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Abstract

Background: Bone grafting is the primary clinical intervention for bone defects. β-tricalcium phosphate (β-TCP) is an absorbable
ceramic for its excellent biocompatibility and bioactivity. Neuropeptide Y (NPY) participates in bone homeostasis and vascular regen-
eration. This research explored the TCP/collagen I (Col)/NPY scaffolds, which controlled release of NPY, on macrophage polarization
during bone repair. Methods: The scaffold was characterized by scanning electron microscopy (SEM) and Fourier-transform infrared
(FTIR) spectrometry. The cumulative NPY release from the TCP/Col/NPY scaffold was tested by an enzyme-linked immunosorbent
assay. Biocompatibility of the TCP/Col/NPY scaffold was evaluated using cell counting kit (CCK)-8 and calcein-acetoxymethyl ester
(AM)/propidium iodide (PI). Angiogenic activity was detected by scratch and tube-formation assays with human umbilical vein endothe-
lial cells (HUVECs). Osteogenic differentiation was detected by alkaline phosphatase (ALP) staining. Flow cytometry and immunoflu-
orescence staining were used to evaluate RAW264.7 polarization. In vivo, bone-defect repair was evaluated using micro-computed
tomography scans, hematoxylin and eosin (H&E) staining, Masson and immunohistochemical staining. Results: The SEM images dis-
closed an interconnected pore structure. FTIR of TCP/Col/NPY scaffolds showed a characteristic peak of NPY. The TCP/Col/NPY
scaffold exhibited favorable biocompatibility with bone marrow mesenchymal stem cells and promoted the migration and angioene-
sis of HUVECs. RAW264.7 upregulated cluster of differentiation-206 (CD206) in the TCP/Col/NPY group (p < 0.05). In vivo, the
TCP/Col/NPY scaffold promoted the repair of cranial defects. H&E and Masson revealed that new bone formation in TCP/Col/NPY
group was significantly higher (p < 0.05). Runx2, osteocalcin, platelet-derived growth factor-BB and CD206/CD80 expression were
higher in the TCP/Col/NPY group (p < 0.05). Conclusions: TCP/Col/NPY scaffolds significantly promoted the repair of critical bone
defects by modulating macrophage polarization toward the M2 phenotype and enhancing vascular regeneration.
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Introduction

Bone defects typically result from trauma, bone tu-
mors, bone infections, congenital malformations, and non-
healing fractures [1,2]. Autologous bone is the best choice
for bone-defect repair, immune rejection, and disease trans-
mission [3]. However, extraction of autologous bone pro-
longs the procedure, leading to donor-site complications in
8.5 %–20 % of the patients, and the available quantity of

autologous bone is limited [4]. Although allogeneic bone
is more easily available than autologous bone, problems
related to immune rejection, osteoinduction, disease trans-
mission, and medical ethics have limited its use [5]. There-
fore, tissue-engineered bone has become a commonmethod
to treat bone defects. However, some problems associated
with the use of tissue-engineered bone remain unresolved,
including foreign body reactions and poor osteogenic ef-
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fects [6]. Recent study has shown that bone regeneration is
related to the surrounding microenvironment, and elevated
levels of transforming growth factor-β (TGF-β), bone mor-
phogenetic proteins (BMPs), and other biological factors
can improve the osteogenic effect [7]. Bone regeneration is
also related to nerve and blood vessel regeneration.

Bone homeostasis is regulated by the endocrine and
paracrine systems as well as the central and peripheral ner-
vous systems [8]. Neuropeptide Y (NPY), a member of
the pancreatic polypeptide family, is a neurotransmitter that
regulates bone homeostasis. The biological function of
NPY is activated by binding to NPY receptors (Y recep-
tors), including Y1, Y2, Y4, Y5, and Y6 [9]. Y1 and
Y2 are key factors regulating bone homeostasis, participat-
ing in bone formation and maintaining dynamic bone bal-
ance. In the central nervous system, NPY regulates bone
metabolism through the Y2 receptor in the hypothalamus.
In the peripheral nervous system and bone tissue, NPY reg-
ulates bone metabolism through Y1 receptors on the mem-
branes of target cells (such as bone marrow mesenchymal
stem cells and osteoblasts) [10]. In bone tissue, high levels
of NPY inhibit osteoblastic differentiation and the activity
of bone marrow mesenchymal stem cells and reduce bone
mass [11]. However, low levels of NPY stimulation in cor-
tical and cancellous bone can increase the activity of os-
teoblasts and bone mass [12]. In addition, the NPY level is
increased in patients with combined brain-fracture injury,
suggesting that NPY can directly stimulate mesenchymal
stem cells (MSCs), promote their osteogenic differentia-
tion, and help improve bone healing in patients with com-
bined brain-fracture injury [13]. The mechanism underly-
ing the effects of NPY on bone homeostasis is complex, and
previous studies have suggested that it is related to the Y1
and Y2 receptors, but some scholars have suggested the op-
posite [14,15]. Other mechanisms related to NPY may also
contribute to its effects on bone metabolism [16].

Macrophages are heterogeneous and plastic and play
key roles in maintaining homeostasis and immune regu-
lation. Macrophages can undergo M1 (pro-inflammatory)
and M2 polarization (pro-healing) [17]. These two forms
of polarization play important roles in regulating homeosta-
sis of the tissue environment [18]. In particular, M2-type
macrophages facilitate bone reconstruction and repair func-
tions around the implant material, which can promote bone
healing.

In this study, we constructed a β-tricalcium phosphate
(β-TCP)/collagen I (Col) (A1048301; Gibco, New York,
NY, USA)/NPY microporous scaffold with controlled re-
lease of NPY and assessed its slow-release efficiency and
biocompatibility. We also evaluated the osteogenic effect
of the β-TCP/collagen I/NPY microporous scaffold in vivo
and investigated the effects of NPY on macrophage polar-
ization and vascular regeneration during endogenous bone
repair (Fig. 1).

Materials and Methods
Preparation of Microporous Composite Scaffolds

Neuropeptide Y (P01303; Novoprotein, Suzhou,
China) was incorporated into phosphate-buffered saline
(PBS) by stirring, yielding a solution with a concentra-
tion of 10−6 M. Next, 10 µL of the NPY solution (10−6

M) was added to 990 µL of collagen I gel (3 mg/mL,
A1048301; Gibco, New York, NY, USA), creating a colla-
gen I/NPYmixture with a concentration of 10−9 M [12,19].
The β-TCP microporous scaffold (P20221122; DinganTec,
Suzhou, China), which was characterized by a cylindrical
shape with a diameter of 5 mm and a height of 2 mm,
was treated with 150 µL of the collagen I/NPY mixture.
This step was performed in 5-mm-diameter dishes at a low
temperature of 4 °C for 2 h, followed by 24 h incubation
in a vacuum-negative pressure freezer to produce the β-
TCP/collagen I/NPY microporous scaffold. Additionally,
150 µL of collagen I gel was combined with the β-TCP mi-
croporous scaffold under identical conditions, yielding the
β-TCP/collagen I microporous scaffold. The scaffold com-
posed of β-TCP and collagen I was referred to as TCP/Col,
while that containing β-TCP, collagen I, and NPY was la-
beled as TCP/Col/NPY. Furthermore, the β-TCP scaffold
alone was designated as TCP.

Characterizations of the Microporous Composite Scaffolds
Morphological characteristics of the surfaces and

cross-sections of the TCP, TCP/Col, and TCP/Col/NPY
microporous scaffolds were observed using scanning elec-
tron microscopy (SEM). After spraying gold onto the sam-
ple surface, the TCP, TCP/Col, and TCP/Col/NPY micro-
porous scaffold surfaces were placed in the electron mi-
croscope sample compartment of a scanning electron mi-
croscope (EVO 18; ZEISS, Germany) and observed under
vacuum conditions at different magnifications. The me-
chanical properties of the scaffolds were evaluated using
a mechanical testing instrument (M6000; CARE, Tianjin,
China), and the load-displacement curves were recorded
continuously. A Thermo Fisher Nicolet iS5 Fourier-
transform infrared (FTIR) spectrometer (Waltham, MA,
USA) was used to identify functional groups and chemical
interactions. The microporous scaffolds were compressed
into a potassium bromide (KBr) disc and evaluated in ab-
sorption mode at a resolution of 4 cm−1 with 32 scans in
the 650–4000 cm−1 range.

Evaluation of Cumulative Release of NPY from
Microporous Composite Scaffolds

The prepared TCP/Col/NPY microporous scaffolds
were added to centrifuge tubes with 1 mL of PBS and kept
at 37 °C. The PBS was changed daily for the first week,
followed by removal at 10, 15, and 20 d. The NPY content
of the PBS solution was measured using an NPY enzyme-
linked immunosorbent assay (ELISA) kit (D711352; San-
gon, Shanghai, China).
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Fig. 1. Graphical illustration of this study. (A) Fabrication of the microporous scaffold with β-TCP, collagen I, and NPY. (B) Bi-
ological evaluation of the microporous scaffold in vitro, where M2 macrophage polarization and enhanced angiogenesis are observed,
and successful bone regeneration of rats is achieved by the microporous scaffold in vivo. Created with Adobe Illustrator and Created in
BioRender. Chen, Z. (2025) https://BioRender.com/24tr539.

Cell Culture

Sprague-Dawley rat bone marrow MSCs (SD-
BMSCs) were obtained from Shanghai Zhong Qiao Xin
Zhou Biotechnology (ZQY122, CELL RESEARCH,
Shanghai, China). The SD-BMSCs were cultured in
Dulbecco’s modified Eagle medium (DMEM; Hyclone,
SH30022.01; Logan, UT, USA) supplemented with 10

% fetal bovine serum (A5670801; Gibco, New York,
NY, USA) and 1 % penicillin (60162ES; Yeasen Biotech,
Shanghai, China). Mouse RAW264.7 cells were sourced
from Procell Life Science & Technology (CL-0190;
Wuhan, China) and were cultured in DMEM (Hyclone,
SH30022.01; Logan, UT, USA) with 10 % fetal bovine
serum (Gibco, A5670801, New York, NY, USA) and 1 %
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Fig. 2. Characterization and biocompatibility assessment of the microporous scaffolds. (A) SEM image. (B) SEM image with
cells. (C) Fourier-transform infrared spectra. (D) Mechanical performance of the microporous scaffolds. (E) Release profiles of the
microporous scaffolds. (F) Calcein-AM/PI staining of BMSCs, alive (green stain), dead cells (red stain). (G) Cell proliferation evaluated
by the CCK-8 assay. (H) Survival rate. *p < 0.05, **p < 0.01, ***p < 0.001. ns, p > 0.05.
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Fig. 3. Evaluation of the angiogenic and osteogenic effects of the microporous scaffolds in vitro. (A) Scratch assay. (B) Tube-
formation assay. (C) ALP staining results. (D) The quantification data of the migration rate showed in A. (E) Number of nodes showed
in B. (F) The quantification data of the total length showed in B. (G) The quantification data of ALP positive area showed in C. *p <

0.05, **p < 0.01, ***p < 0.001. ns, p > 0.05.

penicillin (Yeasen Biotech, 60162ES; Shanghai, China).
Human umbilical vein endothelial cells (HUVECs) were
purchased from Procell Life Science and Technology

(CL-0675; Wuhan, China). Cells were grown in complete
culture medium for PUMC-HUVEC-T1 (Pricella Life
Science & Technology Co., Ltd., CM-0675, Wuhan,
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Fig. 4. Inflammatory response of macrophages on the microporous scaffolds in vitro. (A,B) Immunofluorescence and statistical
analyses of CD206 (D) and iNOS (E). (C) Flow cytometry analysis of CD206 and F4/80. (F) Percentages of M2-type macrophages
quantified by flow cytometry: three independent experiments (n = 3), with error bars representing standard error (SE). *p< 0.05, **p<
0.01, ***p < 0.001. ns, p > 0.05.
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Fig. 5. Bone regeneration efficacy of themicroporous scaffolds implanted in rats in vivo. (A) Micro-CT scans pictures of the samples
in the rat cranial defect model on day 30 and day 60. (B–D) The statistical histogram of regeneration bone volume (B), BV/TV (C), and
BMD (D). BV, bone volume; TV, total volume; BMD, bone mineral density. *p < 0.05, **p < 0.01, ***p < 0.001. ns, p > 0.05.
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Fig. 6. Osteogenic evaluation of the microporous scaffolds in vivo. (A) H&E staining and Masson’s trichrome staining. (B) Immuno-
histochemical staining of OCN and Runx2. (C,D) The statistical histogram of OCN-positive area showed in B (C) and Runx2-positive
area showed in B (D). *p < 0.05, **p < 0.01, ***p < 0.001. ns, p > 0.05.
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Fig. 7. The immunomodulatory activity of the microporous scaffolds in vivo. (A) The Immunochemical staining of PDGF-BB,
CD206, and CD80. (B–E) The statistical results PDGF-BB-positive area (B), CD80-positive area (C), CD206-positive area (D) and ratio
of CD206/CD80 (E) showed in A. *p < 0.05, **p < 0.01, ***p < 0.001. ns, p > 0.05.

China). All cells were incubated at 37.5 °C in a 5 % CO2

environment, with the medium changed every three days.
The SD-BMSCs, RAW264.7 cells and HUVECs were
performed with mycoplasma test and confirmed that the
mycoplasma did not exist in all groups.

Cell Compatibility of the Microporous Composite
Scaffolds

SD-BMSCs were seeded onto the TCP, TCP/Col, and
TCP/Col/NPY microporous scaffolds at a density of 4 ×
103 cells per sample with 96-well plates as the holders. Af-
ter 48 h, fixation with an electron microscope fixative was
performed, and SEM was used to observe the morphologi-
cal characteristics of the cells on the microporous scaffolds.
In the SEM process, the samples were lyophilized, sputter-
coated with gold, and examined using an EVO 10 SEM de-
vice (ZEISS, Germany) with an accelerating voltage of 20.0
kV.

The TCP, TCP/Col, and TCP/Col/NPY microporous
scaffolds were added in DMEM in a 37.5 °C thermostat (ra-
tio of the mass of the samples go to the volume of the cul-

ture medium: 1:10). The extracts were collected after three
days and filtered through a 0.22-µm pore membrane. The
SD-BMSCs (5 × 103) were seeded in 96-well plates, and
the material extract medium was added after 24 h. Cell pro-
liferation was examing by a cell counting kit assay (CCK-
8, 40203ES; Yeasen Biotech, Shanghai, China) according
to the manufacturer’s protocol. After incubating with the
CCK-8 reagent for 30 min at 37 °C, the medium of each
group was measured using a microplate reader (Biotek Syn-
ergy H1; Thermo Scientific, Waltham, MA, USA) at wave-
length of 450 nm.

A live/dead assaywas conducted to assess the cytotox-
icity of the scaffolds. SD-BMSCs (1× 104) were seeded in
24-well plates; the material extract medium was added af-
ter 24 h; the cells were stained with calcein-acetoxymethyl
ester (AM) and propidium iodide (PI) following the manu-
facturer’s protocols (C2015S; Beyotime, Shanghai, China);
and the live/dead cells were visualized under a confo-
cal laser scanning microscope (CLSM, FV3000; Olympus,
Tokyo, Japan).
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In Vitro Angiogenesis
A scratch assay was performed to evaluate the ef-

fects of the extract on endothelial cell function. HUVECs
were trypsinized and seeded in 12-well plates with 1 mL
of serum-free medium per well. The center of each well in
the 12-well plate was scratched with a 200-µL pipette tip,
observed, and photographed under an optical microscope.
Different extraction media were subsequently added. After
24 h, cell healing in each group was observed using an opti-
cal microscope and documented with photographs. ImageJ
software (1.8.0; NIH, Bethesda, MA, USA) was utilized to
calculate the scratch area, with the cell migration rate of the
control group set as 100 % to calculate the migration rates
of the test groups.

A tube-formation assay was performed to evaluate the
tube-formation capacity of the material extract media in
vascular endothelial cells. Cells (2 × 105) were plated
onto a 12-well plate on a reconstituted basement membrane
(Low Growth Factor Matrigel; 356230; BD Biosciences,
San Jose, CA, USA), and endothelial cell-tube over 6–8 h
after cell seeding was observed and photographed under an
inverted microscope. The number, nodes, and branches of
angiogenesis were analyzed using ImageJ software.

In Vitro Osteogenesis Study
SD-BMSCs were seeded on a 12-well plate, and

osteogenic differentiation was induced by culturing with
osteogenic medium (Cyagen, RAXMX-90021; Suzhou,
China) mixed 1:1 with the extracts of the microporous scaf-
folds. The culture medium was replaced every three days.
After approximately eight days, the cells in the various
groups were fixed in a 4 % paraformaldehyde solution and
stained using an alkaline phosphatase (ALP) staining kit
(Beyotime, P0321S; Shanghai, China). The stained cells
were observed under a light microscope (Olympus, IX70;
Tokyo, Japan) and analyzed using ImageJ 1.8.0.

In Vitro Responses of Macrophages
RAW264.7 cells were seeded onto 35-mm confocal

dishes at a density of 1 × 103 cells and maintained in
DMEM with 10 % fetal bovine serum and 1 % peni-
cillin/streptomycin at 37 ℃. This medium was mixed with
extracts of the microporous scaffolds in a 1:1 ratio and re-
freshed every two days. After two days, the cells were
fixed with 4 % paraformaldehyde, permeabilized using 0.1
% Triton-X100, and blocked with 5 % goat serum. After-
wards, the cells were co-incubated overnight at 4 °C with
primary antibodies against inducible nitric oxide synthase
(iNOS) (1:150 dilution, ab178945; Abcam, Cambridge,
UK), F4/80 (1:150 dilution, ab6640; Abcam), and mannose
receptor (CD206) (1:150 dilution, ab300621; Abcam). An
additional 1-hour incubation at room temperature was per-
formed using Alexa Fluor 488 goat anti-rabbit (1:1000 di-
lution, ab150077; Abcam) and Alexa Fluor 594 goat anti-
rat (1:1000 dilution, ab150160; Abcam) antibodies. Subse-

quently, the cells from the various groups were stained with
4’,6-diamidino-2-phenylindole and covered with a cover-
slip. Immunofluorescence of the cells was assessed via a
CLSM (FV3000; Olympus, Tokyo, Japan) and analyzed
with ImageJ 1.8.0 software.

Flow cytometry was utilized to evaluate the
RAW264.7 macrophages. The RAW264.7 cells were
seeded in 6-well plates at a density of 1 × 105 cells/well.
The medium was mixed in a 1:1 ratio with extracts of
the microporous scaffolds and refreshed every two days.
After two days, the harvested cells were washed with PBS
to remove the culture medium. The cells were stained
with phycoerythrin (PE)-linked anti-F4/80 (12-4801-82;
eBioscience, San Diego, CA, USA) and Alexa Fluor
488-linked anti-CD206 (53-2061-82; eBioscience) for 1
h at room temperature. Stained cells were washed with
and resuspended in PBS. Flow cytometry was performed
using the Navio device (B47903; BECKMAN COULTER,
Navios, Brea, CA, USA), and the results were analyzed
using ImageJ software (1.8.0; NIH, Bethesda, MA, USA).

Implantation of Microporous Scaffolds in Rat Cranial
Defects

The Guangdong Provincial Experimental Animal
Center supplied eighteen male Sprague-Dawley rats. The
subjects were male Sprague-Dawley rats, 8 weeks old, and
weighing 250–300 g. The rats were kept in the environment
within a temperature of 21 °C ± 2 °C and 12 h light/dark
cycle. They were provided with free access to food and wa-
ter. To establish the cranial defect model, the rats were in-
traperitoneally anesthetized with pentobarbital sodium (60
mg/kg), and the dorsal cranium was exposed. A high-speed
drill with a trephine burr was utilized to make a 5-mm-
diameter defect. Saline was used to flush each defect for
removing bone debris, followed by the implantation of the
scaffolds. Eighteen male Sprague-Dawley rats were ran-
domly assigned into three groups: empty-defect group (n =
6), TCP/Col group (n = 6), and TCP/Col/NPY microporous
scaffold group (n = 6). Subsequent to the implantation of
the biomaterials, the soft tissues were sutured using skin
staples, and the rats were allowed to perform free activity
in the cages. At 30 and 60 d, three rats in each group were
euthanized.

Micro-Computed Tomography Scan

Whole-cranial samples of Sprague-Dawley rats were
scanned using micro-computed tomography (micro-CT;
µCT100; SCANCO Medical AG, Brüttisellen, Switzer-
land). The scanning parameters were as follows: voltage,
70 kV; current, 200 µA; 0.5 mm aluminum foil filter; scan
angle, 180°; rotation step length, 0.18°; scan voxel size,
17.2 µm; 2048 × 2048 × 400. Three-dimensional (3D) re-
construction of the two-dimensional (2D) (Skyscan CTAn,
Bruker, Kontich, Belgium) images obtained after scanning
was performed using SCANCO µCT Evaluation Program
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V6.6. During reconstruction, a bone gray threshold value
of 220–450 was selected using the software, and the mi-
croporous scaffold at the defect was removed (microporous
scaffold gray value >450).

Hematoxylin and Eosin and Masson Staining
A 10 % ethylenediaminetetraacetic acid (EDTA) so-

lution (Solarbio, E1171, Beijing, China) was used to de-
calcify the cranial specimen, and the solution was replaced
with a new 10 % EDTA solution every two days. One
month later, all cranial specimens were embedded in paraf-
fin and sectioned at 5 µm. After dewaxing and dehydra-
tion, hematoxylin and eosin (H&E) andMasson’s trichrome
stainingwere executed in accordancewith protocols. Histo-
logical slides were scanned (20×) using Pannoramic SCAN
II (3DHISTECH, SCAN II; Budapest, Hungary). Images
of the scanned stained slides were obtained using the Ca-
seViewer system (v2.0.X; 3DHISTECH, Budapest, Hun-
gary).

Immunohistochemical Analyses
The samples were embedded in paraffin and sec-

tioned at 5 µm, as described previously. After deparaf-
finization and dehydration, the Histostain-Plus IHC Kit
(859043; Invitrogen, New York, NY, USA) was used for
immunohistochemical staining. The experiments were per-
formed according to the manufacturer’s protocol. Histolog-
ical slides were scanned (20×) using Pannoramic SCAN II
(3DHISTECH, Budapest, Hungary). Images of the scanned
stained slides were analyzed using the CaseViewer sys-
tem (3DHISTECH, Budapest, Hungary). ImageJ software
was used to analyze and calculate the percentage of the
area covered by cells showing positive signals for Runx2
(8486S; CST, Danvers, MA, USA), osteocalcin (OCN;
ab111250; Abcam, Cambridge, UK), CD80 (ab134120,
Abcam, Cambridge, UK), CD206 (24595; CST, Danvers,
MA, USA), and platelet-derived growth factor-BB (PDGF-
BB; ab21234; Abcam, Cambridge, UK).

Statistical Analyses
Experimental data were statistically analyzed using

SPSS 24.0 (IBM Corp., Armonk, NY, USA). Data were
tested for normality distribution using D’Agostino and
Pearson normality testing. The statistical significance of
the differences between two groups was evaluated using
Student’s t-test. The data were presented as the mean ±
standard deviation (SD), and p < 0.05 indicated that the
difference was statistically significant.

Results
Characteristics of the NPY Microporous Scaffold

SEM images showed that the microporous scaffolds
retained the interconnected pore structure of TCP. As
shown in Fig. 2A, due to the loading of collagen I,
the TCP/Col and TCP/Col/NPY scaffolds were relatively

smooth. Fourier-transform infrared (FTIR) analysis pro-
vided further insights into the chemical functional groups
on the sample surfaces. All samples exhibited distinct ab-
sorption bands at 3570, 1644, and 1544 cm−1, which corre-
sponded to vibrational modes of -OH, C=C, N=O. In con-
trast, NPY presented characteristic peaks at 1644 and 1544
cm−1, which were respectively related to C=C and N=O.
The results for the TCP/Col/NPY scaffolds revealed addi-
tional absorption bands at 1644 and 1544 cm−1, represent-
ing C=C and N=O (Fig. 2C). These results suggested suc-
cessful integration of NPY into the microporous scaffolds.

The mechanical assessments indicated that the stress-
strain curve was essentially consistent across the three
groups, and collagen I and NPY loading did not change the
mechanical properties of the β-TCP scaffold (Fig. 2D).

Release Rate of NPY
To explore the release rate of NPY from the

TCP/Col/NPY microporous scaffold, we first determined
the total drug loading of NPY in the TCP/Col/NPY mi-
croporous scaffold using ELISA. The average drug load-
ing on each 10-mg scaffold sample was 321.76± 30.58 pg.
ELISA was then performed to detect the concentration of
NPY released from the TCP/Col/NPY microporous scaf-
fold in the PBS solution at 12 h, 24 h, 2 d, 3 d, 4 d, 5 d, 7
d, 10 d, and 15 d, and the cumulative release rate of NPY
was calculated. These results showed that NPY was com-
pounded by the TCP/Col scaffold and released continuously
for 20 days in an aqueous solution. The cumulative release
rate at 10 d was 63.70 % ± 3.98 %, and that at 20 d was
87.62 % ± 5.57 % (Fig. 2E).

Biocompatibility with the Microporous Scaffold
Although the concept is somewhat controversial, bio-

compatibility refers to the successful interaction between
living biological tissues and nonliving materials. To ex-
plore the cytotoxicity of the microporous scaffold, SD-
BMSCs were incubated onto the microporous scaffolds.
Subsequent to a 48-hour period, the majority of cells that
had adhered to different scaffolds were viable, and the cells
exhibited a stretched morphology on SEM images (Fig.
2B). Calcein-AM/PI staining indicated that BMSCs under-
went robust proliferation on the cell plates, and most of the
cells were alive (green stain), with a few dead cells (red
stain) from days 1 to 3 (Fig. 2F). The survival rate did
not differ significantly among the groups (p > 0.05) (Fig.
2H). Furthermore, the CCK-8 assay showed that cells pro-
liferated in all groups. In particular, the TCP/Col/NPY mi-
croporous scaffolds effectively promoted cell proliferation
(Fig. 2G). This finding indicated that the biocompatibility
of these microporous scaffolds was excellent.
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In Vitro Angiogenic Behavior
Angiogenesis plays a critical role in the regeneration

of bone defects. In this study, the effectiveness of micro-
porous scaffolds in stimulating angiogenesis was assessed
using tube-formation and HUVEC-migration assays. In
the tube-formation assays, the TCP/Col/NPY group outper-
formed the other three groups in both the number of nodes
and total length (p < 0.05) (Fig. 3B,E,F). Moreover, the
HUVEC-migration tests indicated that cells migrated more
rapidly in the TCP/Col/NPY group at both 24- and 48-h in-
tervals in comparison with the other groups (p< 0.05) (Fig.
3A,D). These results demonstrate that the TCP/Col/NPY
microporous scaffold could effectively promote angiogen-
esis.

In Vitro Osteogenic Behavior
The osteogenic capacity of the microporous scaffolds

is of great significance for bone regeneration materials.
Neuropeptide Y (NPY) has been demonstrated to pro-
mote the migration and osteoblastic differentiation of mes-
enchymal stem cells (MSCs) and accelerate fracture heal-
ing. In our study, on day 8, SD-BMSCs showed ALP-
positive staining in all groups; however, the TCP, TCP/Col,
and TCP/Col/NPY groups exhibited stronger ALP staining
compared to the control group (p < 0.05). No significant
differences in expression were observed among the TCP,
TCP/Col, and TCP/Col/NPY groups (p> 0.05; Fig. 3C,G).

Inflammatory Response of Macrophages
Polarized macrophages are classified as either M1 or

M2 cells, according to the T helper cell 1/2 (Th1/Th2)
nomenclature. In our study, the immunomodulatory ability
of the microporous scaffold was assessed using RAW264.7
cells, which were cultured in extracts derived from the
scaffolds for 48 h. CD206 is a maker indicative of
the anti-inflammatory M2 phenotype, and immunofluores-
cence staining for CD206 showed a significant predom-
inance of M2 macrophages in TCP/Col/NPY group than
in the TCP and TCP/Col groups (p < 0.05; Fig. 4A,D).
Moreover, the expression level of iNOS, a marker for the
pro-inflammatory M1 macrophage phenotype, remained
low in three scaffolds groups compared to lipopolysac-
charides (LPS) groups (Fig. 4B,E), indicating that none
of the scaffolds elicited a substantial inflammatory re-
sponse. Furthermore, flow cytometry analysis showed that
the macrophages in the TCP/Col/NPY scaffold group up-
regulated CD206 expression (Fig. 4C,F). These results sug-
gest that the TCP/Col/NPY scaffold has the intrinsic ability
to re-culture macrophages from the M0 to the M2 pheno-
type.

TCP/Col/NPY Microporous Scaffold Promotes Repair of
Cranial Defects in Sprague-Dawley Rats

In the rat defect model, at 30 d, micro-CT scanning
revealed almost no bone formation in the control group,

whereas the TCP/Col group showed a small amount of
bone formation at the edge of the bone defect, and the
TCP/Col/NPY group showed a larger amount of bone for-
mation. At 60 d, the cranial defects were largely repaired
in the TCP/Col/NPY group, whereas the TCP/Col group
showed significantly less new bone. Continuous bone for-
mation was not observed in the empty-defect group (p <

0.05; Fig. 5A). At both 30 and 60 d, the bone volume
(BV)/total volume (TV) and new bone formation area in the
TCP/Col/NPY group were significantly higher compared to
the other groups (p < 0.05; Fig. 5B–D).

After 30 d, H&E and Masson staining indicated that,
within the control group, the bone defect was filled with
soft connective tissue, and no bone structure formation was
observed. However, in the TCP/Col/NPY group, more new
bone was observed in the scaffolds. At 60 d, these differ-
ences were even more pronounced (Fig. 6A). At 30 d, im-
munohistochemical staining showed that in the connective
tissue surrounding the new healing bone, the Runx2/OCN
protein ratio in the TCP/Col/NPY group was significantly
higher than that in the TCP/Col and control groups (p <

0.05). At 60 d, these differences were even more signifi-
cant (p < 0.05; Fig. 6B–D).

NPY Microporous Scaffold Promoted the Expression of
PDGF-BB and Molecules Associated with M2-Type
Macrophages

At day 30, PDGF-BBwas highly expressed in both the
TCP/Col and TCP/Col/NPY groups, and PDGF-BB expres-
sion gradually increased over time (p < 0.05). The expres-
sion levels of CD80 and CD206 were high at 30 d and low
at 60 d in the TCP/Col and TCP/Col/NPY groups. How-
ever, after 60 d, the CD80 expression in the TCP/Col/NPY
group was significantly reduced than that in the TCP/Col
group (p < 0.05). The CD206/CD80 ratio increased from
day 30 to 60. A significantly elevated CD206/CD80 ratio
was observed in the TCP/Col/NPY group compared to other
groups (p < 0.05; Fig. 7A–D).

Discussion
Bone regeneration is a complex physiological process

that involves immune responses, angiogenesis, osteogene-
sis, and other steps [20,21]. Bone regeneration is related to
nerve and blood vessel regeneration [22]. Study has shown
that innervation of bone defects offers great potential for se-
quential regulation of the bonemicroenvironment. Early in-
nervation of the bone-defect area is essential for bone heal-
ing progression from inflammation to fibrovascular phase.
During the fibrovascular phase of bone healing, nerve re-
generation exhibits a strong correlation with angiogenesis
in bone healing [23].

Neurotransmitters and neuropeptides such as vasoac-
tive intestinal peptide, substance P, calcitonin gene-related
peptide, and NPY are involved in bone regeneration [24,
25]. The mechanisms of action of neurotransmitters and
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neuropeptides remain unclear and may be related to angio-
genesis during bone healing. NPY is principle regulators
of bone homeostasis and plays a crucial role in bone home-
ostasis [26]. NPY expression shows an increasing trend
throughout the fracture-healing process. NPY levels are
elevated in the initial stages of fracture, and during this
phase [27], NPY is mainly involved in inflammatory re-
actions and callus formation related to fracture hematoma
[28]. During the inflammatory phase, NPY can activate
the receptors of immune cells, including white blood cells,
antigen-presenting cells, andmacrophages [29]. In themid-
dle and late stages of fracture, NPY is mainly involved
in the regulation of bone remodeling. Paradoxically, sev-
eral studies have found that low dosages of NPY promote
the osteogenic differentiation and mineralization of BM-
SCs, whereas a high NPY concentration exerts the oppo-
site effect [30,31]. In this study, we combined low doses
of NPY (10−9M) with β-TCP/collagen I to explore the ef-
fect of the NPY microporous scaffold on bone-defect re-
pair. Firstly, the micropore diameter of the TCP/Col/NPY
scaffold was 150–300 µm, which was conducive to the en-
try of cells and the growth of tissues [32]. FTIR analy-
sis of the TCP/Col/NPY scaffolds showed additional ab-
sorption bonds at 1644 and 1544 cm−1 in comparison with
the other groups, indicating successful integration of NPY
into the microporous scaffold. The mechanical tests did
not show significant differences among the groups (p >

0.05). In vitro analyses showed that NPY was being re-
leased slowly from the TCP/Col/NPY scaffold, and the
slow release was sustained for 20 days, with a cumula-
tive release rate of 87.62 % ± 5.57 % at 20 days. The
SD-BMSCs grew normally in the extract medium of the
TCP/Col and TCP/Col/NPY groups. The CCK-8 cytotox-
icity experiments showed that the TCP/Col/NPY microp-
orous scaffold and TCP/Col were not cytotoxic. These re-
sults demonstrated that TCP/Col/NPY exhibits good bio-
compatibility.

In vivo, the TCP/Col/NPY group showed greater new
bone formation at 30 and 60 d (p < 0.05) in the micro-
CT scans. H&E and Masson staining revealed more new
bone in the TCP/Col/NPY scaffold at 30 and 60 d (p <

0.05). Micro-CT and histopathological analyses suggested
that NPY promoted new bone formation. These results
were confirmed by the results of the immunohistochemical
analyses. Runx2 and OCN are important markers of osteo-
genesis [33]. We detected Runx2 and OCN proteins in the
connective tissue around the new bone undergoing bone re-
modeling in the microporous scaffold. The positivity rates
of Runx2 and OCNwere higher in the TCP/Col/NPY group
(p < 0.05), consistent with the results for the NPY microp-
orous scaffolds promoting bone formation.

However, these results contradicted with the un-
changed ALP staining observed in vitro, suggesting that
NPY is not directly responsible for the stronger osteogenic
effect. Thus, NPY may promote osteogenic repair through

other possiblemechanisms. In vitro, TCP/Col/NPY showed
greater angiogenesis-promoting activity than the other scaf-
folds in the tube-formation and HUVEC-migration assays.
PDGF-BB is an important marker of tissue vascular regen-
eration [34]. Traditionally, vascular regeneration is closely
associated with bone tissue regeneration. The presence of
vascular regeneration in the scaffold indicated greater re-
generative activity of the scaffold material. In this study,
we found that the expression of PDGF-BB significantly in-
creased in the TCP/Col/NPY group at 30 and 60 d. The
promotion of local bone regeneration by NPY may be re-
lated to the promotion of angiogenesis in the scaffolds.

Macrophages play key roles in bone healing [35].
Macrophages are heterogeneous and plastic and play key
roles in maintaining homeostasis and immune regulation.
Macrophages can undergo M1 (pro-inflammatory) and M2
polarization (pro-healing), which play important roles in
regulating the homeostasis of the tissue environment [36].
Among these, M2-type macrophages show good bone re-
construction and repair functions around the implant ma-
terial, and can promote bone healing [37]. In this study,
themarkers ofmacrophageM1/M2 polarizationwere CD80
and CD206. In vitro, CD206 expression in RAW264.7 cells
in the TCP/Col/NPY scaffold group was higher than that in
the TCP and TCP/Col groups (p < 0.05). The proportion
of M2 macrophage-polarized cells in the TCP/Col/NPY
scaffold group was not significantly different from that
in the interleukin-4 (IL-4)-induced positive control group.
Meanwhile, iNOS levels were different among the three
groups (p > 0.05). The results of the in vitro experi-
ments predicted that NPY could promote M2 polarization
of macrophages and had no effect on M1 polarization. In
vivo, both CD80 and CD206 levels increased at 30 d and de-
creased at 60 d in the TCP/Col and TCP/Col/NPY groups
(p < 0.05). However, the TCP/Col/NPY group showed
higher levels of CD206 at 90 d (p < 0.05). Moreover,
the CD206/CD80 ratio in the TCP/Col/NPY group was
higher (p< 0.05). The results showed that the positive rate
of M2-type macrophages in the TCP/Col/NPY group was
higher, consistent with in vitro experiments. Thus, both in
vivo and in vitro experiments demonstrated that NPY has a
macrophage M2 polarization-promoting effect.

The TCP/Col/NPY microporous scaffold promoted
both vascular regeneration and macrophage M2 polar-
ization, but the link between vascular regeneration and
macrophage M2 polarization remains unclear. The mech-
anisms underlying the actions of neurotransmitters in the
osteogenic microenvironment are complex. Although pre-
vious research has mainly focused on promoting osteoblast
differentiation, these results demonstrate that osteoblasts
may promote osteogenesis through immune cell regulation
and vascular regeneration. However, we found that the neu-
rotransmitter NPY does not directly induce bone differenti-
ation, and its osteogenesis-promoting effect, which may be
initiated with NPY recruitment of macrophage M2 polar-
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ization that may secrete vascular endothelial growth factor
(VEGF) and promote blood vessel regeneration [38]. Then,
macrophage M2 polarization promotes vascular regenera-
tion and osteogenesis, but the mechanism needs to be fur-
ther confirmed.

This study has several limitations that should be ad-
dressed in future research. As a neurotransmitter, NPY
may exert biological effects beyond promoting osteogen-
esis, and its metabolic pathways in the body require further
clarification. Future studies should also focus on develop-
ing bone repair materials capable of locally sustaining low-
dose NPY release to enhance osteogenesis. In this study,
NPY was shown to induce M2 macrophage polarization,
leading to VEGF secretion and stimulation of angiogenesis.
Nevertheless, the precise osteogenic mechanisms of NPY
remain to be elucidated.

Conclusions
This study demonstrated that the TCP/Col/NPY mi-

croporous scaffold exhibits excellent histocompatibility
and osteoinduction. In vitro, the TCP/Col/NPY microp-
orous scaffold exhibited controlled release of NPY with
no cytotoxicity. The TCP/Col/NPY microporous scaffold
also exhibited excellent osteoinduction in vivo. In addi-
tion, more M2 macrophages were aggregated in the bone
reconstruction tissue with the TCP/Col/NPY microporous
scaffold. The TCP/Col/NPY microporous scaffold may be
more conducive for recruiting M2-type macrophages into
the scaffold or inducing M2 polarization of macrophages
in the scaffold. The TCP/Col/NPY microporous scaffold
also promoted vascular regeneration during bone repair.
Thus, this scaffold shows potential as an artificial bone ma-
terial that can be used for clinical bone-defect repair. How-
ever, the relationship between vascular regeneration and
macrophage M2 polarization requires further investigation.
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