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Injectable colloidal hydrogel with mesoporous
silica nanoparticles for sustained co-release of
microRNA-222 and aspirin to achieve innervated
bone regeneration in rat mandibular defects†

Lei Lei, a Zhongning Liu,a Pingyun Yuan,b Ronghua Jin,b Xiangdong Wang,b

Ting Jiang *a and Xin Chen *b

Nerve fibers and vessels play important roles in bone formation, and inadequate innervation in the bone

defect area can delay the regeneration process. However, there are few studies aiming to promote

innervation to engineer bone formation. Here, we report the development of an injectable thermoresponsive

mesoporous silica nanoparticle (MSN)-embedded core–shell structured poly(ethylene glycol)-b-poly(lactic-

co-glycolic acid)-b-poly(N-isopropylacrylamide) (PEG–PLGA–PNIPAM) hydrogel for localized and long-term

co-delivery of microRNA-222 and aspirin (ASP) (miR222/MSN/ASP hydrogel). ASP was found to stimulate

bone formation as previously reported, and miR222 induced human bone mesenchymal stem cell

differentiation into neural-like cells through Wnt/b-catenin/Nemo-like kinase signaling. In a rat mandibular

bone defect, injection of the co-delivered MSN hydrogel resulted in neurogenesis and enhanced bone

formation, indicating that the present injectable miR222- and ASP-co-delivering colloidal hydrogel is a

promising material for innervated bone tissue engineering.

1. Introduction

Nerve fibers play a critical role in bone metabolism and bone
cell functions as they are widely distributed at a high density
in bone tissues.1,2 Neuromediators have been shown to act
on osteoblasts and osteoclasts to modulate bone resorption
and formation; it follows that inadequate nerve fibers in the
bone defect area can hinder nutrient metabolism, resulting in
reduced bone regeneration and poor bone quality.3,4

Although innervation is important for regulating bone for-
mation, only a few studies have investigated the potential of
enhancing neurogenesis in engineered bone.5 Studies have
mostly focused on utilizing nerve tracts or bone implant materials
for bone engineering application by neurotization.6–8

These approaches for achieving innervated bone regeneration
have their drawbacks: implantation surgery and nerve fiber
dissociation may exacerbate the original injury. We previously
utilized brain-derived neurotrophic factor combined with
b-tricalcium phosphate (TCP) and human bone mesenchymal
stem cells to achieve neurogenesis-associated ectopic bone
formation in nude mice using human bone marrow-derived
mesenchymal stem cells (hBMSCs).9 However, the use of
recombinant growth factors is expensive and may be associated
with safety issues as a result of non-specific effects.10,11 There-
fore, there is an urgent need for engineering innervated bone
with less trauma using biological safe approaches.

Micro-RNAs (miRNAs) are endogenous small noncoding
RNAs (B22 nucleotides long) that modulate gene expression
via post-transcriptional processing. Various miRNAs have been
shown to modulate neurobiological processes including
neurite outgrowth, synaptogenesis, and neural plasticity.12

Although they have been applied in tissue engineering and
the treatment of various diseases, miRNA-based approaches
for inducing neuralization in regenerated bone have not been
reported. Studies have shown that miR222 is capable of
promoting nerve outgrowth from neurons,13 and improving
nerve regeneration following nerve injury.14 The findings
demonstrated that miR222 is highly associated with neural
differentiation, with potential applications in improving
innervation in engineered bone tissue.
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Aspirin (ASP) has long been used as a non-steroidal anti-
inflammatory drug for the treatment of moderate pain, inflam-
mation, cardiovascular diseases, and even cancer.15–17 In recent
years, ASP has been shown to enhance the osteogenic potential
and promote the proliferation of stem cells.18–21 A previous study
has also demonstrated that ASP improves bone regeneration via
the inhibition of immune cells under inflammatory conditions.22

In the present study, ASP is used for reducing inflammation in the
bone defect area and enhancing bone formation.

We hypothesize that co-delivery of miR222 and ASP to the rat
mandibular defect area, results in the induction of neural
differentiation of stem cells by miR222 and the generation of
a pro-osteogenic microenvironment by ASP, leading to innervated
bone formation. Therefore, a delivery system is required for
simultaneously long-term and effective co-release of miR222
and ASP at the bone defect site.

In the present study, we fabricated an injectable thermo-
responsive mesoporous silica nanoparticle (MSN)-embedded
core–shell structured poly(ethylene glycol)-b-poly(lactic-co-glycolic
acid)-b-poly(N-isopropylacrylamide) (PEG–PLGA–PNIPAM) hydro-
gel for localized and long-term co-delivery of miR222 and ASP in
the form of a miR222/MSN/ASP hydrogel, with PLGA serving as
the core and PEG/PNIPAM as the shell (Scheme 1). A two-stage
reaction was responsible for sustainability and effective transfec-
tion of miR222 and ASP into cells (Scheme 1b, in the first stage,
miR222/MSN complexes and ASP escape from the microsphere-
based hydrogel and are endocytosed by cells; in the second stage,
miR222s are released from MSNs). Using a rat mandibular defect
model, the miR222/ASP MSNs hydrogel was injected and the
hypothesized synergistic function of miR222 and ASP was con-
firmed by the formation of new bone tissue with neural-like
structures in the bone defect area, demonstrating that this
strategy is effective for engineering innervated bone tissue.

2. Results and discussion
2.1 miR222 promotes neural differentiation of hBMSCs
in vitro by targeting Nemo-like kinase (NLK)

The hBMSCs were collected from excised mandibular cancellous
bone during orthognathic surgery and cultured. The multi-
potency of these cells was demonstrated in our previous
study.23 Following transfection with miR222 mimic and neural
induction, hBMSCs developed a branched morphology similar to
that of neurons, indicating that miR222 can induce the differ-
entiation of hBMSCs into neural-like cells (Fig. 1a). To confirm
this result, we analyzed the cells for expression of neuronal
markers including microtubule-associated protein (MAP)2, nerve
growth factor (NGF), and neural/glial antigen (NG)2 by quanti-
tative real-time polymerase chain reaction (qRT-PCR), and found
that three genes were more highly expressed in cells transfected
with miR222 mimic than in the negative control (NC) or
inhibitor-treated group. Additionally, the protein levels of neural
proteins, including b-tubulin III (Tuj1), neural/glial antigen
(NG)2, and glial fibrillary acidic protein (GFAP), were markedly
increased in the mimic-transfected group as detected by western

blotting, which is in agreement with the qRT-PCR results
(Fig. 1c). Immunofluorescence analysis confirmed the over-
expression of NG2 and GFAP in miR222-overexpressing cells
(Fig. 1d and e). These results demonstrate that miR222 positively
regulates neural differentiation of hBMSCs.

To investigate the target gene of miR222, we carried out a
luciferase reporter assay using pEZX-MT05 plasmid containing
putative binding sites for NLK, which were predicted using the
TargetScan database (http://www.targetscan.org/vert_70/). NLK is a
potential target of miR222 and an inhibitor of Wnt/b-catenin signal-
ing, which plays as a vital role in neuronal differentiation.24–27

Compared with that in the NC group, luciferase activity was
decreased in miR222 mimic transfected cells, whereas no
effect was observed upon transfection of a mutant plasmid
(Fig. 2a and b). The downregulation of the NLK transcript and
upregulation of b-catenin in the miR222 mimic group was con-
firmed by qRT-PCR assay. NLK protein level was decreased by
overexpression of miR222 with a corresponding increase in the
upstream factor b-catenin, as determined by western blotting. The
mechanism underlying the induction of neural differentiation
induction by miR222 is schematically illustrated in Fig. 2d.

miR222 has been reported to promote nerve outgrowth from
neurons,13 and improve nerve regeneration after nerve injury,14 in

Scheme 1 (a) Fabrication process of thermo-responsive miR222/MSN/
ASP-embedded core–shell microspheres. (b) Illustration of miR222 and
ASP released from miR222/MSN/ASP-embedded core–shell microspheres,
their cellular uptake and biological function.

Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 2
2 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 o
n 

12
/1

/2
01

9 
10

:1
7:

31
 A

M
. 

View Article Online

http://www.targetscan.org/vert_70/
https://doi.org/10.1039/c9tb00025a


2724 | J. Mater. Chem. B, 2019, 7, 2722--2735 This journal is©The Royal Society of Chemistry 2019

Fig. 1 (a) Branched and neural-like morphology of hBMSCs in the miR222 mimic group (yellow arrow). (b) Expression of neuronal markers MAP2 and
NG2 and NGF in hBMSCs of the miR222 mimic were elevated, comparing with NC, and inhibitor group as determined by qRT-PCR. (c) Western blot
analysis of the neuronal proteins Tuj1, NG2, and GFAP were increased in the miR222 mimic group, comparing with NC, and inhibitor group, and fold
change of each protein relative to that in the NC group was quantified. (d and e) Immunofluorescence detection of NG2 (d) and GFAP (e) proteins in
hBMSCs were the strongest in miR222 mimic group; *P o 0.05 (n = 3).
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addition, it is over-expressed in fully differentiated PC12 neuro-
blastic cells and down-regulated in neurodegenerative diseases.28–30

More importantly, a recent study using biocompatible cationic
polymer delivering microRNA-222 promoted nerve regeneration
after sciatic nerve crush.31 Based on these findings, we further
explored the role of miR222 in stem cell neural differentiation and
aimed to identify the pathway involved in order to utilize miR222 in
bone engineering. The results in Fig. 1c suggested that the
untransfected cells expressed Tuj1 protein, this unexpected finding
may attribute to the fact that all three groups of cells underwent
neural introduction, Tuj1 is among one of the earliest markers in
neural development,32 therefore, Tuj1 expression may be induced
during 12 days of neural induction in vitro. In general, the expres-
sion level of neural markers in the NC, miR222 mimic and
inhibitor groups was in consistent with our expected results.

In Fig. 2b, luciferase activity was assayed using 293T cells
derived from the HEK 293 cell line, which has been commonly
used for transfection as it is efficiently transfectable with DNA and
enables high levels of protein production (ATCC, www.atcc.org/
products/all/CRL-11268). The WNT/b-catenin pathway was reported
to play a positive role in neuronal differentiation and nerve
development,33–35 and NLK is commonly known as a negative
regulator in the canonical WNT signaling pathway through phos-
phorylation of TCF/LEF family transcription factors.36 As suggested
by our results, through binding with the inhibitive factor NLK,
miR222 promoted the neural differentiation of hBMSCs via posi-
tive regulation of WNT/b-catenin pathway.

2.2 Fabrication of MSNs for microRNA delivery and
evaluation of miR222 loading capacity

The MSNs designed for miR222 release (miR222/MSN) were
developed, then, the functionalization and miR222 loading of
MSNs were examined by transmission electron microscopy

(Fig. 3a). The MSNs had a porous and spherical morphology
with a diameter of 200 nm, and no visible changes occurred
after modification with disulfide bonds and amino groups. The
pores were mostly filled after 30 min of miR222 absorption,
demonstrating the miR222-loading capacity of the MSNs.
Infrared spectra and d potential measurements revealed the
characteristic covalent bond vibrations of MSN, thiol, and
amino groups (Fig. S1, ESI†) as well as the surface charges of
MSNs according to the electrical properties of each functional
component (Fig. S2, ESI†).

To quantify the miR222 loading capacity, we performed a
gel retardation assay with complexes of miR222 (0.5 mg) and
varying concentrations of MSN-S-S-NH2 (0–12.5 mg). The results
showed that a large amount of condensed miR222/MSN
complex remained in the well with negligible release of miR222
when the ratio between MSN and miR222 was greater than 10
(Fig. 3b). The surface charge of MSN-S-S-NH2 with and without
different amounts of miR222 was also estimated by the zeta
potential, which was about 47 mV in pH 7.4 buffered solution
for MSN-S-S-NH2.

As the charge of miRNA is negative, while the surface charge
of MSNs is positive, so the zeta potential of miR222/MSN
complexes gradually became negative with the increase amount
of miR222 loading but remained positive until the MSN-to-
miR222 ratio decreased to 15 : 1, that miR222/MSN complexes
would bind with the negatively charged cell membranes to
enhance the endocytosis, suggesting that the optimal loading
capacity of miRNA is around 6.6 wt% (MSN : miR222 = 15 : 1).
Subsequent experiments were performed with 6.6 wt% miR222/
MSN complexes.

The intracellular release of miR222 from MSNs was investi-
gated by confocal assay (Fig. 3c). The strong punctate green
fluorescent signal corresponding to aggregated miR222/MSN

Fig. 2 (a) Construction of pEZX-NLK WT and MUT luciferase reporter plasmids. (b) Luciferase activity was reduced in 293T cells transfected with NLK-
WT plasmid and miR222 mimic compared with that in the cells transfected with miR-NC. (c) NLK and b-catenin expression after transfection of miR222
mimic and NC as determined by qRT-PCR and western blotting. (d) Schematic illustration of miR222 targeting the NLK gene and positively regulating
canonical WNT signaling; *P o 0.05 (n = 3).
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Fig. 3 (a) Transmission electron microscopy images of porous and spherical morphology of MSNs and miR222/MSNs. (b) Optimal loading capacity of miR222
for the system was 15 : 1 (MSN: miR222), determined by gel retardation assay and zeta potential measurement. (c) Cellular uptake of FAM-conjugated miR222
after 1 h and 6 h, as determined by confocal analysis. Green: miR222/MSN; red: F-actin; blue: cell nucleus. (d) Photographs of the thermal responsive
microspheres-hydrogel transition, and the scanning electron microscopy images of corresponding microspheres in solution state and hydrogel state.
(e) Release profile of miR222/MSN complexes for 35 days in vitro and GSH was required to trigger burst release of miR222. (f) Release profile of ASP for
28 days in vitro and the absorbance of ASP dissolved in supernatant at day 0 (black), day 28 (red), and the absorbance of ASP extracted from MSNs
hygrogel (blue) (n = 3).
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complexes was increased in the cytoplasm of BMSCs from 1 to
6 h post incubation, indicating efficient miR222 delivery by
MSNs in the hydrogel.

Various vehicles are available for drug and gene delivery.
Nanocarriers including liposomes, cationic polymers, and
nanoparticles have been widely used.37 Here we use MSNs
(Fig. 3a) as a nanocarrier owing to its numerous advantages,
which include their large superficial area, abundant pore size,
well-demarcated pore structure, excellent biocompatibility, and
a surface that is highly amenable to functionalization.38

Besides, MSNs is an excellent category of materials ready to
be used in clinic. As silica is ‘‘generally recognized as safe’’ by
the Food and Drug Administration (FDA) in America, silica-
based nanomaterials have been extensively investigated for
drug delivery strategies for their non-toxic nature,39 as they
would slowly degrade to orthosilicic acid (Si(OH)4) which is
easily carried by the blood or lymphatic system and sub-
sequently excreted through the kidneys.40,41 Functionalized
MSNs have been used as a cargo delivery vehicle for drugs,
DNA, and RNA and have shown efficient intracellular
release.42–44 However, after being endocytosed by cells, current
MSN-based gene delivery vehicles mostly result in burst release
of drugs that only lasts a few hours.45,46 This is contrary to the
requirement of prolonged miRNA transfection for the induc-
tion of neuronal differentiation to enhance bone formation.
As such, we modified the MSNs with disulfide bonds and amino
groups to bind with miR222, so as to stabilize miR222 outside of
the cells. Stimuli-responsive MSNs is a variety of functional
materials investigated for targeted drug delivery and cancer
therapy. There are mainly several types of stimuli-responsive
MSNs as redox-responsive, pH-responsive and light-responsive
MSNs.47–50 In our MSNs system, the disulfide bonds were
sensitive to redox reaction with endogenous glutathione (GSH),
when miR222/MSN is endocytosed by cells, disulfide bonds will
break up by GSH and miR222 is released (Fig. 3e).

2.3 Formation of thermally responsive colloidal hydrogel by
PEG–PLGA–PNIPAM, ASP and miR222/MSN

Aspirin has long been used as a non-steroidal anti-inflammatory
drug for reliving pain, reducing inflammation and preventing
cardiovascular diseases in clinic.51,52 The bone healing process is
an osteo-immunological event with inflammation involved. The
initial stage of bone healing process is an acute inflammation
stage, macrophages are recruited in this stage. By secreting
inflammatory and chemotactic mediators, macrophages then start
to recruit mesenchymal stem cells (MSCs) and osteoprogenitor
cells and ultimately generate new bone.53–55 However, macro-
phages can also regulate osteoclasts activity through secreting
inflammatory cytokines such as tumor necrosis factor a (TNF-a),
interferon g (IFN-g), interleukin 1 (IL-1) and interleukin 6
(IL-6)56–58 that result in bone resorption. ASP has been shown
to modulate the balance between bone resorption and formation
in ovariectomized-induced osteoporosis.59 Moreover, it could
improve calvarial bone regeneration in C57BL/6 mice by sup-
pressing TNF-a and IFN-g in hBMSCs.60 More importantly, a
recent study focusing on ASP showed that it could promote

osteogenesis by inhibition of macrophage activation under
inflammatory conditions.22 With this consideration, aspirin
was used in our study as an anti-inflammation drug to suppress
inflammatory conditions and improve bone healing.

The synthesized PEG–PLGA–PNIPAM copolymer, commer-
cially available ASP (Sigma, A2093, Darmstadt, Germany) and
miR222/MSN complexes were used to fabricate the miR222/
MSN and ASP co-embedded core–shell microspheres by a well-
established double-emulsion method.61 To test the thermal
responsiveness of the formed hydrogel, ASP and miR222/MSN
co-embedded microsphere solution (30 wt%) was incubated at
37 1C and 25 1C respectively for 5 min (Fig. 3d). At temperatures
over 33 1C, a lower critical solution temperature (LCST) of
PEG–PLGA–PNIPAM markedly increased the viscidity of the liquid
to yield hydrogel, Incubation at room temperature (25 1C) restored
the low-viscosity state; the structural changes were visualized by
scanning electron microscope. Further dynamic light scattering
revealed that the microspheres had an outer diameter of about
2 mm and retained spherical morphology at room temperature
(Fig. S3, ESI†).

The transition from hydrogel to nanoparticle solution could
be repeatedly induced at different temperatures, which was
likely due to (1) the reversible change between stretched (below
the lower critical solution temperature (LCST)) and constricted
(above LCST) structures of PNIPAM chains on the surface of
microspheres; and (2) the tangling of PNIPAM chains during
their constriction. Though a recent study proved that MSNs
could enhance the elastic moduli of alginate hydrogel,62 further
experiments need to be conducted to test the mechanical
properties of this MSNs PEG–PLGA–PNIPAM hydrogel while
keeping its injectability for intended applications.

The development of an effective RNA delivery system is a
challenging task as RNA readily undergoes degradation, in
addition, it is difficult to preserve their activity via prolonged
release strategy. Our miR222/MSN/ASP microspheres self-assembled
into a biodegradable hydrogel via temperature-induced hydro-
phobic interactions between PNIPAM chains immediately after
injection (Fig. 3d), and underwent gradual degradation for
sustained release of the payload (miR222/MSN complex) over a
period of weeks. Pre-immobilization of the amino group of MSN
via disulfide bonds provided loading sites for miR222 and GSH
for cytoplasmic release (Fig. 3e). GSH, a tripeptide that is
commonly distributed in mammalian cells, reacts with disulfide
bonds (Pubchem). In this manner, the controllable delivery of
miR222 was achieved in a two-stage reaction manner that
enabled sustainable and effective transfection into cells.

2.4 Evaluation of miR222 and ASP release characteristics

The controlled release of miR222/MSN complexes from hydrogel
and that of miR222 from MSNs was investigated under simulated
physiological conditions of the extra- and intracellular environ-
ments, respectively. The release profile of miR222/MSN complexes
over time was determined by monitoring the weight of miR222/
MSN complexes in a given amount of solution after complete
removal of the PEG–PLGA–PNIPAM copolymer via repeated
washes with dimethylformamide. As is shown in Fig. 3e, an initial
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burst release of 15% of miR222/MSN complexes on the first day
and total release of 80% at the end of 35 days was observed. GSH
was required to trigger miR222 release from MSNs; the percentage
of miR222 released from MSNs after 3 days of incubation in
phosphate-buffered saline (PBS) was less than 3%, owing to the
desorption of a small quantity of miR222 from the MSN surface.
However, in the presence of GSH, miR222 was dramatically
released from the inside of MSN over time, reaching 90% over
2 days. These data demonstrate the controlled delivery of miR222
over a long period of time, and its selective release in the
intracellular environment through loading on MSNs in a PEG–
PLGA–PNIPAM microsphere-based hydrogel. The release profile
of ASP from MSN/ASP hydrogel was monitored by ultraviolet-
visible (UV) spectrophotometry by recording the absorbance at
around 300 nm. The release profile of ASP was linear in the first
10 days, with about 60% of ASP appearing in the solution (Fig. 3f).
Thereafter, the release rate declined and ASP release nearly
reached its end at day 28, with an accumulated ASP percentage
480%, which is in accordance with the release profile of miR222/
MSN. These results indicate that miR222 can be released in
conjunction with ASP in a controlled fashion.

2.5 In vivo effects of miR222/MSN/ASP hydrogels

To investigate the capacity of miR222/MSN/ASP hydrogel for
neurogenic induction during bone formation, we created a
5 mm diameter mandibular bone defect model in rats.63,64 The
animals were divided into MSN, MSN/ASP, and miR222/MSN/ASP
hydrogel groups. Rat mandible bone tissue specimens were
harvested after 10 weeks and overall bone formation was evalu-
ated by micro-computed tomography (micro-CT). Histochemical
staining of hematoxylin & eosin (H&E) and Masson’s trichrome of
paraffin-embedded tissue sections were also conducted.

The micro-CT scan revealed that newly generated miner-
alized tissue mainly grew from the bone defect margin to the
center (Fig. 4a); a quantitative analysis showed that the new
bone volume/total volume percentage (BV/TV%) was higher in
the miR222/MSN/ASP group (21.97% � 3.99%) than in the MSN
(6.14% � 1.47%), and MSN/ASP (11.93% � 1.57%) groups
(P o 0.05) (Fig. 4b). Comparison of MSN and MSN/ASP groups,
revealed no significant difference in new bone formation,
indicating that ASP alone could not promote osteogenesis in
rat mandibular defect.

In the H&E-stained cross-sections of mandible tissue, no
obvious inflammatory cells were observed (Fig. 4c). However,
further immunohistochemistry staining is needed to detect any
specific inflammatory cells, such as macrophages. Compared
with the MSN and MSN/ASP groups, there was more newly
formed bone tissue at the inner edge of the defect in the
miR222/MSN/ASP group, which showed bone-like structures
extending from the regenerated tissue in the middle of the
defect area. In contrast, there was less new bone tissue gener-
ated in the MSN/ASP group and almost none in the MSN group.
A large area of collagen extending from both sides of the defect
zone was observed in the miR222/MSN/ASP group by Masson’s
trichrome staining, whereas in the MSN/ASP and MSN groups,
there was relatively little collagen (Fig. 4d).

On the basis of the findings of our previous study and
current studies of ASP,20,65,66 the fact that little bone formation
was observed in the MSN/ASP group (Fig. 4a) may be attributed
to the absence of ASP pre-treated seed cells in the defect area.
Referring to more recent studies, the in vivo osteogenic
potential of ASP may be largely reliant on the osteoblastic
differentiation ability of ASP-treated BMSCs seeded together
with scaffolds in vivo. In the present study, only the miR222/
MSN/ASP group showed generation of significantly more newly
formed bone, as suggested by statistical analysis, showing that
miR222 together with ASP stimulates bone regeneration. The
possible mechanism would be therefore discussed later.

2.6 Detection of neurogenic marker expression

Fluorescent immunohistochemistry analysis of the neuronal
protein Tuj1 and glial protein S100 were performed to reveal
innervation in bone defects (Fig. 5a and b). Both markers were
more highly expressed in the newly formed bone tissue of the
miR222/MSN/ASP compared with that in the MSN/ASP group.
A quantitative analysis of the average optical densities of Tuj1
and S100 showed significant increased expression of these
neurogenic proteins in the miR222/MSN/ASP group (Fig. 5c).
Given that more bone tissue was generated in the defect area of
the miR222/MSN/ASP group compared with that in the MSN/
ASP group, the results indicate that sustained release of miR222
can induce innervation in engineered bone tissue in with the
presence of ASP.

In comparison with previous studies of integration of nerve
tracts into bone scaffolds or magnesium implants to improve
fracture healing,6–8 the present work achieved innervated bone
formation without secondary trauma, and our controllable
delivery system provides a promising approach for biologically
safe and effective bone engineering. The high expression of
neuronal proteins surrounding newly formed bone indicated
innervation in the defect site. It is known that nerve fibers and
vessels are coupled throughout whole bone and have a synergistic
effect on bone growth. Nerve fibers secrete vasculogenic
neuropeptides that can improve angiogenesis, while blood
vessels contribute to nerve growth by providing oxygen and
nutrients. As such, the present study of innervated bone
engineering indicates promise for the achievement of bio-
mimetic neurovascularized bone.

To further explain the higher degree of bone tissue genera-
tion in the better innervated miR222/MSN/ASP group in the
defect area, we conducted an immunohistochemistry assay in
both MSN/ASP and miR222/MSN/ASP groups to detect calcitonin
gene related peptide (CGRP) (Fig. S4, ESI†). CGRP is a neuropeptide
produced in peripheral and central neurons, which has been used
as an indicator for nerve fibers in previous studies.67 In addition,
CGRP is reported to regulate bone formation that may attribute
to WNT signaling pathway.8,68–70 Remarkably, fact that CGRP
was clearly observed around the newly generated bone in the
miR222/MSN/ASP group but not in the MSN/ASP group. This
finding indicates the following underlying mechanism: at first,
miR222 enhanced the neurogenic differentiation of BMSCs
from the defect area, and BMSCs underwent differentiation
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into neural-like cells and secreted CGRP to promote osteogenic
differentiation in nearby BMSCs. ASP then further increased
the osteogenic potential in CGRP-stimulated BMSCs near

neural-like cells, thus achieving accelerated bone regeneration
with better innervation. However, this is merely an assumption
based on the existing results; further animal experiments and

Fig. 4 (a) Micro-CT scan of bone in the mandibular defect areas of rats in the MSN, MSN/ASP, and miR222/MSN/ASP microsphere hydrogel groups.
(b) Statistical analysis of differences in BV/TV % between groups, miR222/MSN/ASP showed significant more new bone formation. (c) H&E staining of
more newly formed bone tissue from the inner edge of the old bone in the miR222/MSN/ASP group, whereas MSN and MSN/ASP group had less bone-
like tissue. (d) Masson’s trichrome staining of more collagen (blue) in the defect zone in miR222/MSN/ASP group comparing with MSN and MSN/ASP
group; *P o 0.05 (n = 3).
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studies involving the application of CGRP receptor blockers, and
gene-deficient mice are necessary to confirm this hypothesis.

Bone defect of 5 mm in diameter in rats is the critical bone
defect size, i.e., it will not union under natural conditions,71

and full regeneration was not achieved in the animal experi-
ments. To avoid side effects of exogenous cells transplantation,
stem cells were not applied in the animal experiments, though

previous study demonstrated stem cells pre-treated with ASP
would fully generate calvarial defects.20 In this study, injectable
MSNs hydrogel loaded with drugs were mainly for forming
innervated new bone. In the following studies, we will attempt
to achieve full generation of innervated functional bone tissue
with minimum secondary injury, probably by combining the
commercialized calcium phosphate material while keep its

Fig. 5 (a and b) Expression of neuronal proteins Tuj1 and S100 in the MSN/ASP, and miR222/MSN/ASP microsphere hydrogel groups. The proteins were
distributed around the newly formed bone tissue in the miR222/MSN/ASP group, whereas less protein was detected in MSN/ASP group. NB: new bone.
(c) Statistical analysis of average optical density of Tuj1 and S100 showed significant differences; *P o 0.05 (n = 3).
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injectability through decreasing the particle size of calcium
phosphate to nanoscale.

3. Conclusions

In summary, miR222 was confirmed in vitro to induce neural
differentiation in hBMSCs, with potential utility for engineer-
ing innervated bone. We additionally developed an injectable,
thermoresponsive miR222/MSN/ASP hydrogel for sustained
miR222/ASP co-delivery to effectively induce innervated bone
formation. Our in vivo results showed that this miR222/MSN/
ASP hydrogel can stimulate bone regeneration with high
expression of neural-related proteins. The results imply that
the miR222/MSN/ASP hydrogel is capable of creating a micro-
environment that promotes neurogenesis and bone regenera-
tion, with potential applications for the formation of new
biomimetic innervated bone tissue.

4. Experimental
4.1 hBMSC culture

hBMSCs were collected from healthy spongy bone removed
during orthognathic surgeries at the Peking University Hospital
of Stomatology with patient consent and approval of the Board
of Peking University School of Stomatology (PKUSSIRB-201520020).
Cells were collected and isolated according to our previous
studies9,23 and cultured in 10 cm culture dishes in proliferation
medium (PM), which is a-Minimal Essential Medium (a-MEM)
with 10% (v/v) fetal bovine serum (FBS) (#10099-141, Gibco, NY,
USA), 1% (v/v) amphotericin B, penicillin, and streptomycin
(#15240112, Gibco, NY, USA), in a CO2 incubator at 37 1C. The
ability of hBMSCs to undergo osteogenic differentiation was
evaluated by alkaline phosphatase (ALP) and alizarin red stain-
ing, and the adipogenic differentiation potential was confirmed
by oil Red O staining. The hBMSCs were passaged when the
confluence reached 80%, and cells from passages 4 to 8 were
used for experiments.

4.2 In vitro cell transfection and neural induction

hBMSC were seeded at a density of 3.0–5.0 � 105 cells per well
on 6-well culture plates and cultured overnight in PM. For
miR222 transfection, 5 mL of 50 nmol L�1 miR222 NC (micrON
miRNA mimic control), miR222 mimic72 (micrON miRNA mimic),
or miR222 inhibitor (micrOFF miRNA inhibitor) (all from RiboBio,
Guangzhou, China) were separately mixed with 10 mL of
Lipofectamine 2000 reagent (Invitrogen, CA, USA), and the
three mixtures were added to separated wells; 24 h after
miR222 transfection, the two-stage neural differentiation pro-
cedure was carried out over 12 days as previously described.73,74

The medium was changed to pre-induction medium, which is
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12) with 2% (v/v) B-27 serum-free supplement (Gibco),
20 ng mL�1 epidermal growth factor (EGF; PeproTech) and
20 ng mL�1 basic fibroblast growth factor (bFGF; PeproTech). The
pre-induction medium was changed every two days After 7 days,

the medium was changed to induction medium with DMEM/F12
containing 10% FBS, 2% B-27 serum-free supplement, 10 ng mL�1

EGF, and 10 ng mL�1 bFGF, after which the cells were collected for
analysis.

4.3 Quantitative (q)RT-PCR

After transfection with miR222 and induction of neural differ-
entiation for 12 days, hBMSCs were collected. Then, RNA was
extracted using TRIzol (Invitrogen) and quantified by spectro-
photometry. Reverse transcription was performed with 2 mg
RNA using the cDNA Synthesis kit (ThermoFisher Scientific,
USA). qRT-PCR was performed on an ABI PRISM 7500 System
(Applied Biosystems, USA). The reaction volume was 10 mL per
tube, which included 1 mL of cDNA, 1 mL of primers mixtures,
3 mL Milli-Q, and 5 mL SYBR Green mix (Roche Diagnostics,
Mannheim, Germany). Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as the endogenous reference gene.
MAP2, NGF, NG2, NLK and b-catenin were detected using the
following forward and reverse primer sets (50 to 30 directions):
GAPDH, ACAACTTTGGTATCGTGGAAGG and GCCATCACGCC
ACAGTTTC; MAP2, ACCCTCTTCATCCTCCCTGT and ACCTCA
CTGGACCTCAGCAC; NGF, CATCATCCCATCCCATCTTC and C
TCTCCCAACACCATCACCT; NG2, CACGGCTCTGACCGACATAG
and CCCAGCCCTCTACGACAGT; NLK, CCAACCTCCACACATT
GACTATT and ACTTTGACATGATCTGAGCTGAG; b-catenin CAT
CTACACAGTTTGATGCTGCT and GCAGTTTTGTCAGTTCAGGGA.
Relative expression levels of target genes were determined using
the DDCt method.75

4.4 Western blotting

The transfected hBMSCs that had undergone neural induction
were lysed in RIPA lysis buffer (Solarbio, Beijing, China) with
2 min of discontinuous ultrasonication on ice, then centrifuged
with a speed at 12 000 � g (5418 R, Eppendorf, Germany) at
4 1C. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
was performed to separate proteins by their molecular weights
using a total of 20 mg 20 mL protein per lane. The protein bands
were then transferred to a polyvinylidene difluoride membrane
(Millipore, Billerica, MA, USA) which was blocked in 5% nonfat
milk for 1 h (Huaxingbio Biotechnology, Beijing, China) containing
0.1% Tween-20 (Solarbio) before overnight incubation at 4 1C
with antibodies against the following proteins: GFAP (1 : 2000,
ab33922), NG2 (1 : 1000, ab139406), and Tuj1 (1 : 2000, ab78078)
(all from Abcam, Cambridge, UK); NLK (1 : 1000, abs100383;
Absin, Shanghai, China); b-catenin (1 : 1000, #8480; CST, USA);
and GAPDH (1 : 1000, TA-08; ZSGB-Bio, Beijing, China). Horse-
radish peroxidase-conjugated anti-rabbit or -mouse IgG (1 : 10 000;
ZSGB-Bio) was applied at room temperature (25 1C) for 1 h as
appropriate for primary antibody detection. Protein bands were
visualized by chemiluminescence (Solarbio) using an analyzer
(Fusion FX5; Vilber, France). Quantification of protein bands
was statistically analyzed using Image J (NIH).

4.5 In vitro immunofluorescence labeling of hBMSCs

Cells seeded on slides were fixed with 4% (v/v) paraformaldehyde
(BSCX-Biotech, Beijing, China) and washed three times with PBS
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for 3 min. Then, 0.1% (v/v) Triton X-100 was used to permeabilize
cells. Next, cells were blocked with 5% (w/v) bovine serum
albumin and incubated overnight at 4 1C with antibodies NG2
(1 : 250, sc-53389; Santa Cruz, USA) and GFAP (1 : 500) separately.
Samples were then incubated with respective secondary
antibodies as fluorescein-conjugated goat anti-mouse IgG
(1 : 50, ZF-0312) and anti-rabbit IgG (1 : 50, ZF-0311) (both from
ZSGB-Bio) at room temperature for 1 h in dark, mounted with 40,6-
diamidino-2-phenylindole medium (DAPI) (ZSGB-Bio; ZLI-9557),
and imaged using an IX71 microscope (Olympus, Japan).

4.6 Luciferase reporter assay

293T cells (ATCCs CRL-11268, USA) (3 � 105 per well) were
seeded in DMEM with 10% FBS and transfected when they
reached 80% confluence. The pEZX-MT05 reporter plasmid
(GeneCopoeia, Rockville, MD, USA) containing wildtype (WT)
and mutant (MUT) miR222 binding sites in the 30 untranslated
region of the NLK gene was used to generate reporter constructs,
with the latter serving as a NC. miR222 mimic or NC was
co-transfected with the reporter plasmids using Lipofectamine
2000; the four groups were miR-NC + WT, miR222 mimic + WT,
miR-NC+ MUT, and miR222 mimic + MUT. Gaussia luciferase
activity (GLuc) and secreted alkaline phosphatase (SEAP) luciferase
activity in culture medium were measured 20 h later using the
Dual Luminescence Assay kit (GeneCopoeia). SEAP luciferase
activity was measured as an internal reference for normalization.

4.7 Synthesis and modification of MSNs for miR222 delivery

As previously described,39,76,77 1.12 g cetyltriethylammnonium
bromide (CTAB) was dissolved in 1000 mL deionized water.
With magnetic stirring, 52.8 mL ammonium hydroxide (29 wt%
NH3 in water) was added to approximately adjust the pH value
to 11. Then 5.8 mL tetraethyl orthosilicate (TEOS) were added
with rapid stirring and the resulting solution was heated up
to 50 1C for 2 h. After being aged overnight, the mixture
was centrifuged and precipitation was collected and washed
thoroughly with distilled water and ethanol for three times
respectively. Then the product was dispersed in acidic methanol
(9 mL of HCl/400 mL of methanol) for 36 h at 70 1C to remove the
surfactant templates. After being further centrifuged and washed
with ethanol, as-synthesized MSNs were got from vacuum drying
method for 20 h.

The as-synthesized MSNs were dispersed in 50 mL anhydrous
ethanol, and added with 1 mL of 50% (in ethanol) 3-(trimethoxy-
silyl) propyl methacrylate. After being stirred for 8 h, the resultant
solid was filtered, and washed with ethanol. Thiol-MSN was
obtained from vacuum drying method.

To prepare thermoresponsive MSNs for miR222 delivery,
the purified thiol-MSN (1.00 g) was treated with a methanol
solution (60 mL) of 2-(pyridyldisulfanyl) ethylamine (PDEA)
(9.12 � 10�4 mol) at room temperature for 24 h under vigorous
stirring to undergo the desired disulfide bond exchange reac-
tion. The resulting amino groups functionalized mesoporous
silica nanosphere through disulfide linkage (MSN-S-S-NH2)
were filtered and washed with methanol and dried in air
(Scheme 1a).

4.8 Gel retardation assay

For the gel retardation assay, 1� Tris base–acetic acid–ethylene-
diaminetetraacetic acid (EDTA) buffer containing 1% (w/v)
agarose gel and 1� Goldview nuclear stain (G8142; Solarbio)
were used. Complexes of miR222 (0.5 mg) and varying concen-
trations of MSN-S-S-NH2 (0–12.5 mg) along with 10� loading
buffer were added to the wells and the samples were resolved at
100 V for 10 min. The gel was visualized with an image analyzer.

4.9 Cellular uptake assay

hBMSCs were seeded and cultured on coverslips in 24-well
plates in PM. miR222/MSN microspheres were labelled by
FAM-conjugated miR222. hBMSC cells were co-cultured with
FAM-conjugated miR222/MSN microspheres and fixed with
4% (v/v) paraformaldehyde (BSCX-Biotech) after incubation
for 1 h or 6 h. Cells were permeabilized with 0.1% (v/v)
TritonX-100; then, the cytoskeleton was stained with TRITC
labelled-phalloidin (1 : 200; Solarbio) before mounting with
DAPI. Samples were imaged with a laser confocal microscope
(Leica, Germany).

4.10 Preparation of miR222/MSN/ASP-embedded
microsphere

The PEG–PLGA–PNIPAM copolymer was fabricated by atom
transfer radical polymerization and ring opening co-
polymerization, based on a previous study78,79 with modifica-
tions. PEG–PLA copolymer was synthesized with cyclic dimers
(1,4-dioxane-2,5-diones) of glycolic and lactic acids through
ring-opening co-polymerization, using methoxy polyethylene
glycol as the initiator and Sn(Oct)2 as the catalyst. A haloid tail
was added to PEG–PLGA to generate PEG–PLGA–Br, which was
used as a macroinitiator for final atom transfer in the radical
polymerization with N-isopropylacrylamide. The synthesized
PEG–PLGA–PNIPAM copolymer, miR222/MSN complexes
(MSN : miR222 = 15 : 1) and ASP were used to fabricate miR222/
MSN/ASP-embedded core–shell microspheres via a double-
emulsion method.80 In this process, a water phase consisting
of miR222/MSN complexes (W1), a dichloromethane phase
consisting of PEG–PLGA–PNIPAM copolymer and ASP (O), and
another water phase consisting of polyvinyl alcohol (PVA) (W2)
were reacted and the W1/O/W2 emulsion were synthesized
referring to the published literature.81 In this system, W1 phase
comprised 30 mg miR222/MSNs complexes dissolved in 100 mL
PBS; 40 mg PEG–PLGA–PNIPAM copolymer together with 20 mg
ASP were dispersed in 1 mL dichloromethane as the O phase;
W2 phase was 10 mL of 1% (w/v) PVA. Next, the droplets were
solidified to form the miR222/MSN/ASP-embedded core–shell
microspheres via ultrasonication.

4.11 In vitro release assay of miR222/MSN complexes and
miR222

Prior to the release experiment, the sample was washed three
times with PBS buffer to remove the unloaded drugs. The initial
incorporated amount of miRNA/MSN complexes in the hydro-
gel was defined by the weight of solid residue after complete
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removal of the PEG–PLGA–PNIPAM copolymer form the hydro-
gel via repeated DMF wash. The release percentage of miRNA/
MSN complexes and miRNA were calculated based on setting
the initial incorporated amount as 100%. The release profiles of
miR222/MSN complexes from the colloidal hydrogel were
tested in PBS buffer. The hydrogel was soaked in 200 mL PBS
and placed in a shaker at a temperature of 37 1C and speed of
50 rpm. The release solution was collected at day 0, 2, 4, 6, 8, 14,
18, 24, 30 and 35 and replaced with newly prepared PBS. The
collected solution was then centrifuged at 15 000 � g (5418 R,
Eppendorf, Germany) for 20 min. The weight of resulted pre-
cipitate was measured after complete removal of the PEG–PLGA–
PNIPAM copolymer via repeated N,N-dimethylformamide (DMF)
washing, to determine the released amounts of miR222/MSN
complexes.

The stimuli-responsive release of miR222 from the MSN
vehicles was examined by incubating the miR222/MSN com-
plexes released from the hydrogel in PBS buffer with or without
GSH ((i) day 0–3, PBS in the absence of GSH, (ii) day 3–5, PBS in
the presence of GSH). The initial incorporated amount of
miRNA in MSNs was calculated by the concentration change
of miRNA solution before and after MSNs encapsulation. After
being centrifuged at 15 000 � g (5418 R, Eppendorf, Germany)
for 20 min, 2 mL of supernatant was collected at each time.
Then with 5 min of incubation at room temperature with
QuantiFluor RNA Dye working solution, the release amount
of miR222 from the MSN vehicles was examined using a
ThermoElectron 3001 Scanning Microplate Reader.

4.12 In vitro release assay of aspirin

Prior to the release experiment, the sample was washed three
times with PBS buffer to remove the unloaded ASP. To define
the initial incorporated amount of aspirin in the hydrogel, the
hydrogel was firstly dissolved in chloroform. Then the super-
natant was collected and measured by UV-Vis spectra at 300 nm
to determine the amount of aspirin. The release percentage of
aspirin is calculated based on setting the initial incorporated
amount as 100%. In vitro release profiles of aspirin from
the colloidal hydrogel were determined as follows. Hydrogel
formed by 30 mg of miR222/MSN/ASP-embedded core–shell
microspheres were soaked in 3 mL of PBS and shaken at 60 rpm
(37 1C). Then, 1 mL of release solution was collected and
replaced with fresh PBS each time. The collected release media
were then centrifuged and the supernatant was measured
by UV-Vis spectra at 300 nm to determine the release amount
of aspirin.

As for the absorbance of aspirin, aspirin encapsulated in
PEG–PLGA–PNIPAM copolymer was firstly extracted with water,
and the absorbance was measured as 270 nm (Fig. 3f, blue line),
which is in accordance with the absorbance of pure aspirin,
indicating aspirin was chemically stable in PEG–PLGA–PNIPAM
copolymer. While in the in vitro release assay, after being
dissolved in water for over 12 h, the absorbance of aspirin
turned to 300 nm which was actually the absorbance of salicylic
acid, product of aspirin hydrolysis (Fig. 3f, black line for 0 day;
red line for 28 day).

4.13 Rat mandibular defect model and hydrogel injection

Animal procedures were approved by the Biomedical Ethical
Committee of Peking University (LA2015158). Nine male
Sprague-Dawley rats weighing 160–180 g were used to generate
mandibular defect models. The rats were randomly divided into
three groups according to the injected hydrogel material: MSN,
MSN/ASP, and miR222/MSN/ASP (n = 3 each). Animals were
anesthetized with 1% pentobarbital sodium and the mandible
angle region on both sides was shaved and disinfected. Bilateral
mucoperiosteal flaps were lifted and retracted. A round,
penetrating critical size defect with a diameter of 5 mm was
created on the mandible angle using a trephine burr. About
5 mg of material in 10 mL PBS were injected per site and
straticulate saturation were conducted. Rats were monitored
daily and no adverse effects were observed. Animals were
sacrificed using carbon dioxide for euthanasia after 10 weeks
and mandible samples were obtained and fixed in 10% neutral
formalin liquid.

4.14 Micro-CT analysis

Rat mandible tissue samples were scanned by micro-CT
(Munich, Germany) at current of 500 mA and a voltage of
80 kV, and the exposure time was 500 ms. A cylindrical region
of interest was created (5 mm in diameter and 2 mm in height)
in the mandibular defect area and designated as the region of
interest. To distinguish new bone from soft tissue, the grayscale
threshold is 1024.9, i.e. new bone tissue was designated as
tissue area with grayscale above 1024.9 to the maximum, and
below 1024.9 is soft tissue. All of our samples were analyzed
with this threshold. Data were analyzed with Inveon Research
Workplace v.4.2 software (Siemens). The percentage of bone
volume (BV)/total volume (TV) was determined for each sample,
and new bone volume was compared across groups.

4.15 Histological and immunofluorescence analyses

Mandible specimens were decalcified in 20% EDTA (pH = 7.2)
for 8 weeks and then cut in half to obtain a cross section of the
defect area. The tissue was embedded in wax. Then, 4 mm
sections were cut using a microtome (Leica, Germany) and
stained with H&E and Masson’s trichrome using commercial
kits (Solarbio) to assess bone formation.

Immunofluorescence detection of neural markers in the
MSN/ASP and miR222/MSN/ASP groups was performed using
primary antibodies against Tuj1 (1 : 200) and S100 (1 : 100,
ab52642; Abcam) at 4 1C overnight; the samples were then
incubated with respective secondary antibodies rhodamine-
conjugated goat anti-mouse IgG (1 : 50, ZF-0313) and fluorescein
isothiocyanate-conjugated goat anti-rabbit IgG (1 : 50, ZF-0311)
(both from ZSGB-Bio) in the dark for 1 h. Samples were then
mounted with DAPI and imaged with a fluorescence microscope.
Three randomly selected fields from three slides in each sample
were semiquantitatively assessed for the optical density of
positive staining (integrated optical density/tissue area) by Image
Pro Plus software (Media Cybernetics; Roper Technologies,
Lakewood Ranch, FL).
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4.16 Data analysis

Data analysis was carried out using SPSS v.13.0 software
(IBM, NY, USA). Homogeneity of variance was checked as equal.
The data were analyzed by one-way analysis of variance (ANOVA).
Error bars represented standard deviation. Statistical signifi-
cance level was set at *P o 0.05.
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58 F. Loi, L. A. Córdova, J. Pajarinen, T. Lin, Z. Yao and
S. B. Goodmana, Bone, 2016, 86, 119.

59 T. Yamaza, Y. Miura, Y. Bi, Y. Liu, K. Akiyama, W. Sonoyama,
V. Patel, S. Gutkind, M. Young, S. Gronthos, A. Le, C. Y.
Wang, W. Chen and S. Shi, PLoS One, 2008, 3, e2615.

60 Y. Liu, L. Wang, T. Kikuiri, K. Akiyama, C. Chen, X. Xu, R. Yang,
W. Chen, S. Wang and S. Shi, Nat. Med., 2011, 17, 1594.

61 Y. W. Ebright, Y. Chen, Y. G. Kim and R. H. Ebright,
Bioconjugate Chem., 1996, 7, 380.

62 H. H. C. Lima, V. L. Kupfer, M. P. Moisés, M. R. Guilherme,
J. C. Rinaldi, S. L. Felisbino, A. F. Rubira and A. W. Rinaldi,
Carbohydr. Polym., 2018, 196, 126–134.

63 J. P. Schmitz and J. O. Hollinger, Clin. Orthop. Relat. Res.,
1986, 299.

64 A. S. DeConde, M. K. Lee, D. Sidell, T. Aghaloo, M. Lee,
S. Tetradis, K. Low, D. Elashoff, T. Grogan, A. R. Sepahdari
and M. St John, JAMA Otolaryngol. Head Neck Surg., 2014,
140, 58.

65 X. Fang, L. Lei, T. Jiang, Y. Chen and Y. Kang, J. Biomed.
Mater. Res., Part B, 2018, 106, 1739.

66 M. Yuan, Y. Zhan, W. Hu, Y. Li, X. Xie, N. Miao, H. Jin and
B. Zhang, Int. J. Mol. Med., 2018, 42, 1967.

67 G. Paxinos, The Rat Nervous System, Elsevier Academic Press,
San Diego, 2004.

68 W. Liang, X. Zhuo, Z. Tang, X. Wei and B. Li, Mol. Cell.
Biochem., 2015, 402, 101.

69 L. Xiang, L. Ma, N. Wei, T. Wang, Q. Yao, B. Yang, Y. Xiong,
Y. Wu and P. Gong, Bone, 2017, 94, 135.

70 Y. Liu, G. Zheng, L. Liu, Z. Wang, Y. Wang, Q. Chen and
E. Luo, Cell Tissue Res., 2018, 59, 147.

71 R. M. Hoerth, B. M. Seidt, M. Shah, C. Schwarz, B. M. Willie,
G. N. Duda, P. Fratzl and W. Wagermaier, Acta Biomater.,
2014, 10, 4009–4019.

72 S. Griffiths-Jones, R. J. Grocock, S. van Dongen, A. Bateman
and A. J. Enright, Nucleic Acids Res., 2006, 34, D140.

73 R. Wu, Y. Tang, W. Zang, Y. Wang, M. Li, Y. Du, G. Zhao and
Y. Xu, Mol. Cell. Biochem., 2014, 387, 151.

74 J. D. Klein and D. O. Fauza, Methods Mol. Biol., 2011, 698, 75.
75 K. J. Livak and T. D. Schmittgen, Methods, 2001, 25, 402.
76 X. Chen and Z. Liu, J. Mater. Chem. B, 2016, 4, 4382–4388.
77 Y. W. Ebright, Y. Chen, Y. G. Kim and R. H. Ebright,

Bioconjugate Chem., 1996, 7, 380–384.
78 J. Chen, M. Liu, H. Gong, Y. Huang and C. Chen, J. Phys.

Chem. B, 2011, 115, 14947.
79 C. Wu, A. Ying and S. Ren, Colloid Polym. Sci., 2013, 291, 827.
80 X. Zhang, Y. Li, Y. F. Chen, J. Chen and P. X. Ma, Nat.

Commun., 2016, 7, 10376.
81 Z. Liu, X. Chen, Z. Zhang, X. Zhang, L. Saunders, Y. Zhou

and P. X. Ma, ACS Nano, 2018, 12, 9785.

Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 2
2 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 o
n 

12
/1

/2
01

9 
10

:1
7:

31
 A

M
. 

View Article Online

https://doi.org/10.1039/c9tb00025a



