osteoblast MC3T3-E1 cells transfected with PND/TV-NPs
were encapsulated and implanted into bone defects to promote osteo-
genesis through enhancing the expressions of TGF-β1 and VEGF-A. The
mice were randomly divided into four groups, namely control (hydrogel
loaded without cells), TGF-β1 (hydrogel loaded with PND/T-NPs trans-
fected cells), VEGF-A (hydrogel loaded with PND/V-NPs transfected
cells), and combination (hydrogel loaded with PND/TV-NPs transfected
cells). The new bone areas were recorded and quantified by referring to
the original defect size (2.7 mm in diameter) according to μCT images.

The TGF-β1 and VEGF-A treatments (single-activation of TGF-β1 and
VEGF-A genes) increased the new bone volume by 11.3 folds and 21.4
folds 8 weeks after implantation compared to that of the control group
(Fig. 8A and B). The mice in the combination group (combined activation
of TGF-β1 and VEGF-A genes) showed the greatest new bone volume at
all examined time points and increased the osteogenesis by 4.5 folds and
12
2.5 folds compared to that in the TGF-β1 and VEGF-A groups, respec-
tively. The new bone densities in different mice presented the similar
profiles (Fig. 8C). These results demonstrate that the combined activation
of TGF-β1 and VEGF-A through nonviral CRISPRa systems can remark-
ably improve osteogenic capacity of pre-osteoblasts encapsulated in the
dual-crosslinked hydrogels.

Next, we performed the H&E and Masson trichrome staining to
confirm the generation of new bone and osteoid. The mice in the TGF-β1
and VEGF-A groups showed greater contents of new bone and osteoid
matrixes than those in the control group, but the greatest generation of
new bone and osteoid matrixes was evidenced in the combination group
(Fig. 9A and B). We quantified the relative gaps of defects by calculating
the distance between the front edges of new bones. The mice in the
combination group showed the narrowest gap at all examined time points
and a 52% decrease in the distance of gap. However, the mice in the TGF-
β1 and VEGF-A groups only reduced the distance of gap by 15%. The
contents of OCN and CD31 indicate the capacity of bone metabolism and
angiogenesis. The sections from mice in the TGF-β1 and VEGF-A groups
showed moderate contents of OCN and CD31, while the greatest levels of
OCN were recorded in that from the combination group (Fig. 9C). The
greatest level of CD31 was observed in the combination group, which
resulted in the most blood vessel-like structures marked with red



Fig. 9. Histological and Immunohistochemical analysis. (A) Hematoxylin and eosin (H&E) staining. (B) Masson trichrome staining. (C–D) Immunohistochemical
staining of osteocalcin (OCN) and CD31. The defects specimens were harvested at 4 and 8 weeks after implantation, followed with different staining analyses. The
green solid and red dotted lines indicate that the fronts of original bone defect and new bone, respectively. The areas merked with dotted black rectangles were
magnified in the H&E staining, Masson trichrome staining, and Immunohistochemical staining analyses. The nuclei and cytoplasm were stained blue and red in H&E
staining, respectively. The calcified tissue and collagen were stained blue and red in Masson trichrome staining, respectively. The nuclei and target proteins (i.e., OCN
and CD31) were stained blue and brown, respectively. Triangles indicate blood vessel-like structures. FB, fibroblast. NB, nascent bone. Scale bars: 25 μm.
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arrowhead. Compared to control group, the single treatments (i.e., TGF-
β1 or VEGF-A alone treatment) resulted in more blood vessel-like struc-
tures at 8 weeks after implantation, although they could not significantly
enhance CD31 expression.

4. Discussion

The CRISPR-dCas9-based gene activation (CRISPRa) strategy is a
powerful approach to specifically upregulate target gene expression.
Although several studies have discussed its application in bone regen-
eration using viral vector-based CRISPRa systems, the non-viral vector-
based CRISPRa system has so far not been exploited in enhancing bone
formation. We developed a nonviral vector PND, composed of MTAS-
NLS-grafted and dimethyl-histidine-grafted polyaspartate blocks, to
deliver plasmids encoding CRISPR-dCas9 and sgRNA into pre-
osteoblasts. The PND showed higher transfection efficiency than the
commonly used commercial reagent Lipofectamine, which may be due to
following reasons: i) the hydrophobicity of partly deprotonated amino
groups in the methylated histidine residues under physiological condi-
tions that facilitate integration of polyplexes and adherence to cell
membranes; ii) the proton sponge effect of methylated histidine residues
in the acidic lysosome that allows lysosomal escape with subsequent
release of pDNA into the cytoplasm [23d]; iii) the nucleus translocation
of fusion peptide MTAS-NLS [24a,41]. The significant expression of
dCas9 was confirmed in the cells treated with PND/pDNA-NPs polyplexes
encoding dCas9 protein. Thus, the polymer PND provides a useful
nanoplatform to activate target gene expression through CRISPRa
mechanism.

Consequently, the TGF-β1 and VEGF-A expression levels are sub-
stantially increased by non-viral CRISPRa system (PND/TV-NPs) target-
ing TGF-β1 and VEGF-A genes, respectively. The activation of VEGF-A
significantly increases TGF-β1, consistent with previously reported
studies [42]. It was noted that exogenous TGF-β1 increased the VEGF-A
mRNA level in the previously reported study [43]. However, in this study
the increase of TGF-β1 hardly influences the VEGF-A mRNA level,
possibly because the action mode of endogenous form of TGF-β1 is
different from that of the exogenous form [44]. The CRISPRa treatments
have no effects on intracellular contents of VEGF-A protein but result in
significant increases of its extracellular content, which may be due to the
reason that VEGF-A proteins are secreted out of cells to act on their re-
ceptors. Notably, the combined activation of TGF-β1 and VEGF-A results
in greater levels of mRNA and extracellular protein of VEGF-A than single
activation of either VEGF-A or TGF-β1 alone. These results demonstrate
that the combined activation of TGF-β1 and VEGF-A synergistically
upregulated their expression in pre-osteoblasts.

The upregulations of VEGF-A and TGF-β1 induced osteogenic genes
(e.g., BSP, OPN, and COL1a1) expressions in the non-viral CRISPRa
system-engineered pre-osteoblast, which was consistent with other re-
ported works that utilized gene transfer approaches to promote osteo-
genesis [45]. The induction of BSP, OPN, and COL1a1 kept longer time
than those of VEGF-A and TGF-β1, whichmay be due to the autocrine and
paracrine effect induced by the VEGF-A and TGF-β1 [46]. The ALP ac-
tivity and matrix mineralization are two “gold standards” to evaluate the
osteogenesis ability. The inhibition of ALP activities in the CRISPRa
treatments at 7 d and 14 d after transfection may be due to the increased
TGF-β1 level. It was reported that the increased TGF-β1 expression
abolished the BMP-2-mediated osteogenic gene expression and ALP ac-
tivity [47]. However, the ALP activity recovered at 28 d after trans-
fection, and the combined activation of VEGF-A and TGF-β1 showed the
greatest ALP activity and mineralized nodule formation. These results
demonstrate that the combined activation of TGF-β1 and VEGF-A syn-
ergistically enhanced osteogenesis. In addition, it was reported that the
osteogenic effect of TGF-β1 was related with its concentration [48]. The
CRISPRa system-mediated TGF-β1 activation using PND polymers in-
creases the expressions of BSP, OPN and COL1a1 genes, which is
inconsistent with previous report that the TGF-β1 expression plasmids
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delivered by commercial transfection reagent lipofectamine inhibited the
expressions of ALP, OC, and COL-II genes. This discrepancymay be due to
the difference of transfection efficiency (75% vs 24.5%) of PND polymer
and lipofectamine, resulting in different TGF-β1 production. However, it
was reported that the high amount of exogenous TGF-β1 (5 ng/mL)
inhibited the bone osteogenesis [49]. In this study, we observe the
inductive effects of VEGF-A and TGF-β1 on BSP, OPN, COL1a1, ALP, and
mineralized nodule formation. Although the inducing effect of DNA
molecules-based non-viral CRISPRa system did not exceed 14 d, which
may be due to the degradation of DNA by enzyme, it can effectively
regulate cell life [50]. The viral vectors (e.g., adeno-associated virus,
retrovirus, and baculovirus)-based CRISPRa systems activated osteogenic
genes expression for at least 14 days, but they may cause uncontrolled
chromosomal integration and immunogenicity [51–53].

To implant the CRISPRa-engineered cells into the lesion site, the
injectable hydrogels with a dual-crosslinking structure were used. The
combination of the slow-reacting aldehyde-oxyamine conjugation and
fast-reacting N3-DBCO conjugation is favorable for optimizing mechan-
ical parameters, gelation time, morphology, and biodegradability of
hydrogels, achieving high cell encapsulation efficiency and tunable cells
release. The traditional gel preparing approaches based on amide for-
mation, radical polymerization, and Michael addition, have a gelation
rate that is too slow to encapsulate most cells before they diffuse away
from the injury area. In addition, these approaches often involve the use
of initiators or precursors which can be toxic to bone due to their reaction
with cellular components [54]. By contrast, in this study, the combina-
tion of fast-reacting SPAAC and low-reacting hydrozone linkage favors
both cell encapsulation by tuning gelation time and cell expansion by the
breakage of pH-liable hydrozone linkage under the acidic environment of
the injured area [39]. The combination of two types of crosslinking
structures provides a useful platform to optimize hydrogels for promoting
cell proliferation. The synergistic gene activation of non-viral CRISPRa
system and tunable dual-crosslinked hydrogel provide effective ap-
proaches to achieve enhanced osteogenesis and angiogenesis. As expect,
implantation of the CRISPRa system-engineered MC3T3-E1 cells using
dual-crosslinked hydrogel significantly improves the calvarial bone
healing by synergistically improving in vivo angiogenesis and osteo-
genesis. The co-activation of TGF-β1 and VEGF-A genes results in more
bone formation than any single activation of TGF-β1 or VEGF-A in vivo.
Consequently, the combination of non-viral CRISPRa system and tunable
dual-crosslinked hydrogel substantially improves the bone formation in
vivo.

5. Conclusion

We developed a cationic copolymer PAsp(MTAS-NLS-co-DMH) car-
rying nucleus localizing peptide MTAS-NLS and sponge effect group
DMH, showing high cellular uptake, lysosomal escape, and nuclear
translocation. This copolymer efficiently delivered CRISPRa pDNA tar-
geting TGF-β1 and VEGF-A to concurrently activate TGF-β1 and VEGF-A
genes expressions to synergistically promote osteogenesis. The dual-
crosslinked hydrogel was prepared to implant non-viral CRISPRa-engi-
neered pre-osteoblast cells. The hydrogel has tunable mechanical prop-
erties, controllable gelation time, and bone regenerative
microenvironment-responsive crosslink breakage, which is favor of cell
encapsulation and cell expansion in the bone defect site. The in vivo
studies confirm that the combination of VEGF-A and TGF-β1 activation
shows better bone healing than the single use of either VEGF-A or TGF-β1
activation alone. This study paves a potential approach to translate the
CRISPRa technology into clinical application.
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