
Biomaterials
Science

PAPER

Cite this: Biomater. Sci., 2023, 11,
5274

Received 6th March 2023,
Accepted 1st June 2023

DOI: 10.1039/d3bm00401e

rsc.li/biomaterials-science

Functionalized hydrogel–microsphere composites
stimulating neurite outgrowth for vascularized
bone regeneration†
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Neurovascularized bone regeneration remains an enormous challenge in the clinic. Biomaterials mimick-

ing the developmental microenvironment might be promising tools to enhance tissue regeneration. In

this study, functionalized hydrogel–microsphere composites are developed to enhance bone regener-

ation via a recapitulating neurovascularized microenvironment. RGD peptide and the porous structure

generated by the degradation of gelatin microspheres (GMs) are beneficial for the proliferation and

migration of human mesenchymal stem cells (hMSCs); mesoporous silica nanoparticles (MSNs) promote

osteogenic differentiation of hMSCs through the delivery of BFP-1 peptide; the QK peptide from the GMs

is sustained-released to recruit endogenous endothelial cells (ECs), and IK19 peptide grafted on the

hydrogel guides the neurite outgrowth. The in vivo results show that the hydrogel–microsphere compo-

sites not only promote new bone formation, but also facilitate nerve infiltration and angiogenesis.

Furthermore, the neurovascularized niche created by this composite stimulated neurite growth through

MAPK, PI3K, IL17 and TNF signaling pathways, enabling vascularized bone regeneration. The findings

suggest a novel bioengineering approach to guide the construction of neurovascularized bone repair

materials, which is beneficial for achieving functional bone regeneration and repair.

1 Introduction

Despite the regenerative capacity of bone tissue, approximately
10% of fracture union failures are due to delayed union or
nonunion, and the rate of union failure is as high as 46% if
associated with major vascular injury.1 Although bone tissue
engineering has great potential in the repair of bone defects,
the lack of timely vascularization has become a major chal-
lenge hindering its clinical translation.2 Given the lack of
blood vessels, the cells inside the graft cannot obtain
sufficient oxygen and nutrients. Such cells are prone to apopto-
sis, limiting the application of bone tissue engineering in
large defects.3

Several strategies have been proposed to improve vasculariza-
tion in bone tissue engineering, such as introducing endothelial
cells (ECs) to form a pre-vascularized network, or delivering pro-
angiogenic factors (e.g., VEGF) to promote angiogenesis in vivo.4

We previously prepared a tripeptide-based macroporous alginate
hydrogel (RBQ), which released VEGF biomimetic peptide-QK
peptide through degradable gelatin microspheres (GMs) to
recruit endogenous ECs and sustained-release osteogenic peptide
BFP-1 through mesoporous silica nanoparticles (MSNs) to
promote the osteogenic differentiation of stem cells. The use of
mice transplanted in vivo confirmed that RBQ could promote
osteogenic differentiation and angiogenesis.5

In addition to vascularization, innervation also plays an
important role in promoting engineered bone tissue repair.6

Patients who lack peripheral innervation experience delayed or
nonunion fractures and are at risk of fracture recurrence, pri-
marily because nerve loss reduces the activity of osteoblasts
and increases the number and activity of osteoclasts, which
are detrimental to bone growth.7 In fact, the human skeleton
is fully vascularized and innervated, in which blood vessels
and nerve fibers closely interact and enhance each other’s
development and function, ultimately supporting skeletal
development and fracture healing.8

Although some studies have reported vascularized bone
repair systems, few studies have been conducted on innervated
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bone repair systems.7 Several studies have attempted to con-
struct neurovascularized bone grafts by microsurgically inte-
grating vascular bundles and nerve fibers onto the graft.9 Xu
et al. have constructed a bilayer hydrogel scaffold mimicking
the periosteal structure to simultaneously induce neurovascu-
lar regeneration and osteogenesis, thereby enhancing bone
regeneration and remodeling.10 However, current neurovascu-
larized engineered bone repair materials are still in the initial
stages.

To develop ideal bone repair materials, angiogenesis and
innervation should be considered to better reproduce the bone
tissue microenvironment. By integrating surrounding tissues
through a neurovascular network to provide a biomimetic
microenvironment for the stem cells, neurovascularized bone
grafts may be more effective in repairing bone defects. In this
study, we designed functionalized hydrogel–microsphere com-
posites (RIBQ) for bone defect repair (Fig. 1). RGD peptide and
macroporous structure produced by the degradation of GMs
promoted the adhesion and spreading of stem cells. BFP-1-

laden MSNs (BFP-1@MSNs) delivered BFP-1 to promote the
osteogenic differentiation of stem cells, and the QK-loaded
gelatin microspheres (QK/GM) slowly released QK peptide to
recruit ECs. IK19 peptide grafted on alginate was beneficial for
neuronal growth. In addition, the relationship and the under-
lying mechanism between nerves, blood vessels, and osteogen-
esis were preliminarily studied, providing a theoretical basis
for the subsequent development of neurovascularized bone
repair materials (Table 1).

2 Results and discussion
2.1 Functionalized alginate hydrogel promotes neurite
outgrowth

To investigate the effects of alginate hydrogels grafted with
RGD and IK19 on the neurons, the morphology of neurons on
the hydrogels was observed by IF staining. β3-tubulin is
required for neuronal axon guidance and maturation and is a

Fig. 1 Schematic diagram of the experimental design and characterization of neurovascularized bone repair system (RIBQ). (A) Experimental sche-
matic of the neurovascularized bone repair system (RIBQ). (B) Scanning electron microscopy (SEM) image of GMs degraded in the alginate hydrogel
for 7 days. (C) The sustained release profile of QK peptide in QK/GM-loaded alginate hydrogel.
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major neuronal marker.11 Cells on RA and RI21 (RA : IA = 2 : 1)
expressed β3-tubulin, but did not have significant neurite out-
growth (Fig. 2A). When the proportion of IK19 in the hydrogel
was increased, the cells had neurite outgrowth. However, cells
on RI12 (RA : IA = 1 : 2) and IA only formed short neurites,
which wrapped around the cell body without fully extending.
Neurons on the RI11 extended longer axons to connect with

surrounding cells, suggesting that this hydrogel was more suit-
able for neuronal axon extension.

Since the RGD peptide can promote cell adhesion, some
studies have also used RGD to modify neural scaffolds to
improve their function.12 When Farrukh et al. prepared bifunc-
tional hydrogels that enhanced neurogenesis, they found that
the number of neurites and axonal length were significantly
reduced after replacing IK19 with RGD, indicating that the
peptides with the IKVAV sequence may be more conducive to
neuronal growth.13 IKVAV exists in the α-chain globular region
of laminin-1, which is a major component of the basal layer of
peripheral nerves and plays an important role in the neurite
outgrowth.14,15 Some studies have combined RGD and IKVAV
to prepare hydrogels for nerve repair, such as designing nano-
fibrous hydrogels containing IKVAV and RGD to improve the
neuronal microenvironment to promote nerve regeneration.16

The conjugation of biomimetic peptides in hydrogels pro-
moted stem cell differentiation and tissue regeneration.17,18

Table 1 Abbreviations and the preparation of hydrogel

Abbreviation Description

RA RGD peptide grafted alginate hydrogel
IA IK19 peptide grafted alginate hydrogel
RI (RI11) Hydrogel prepared by mixing RA and IA (1 : 1)
RIQ RI loaded with QK/GM
RB RA loaded with BFP-1@MSNs
RIB RI loaded with BFP-1@MSNs
RIBQ RI loaded with BFP-1@MSNs and QK/GM

Fig. 2 Evaluation of cell viability of different peptide-modified alginate hydrogels. (A) Immunofluorescence staining images of neurons cultured on
the hydrogel surface for 5 days, DAPI (blue), β3-tubulin (red). Scale bar, 50 μm. (B) CCK-8 results of hMSCs cultured in IA, RA, and RI (RI11) for 7 days,
*p < 0.05. (C) Live/dead staining images of hMSCs cultured in different hydrogels for 3 days, Calcein-AM labeled live cells (green), PI labeled dead
cells (red). Scale bar, 200 μm. All data represent means ± SD (n = 3). RA represents RGD peptide grafted alginate hydrogel; IA represents IK19 peptide
grafted alginate hydrogel; RI11 represents hydrogel prepared by mixing RA and IA (1 : 1).
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Herein, RGD and IK19 peptides are covalently grafted onto
sodium alginate molecular chains, which are slowly released
with the degradation of the hydrogel, ensuring the long-term
residence of the peptides in the hydrogel and forming an
osteogenic microenvironment that promotes cell adhesion,
proliferation and nerve growth.19,20

2.2 Cell viability of human mesenchymal stem cells (hMSCs)
in RI

RGD peptide on alginate hydrogels can bind to integrin recep-
tors on the cell surface to promote cell adhesion and prolifer-
ation.19 IK19 peptide can also bind to integrin receptors, but
whether the introduction of IK19 into the hydrogel affects the
activity of hMSCs still needs to be explored. The optical
density (OD) values of the RI (RI11) and RA groups were
similar and not significantly different (Fig. 2B). However, the
OD value of IA was slightly lower than those of RA and RI.
Although IK19 peptide is based on the IKVAV pentapeptide by
introducing charged side chain amino acids to reduce the for-
mation of amyloid fibrils, IK19 solution (0.2 mM) still formed
aggregates of ∼400 nm, while IKVAV formed aggregates larger
than 1 μm.21 The formation of these aggregates resulted in a
lower density of peptides on the surface of the material, which
might affect cell adhesion.

The effect of IK19 on stem cell viability was verified by
using live/dead staining. The cells in the three groups of
hydrogels were mainly live cells and very few dead cells, indi-
cating that the peptide-modified hydrogels have good cytocom-
patibility (Fig. 2C). No significant difference was found
between RA and RI. Thus, RI can be used for subsequent
studies to promote the growth of neurons without reducing
the 3D culture activity of the stem cells.

2.3 Osteogenesis and neurovascularization of hMSCs-loaded
RIBQ in vivo

Different cell-laden alginate hydrogels were transplanted sub-
cutaneously into nude mice (Fig. S1A†), and samples were har-
vested after 4 weeks to analyze the mineralization results.
Although the volume of the newly formed bone was slightly
higher in RI than in RA, no statistical difference was found
between the RA and RI groups (Fig. 3A and B). The bone min-
eralization effects of RB, RIB and RIQ were obvious, but no sig-
nificant difference among the three hydrogels was found. The
results from quantitative analysis showed that RIBQ had the
best in vivo osteogenic differentiation effect (Fig. 3B), which
may be mainly due to the effect of QK/GM and BFP-1 in pro-
moting the osteogenic differentiation of hMSCs.5

To further explore the osteogenic differentiation effect of
the hydrogel in vivo, Masson staining and immunohisto-
chemical (IHC) staining were performed. RB, RIB, RIQ and
RIBQ had more collagen deposition compared with RA and RI.
This was mainly due to the sustained release of BFP-1 in the
hydrogels that promoted the osteogenic differentiation of
hMSCs, and on the other hand, the macroporous structure
produced by the degradation of GMs was conducive to cell
aggregation and promoted type I collagen secretion. The IHC

staining and quantitative analysis of osteogenic proteins
(Fig. 3C and S2B†) showed that the OCN expression was the
weakest in RA and gradually increased in RI and RIQ, while
the OCN expression was not significantly different in RIQ, RB
and RIB and was lower than that in RIBQ. These results
suggest that during new bone formation, a neurovascularized
osteogenic microenvironment is developed through the pro-
motion of vascular and neural infiltration by QK and IK19 pep-
tides, which is more conducive to bone matrix secretion and
mineralization than that by the osteogenic peptide BFP-1. The
results of in vitro experiments showed that the introduction of
the IK19 peptide into the alginate hydrogel was beneficial for
the extension of the neuronal axons. Whether the RIBQ hydro-
gel–microsphere composites could facilitate nerve fiber infil-
tration in vivo was explored by IF staining and quantitative ana-
lysis (Fig. 3E and S2A†). Little β3-tubulin expression was found
in RA and RB, while β3-tubulin was expressed at the edges of
RI, RIB, RIQ, and RIBQ, suggesting that the hydrogels contain-
ing IK19 favored the infiltration of neurons. In addition, the
β3-tubule expression in RIQ was higher thanin RI and RIB but
lower thanin RIQB, suggesting that angiogenesis and neural
infiltration go hand in hand during osteogenesis.

The previous research results have confirmed that RBQ can
promote angiogenesis in vivo.5 To explore whether the intro-
duction of IK19 into the hydrogel will affect angiogenesis
in vivo, hematoxylin and eosin (H&E) staining was performed.
RA and RB had angiogenesis at the edge of the hydrogel,
mainly due to the effect of the RGD peptide (Fig. 3D). In RI
and RIB, blood vessels were found at the edge and periphery
of the hydrogel, which were more abundant than those in RA
and RB, indicating that the introduction of IK19 was beneficial
for angiogenesis in vivo. Studies have shown that perivascular
nerves may secrete neuropeptides (e.g., VIP) to stimulate the
proliferation and migration of ECs, thereby promoting angio-
genesis.7 The ingrowth of neurons guided by IK19 in RI and
RIB might be beneficial for angiogenesis, but this inference
requires further validation. There were also dense blood
vessels inside the hydrogels of RIQ and RIBQ, mainly due to
the sustained release of QK peptide, which recruited endogen-
ous ECs and promoted angiogenesis. This indicated that the
transplantation of cell-loaded RIBQ realized the coordinated
effect of hydrogel, stem cells and bioactive factors, which
together promoted osteogenesis and neurovascularization.

2.4 RIBQ promoted the repair of in situ bone defects

To investigate whether the neurovascularized alginate hydrogel
could effectively repair bone defects, a New Zealand white
rabbit femoral defect model was prepared (Fig. S1B†). The
hydrogel was filled into the defect, and the samples were har-
vested after one month. A layer of bone tissue was observed on
the surface of the control group (Defect), but almost no new
bone formed inside the defect (Fig. 4A). This indicated that
the bone tissue had a certain self-repairing ability, but the
repairing ability was limited. Thus, additional interventions
were necessary to promote bone defect repair. After the
implantation of cell-laden RA (RA/C) in the defect, in addition
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Fig. 3 Bone regeneration and neurovascular regeneration after 4 weeks of subcutaneous transplantation in mice. (A) Micro-CT reconstruction
image. (B) Quantitative analysis of bone mineralization volume; *p < 0.05 and **p < 0.01. (C) Masson (M) staining and IHC staining (OCN) images,
scale bar, 100 μm. (D) H&E staining results, red arrows: blood vessels. (E) Immunofluorescence staining image, DAPI (blue), β3-tubulin (red), yellow
arrows: nerve. All data represent means ± SD (n = 3). RA represents RGD peptide grafted alginate hydrogel; RI represents hydrogel prepared by
mixing RA and IA (1 : 1); RIQ represents RI loaded with QK/GM; RB represents RA loaded with BFP-1@MSNs; RIB represents RI loaded with
BFP-1@MSNs; RIBQ represents RI loaded with BFP1@MSNs and QK/GM.
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Fig. 4 Evaluation of bone repair in the rabbit femoral defect. (A) Photograph and micro-CT 3D reconstruction of the femur one month after
surgery. (B–D) Quantitative histomorphometry analyses of bone regeneration (BV/TV, the bone volume fraction; Tb·N, the bone trabecular number;
Tb·Sp, the bone trabecular separation). (E) Quantitative analysis of vessel number in the defect area. (F) H&E staining images of the superficial and
underlying layers of the defect. Scale bar, 200 μm. (G) Safranin O-fast green staining images of the superficial and underlying layers of the defect.
Scale bar, 200 μm. (H) Goldner staining images of the underlying layers of the defect. Scale bar, 100 μm. *p < 0.05, **p < 0.01, and ***p < 0.001.
Black arrows, vessels. FT, fibrous tissue; Cho, chondrocyte; IC, immune cells; M, undegraded materials; OB, osteoblasts; NB, new bone. All data rep-
resent means ± SD (n = 3). Defect represents defect alone with no treatment; RA/C represents RMSCs-laden RA; RIBQ/C represents RMSCs-laden
RIBQ; RIBQ represents RI loaded with BFP-1@MSNs and QK/GM.
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to the formation of new bone on the surface, there was also a
small amount of bone tissue inside the defect. However, in the
RIBQ/C (cell-laden RIBQ) group, more bone tissue was gener-
ated in the depth of the defect, filling the defect cavity, similar
to the healthy group (Intact). After RIBQ implantation, new
bone formed both on the surface and inside the defect,
although the bottom of the defect was not completely
repaired.

By the quantitative analysis of micro-CT results, the bone
volume fraction (BV/TV) of the RIBQ/C, RIBQ, and Intact
groups increased significantly compared with that of the
Defect group, and the trabecular spacing (Tb·Sp) was signifi-
cantly reduced (Fig. 4B–D). After implanting RIBQ/C or RIBQ,
the trabecular number (Tb·N) increased significantly, indicat-
ing that RIBQ could promote bone regeneration, and effec-
tively repair bone defects. However, there was no significant
difference in bone mineral density (BMD) and trabecular thick-
ness (Tb·Th) between the RA/C, RIBQ, RIBQ/C and Defect
groups, and there were significant differences between these
4 groups and the healthy group (Fig. S3A and B†). Due to the
large size of the bone defect and the short time for osteogenic
repair, the bone defect area underwent more new bone pro-
duction than bone remodeling in this short period of one
month.22–24 The normal bone repair process lasts for several
months, and the new bone tissue in this study may not be
fully mature during one month. The formed bone tissue was
different from that of the normal femur, and the repair time
should be extended in the follow-up.

Many studies have reported the good repairing effect of
hydrogels in bone defects. Zhang et al. used gold nanoparticle-
loaded PEG hydrogels in rabbit femoral defects (4 mm in dia-
meter and 3 mm in depth). Micro-CT analysis at 8 weeks after
surgery showed a BV/TV of 26.4% in the experimental group
compared to 11.0% in the defect group.25 Sarker et al.
implanted an oxidized alginate–gelatin–biphasic calcium
phosphate hydrogel composite containing hydroxyapatite par-
ticles into a rabbit femoral defect (8 mm in diameter and
5 mm in depth). The BV/TV was approximately 20% (5% in the
defect group), and the BV/TV at 8 weeks reached 37%, showing
accelerated bone defect repair.26 In this study, RIBQ was
implanted in the defect (4 mm in diameter and 5 mm in
depth) for one month, and the BV/TV reached 30%, which was
close to that of the healthy bone tissue.

Histological staining was performed to further analyze the
structure of the new bone tissue in the defect. The results of
H&E staining showed the cells crawling out of the adjacent
normal bone tissue at the edge of the defect differentiated into
chondrocytes, but there were obvious defect cavities in the
Defect group, indicating that self-repair could not be achieved
within one month (Fig. 4F and S3C†). A layer of fibrous tissue
with few blood vessels formed at the surface of the defect, and
connective tissue deep within the defect was found (Fig. 4G
and H). Bone tissue repair undergoes inflammation and hema-
toma, and the clotted blood is replaced by fibrous tissue and
cartilaginous callus, which transforms into a hard callus and
eventually forms mature bone tissue.27 In the RA/C group,

some vascular infiltration and cartilage formation were
observed on the surface of the defect, and there are some
immune cells deep in the defect caused by the implanted
rabbit mesenchymal stem cells (RMSCs), and these allogeneic
cells showed a certain immune rejection (Fig. 4F and G). In the
RIBQ/C group, immune cells were also noted, but mineralized
bone tissue and red cartilage tissue formed in the depth of the
defect, with abundant blood vessels in the whole new tissue
(Fig. 4F–H). The red cartilage had not yet mineralized into a
hard callus, indicating that it was repaired by endochondral
osteogenesis. After implantation of the RIBQ, there were abun-
dant blood vessels throughout the nascent tissue, including
deep within the defect (Fig. 4F). The superficial layer of the
defect had osteoblasts and mineralized bone tissue, and part
of the new bone tissue deep in the defect. Healthy bone tissue
had a layer of chondrocytes on the surface, and inside was
mature mineralized bone tissue surrounded by abundant
blood vessels (Fig. 4F–H). Quantitative analysis of blood
vessels in the defect area showed that the number of blood
vessels in the RIBQ/C and RIBQ groups was similar to that of
the normal bone tissue, and was significantly higher than that
in the Defect and RA/C groups (Fig. 4E). This was mainly due
to the release of QK peptide in the hydrogel to promote angio-
genesis, and these new blood vessels could supply oxygen and
nutrients to the bone tissue, which might be beneficial for
bone repair.

Immunofluorescence staining images and quantitative ana-
lysis (Fig. 5 and S4†) showed that β3-tubulin was not expressed
in the deep defect of the Defect and RA/C groups, but CD31
(the marker of blood vessels) was expressed. The expression of
β3-tubulin and CD31 could be observed in both the RIBQ and
RIBQ/C groups, indicating that the neurovascularized hydro-
gel–microsphere composites promoted the ingrowth of blood
vessels and nerve fibers. IF staining results of the healthy
tissue also confirmed that bone tissue is a highly neurovascu-
larized tissue. β3-tubulin and CD31 were found to merge in
some areas, suggesting a similar distribution of blood vessels
and nerves in the new bone tissue. The above results indicated
that the neurovascularized hydrogel–microsphere composite
RIBQ not only promoted the repair of bone defects, but also
facilitated angiogenesis and nerve fiber infiltration, which
might be beneficial for restoring the structure and function of
bone tissue.

2.5 Preliminary study on the relationship of ECs, neurons,
and bone lineage cells

Although researchers have recently paid more attention to the
bone regeneration of neurovascularization, the relationships
between blood vessels, nerves, and bone regeneration remain
unclear. The in vivo results suggested a connection between
nerve fiber growth and angiogenesis, especially in new bone
tissue, where blood vessels and nerve distribution are highly
coupled. Previous studies have inferred that osteoblasts and
neurons may secrete some bioactive factors for signal trans-
duction and regulation.28 In this study, by collecting the con-
ditioned medium (CM), the influence and mechanism of
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osteoblasts and neurons on ECs were preliminarily discussed.
The hMSCs differentiated into osteoblasts, and the CM was
beneficial for the healing of scratches, indicating that the
osteoblasts may secrete bioactive factors to stimulate the
migration of human umbilical vein endothelial cells (HUVECs)
(Fig. 6A). CCK-8 assay results showed that osteoblast CM
(DMEM-CM) significantly promoted the proliferation of
HUVECs (Fig. 6B). The neuronal conditioned medium
(NM-CM) promoted the proliferation and migration of
HUVECs (Fig. 6A and B).

To clarify the signaling pathways affecting the HUVECs, the
expression of differential genes was analyzed by the Kyoto
Encyclopedia of Genes and Genomes (KEGG). Compared with

DMEM, the differential genes of DMEM-CM were mainly
enriched in PI3K/Akt and MAPK signaling pathways and mani-
fested in significant differences in focal adhesions, cell
adhesion molecules, extracellular matrix (ECM), cytokines and
microRNAs, etc. (Fig. 6C and S5A†). Bone cell lineage (such as
hypertrophic chondrocytes and osteoblasts) can interact with
vascular cells, regulate the production of angiogenic factors
(such as VEGF) and stimulate neovascular infiltration in
tissues.29 The binding of VEGF to VEGFR activates the MAPK
pathway, specifically the phosphorylation of ERK1/2, which
reorganizes actin and stimulates cell migration.30 In addition
to the MAPK pathway, VEGF can also activate the PI3K/Akt
pathway, which stimulates the proliferation and migration of

Fig. 5 Neurovascular assessment in new formed tissue at the defect site. Immunofluorescence staining images, DAPI (blue) labeled nuclei, CD31
(red) labeled blood vessels (white arrows), β3-tubulin (green) labeled nerves (yellow arrows). Defect represents defect alone with no treatment; RA/C
represents RMSCs-laden RA; RIBQ/C represents RMSCs-laden RIBQ; RIBQ represents RI loaded with BFP-1@MSNs and QK/GM.
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ECs. Although ERK/MAPK pathway activation can induce
angiogenesis, such a process cannot induce vascular per-
meability, while the activation of PI3K is necessary for angio-

genesis and vascular permeability.31 In addition to VEGF, epi-
dermal growth factor, angiopoietin 1, etc. can also stimulate
angiogenesis through the MAPK and PI3K pathways.

Fig. 6 Preliminary study on the relationship of ECs, neurons and bone lineage cells. (A) Micrograph of the cell scratch experiment, scale bar,
400 μm. (B) CCK-8 results of HUVECs cultured in osteoblast conditioned medium (DMEM-CM) or neuronal conditioned medium (NM-CM) for 3
days. (C) KEGG analysis between DMEM and DMEM-CM. (D) KEGG analysis between NM and NM-CM. (E) qRT-PCR analysis of osteo-related genes.
(F) qRT-PCR analysis of pathway-related genes. (G) Schematic representation of the relationship between nerves, blood vessels, and osteogenesis in
bone tissue. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Therefore, the components of the bioactive factors secreted by
osteoblasts remain to be further investigated.

The analytical results of KEGG showed that compared
with NM, the differential genes of NM-CM were mainly
enriched in the IL-17 and TNF signaling pathways, which
were manifested in significant differences in cell adhesion
molecules and cytokines (Fig. 6D and S5B†). Interleukin-17
(IL17) promotes the inflammatory phenotype through NF-κB
activation, and it has also been reported to regulate down-
stream target genes associated with angiogenesis.32 Tumor
necrosis factor alpha (TNFα) is a pro-inflammatory factor
with dual pro-angiogenic and anti-angiogenic properties.33

TNFα interacts with two distinct transmembrane receptors
(TNFR1 and TNFR2), and TNFα/TNFR2 is involved in cell
survival and pro-angiogenesis. In contrast, TNFα/TNFR1 acti-
vates NF-κB, leading to cellular inflammation and apopto-
sis.34 The activation of TNFR1 also stimulates ROS pro-
duction, thereby reducing available NO, which is a key
determinant of vascular responsiveness.35 The above results
showed that NM-CM promoted the proliferation and
migration of HUVECs. However, the expression of inflam-
mation-related genes was downregulated, indicating that
neurons secreted bioactive factors to inhibit the inflamma-
tory signaling pathway and increase the activity of ECs.

During fracture healing, the relationship between angio-
genesis and osteogenesis is very close, and blood vessels in the
bone marrow play an important role in both osteogenic and
hematopoietic stem cells.36 Xu et al. co-cultured mouse endo-
thelial progenitor cells (EPCs) and MSCs, and found that EPCs
could enhance the osteogenic differentiation of MSCs by acti-
vating the p38 MAPK pathway with the use of microarray
technology.37 To further verify the effect of angiogenesis on
the osteogenic differentiation of hMSCs, we collected the CM
of HUVECs to explore its effect on the osteogenic differen-
tiation of hMSCs. EBM-CM significantly increased the
expression of alkaline phosphatase (ALP) activity and osteo-
genic genes (ALP, Col1a1, Runx2, and OCN), and promoted
calcium deposition (Fig. 6E and S6†). IF staining also con-
firmed that EBM-CM promoted the osteogenic differentiation
of hMSCs (Fig. S6C†). The related pathway genes of osteogenic
differentiation were detected by quantitative reverse-transcrip-
tion polymerase chain reaction (qRT-PCR). EBM-CM signifi-
cantly promoted the expression of MAP2K6, MAPK9 and
MAPK14, while the expression of ERK, PI3K and Akt had no
statistical difference (Fig. 6F). This result suggested that the
bioactive factors secreted by ECs activated MAP3K (such as
DLK, TAK, etc.), which in turn activated MAP2K6, which leaded
to the phosphorylation of p38 MAPK and enhanced the
expression of osteoblast-related transcription factors.38

The above results indicated that both osteoblasts and
neurons could secrete bioactive factors to stimulate the pro-
liferation and migration of ECs, and promote angiogenesis by
activating multiple pathways. The generated blood vessels
could secrete osteogenic factors to promote the osteogenic
differentiation of stem cells or progenitor cells, forming a posi-
tive feedback (Fig. 6G).

3 Conclusions

In summary, we have designed neurovascularized hydrogel–
microsphere composites, which enhanced the neurite out-
growth and angiogenesis in the bone defects, reproduced the
bone tissue microenvironment, and improved the repair effect
of bone defects. Osteoblasts and neurons secreted bioactive
factors that acted on the ECs to promote angiogenesis. The
ECs secreted bioactive factors that further enhanced bone
regeneration by promoting the osteogenic differentiation of
MSCs. Signaling pathways such as PI3K, MAPK, IL-17 and TNF
pathways were involved in these processes. This study is of
great significance for the development of neurovascularized
bone repair materials for clinical application and also provides
a theoretical basis and new ideas for subsequent in-depth
research.

4 Experimental section
4.1 Preparation of peptide-treated alginate hydrogel

As described previously,19 RGD peptide (Ac-GGGGRGDASSP-NH2)
or IK19 peptide (Ac-CSRARKQAASIKVAVSADR-NH2) was grafted
onto alginate using the carbodiimide method. Briefly, EDC
and sulfo-NHS were reacted with alginate solution in 0.1 M
MES buffer to form a stable intermediate, RGD or IK19
peptide was added to the solution, and the resulting
mixture was allowed to react at 25 °C for 12 h. The final
RGD/IK19 concentration was 1 mM. Following peptide modi-
fication, the alginate was dialyzed (3.5 kDa), sterile-filtered
(0.22 μm), and freeze-dried. With the use of luer-lock syr-
inges, the RGD-treated or IK19-treated alginate was mixed
with calcium sulfate slurry (1.22 M). Then, the mixture was
injected into the mold for cross-linking for 15 min to obtain
the RGD-treated alginate hydrogel (RA) or the IK19-treated
alginate hydrogel (IA). RGD-treated alginate was mixed with
IK19-treated alginate in different volume ratios (2 : 1, 1 : 1,
and 1 : 2) and then cross-linked with calcium sulfate to
obtain double-peptide-modified hydrogels (i.e., RI21, RI11,
and RI12).

4.2 Cell culture

SD rat embryonic cortical neurons (rCNs) were purchased from
Cyagen Biosciences Co., Ltd and cultured in a rat neuron com-
plete medium (NM; Cyagen Biosciences Co., Ltd, China). The
hydrogel (diameter: 5 mm, height: 1 mm) was placed in an
ultra-low-adhesion 96-well plate, and rCNs were seeded on the
hydrogel surface for two-dimensional (2D) culture. After the
rCNs were incubated for 6 h, the medium was replaced with
fresh medium. Human mesenchymal stem cells (hMSCs) were
purchased from ScienCell Research Laboratories (USA) and
cultured in the growth medium, which was high glucose
Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco, USA)
and 1% penicillin/streptomycin (Gibco). The cells in the dish
were trypsinized and resuspended, and the cell suspension
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was mixed with alginate solution through luer-lock syringes.
Then the cell-laden alginate solution (3 × 106 cells per mL) was
mixed with calcium sulfate and injected into the mold. The
cell-laden hydrogels were transferred to ultra-low-adhesion
24-well plates, and the growth medium was added to culture
for 7 days. Rabbit bone marrow mesenchymal stem cells
(RMSCs) were purchased from Cyagen Biosciences Co., Ltd
and cultured in the growth medium. The cells were expanded
to the fifth passage. RMSC-loaded hydrogel (1 × 107 cells per
mL) was prepared in the same way as that of the hMSC-loaded
hydrogel.

4.3 Immunofluorescence (IF) staining

The rCNs grown on the hydrogel surface were rinsed with PBS,
fixed with 4% paraformaldehyde at room temperature, and
permeabilized with 0.1% Triton X-100. The cells were blocked
with 3% bovine serum albumin (Sigma-Aldrich) and incubated
at 4 °C overnight with β3-tubulin primary antibody (Abcam,
UK). Then, the cells were rinsed with PBS and incubated with
secondary antibody for 1 h in the dark. DAPI (10 mg mL−1;
Sigma-Aldrich) was used to stain the nuclei in the dark for
10 min. The cells were observed and photographed using a
confocal laser scanning microscope (Nikon, Japan).

4.4 Viability of the hMSCs

The viability of the hMSCs was assessed using the CCK-8 kit
(DOJINDO, Japan). After the cells were incubated for 7 days,
10% CCK-8 reagent was added, and OD450 was detected using
a microplate reader (Molecular Devices, USA). To observe the
survival of the hMSCs in the different 3D hydrogels, a live/
dead staining kit (Invitrogen, USA) was used for cell staining
after 3 days of culture. The cells were photographed using a
confocal laser scanning microscope.

4.5 Preparation of alginate hydrogel-based neurovascularized
composites (RIBQ)

As reported previously,5 GMs were prepared by water-in-oil
emulsification and genipin cross-linking. Then, the GMs were
incubated with QK peptide (Ac-KLTWQELYQLKYKGI-NH2)
overnight to obtain QK-loaded microspheres (QK/GM). BFP-1
laden MSNs (BFP-1@MSNs) were prepared as described pre-
viously.19 A solution of RA-modified alginate and IK19-modi-
fied alginate was mixed in the ratio of 1 : 1, mixed with QK/GM
(5 mg mL−1) and BFP-1@MSN (1 mg mL−1), and then cross-
linked with calcium sulfate to obtain RIBQ. RB was RA con-
taining BFP-1@MSN (1 mg mL−1). The hydrogels prepared
from a 1 : 1 mixture of RA-modified alginate and IA-modified
alginate containing BFP-1@MSN (1 mg mL−1) or QK/GM (5 mg
mL−1) were RIB or RIQ, respectively.

4.6 In vivo transplantation

All animal procedures were performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals of
Peking University and approved by the Institutional Animal
Care and Use Committee of Peking University, China.

4.7 Subcutaneous transplantation in mice

The in vivo osteogenic, vascularization and neuralization
effects of different hydrogels were evaluated by subcutaneous
transplantation in male BALB/c nude mice (6–8 weeks old, SPF
grade). As previously described, the hMSCs (1 × 107 cells per
mL) were encapsulated into RA, RI, RB, RIB, RIQ, and RIBQ.
The cell-loaded hydrogels (diameter: 5 mm, height: 2 mm)
were cultured in an osteogenic induction medium for 7 days.
The medium consisted of low-glucose DMEM supplemented
with 10 mM β-glycerol phosphate, 50 mg mL−1 ascorbic acid
and 0.1 mM dexamethasone. The mice were anesthetized by
the intraperitoneal injection of sodium pentobarbital, and an
incision was made in each mouse on both sides of the back, in
which the cell-loaded hydrogel was implanted (Fig. S1A†). Four
weeks after implantation, the mice (n = 10) were sacrificed,
and the implants were collected and fixed in 10% neutral for-
malin for 48 h.

4.8 Rabbit femoral defect model

Male New Zealand white rabbits (male, 2.5–3.0 kg, 4–5 months
old), two experimental animals in each group, and a total of 10
rabbits in five groups, were anesthetized by injection with
sodium pentobarbital and lidocaine. A bone defect (4 mm dia-
meter, 5 mm deep) was drilled in the femur. After pressing
with a cotton ball to stop the bleeding, the defect was filled
with RMSCs-loaded RA (RA/C), RMSCs-loaded RIBQ (RIBQ/C),
or RIBQ (Fig. S1B†). The untreated defect was used as a nega-
tive control (Defect). To prevent postoperative infection, peni-
cillin (100 000 units per kg) was injected intramuscularly once
a day for three consecutive days. The healthy and intact femur
was used as a positive control (Intact). One month after
surgery, the rabbits were euthanized. The femur was removed
and fixed in 10% formalin.

4.9 Micro-computed tomography (CT) and histological
analysis

Visualization of mouse subcutaneous implants was performed
by micro-CT and quantification of total bone volume in the
hydrogels. After the samples were sectioned by paraffin embed-
ding, hematoxylin and eosin (H&E) staining, Masson staining,
immunohistochemistry (IHC) staining and IF staining were
performed. The harvested rabbit femur samples were visual-
ized by micro-CT and quantified for bone mineral density
(BMD), bone volume fraction (BV/TV), trabecular thickness
(Tb·Th), trabecular spacing (Tb·Sp), and trabecular number
(Tb·N). After the samples were decalcified by ethylenediamine
tetraacetic acid, paraffin-embedded sections were performed,
followed by H&E staining, Safranin O-fast green staining,
Goldner staining and IF staining.

4.10 Assessment of the relationship between ECs, neurons
and bone lineage cells

Indirect co-cultures were performed using the conditioned
medium (CM) transfer method as reported previously.39,40

Human umbilical vein endothelial cells (HUVECs) were pro-
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vided by Zhao Yang Laboratory of Peking University, and cul-
tured in endothelial basal media-2 (EBM-2; Lonza) for 48 h.
The supernatant was collected by centrifugation as the EC con-
ditioned medium (EBM-CM). After 14 days of osteogenic
induction of the hMSCs in six-well plates, low-glucose DMEM
was added and cultured for 48 h. The medium was centri-
fuged, and the supernatant was collected as the osteoblast con-
ditioned medium (DMEM-CM). The rCNs were cultured for
48 h, and the supernatant was collected after centrifugation as
the neuron conditioned medium (NM-CM). To explore whether
osteoblasts and rCNs secrete bioactive factors to affect the
activity of HUVECs, we stimulated HUVECs by adding different
media and performed CCK-8 assay and scratch experiments.
The different groups were as follows: (1) EBM group: EBM-2;
(2) DMEM group: DMEM and EBM-2 at 1 : 1; (3) DMEM-CM:
DMEM-CM and EBM-2 at 1 : 1; (4) NM group: NM and EBM-2
at 1 : 1; and (5) NM-CM group: NM-CM and EBM-2 at 1 : 1. To
further explore the mechanism by which CM affects the activity
of HUVECs, the RNA of the HUVECs was also extracted.
Transcriptome sequencing (RNA-seq) analysis was performed
on the Illumina Hiseq platform. To explore whether HUVECs
secrete bioactive factors that affect the osteogenic differen-
tiation of hMSCs, osteogenic induction medium and EBM or
EBM-CM in a ratio of 1 : 1 were added to stimulate hMSCs for
14 days. Alkaline phosphatase (ALP) activity assessment,
Alizarin Red staining, IF staining and quantitative reverse-tran-
scription polymerase chain reaction (qRT-PCR) were
performed.

4.11 Statistical analysis

The data were expressed as mean ± standard deviation and
statistically analyzed using Origin 2019 software. Differences
between the groups were analyzed by one-way analysis of var-
iance (ANOVA) and Tukey’s test. P < 0.05 was considered to be
statistically different.
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