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Severe traumatic bone healing relies on the involvement of growth factors. However, excessive supple-
mentation of growth factors can lead to ectopic ossification and inflammation. In this study, utilizing the
neural regulatory mechanism of bone regeneration, we have developed a multifunctional three dimen-
sions (3D) printed scaffold containing both vasoactive intestinal peptide (VIP) and nerve growth factor
(NGF) as an effective new method for achieving bone defect regeneration. The scaffold is provided by a
controlled biodegradable and biomechanically matched poly(lactide-ethylene glycol-trimethylene carbon-
ate) (PLTG), providing long-term support for the bone healing cycle. Factor loading is provided by peptide
fiber-reinforced biomimetic antimicrobial extracellular matrix (ECM) (B-ECM) hydrogels with different re-
lease kinetics, the hydrogel guides rapid bone growth and resists bacterial infection at the early stage of
healing. Physical and chemical characterization indicates that the scaffold has good structural stability
and mechanical properties, providing an ideal 3D microenvironment for bone reconstruction. In the skull
defect model, compared to releasing VIP or NGF alone, this drug delivery system can simulate a natural
healing cascade of controllable release factors, significantly accelerating nerve/vascular bone regeneration.
In conclusion, this study provides a promising strategy for implanting materials to repair bone defects by

utilizing neuroregulatory mechanisms during bone regeneration.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The treatment of large segment bone defects has always been
a focus of attention for clinicians [1-3]. The emergence and in-
depth research of bone tissue engineering have brought the dawn
of bone repair [4,5]. However, natural bone tissue has a unique
structure and tissue distribution, it is difficult for traditional scaf-
fold preparation technology to imitate the complex structure of
functional tissues and achieve the precise localization of multiple
cells in scaffolds [6,7]. Therefore, it remains a major challenge to
construct scaffolds similar to natural bone tissue from the perspec-
tive of structure and function [8-10]. In recent years, three dimen-
sions (3D) bioprinting technology has been widely studied in bone
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tissue applications due to its accuracy and repeatability in prepar-
ing scaffolds [11,12].

In our preliminary study, a ternary copolymer poly(lactide-
glycolide-trimethylene carbonate) (PLGT) was synthesized by
copolymerization modification of poly-L-lactic acid (PLLA) for bone
stents, and it have proved that terpolymer has excellent effect in
repairing large segment bone defects [13-15]. In this study, we re-
designed and modified PLGT polymer based on the mechanical and
degradation properties required for bone defect repair, and inno-
vated the raw materials used for 3D printing. By utilizing the good
flexibility of the poly-trimethylene carbonate (PTMC) segment, the
toughness of the PLLA main chain can be improved. By increasing
the content of glycolide (GA) units in the main chain, the overall
strength of the random block copolymer can be controlled, and the
degradation rate of PLLA can be accelerated. The designed and syn-
thesized copolymer of PLGT can not only guarantee the strength
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and toughness of polyester material but also improve the charac-
teristics of slow degradation of polyester, which is in line with the
requirements of mechanics and biodegradable activity. But its sur-
face lacks activity, which is not conducive to early cell adhesion
and osteogenic induction, so it needs to be surface modified.

In recent years, more and more evidence has supported the role
of the nervous system in bone regeneration, the peripheral nerves
within the skeleton generate a large amount of signals through
the secretion of neurotransmitters, neuropeptides, axon guiding
factors, and neurotrophic factors, which participate in bone de-
velopment and repair [16-20]. Therefore, by utilizing the connec-
tion between bones and nerves, tissue engineering scaffolds can
be designed for repairing bone defects. Vasoactive intestinal pep-
tide (VIP) [21,22] is expressed and secreted by sympathetic nerve
fibers, studies have reported that VIP has a significant prolifera-
tive effect on human umbilical vein endothelial cells (HUVECs),
and can significantly enhance the synthesis of vascular endothe-
lial growth factor (VEGF) in HUVECs. VIP, as the first messenger,
activates G protein by binding to specific receptors on the HU-
VECs membrane, leading to an increase in intracellular adenylate
cyclase (AC) activity, simultaneously reducing intracellular gluco-
corticoid (GC) activity leads to an increase in intracellular adeno-
sine monophosphate (cCAMP) concentration and a decrease in cyclic
guanosine monophosphate (cGMP) concentration, and activate the
inositol triphosphate (IP3) system to reduce and increase intracel-
lular [Ca%*] levels through the release of intracellular Ca** and
changes in ion channel opening on the cell membrane, thereby
enhancing VEGF expression. Neurotrophic factors are factors that
can support neural activity, such as axon growth, synaptic plastic-
ity, cell survival, differentiation, and myelin formation [23]. Among
them, nerve growth factor (NGF) can affect bone reconstruction
by regulating osteogenesis and bone resorption. NGF receptors are
expressed on the surface of osteoblasts, osteoclasts, and chondro-
cytes. During the early stages of bone repair, NGF expression is
significantly upregulated, while in the later stage of bone healing,
the activity of NGF is significantly reduced [24,25]. Studies have
shown that NGF can prevent osteoblast apoptosis and induce os-
teoblast differentiation, and blocking the expression of NGF in sen-
sory nerve is not conducive to the ossification process of long bone
[26].

Hydrogels are widely used as cell culture scaffolds for tissue
formation and regeneration [27,28], and are also one of the means
to deliver growth factors to promote repair [29-33]. The interpene-
trating polymer network (IPN) hydrogel scaffold with independent
and functional networks can simulate various natural extracellu-
lar matrix (ECM) environments. Studies have proved that the most
characteristic interpenetrating network structure of peptide fiber
reinforced hydrogel can conveniently load different growth fac-
tors, and the controllable release is more accurate, which is more
conducive to cell culture than simple hydrogels [34-36]. Based on
this, we designed a new peptide fiber reinforced hydrogel two
factor release system in this study, The system consists of Ac-
(KAEA)4-NH; (KA) peptides that can self-assemble into nanofibers,
Ac-(KAEA)4,GPRGDSGRGDS-NH, (KS) peptides with cell adhesion,
and Ac-(KAEA),GYGLFRIIKKIARSF-NH, (KF) peptides with antibac-
terial properties [37], VIP is loaded into peptide fibers by physical
blending. The hydrogel portion consists of maleaminated polyethy-
lene glycol (PEG) (MAL-PEG-MAL) cross-linked mercaptohyaluronic
acid (HA-SH), NGF was chemically grafted into the hydrogel by
crosslinking agent. Because the peptide fiber reinforced hydrogel
also has the characteristics of simulating the structure of natural
ECM, it is named B-ECM.

In this study, we designed a novel biodegradable PLLA-GA-
TMC (PLGT) ternary random block copolymer as the ink, and con-
structed a porous mechanical support scaffold through 3D print-
ing; the composite scaffold filled with a difactor B-ECM hydrogel
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Fig. 1. Characterization of the B-ECM hydrogel. (A) Schematic illustration for the
fabrication of HA/PEG hydrogel. (B) Schematic illustration for the self-assembly
KA/KS/KF functional polypeptide. (C) Circular dichroism of KA, KA/KS and KA/KS/KF.
(D) TEM photographs of KA (a1, a2), KA/KS (b1, b2) and KA/KS/KF (c1, c2). (E) Rhe-
ological scanning diagram of pure HA/PEG, KA/KS/KF and B-ECM hydrogel. (F) SEM
images of the cross-section morphology of hydrogels. (a) HA/PEG, (b) KA/KS/KF and
(c) B-ECM.

KA/KS/KF@VIP/HA-PEG@NGF (B-ECM@VN), provide precise content
control and sequential delivery of VIP and NGF, to improve bio-
compatibility and bone inducibility, simultaneously possessing an-
tibacterial properties.

Performance analysis of 3D printed PLGT polyester materials
can be found in Fig. S1 (Supporting information). The cross-linking
principle of HA/PEG is shown in Fig. 1A. Since it is easy to form
stable thioether bond between maleimide and mercapto at pH 6.5-
7.5, this study adopted maleimide PEG (MAL-PEG-MAL) crosslink-
ing sulfhydrylated HA (HA-SH) to form HA/PEG hydrogel. Fig. S2
(Supporting information) shows the infrared spectra of HA-SH,
MAL-PEG-MAL and HA/PEG. In the HA-SH spectrum, 2513 cm~! is
the stretching vibration peak of -SH, indicating that the new sub-
stance has a -SH group. It can be seen from MAL-PEG-MAL spec-
trum that after the modification of maleimide at both ends of the
PEG terminal group, the hydroxyl absorption peak of PEG at about
3300 cm~! disappears, while the new peak appearing at about
1709 cm~! belongs to the carbonyl absorption peak of maleimide,
thus the successful synthesis of maleimide polyethylene glycol can
be obtained. It can be seen from the HA/PEG spectrum that af-
ter the reaction between HA-SH and MAL-PEG-MAL, not only the
typical absorption peaks of the two substances appear in the in-
frared spectrum, but also the mercaptoyl peaks in HA-SH disap-
pear, indicating that HA-SH has a bonding reaction with MAL-PEG-
MAL. The presence of the characteristic proton peak in the 'H NMR
(Fig. S3 in Supporting information) also proves that the sulfydryl
group has a michael addition reaction with maleimide. At room
temperature, after mixing the HA-SH solution with MAL-PEG-MAL
crosslinker solution, a vial tilt test was carried out. As shown in
Fig. S4 (Supporting information), when the concentration of HA-SH
was less than 5.0 wt%, the addition of MAL-PEG-MAL cross-linking
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Fig. 2. Effects of different scaffolds extract on HUVECs migration, tubular network formation and angiogenesis genes expression. (A) Representative images of scratch wound
healing assay at 0, 24 and 48 h. (B) Representative images of the transwell migration assay at 24 h. (C) The tubular network formation of HUVECs after 9h incubation. (D)
Quantitative analysis of scratch healing rate by the microscopic photographs. (E) Quantitative analysis of HUVECS migration by the OD value of crystal violet. (F) Quantitatively
analyzed capillary length by Image] software. (G-I) Effect of the different scaffolds extract on the angiogenesis genes expression in HUVECs at 3 and 7 days by qRT-PCR
analysis including (G) e-NOS, (H) HIF1-« and (I) SDF1-«. The control group HUVECs were cultured with a normal medium. Data are presented as mean + standard deviation

(SD) (n=3). *P < 0.05, **P < 0.01.

agent could not form gel. When the concentration of HA/PEG was
5.0/3.0 wt%, hydrogel could be formed within 10 min. The self-
assembly diagram of the peptide is shown in Fig. 1B. In the cir-
cular two-dimensional chromatogram (Fig. 1C), KA, functional self-
assembled peptide mixed solution KA/KS and KA/KS/KF all exhibit
typical SB-folded structure spectra, with the highest characteris-
tic peak at 195nm and the lowest characteristic peak at 216 nm
[38,39]. It can be observed from transmission electron microscope
(TEM) images (Fig. 1D) that the diameter of nanofibers assembled
with mixed peptides is larger than that assembled with pure KA
peptide. The diameter ranges of KA, KA/KS, and KA/KS/KF peptides
are (6-10nm), (10-20nm) and (20-30nm), respectively. The fiber
diameters of different peptides are consistent with the number of
amino acids in the peptides. Fig. 1E is the rheological scanning di-
agram of pure HA/PEG, KA/KS/KF and B-ECM hydrogel (concentra-
tion 5%/3%/3%). The G’ of all hydrogels is greater than G”, which
confirms the solid phase property (formation of elastic hydrogels)
of these hydrogels. Further, it can be seen that the elastic mod-

ulus of B-ECM hydrogels is higher than that of pure peptide and
pure HA/PEG hydrogels, which is due to the introduction of HA,
enhances the hydrogel network crosslinking through macromolec-
ular entanglement and hydrogen bond formation. Fig. 1F shows the
SEM images of pure HA/PEG, KA/KS/KF and B-ECM hydrogels af-
ter freeze-drying. All hydrogels show porous microstructures with
pore sizes ranging from 20um to 100um. When the double net-
work hydrogel is formed, its porous structure is similar to that
of HA/PEG in the same proportion, and the addition of polypep-
tide does not change the network structure of the hydrogel. All
hydrogels are very close to the state of swelling equilibrium after
soaking for 10 h (Fig. S5 in Supporting information) and all hydro-
gel showed good degradability and stability, satisfying the needs
of bone regeneration period and facilitating the transfer of growth
factors (Fig. S6 in Supporting information).

The new 3D printed PL;yG;T; scaffold with uniform large holes
and the B-ECM hydrogel filled PL,yGT; scaffold are shown in Fig.
S7 (Supporting information). The fiber diameter and pore size are
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Fig. 3. Evaluation of the osteogenic potential of different scaffolds extract. (A) Digital and microscopic images of ALP staining of rat BMSCs cultured with different scaffolds
extract at 7 and 14 days. (B) Digital and microscopic images of Alizarin Red-S staining of rat BMSCs cultured with different scaffolds extract at 14 and 21 days. (C-F) Effect
of the different scaffolds extract on the osteogenic genes expression in rat BMSCs at 7 and 14 days by qRT-PCR analysis including (C) COL-1, (D) OPN, (E) Runx2 and (F) OCN.
Rat BMSCs were cultured with the conditioned medium. Data are presented as mean & SD (n=3). *P <0.05, **P < 0.01. Scale bar: 200 pm.

0.425+0.013 and 0.392 +£0.036 mm, respectively (Fig. S7A). The
filling of B-ECM hydrogel increased the hydrophilicity of PL;oG; Ty
scaffold, and the higher the concentration of B-ECM, the better
the hydrophilicity (Fig. S7B). CCK-8 and dead/alive staining exper-
iments indicated that the graded release of VIP helps to promote
cell proliferation (Figs. S7C-E). VIP loaded in the polypeptide hy-
drogel component through physical blending had a rapid release
process in the first 8 days, and the release was complete in about
12 days. NGF in the HA/PEG hydrogel component was released
slowly by chemical grafting and could be released sustainably for
about 30 days (Fig. S7F). In summary, the composite stent achieves
controlled graded delivery of VIP and NGF, which may help im-
prove the vascularization rate and efficient osteogenic differentia-
tion at the defect site [40].

To evaluate its neurogenetic capacity, the effect of PL;oG;T;/B-
ECM@VN on the neurite elongation of rat dorsal root ganglion cells
(DRGs) in vitro was evaluated by immunofluorescence. As shown in
Fig. S8 (Supporting information), the PL;3G;T;/B-ECM@VN scaffold
significantly promoted neurite elongation of DRGs cells, demon-
strating its in vitro ability to stimulate neurogenesis and thereby
enhance neuro-bone crosstalk [41]. The scratch test results were
shown in Fig. 2A. Cell migration occurred in all groups, and the
control group had the slowest migration effect. After 48 h, the
cell migration effect of group PL;yG;T{/B-ECM@V and PL;oG;T;/B-
ECM@VN was the most significant, and the scratches were almost
closed, followed by the effect of group PL;gG;T;/B-ECM@N and
PL1gG1T{/B-ECM. The results of quantitative analysis are shown
in Fig. 2D. Group PL;yG;T{/B-ECM@V and PL{qG;T;/B-ECM@VN is

best because of the network structure of the hydrogel and the
release of VIP. Secondly, the results of Transwell cell experiment
(Fig. 2B) and the optical density (OD) value measured by crystal
purple (Fig. 2E) once again proved that B-ECM hydrogel loaded
with VIP factors could further promote HUVECs migration. Further-
more, the influence of scaffolds on angiogenesis in HUVECs was
further detected by Matrigel tube formation experiment. The re-
sults of HUVECs cultured on the surface of Matrigel for 9h were
shown in Fig. 2C and the capillary length (Fig. 2F) in each group
at 9h were quantitatively analyzed using Image] software. All scaf-
folds could induce the formation of tubular networks after 9h. It
can be clearly seen that the tubular network formation in groups
PL1oG1T{/B-ECM@V and PL,3G;T;/B-ECM@VN is significantly bet-
ter than that other three groups. The above results indicated that
hydrogels were beneficial to inducing migration of HUVECs cells,
the PL;pGT;/B-ECM@V and PLyG;T;/B-ECM@VN group indicated
that scaffolds loaded with VIP accelerated the formation of in-
duced tubular networks and capillary structures. In addition, the
effect of VIP release on the angiogenic genes of HUVECs was stud-
ied by qPCR (Figs. 2G-I). The expression levels of endothelial ni-
tric oxide synthase (e-NOS), hypoxia inducible factor-1ac (HIF1-a¢)
and stromal cell-derived factor-1a (SDF1-«¢) in HUVECs cultured in
group PL;yG;T;/B-ECM@V and PLyG;T;/B-ECM@VN were signifi-
cantly higher than those in control group, group PL;oG;T;/B-ECM
and group PL;yG;T;/B-ECM@N, which confirmed that VIP was in-
volved in the regulation of HIF1-« signaling pathway.

Alkaline phosphatase (ALP) activity of bone marrow mesenchy-
mal stem cells (BMSCs) was detected and ALP staining was per-
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Fig. 4. Bone regeneration at 5 and 10 weeks after implantation of different scaffolds in Sprague-Dawley rat skull defect models. The control group was the skull defect
group without scaffold implantation. (A) Representative 3D reconstructed micro computed tomography (Micro-CT) images including transverse and coronal sections. Quanti-
tative analysis of (B) BV/TV, (C) trabecular thickness (Tb.Th) and (D) trabecular number (Tb.N), by Micro-CT. Data are presented as mean + SD (n=3). *P <0.05, **P < 0.01,

***P <0.001.

formed to observe the osteogenic differentiation of BMSCS at 7
and 14 days, respectively (Fig. 3A). The results showed that the
PL1oGT¢/B-ECM@N and PL{oG;T;/B-ECM@VN group has no differ-
ence in ALP activity, but it was significantly higher than other
groups on days 7 and 14, and showing a more pronounced de-
gree of ALP staining. The quantitative detection of ALP was shown
in Fig. S9 (Supporting information). During the culture time, the
ALP activity of cells in each group gradually increased with the ex-
tension of time, which was consistent with the ALP staining in-
tensity. Fig. 3B shows the optical and microscope images stained
with alizarin red after 14 and 21 days of BMSCs cultured with
different scaffold extracts. It can be seen that the color intensity
of group PL;oG;T;/B-ECM@N and PL;;G;T;/B-ECM@VN was sim-
ilar and higher than other groups. The quantitative analysis of
alizarin red staining (Fig. S10 in Supporting information) and the
calcium content of different extracts (Fig. S11 in Supporting in-
formation) are consistent with this result. In conclusion, the re-
sults showed that the continuous release of NGF was more con-
ducive to matrix mineralization at the end of osteogenic differen-
tiation of BMSCs. The results of qPCR (Figs. 3C-F) showed that the
expressions of collagen type I (COL-1), osteopontin (OPN), runt-
related transcription factor 2 (Runx2) and osteocalcin (OCN), in
the PL;pG;T;/B-ECM@N and PLyG;T;/B-ECM@VN group were sig-
nificantly higher than those in the other groups, and the expres-
sion of biomarker Runx2 involved in the development and dif-
ferentiation of early osteoblasts was the highest on the 7 days,
while the marker genes of COL-1, OCN and OPN in middle and
late osteoblasts were increased with time. The relative expres-
sion level also increased gradually. These results indicated that
the PL1pG;T;@N and PLyG;T{/B-ECM@VN group had the best os-
teogenic effect.

In situ skull repair experiment was used to further study the
osteogenic effect of each scaffold in Sprague-Dawley rat skull de-
fect model, and experimental animals were reviewed and approved
by the Experimental Animal Ethics Review Committee of Tongren
Hospital. Cylindrical scaffold with a height of 1 mm and a diame-
ter of 5mm was printed before the operation, which was a good
match for the skull defect. All the rats in each group lived well,
and none of them were infected or died after scaffold implantation.
At 5 and 10 weeks after surgery, Micro-CT scan were performed
to observe the regeneration of bone tissue. As shown in Fig. 4A,
at 5 weeks of scaffold implantation, the control group had almost
no new bone formation without scaffold use, and the four differ-
ent scaffold groups showed different degrees of new bone tissue.
In group PL;pG{T{/B-ECM@VN, the "bone island-like" high density
image was observed in the central area of bone defect, and the
high density image in the marginal area was dense and regular.
At 10 weeks, the healing of bone defect in all groups was signifi-
cantly increased compared with that at 5 weeks and the degree of
new bone formation in group PL;yG;T;/B-ECM@VN was the best at
each time point. The results of coronal section are consistent with
those of 3D image (Fig. 4A). The quantitative analysis results (Figs.
4B-D) analyzed by CTAn software were consistent with the results
of Micro-CT images. The results showed that the rapid release of
VIP and continuous release of NGF spatial temporal mode had the
most significant influence on bone formation. Finally, according to
the survival counts of Staphylococcus aureus on the surface of each
group of materials, it was proved that the antibacterial sequence
designed in this study had high bactericidal activity, and grafting
it to the EAKA16 sequence could solve the shortcomings of weak
activity and unstable metabolism of natural antimicrobial peptides
(Fig. S12 in Supporting information).
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In summary, we synthesized a new scaffold, the mechanical
properties of the scaffold are close to the strength of human bone,
and the degradation rate matches the growth rate of new bone. In
addition, compared to the treatment with VIP or NGF, the synergis-
tic effect of these different release kinetics of VIP and NGF showed
the highest osteogenic gene expression and mineralization in vitro
osteogenic studies at the late stage of osteogenic differentiation
(days 14 and 21), and the highest bone regeneration in vivo ani-
mal studies with the highest bone volume/total volume (BV/TV). In
addition, B-ECM hydrogel itself has antibacterial activity, and this
win-win construction strategy realizes the three basic functions of
bone implant including antibacterial, angiogenesis and osteogene-
sis in one. This work provides insights into the design of advanced
functional biomaterials with antimicrobial and bone repair func-
tions.
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