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was employed to prepare a polycaprolactone (PCL)-based integrated scaffold. Within
the voids of 3D printed PCL scaffold, a methacrylate gelatin (GelMA)/ methacrylated
silk fibroin (SEMA) composite hydrogel incorporated with parathyroid hormone
(PTH) peptide-loaded mesoporous silica nanoparticles (PTH@MSNs) was embedded,
evolving into a porous PTH@MSNs/ GelMA/SEMA/ PCL (PM@GS/ PCL) scaffold.
The feasibility of fabricating this functional scaffold with a customised hierarchical
structure was confirmed through meticulous chemical and physical characterisation.
Compression testing unveiled an impressive strength of 17.81 + 0.83 MPa for the
composite scaffold. Additionally, in vitro angiogenesis potential of PM@GS/PCL
scaffold was evaluated through Transwell and tube formation assays using human
umbilical vein endothelium, revealing the superior cell migration and tube network
formation. The alizarin red and alkaline phosphatase staining assays using bone
marrow-derived mesenchymal stem cells clearly illustrated robust osteogenic
differentiation properties within this scaffold. Furthermore, the bone repair potential
of the scaffold was investigated on a rat femoral defect model using micro-computed
tomography and histological examination, demonstrating enhanced osteogenic and
angiogenic performance. This study presents a promising strategy for fabricating a
microenvironment-matched composite scaffold for bone tissue engineering, providing
a potential solution for effective bone defect repair.
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The healing of large segmental bone defects
remains a complex and formidable medical
challenge."” > These defects can have diverse
origins such as trauma, tumour resections,
infection, or congenital abnormalities.*® It’s
imperative to repair large segmental bone
defects to reinstate the structural integrity and
functionality of the affected limb or region.
Owing to ongoing advancements in orthopaedic
technology, a plethora of techniques have
emerged for crafting bone scaffolds that precisely
fulfil distinct requirements. Such techniques
encompass electrospinning,® solvent casting,” gas
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foaming,® freeze-drying,” and three-dimensional
(3D)  printing.® Among aforementioned
methods, 3D printing, also referred to as additive
manufacturing, has gained prominence.'’ 3D
printing technology offers significant potential in
bone tissue engineering because of its exceptional
capabilities in crafting highly
intricate designs, enabling rapid prototyping, and

fabricating multifunctional scaffolds that facilitate
12,13

customised,

tissue regeneration and seamless integration.
In 3D printing, various biomaterials, including
polymers, bioceramics, metals, and composites,
are utilised with the selection based on specific
criteria for the intended use of 3D-printed
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products.'* "> These criteria encompass the desired mechanical
properties, biocompatibility, degradation rate, and the capacity
to support cell growth thus promoting tissue regeneration.'®
Polycaprolactone (PCL) has been a frequently employed
polymer with biodegradable and biocompatible properties in
3D printing for bone tissue engineering."”"'* While PCL offers
numerous advantages, it’s essential to recognise that it lacks
inherent bioactivity, potentially impeding early vascularisation
and diminishing osteogenic activity in the context of bone
repair.”’ Therefore, an applicable PCL-based bone repair
material should overcome some limitations of conventional
bone scaffolds and possess the ability to induce vascularisation
and bone regeneration.

New blood vessel formation is pivotal for tissue growth, wound
healing, and organ development.*! Vascularisation is crucial for
maintaining tissue health, supporting growth and development,
healing injuries, and enabling various physiological processes
to function correctly.” Researchers have widely recognised the
critical role of angiogenesis in the intricate processes of bone
repair and regeneration.”* Blood vessels can offer provide
cells with oxygen and essential nutrients, and also contribute
to the deposition of vital extracellular matrix components.*
Notably, vascular endothelial growth factor (VEGF) acts
as a potent stimulator of vascularisation and is essential for
processes of neo-angiogenesis.” VEGF also has the ability
to accelerate bone regeneration by facilitating angiogenesis,
osteogenesis, and chondrogenesis, which ultimately leads
to the successful healing of bone injuries and fractures.?
VEGPF’s short half-life is a notable consideration.” Excessive
doses or uncontrolled administration can lead to pathological
angiogenesis. To address these concerns, several studies have
explored the use of functional peptides to induce angiogenesis
as an alternative to growth factors. Parathyroid hormone
(PTH) is a central hormone synthesised by the parathyroid
glands, modulating calcium and phosphate levels in the
body.*® PTH(1-34), composed of 1-34 amino acid sequence
of PTH, represents the active fragment governing PTH’s bone
remodelling activity.” By emulating the effects of naturally
occurring PTH, PTH(1-34) effectively stimulates osteogenic
differentiation of osteoblasts, thereby increasing bone mass.*
PTH(1-34) was clinically approved by U.S. Food and Drug
Administration for the treatment of osteoporosis in 2002
and as a topical pharmaceutical agent for addressing bone
defects. Studies have confirmed PTH’s pro-osteogenic, pro-
osteoclastogenic, and proangiogenic effects during bone defect
repair.®* Therefore, the integration of PTH(1-34) within a
customised scaffold offers a promising avenue for seamlessly
integrating angiogenic and osteogenic functionality in bone
repair.

3D printing technology presents a highly promising solution
for bone tissue engineering by allowing the construction
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of biomimetic bone implants with precise structures and
mechanical properties.®® ¥ In these 3D printed constructs,
biomaterials and growth factors are co-printed together to
form porous structures conducive to bone regeneration.
In the present study, a composite scaffold for load-bearing
bone repair was designed and fabricated using 3D printing
technology (Figure 1). PTH(1-34)-loaded mesoporous silica
nanoparticles (PTH@MSNs, denoted as PM) were first
fabricated and added into GelMA/SFMA composite hydrogel
(denoted as GS), and subsequently infused into the voids of
3D-printed PCL scaffold to form a PM@GS/PCL composite
scaffold.*®* Then, the physicochemical characteristics of
composite scaffolds were studied. The porous structure within
the composite scaffold offered a fundamental condition for
maintaining nutrients transport and facilitated cell migration
and growth. Cellular experiments confirmed that the PM@
GS/PCL scaffold enhanced the migration and recruitment of
human umbilical vein endothelial cells (HUVECs). Moreover,
the scaffold exhibited angiogenic and osteogenic activities as
evidenced by the tube formation of HUVECs and mineralised
matrix formation of bone marrow-derived mesenchymal
stem cells (BMSCs). Our experimental illustrated the PM@
GS/PCL scaffold’s ability to promote bone regeneration after
implantation. This provides a promising idea for constructing
engineered implants to treat load-bearing bone defects.

Methods

Preparation of PM@GS/PCL scaffolds

Preparation of MSNs and PMs

The MSNs were synthesised according to a previously
established method.”” In a flask, 24 mL of hexadecyltrime
thylammonium chloride (Sigma-Aldrich Trading Co., Ltd.,
Shanghai, China) and 0.18 g of triethanolamine (Sigma-Aldrich
Trading Co., Ltd.) were dissolved in 36 mL of distilled water
at 60°C with gentle stirring. Subsequently, 20 mL of tetraethyl
orthosilicate (Sigma-Aldrich Trading Co., Ltd.) dissolved
in cyclohexane (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) was added drop by drop. The solution was
stirred continuously at 60°C for a time duration of 60 hours.
Upon synthesis completion, the samples were harvested and
centrifugated at 11,964 x g for 60 minutes and purified with
ethanol (Sinopharm Chemical Reagent Co., Ltd.). The residual
surfactant was eliminated by immersing the samples in a
solution composed of ethanol and NaCl at 80°C for 12 hours.
Following that, surfactant-free MSNs were obtained through
the second round of centrifugation, and the resulting freeze-
dried powder was employed for further experimentation. The
fluorescein isothiocyanate-labelled MSNs were also prepared
according to the protocol.”’

To load PTH(1-34) (hereafter referred to as PTH), 1 mg of
PTH (Medchem Express, Shanghai, China) was added into 10
mL of phosphate-buffered saline (PBS; Beyotime Institute of
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Figure 1. Schematic illustration of the construction of PM@GS/PCL composite scaffold and the process of promoting
bone regeneration in a rat femoral defect model. 3D: three-dimensional; GelMA: methacrylate gelatin; MSNs:
mesoporous silica nanoparticles; PCL: polycaprolactone; PM: PTH@MSNs; PM@GS/PCL: PTH@MSNs/GelMA/
SFMA/PCL; PM@GS: PTH@MSNs/GelMA/SFMA; PTH: parathyroid hormone (1-34); PTH@MSNs: PTH-loaded

MSNSs; SFMA: methacrylated silk fibroin.

Biotechnology, Shanghai, China) to obtain a PTH solution.
Following this, 0.1 g of MSNs was mixed with the PTH solution
and stirred for 24 hours. The resulting products were obtained
via centrifugation, and PTH concentration in the supernatant
was determined using a PTH enzyme linked immunosorbent
assay kit (Medchem Express). The loading content of PTH was
calculated from the measured result.

Preparation of PM@GS and PM@GS/ PCL scaffolds

GelMA and SFMA were synthesised as described previously.*
GelMA and SFMA were separately dissolved in deionised
water to get the solution and maintained at 40°C for subsequent
use. Then, GelMA solution (10% w/v) and SFMA solution
(20% w/v) were mixed in equal proportions, and 0.5% (w/v)
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (Sigma-
Aldrich Trading Co., Ltd.) was gently added under stirring,
taking care not to expose the mixture to light. This yielded a
GelMA/SFMA solution, which remains in a liquid state at low
temperatures (20°C) and can be crosslinked using visible light
at 405 nm. The MSNs and PM nanoparticles were incorporated
into the GelMA/SFMA hydrogel precursor to produce M@GS
and PM@GS scaffolds.

PCL scaffolds were fabricated using a 3D printer (MAM-
II FreeForm Fabrication System, Fochif Mechatronics
Technology Co. Ltd., Shanghai, China). Uniform PCL spherical
particles (average Mn ~45,000; Sigma-Aldrich Trading Co.,
Ltd.) were loaded into a stainless-steel barrel, heated to 70°C
for 1 hour, and extruded at 70°C through a nozzle (0.33 % 0.02
mm) at a constant extrusion speed of 0.002 mm/s using a screw
mechanism. The nozzle moved at a speed of 6 mm/s during
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printing when using the designed model prepared by CAD
software (version 2021; Autodesk, San Francisco,CA, USA).
The distance between the microfilaments was controlled at 600
pm, and the scaffold was constructed by depositing filaments
with a step angle of 90° and a thickness of 0.33 mm between
successive layers. The injectable GeIMA/SFMA hydrogel, M@
GS hydrogel and PM@GS hydrogel were prepared and injected
into the voids of the PCL scaffolds. The composites were
maintained at 4°C for 1 hour and subsequently crosslinked
using visible light. Finally, the GS/PCL, M@GS/PCL and
PM@GS/PCL scaffolds were obtained and subjected to freeze-
drying for 48 hours.

Characterisation of MSNs and scaffolds

The morphologies of MSNs and various scaffolds were
observed through a scanning electron microscope (S-4800,
Hitachi, Japan), and the microstructure of MSN's was examined
using a transmission electron microscope (2100, JEM, Tokyo,
Japan). Attenuated total reflectance-Fourier transform infrared
spectroscopy was conducted on a Nicolet 6700 spectrometer
(Thermo Fisher, Walyham, MA, USA). The particle size of
MSNs was measured with dynamic/static laser scattering
(DLS) equipment (BI-200SM, Brookhaven, New York, USA).
The surface area and pore size of MSNs were calculated
using Brunauer Emmett Teller and Barrett-Joyner-Halenda
methods by nitrogen adsorption-desorption measurement
on a Micromeritics Tristar I analyzer (Micromeritics,
V-Sorb 2800P, Norcross, GA, USA).* The zeta potential of
nanoparticles was detected using a Zetasizer Nano instrument
(ZS, Malvern, Worcestershire, UK). The weight loss of MSNs
and various scaffolds was monitored via thermogravimetric

71

Biomaterials Translational



Research Article

72

analysis employing a thermogravimetric analyser (TG209F1,
Netzsch, Selb, Germany) in a nitrogen atmosphere with a
heating rate of 10°C/min and a peak of 800°C. The wettability
of samples was studied by measuring the static water contact
angles at room temperature. For compression testing, PCL and
GS/PCL scaffolds were subjected to compression testing using
a universal test system (CMT4202, Jiehu, Shanghai, China).
The samples were compressed to a speed of 1 mm/min, and
the compressive strength was determined by analysing the
stress-strain curve. Six specimens were used in each test.

Invitro investigations

In vitro PTH release kinetics

To evaluate in vitro drug release, PTH was released from PM
and PM@GS/PCL in PBS (pH 7.4). Specifically, 1 mg of PM
and 30 mg of PM@GS/PCL, both containing PTH, were
placed in centrifuge tubes containing 2.0 mL of PBS. These
tubes were then shaken in a thermostatic shaker at 37°C with
a speed of 100 r/min. At various time points, the medium was
removed and replaced with the same volume of fresh medium.
The amount of released PTH were quantified using a PTH
enzyme-linked immunosorbent assay kit. All measurements
were performed in triplicate.

Animal procedures and cell culture methods

All animal procedures adhered to local animal welfare laws
and guidelines, as approved by the Animal Ethics Committee
of Donghua University (No. DHUEC-NSFC-2022-27, on
March 1, 2022). Sprague-Dawley rats (4-week-old, male, ~160
g, specific-pathogen-free grade, Shanghai SLAC Laboratory
Animal Co. Ltd., Shanghai, China, license No. SCXK (Hu)
2022-0004) were euthanised by cervical dislocation, and their
femurs and tibias were aseptically removed. Bone marrow was
collected, and BMSCs were isolated and cultured in Dulbeco’s
modified Eagle medium/nutrient mixture F-12 (Gibco Life
Technologies Co., Ltd.). The cell culture medium was changed
every 2 days.

HUVEGC:s sourced from the Orthopaedics Research Institute of
Zhejiang University (ordered from Cell Bank of the Chinese
Academy of Sciences, Shanghai, China) were cultured in
RPMI-1640 medium (Gibco Life Technologies Co., Ltd.).

Cell proliferation study

In this study, cell proliferation of BMSCs on the scaffold was
analysed using a cell counting kit-8 assay (Beyotime Institute
of Biotechnology). Sterilised PCL, GS/PCL and PM@GS/PCL
scaffolds were placed in 48-well plates and seeded with BMSCs
(2 x 10* cells per well). After culturing for 1, 3, and 5 days, the
medium was removed, and the scaffolds were washed with PBS.
Cell counting kit-8 working solution was added to each well and
incubated for 60 minutes. After incubation, the supernatant
was collected and transferred to 96-well culture plates, and
the absorbance was measured at 450 nm using a microplate
reader (Multiskan GO, Thermo, Waltham, MA, USA). For
visual observation of cell proliferation, BMSCs on the scaffold
surface were stained with Calcein-AM/PI (Beyotime Institute
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of Biotechnology), and observed and photographed using an
inverted fluorescence microscope (DMi8, Leica, Germany) on
days 1, 3, and 5. The internalisation of MSNs within BMSCs
was assessed using a confocal laser scanning microscope (LSM
700, Carl-Zeiss, Germany). After the cells were cultured with
fluorescein isothiocyanate-labelled MSNs or MSNs for 48
hours, Alexa Fluor 568 phalloidin (red) and 4',6-diamidino-2-
phenylindole (blue) were used to stain the cells and then the
fluorescence images were captured.

Transwell migration assay

HUVECs migration was assessed using a Transwell system
(Corning Costar, Cambridge, MA, USA) with an 8 pm
polycarbonate filter.*! Sterilised PCL, GS/PCL and M@GS/
PCL, and PM@GS/PCL scaffolds were placed in the lower
chamber of Transwell, followed by addition of 600 uL of
medium. Then 2 x 10* cells were seeded into the upper chamber.
After incubation for 24 hours, cells on the lower surface of
the membrane were fixed with 4% paraformaldehyde for 30
minutes, and stained with 1% crystal violet for 10 minutes.

In vitro assessment of angiogenic potential for PM@GS/
PCL scaffolds

To assess the angiogenic potential of the PM@GS/PCL scaffold
in vitro, we performed a Matrigel-based tube formation assay
using HUVEGCs. Scaffolds with a 10 mm-diameter were placed
in the 24-well plate (n = 3) and incubated with RPMI-1640
culture medium (fetal bovine serum-free medium) for 24
hours to obtain the extracellular fluid. HUVECs were grown
on Matrigel containing the scaffold extract solution. In brief,
Matrigel (Corning, Corning, NY, USA) was fixed on 48-well
plates with a volume of 100 pL per well and incubated at
37°C for 30 minutes. HUVECs (2 x 10* cells/well) were then
seeded on the Matrigel with the extract solution. After 6 and
24 hours of culture, the formation of tubular network was
observed and imaged using fluorescence microscope. Several
parameters (including total length, number of junctions,
number of meshes, and total mesh area) in high-power field
were quantified using ImageJ software (version 1.48, National
Institute of Health, Bethesda, MD, USA).#

Evaluation of alkaline phosphatase activity

BMSCs (1 x 10° cells) were seeded in an osteoinductive
medium consisting of 50 pg/mL ascorbic acid, 10 mM
B-glycerophosphate, 100 nM dexamethasone,
supplemented with an equal volume of extract solution.
After culturing for 7 and 14 days, cells were washed with
PBS and lysed using RIPA lysis solution (Beyotime Institute
of Biotechnology). The supernatant was collected following
centrifugation. Alkaline phosphatase (ALP) activity was
determined using an ALP detection kit (Beyotime Institute
of Biotechnology), and total protein content was assessed
using a BCA protein detection kit (Beyotime Institute of
Biotechnology). ALP activity in each sample was calculated
according to the manufacturer’s instructions. After 7 and 14
days of culture, the cells were treated with ALP staining and
imaged using a microscope.

and and
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Alizarin red S staining

The PM@GS/PCL scaffold’s capacity to stimulate the
formation of mineralised nodules in BMSCs was assessed using
an Alizarin red S (ARS) staining. Cells were cultured in an
osteoinductive medium containing the extract liquid for 14 and
21 days. After fixing with 4% paraformaldehyde for 20 minutes,
the cells were stained with a 2% ARS solution (Beyotime
Institute of Biotechnology). After a 30-minute incubation at
room temperature, excess ARS was discarded and washed with
distilled water. Images of calcium nodules were captured using
a digital camera and a microscope. To quantify the mineral
formation, each sample was incubated with 10% acetic acid
for overnight. The collected solution was then centrifuged to
obtain a supernatant, which was subsequently mixed with 10%
NH,-H,0. Finally, 100 uL of the supernatant was transferred to
a new plate. The absorbance was measured at 405 nm using a
microplate reader.

Gene expression analysis

To assess the extent of osteogenic differentiation in BMSCs
and angiogenic capacity in HUVECs cultured on each scaffold,
real-time polymerase chain reaction (RT-PCR) assay was
performed. Initially, BMSCs were seeded on different scaffolds
in six-well plates for 1 day. Subsequently, the medium was
changed with osteoinductive medium and cultured for 7 and
14 days. HUVECs were seeded on different scaffolds with
RPMI-1640 medium for 48 hours. Total cellular RNA was
harvested from cell pellets using Trizol reagent (Invitrogen,
USA) and converted into complementary DNA following
the standard protocol. The quantification of complementary
DNA was conducted using the SYBR Green qPCR Master
Mix (TaKaRa, Kyoto, Japan) on an RT-PCR system (Applied
Biosystems 7500, USA). RT-PCR was employed to test the
expression of osteogenesis-related markers, including runt-
related transcription factor 2 (Runx2), osteocalcin (OCN),
and osteopontin (OPN). The mRNA expression of VEGF
and platelet endothelial cell adhesion molecule-1 (CD31) in
HUVECs was analysed as markers for angiogenesis, with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
serving as a reference. The conditions of RT-PCR were used
as follows: initial denaturation at 95°C for 2 minutes, 40 cycles
of amplification at 95°C for 15 seconds and 62°C for 32 seconds.
The primer sequences are shown Additional Table 1.

Evaluation of bone defect repair

To evaluate the efficacy of various scaffold materials in bone
repair, the rat femoral condyle defect model was established.
The Sprague-Dawley rats (8-week-old, male, ~200 g, specific-
pathogen-free grade, Shanghai SLAC Laboratory Animal
Co. Ltd.) were randomky categorised into four groups (n =
6): PCL, GS/PCL, M@GS/PCL, and PM@GS/PCL groups.
Rats were intraperitoneally anaesthetised with 40 mg/kg
pentobarbital sodium. Circular full-thickness defects, with
a diameter of 3 mm, were surgically created on the femoral
condyle. Subsequently, cylindrical scaffolds (diameter: 3 mm,
height: 3 mm) from the four groups were implanted into the
defect sites. Following 4 and 8 weeks of implantation, the rats
were humanely euthanised, and their femoral condyles were
collected.

Biomater Transl. 2024, 5(1), 69-83

Bone formation within the defect area was evaluated utilizing
a micro-computed tomography (CT) scanner (SkyScan 1176,
Bruker). The ratio of new bone volume to total volume (BV/
TV), bone mineral density (BMD) and trabecular number (Tb.
N) were analysed using SkyScan CT analyser (software version
1.9.1; SkyScan, Belgium).

Bone tissue of femoral condyle embedded in paraffin was
sectioned into 5 pm thick slices for haematoxylin and eosin
staining and Masson’s trichrome staining as the guidelines
provided by the manufacturer (Servicebio, Wuhan, China).

For immunofluorescence analysis, vascular network around the
newly formed bone was assessed by staining for CD31 (1:200,
Servicebio, Cat# GB11063) following the manufacturer’s
instructions. Additionally, osteogenic activity around the new
bone tissue was assessed using antibodies against OCN (1:100,
Servicebio, Cat# GB11233) and OPN (1:500, Servicebio,
Cat# GB11500) using the manufacturer’s instructions.
4',6-Diamidino-2-phenylindole (Servicebio, Cat# G1012)
was used for nuclear staining according to the manufacturer’s
instructions. Briefly, each slice was incubated with 3%
bovine albumin for 30 minutes and the primary antibodies
for overnight at 4°C. Then the secondary antibodies (Cy3
conjugated goat anti-rabbit IgG (H + L), 1:300, Servicebio, Cat#
GB21303) were incubated at room temperature for 60 minutes
and rinsed with 0.01 M PBS for 5 minutes. The fluorescence
signal intensity was quantified using Image]J software.

Statistical analysis

All data are presented as the mean + standard deviation (SD)
and were analysed using GraphPad Prism 8.0.2 (GraphPad
Software, Boston, MA, USA, www.graphpad.com). The
statistical analysis was performed using one-way analysis
of variance followed by Tukey’s post hoc test. Statistically
significant differences between groups were indicated by P <
0.05.

Results

Preparation and characterisation of MSNs

The MSNs synthesised via the hydrothermal method displayed
a consistent size distribution and an organised arrangement,
as depicted from the transmission electron microscopy and
scanning electron microscopy results in Figure 2A, and B. The
nanoparticles of MSNs exhibited a homogeneous spherical
shape. Nitrogen adsorption-desorption results (Figure
2C) exhibited a classical type IV isotherm for the MSNs,
confirming their mesoporous nature. The specific surface area
was measured to be 269.3 m?/g by Brunauer-Emmett-Teller
method, and the pore size was calculated to be 7.2 nm by
Barrett-Joyner-Halenda method. DLS analysis indicated that
the hydrodynamic size of the MSNs and PM nanoparticles was
168.2 nm and 177.8 nm, respectively (Figure 2D). The average
zeta potential of PTH, MSNs, MSNs-NH,, and PM-NH, was
observed to be -11.8, -8.6, +8.7, and +3.0 mV, respectively
(Figure 2E), respectively, due to the presence of carboxyl
groups in PTH. DLS and zeta potential analyses confirmed the
successful loading of PTH into the MSNs.

73

Biomaterials Translational



Research Article

74

He, C,; et al.

A
B
350
5 3007¢! /
§ 250430 30 s
% 20 o4 9 B
2 2001302 j g — g o
= c
3 10f T TEERERS g g
® 1001 g 5™
o2t £ &
% 501 wrr® k N 10
s !
o 1 15
o=+ - X ; \ y
0 02 04 06 08 10 0 200 400 600 800 o RO \@*\W \w\“\l
Relative pressure (P/P,) Particle diameter (nm) \“6 <

Figure 2. Characterisation of MSNs and PMs. (A) TEM images of MSNs at various magnifications. Scale bars: 1 um
(left), 200 nm (middle) and 500 nm (right). (B) SEM images of MSNs at various magnifications. The nanoparticles of
MSNss exhibited a homogeneous spherical shape with mesoporous structure. Scale bars: 200 nm (left), 100 nm (middle)
and 50 nm (right). (C) The nitrogen absorption-desorption isotherm curves of MSNs and the pore size distribution
inside. (D) Size distribution of MSNs and PMs. (E) Zeta potential results of different samples. MSNs: mesoporous silica
nanoparticles; P: the equilibrium adsorption pressure of the gas; P: the saturated vapour pressure of the gas at the
adsorption temperature; PM: PTH@MSNs; PTH: parathyroid hormone (1-34); SEM: scanning electron microscope;

TEM: transmission electron microscope.

Fabrication and characterisation of composite scaffolds

From scanning electron microscope images of different
scaffolds (Figure 3A), PCL scaffolds have macroporous
structure, while GS/PCL and M@GS/PCL scaffolds were
obviously filled with GelMA/SFMA hydrogel. It is evident
that GelMA/SFMA hydrogel was integrated throughout the
gap of PCL scaffolds. Furthermore, spherical PM nanoparticles
were uniformly dispersed throughout the hydrogel matrix. The
successful loading of PTH within the MSNs and PM as well as
homogeneous blending within the PM@GS/PCL were further
validated by Fourier transform infrared spectrometer spectra,
respectively (Figure 3B). The Fourier transform infrared
spectrometer spectra of PM and PM@GS/PCL show that there
areabsorption peaksat 795 cm™ due to the stretching vibration of
the Si-O-Si bond. Additionally, thermogravimetric analysis was
utilised to assess the PTH loading in PMs and PM embedding in
PM@GS/PCL. After heating the nanoparticle powder, MSNs
exhibited 88.18% residual mass, while PMs showed 84.96%

weight loss, indicating the successful encapsulation of PTH
within the MSNs and PMs blend in M@GS/PCL (Figure 3C).
The mechanical curves of the composite scaffolds are displayed
in Additional Figure 1. The compressive strength of PCL and
GS/PCL scaffolds were 15.82 + 0.60 and 17.81 + 0.83 MPa,
respectively (Figure 3D). The water contact angles of PCL and
GS/PCL scaffolds measured were 96.6° and 71.9° respectively,
which demonstrated the exceptional hydrophilicity of GS/
PCL (Figure 3E). The improved hydrophilic property of the
composite scaffolds can be attributed to the incorporation of
hydrophilic GS hydrogel. Additionally, the in vitro release
kinetics of PTH from both PMs and PM@GS/PCL were
investigated (Figure 3F). From the release curves of PTH, it
was observed that the release of PTH from the scaffold could
last over a 21-day period. Obviously, the addition of PMs in
PM@GS/PCL scaffold could reduce the release rate of PTH
and would ensure the appropriate dose of PTH for biological
stimulation.
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Figure 3. Characterisation of composite scaffolds. (A) SEM images of PCL, GS/PCL and M@GS/PCL at various
magnifications and representative photographs of composite scaffolds. Scale bars: 300 um (upper), 200 pm (middle)
and 20 pm (lower). (B) ATR-FTIR spectra of MSNs and different composite scaffolds. (C) Thermogravimetric curves
of MSNs, PTH@MSNs and different composite scaffolds. (D) Compressive strength of PCL and GS/PCL scaffolds. (E)
Water contact angle of PCL and GS/PCL scaffolds. (F) The release curves of PTH from PTH@MSNs and PM@GS/
PCL in PBS. Data in D-F are presented as the mean + SD. ATR-FTIR: attenuated total reflectance-Fourier transform
infrared; GelMA: methacrylate gelatin; GS: GelMA/SFMA composite hydrogel; M@GS/PCL: MSNs@GelMA/SFMA/
PCL; MSNs: mesoporous silica nanoparticles; PBS: phosphate-buffered saline; PCL: polycaprolactone; PM: PTH@
MSNs; PM@GS/PCL: PTH@MSNs/GelMA/SFMA/PCL; PTH: parathyroid hormone (1-34); SEM: scanning electron

microscope; SFMA: methacrylated silk fibroin.

Biocompatibility and angiogenic activity of composite
scaffolds

To study the biocompatibility of PCL, GS/PCL, M@GS/
PCL, and PM@GS/PCL scaffolds, BMSCs were cultured
on these scaffolds for 1, 3, and 5 days, and then evaluated
using cell counting kit-8 and cellular staining assays.
Furthermore, the proliferation and morphology of BMSCs
on the scaffolds were examined with an inverted fluorescence
microscope after Calcein-AM/PI staining. As depicted in
the fluorescence images, the number of adhered cells on all
scaffolds was significantly increased with prolonged culture
time. (Figure 4A). On day 5, as compared to PCL and GS/
PCL scaffolds, more cells were observed on PM@GS/PCL
scaffold. Particularly remarkable was the ability of BMSCs to
effectively penetrate the gaps within the scaffold, a notable
accomplishment facilitated by the presence of GelMA/SFMA
hydrogel embedded within the interstices of PCL filaments.

Biomater Transl. 2024, 5(1), 69-83

Quantitative analysis of cells growth confirmed an obvious
increase in BMSCs over time (Figure 4B). After 5 days of
culture, the measured absorbance had risen approximately
threefold compared to the initial measurement on day 1.
Furthermore, while the optical densities of GS/PCL and M@
GS/PCL groups were higher than that of PCL group, no
significant difference in BMSCs proliferation can be observed
between the GS/PCL and M@GS/PCL groups. These findings
emphasize the supportive role of GelMA/SFMA hydrogel in
promoting BMSCs proliferation. After the BMSCs internalised
the nanoparticles, green fluorescence was observed from
fluorescein isothiocyanate-labelled nanoparticles within the
cytoplasm of BMSCs (Additional Figure 2).

To evaluate the in vitro recruitment capacity of the composite
scaffolds, HUVECs underwent a Transwell migration assay.
The results, shown in Figure 4C, demonstrate a compelling
outcome. After 24 hours of culture, the PM@GS/PCL group
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exhibited a substantial influx of HUVECs, whereas the other
three groups showed minimal cell migration. This underscores
the pronounced pro-recruitment effect of PTH released from
the scaffolds on HUVECs migration. The angiogenic potential
of the scaffolds was further assessed through an in vitro tube
formation assay employing HUVECs. Following 6 and 24 hours
of incubation, all groups exhibited varying degrees of tube
formation (Figure 4D). The primary capillary-like networks
were more pronounced after 24 hours of culture, while few
tube-like structures were observed after 6 hours of incubation.
Remarkably, the PM@GS/PCL group displayed a significantly
superior tubular network formation compared to the GS/
PCL and M@GS/PCL groups. Moreover, quantitative analysis

He, C.; etal.

using Image]J software to measure total length, the number of
junctions, the number of master segments, and the total master
area per high-power field at 6 and 24 hours (Figure 4E-H)
demonstrated obvious enhancement of all these parameters in
the PM@GS/PCL group compared to the other groups. These
results indicate that the PM@GS/PCL scaffold effectively
releases PTH, guiding cellular migration and facilitating the
formation of tubular structures. Moreover, PTH released from
PM@GS/PCL can significantly improve angiogenic related
genes (CD31 and VEGF) expression in HUVECs, suggesting
that the release of PTH could induce angiogenesis (Additional
Figure 3). Collectively, these results emphasize the exceptional
proangiogenic potential of PTH-loaded scaffolds.
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Figure 4. Impact of composite scaffolds on cell proliferation, migration and angiogenic activities. (A) BMSC proliferation
on various scaffolds using a fluorescence microscope on days 1, 3 and 5. Viable cells were stained with Calcein-AM
(green), while the dead cells were stained with PI (red). Scale bars: 500 pm. (B) Quantitative analysis of BMSCs
proliferation with different scaffolds on days 1, 3 and 5 by CCK-8 assay. (C) Transwell migration assay for HUVECs
at 24 hours using crystal violet staining. Scale bars: 500 pm. (D) Tube formation of HUVECs after 6 and 24 hours of
incubation. Scale bars: 100 um. (E-H) Quantitative assessment of angiogenic parameters, including total length, number
of junctions, number of meshes, and total mesh area. Data are presented as the mean * SD. *P < 0.05, **P < 0.01, ***P
< 0.001 (one-way analysis of variance followed by Tukey’s post hoc test). BMSC: bone marrow-derived mesenchymal
stem cell; CCK-8: cell counting kit-8; GS/PCL: GelMA/SFMA/PCL; GelMA: methacrylate gelatin; HUVEC: human
umbilical vein endothelial cell; M@GS/PCL: MSNs@GelMA/SFMA/PCL; MSNs: mesoporous silica nanoparticles;
PCL: polycaprolactone; PI: propidium iodide; PM@GS/PCL: PTH@MSNs/GelMA/SFMA/PCL; PTH: parathyroid

hormone (1-34); SFMA: methacrylated silk fibroin.
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Osteogenic activities of composite scaffolds

The impact of these scaffolds on osteogenic differentiation of
BMSCs was meticulously assessed through both quantitative
and qualitative analyses using ALP and ARS staining. The
ALP activity of BMSCs cultured with conditioned medium
from various scaffolds is depicted in Figure 5A. There was
color intensity on all scaffolds as the culture duration extended
from day 7 to day 14. By day 14, a significant color intensity
was observed on PM@GS/PCL scaffold group compared to
other three groups. Compared with PCL and GS/PCL groups,
the color intensities in the M@GS/PCL and PM@GS/PCL
groups was significantly higher. Correspondingly, quantitative
analysis corroborated these staining results, highlighting the
robust ALP staining consistently observed in the PM@GS/PCL
group at all time points (Figure 5C). Furthermore, after 14 and
21 days of induction, ARS staining of BMSCs was conducted
(Figure 5B). Both optical and microscopic images displayed
positive ARS staining outcomes across all groups. There was
color intensity on all scaffolds as the culture duration extended
form day 14 to day 21. However, significantly elevated
mineralised nodules deposition was observed in the M@GS/
PCL and PM@GS/PCL scaffolds groups on day 21, and PCL
and GS/PCL scaffolds groups no significant differences. The
highest level of mineralization, characterised by a quantitative
analysis, was evident in the PM@GS/PCL group (Figure 5D).
The effect of as-prepared scaffolds on osteogenic differentiation
of BMSCs was investigated by measuring the osteogenesis-
related genes expression using RT-PCR after 7 and 14 days of
culture. As shown in Figure 5E, the level of Runx2 expression
in PM@GS/PCL group was higher than those of other groups.
As displayed in Figure 5F, and G, the mRNA expression of
downstream osteogenic markers OCN and OPN genes were
also measured. It can be seen that the expression levels of OCN
and OPN genes in the PM@GS/PCL group were significantly
higher than those of other groups.

Radiographic assessment of bone regeneration in in vivo
study

To thoroughlyassess the in vivo osteogenic potential of different
scaffolds, a 3 mm of diameter and depth in the rat femoral
condyle defect, was created for implantation. As illustrated in
Figure 6A, reconstructed micro-CT images of newly formed
bone were captured at 4 weeks and 8 weeks of implantation.
After 4 weeks, minimal new bone formation with larger defect
areas, was evidently observed in the PCL scaffold and GS/PCL
scaffold groups, the M@GS/PCL and PM@GS/PCL scaffold
groups showed limited new bone formation at the defect sites.
At 8 weeks post-implantation, the defect areas had diminished
in all scaffold groups, accompanied by new bone formation
along the implant outlines. Remarkably, the defect region
in the PM@GS/PCL group had significantly contracted,
displaying a substantial fusion of new bone along the defect
rim, and it showed more new bone formation than PCL
scaffold, M@GS/PCL scaffold and GS/PCL scaffold groups.
The regenerated bone tissue area in the PM@GS/PCL group
exceeded that in other groups, a phenomenon corroborated by
sagittal sectional imaging. Furthermore, quantitative results of
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BMD, BV/TV and Tb. N revealed a significant enhancement
in newly formed bone at the defect sites, particularly in groups
implanted with scaffolds containing PTH (Figure 6B-D). The
BV/TV of the PM@GS/PCL group reached 29.44 + 4.12% at 8
weeks, which was notably higher than the M@GS/PCL (21.88
+ 1.88%), GS/PCL (19.57 + 1.26%), and PCL (12.08 + 2.21%)
groups (Figure 6C).

Following micro-CT scanning, the promotive function of
the composite scaffold on bone regeneration was further
corroborated through histological examinations, which
included haematoxylin and eosin and Masson’s trichrome
staining (Figure 7). Evaluation of haematoxylin and eosin-
stained sections at 8 weeks post-implantation revealed no
indications of malignancy, infection, or necrosis at implanted
areas during the entire observation period. This finding
highlights the excellent biocompatibility of the scaffolds. In the
PCL scaffolds group, only a tiny amount of regenerated bone
was found in the peripheral area near the original bone after 8
weeks. In contrast, a significant increase in newly formed bone
tissue was noted in the injured sites following implantation
with various composite scaffolds. In comparison to the PCL
group, enhanced new bone formation was notably visible
in the GS/PCL, M@GS/PCL, and PM@GS/PCL groups,
particularly in the central regions of the defects. Remarkably,
the PM@GS/PCL group displayed the most substantial bone
formation, with newly regenerated bone almost filling the
defect area. In parallel, Masson’s trichrome staining results
confirmed that PM@GS/PCL scaffolds induced extensive
formation of new bone tissue within the bone defect area at the
same site. Importantly, these histological findings underscored
the synergistic osteogenic enhancement of MSNs and PTH in
vivo. Consequently, the PM@GS/PCL scaffold emerged as the
most effective promoter of bone regeneration.

Immunofluorescence staining was also performed to assess
the expression of osteogenic markers (OPN and OCN) and
the angiogenic marker (CD31) at the defect sites. As depicted
in Figure 8A, minimal signals of osteogenic markers were
monitored in the PCL and GS/PCL groups, with markedly
weaker intensity than in the M@GS/PCL and PM@GS/PCL
groups. Remarkably, the PM@GS/PCL group exhibited the
highest levels of OPN and OCN expression (Figure 8B, and
C). For the angiogenic evaluation, the CD31 expression was
investigated at 8 weeks of implantation. The results revealed
abundant CD31 expression in the repair site of the PM@
GS/PCL group, indicating extensive neovascularisation. In
contrast, the PCL group exhibited few new blood vessels, while
the GS/PCL group displayed limited vascularisation (Figure
8A). Quantitative analysis of immunofluorescence intensity
further confirmed significantly elevated CD31 expression in
the PM@GS/PCL group compared to other groups (Figure
8D). The PM@GS/PCL scaffold demonstrated exceptional
biocompatibility, osteogenic
potential, and efficient bone defect healing ability. These
results suggest that the structurally and functionally optimised
PM@GS/PCL scaffold was suitable for applications in bone
defect repair.

enhanced and angiogenic
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Figure 5. In vitro osteogenic potential of scaffold extracts. (A) Representative images of ALP staining of BMSCs cultured
with the conditioned medium from different scaffolds on days 7 and 14. Scale bars: 500 pm. (B) Representative images of
ARS staining of BMSCs cultured with extracts from different scaffolds to observe the mineral matrix formation on days
14 and 21. Scale bars: 500 pm. (C) Quantitative result of ALP activity on days 7 and 14. (D) Quantitative result of ARS
on days 14 and 21. (E-G) Expression of osteogenesis-related genes in BMSCs after incubation with different scaffold
extracts for 7 and 14 days, including Runx2 (E), OCN (F), and OPN (G). Data are presented as the mean + SD. *P < 0.05,
#**P < 0.01 (one-way analysis of variance followed by Tukey’s post hoc test). ALP: alkaline phosphatase; ARS: Alizarin
red S; BMSC: bone marrow-derived mesenchymal stem cell; GS/PCL: GelMA/SFMA/PCL; GelMA: methacrylate
gelatin; M@GS/PCL: MSNs@GelMA/SFMA/PCL; MSNs: mesoporous silica nanoparticles; OCN: osteocalcin; OPN:
osteopontin; PCL: polycaprolactone; PM@GS/PCL: PTH@MSNs/GelMA/SFMA/PCL; PTH: parathyroid hormone
(1-34); Runx2: runt-related transcription factor 2; SFMA: methacrylated silk fibroin.

transmission electron microscope and scanning electron
microscope analyses. Additionally, DLS and zeta potential
measurements verified the effective loading of PTH into the
MSNs. GelMA/SFMA hydrogel and PMs/GS hydrogel were
integrated throughout the gaps of PCL scaffolds to produce

Discussion

PCL is widely employed in bone scaffolds due to its favourable
attributes such as low immunogenicity and suitable
degradation properties.”” However, despite its utility, PCL
exhibits limitations such as restricted biocompatibility and
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inadequate cell adhesion. To address these shortcomings, we
hypothesised that incorporating GelMA/SFMA into PCL
scaffolds could enhance their biocompatibility for implantation
application. To achieve a biomimetic scaffold, we established
a hierarchical structure by infusing porous hydrogel into the
gaps of 3D-printed scaffolds to create a supportive framework.
The successful preparation of MSNs was confirmed through

GS/PCL and M@GS/PCL scaffolds. In M@GS/PCL scaffolds,
spherical MSNs were uniformly dispersed within the GelMA/
SFMA hydrogel matrix. Previous studies have indicated that an
optimal level of roughness on pore walls promotes cell adhesion
and migration.* ** Fourier transform infrared spectrometre
spectra and thermogravimetric analysis further confirmed the
successful loading of PTH into the MSNs and the presence
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of GelMA/SFMA hydrogel within the PCL scaffolds. The in
vitro release kinetics of PTH from both PM and PM@GS/PCL
revealed continuous release from the MSNs, with a slower
release rate observed from the PM@GS/PCL scaffold. This
release pattern is likely attributed to the gradual degradation of
the scaffold, resulting in the prolonged release of PTH into the
surrounding medium.

The biocompatibility of PCL, GS/PCL, M@GS/PCL, and PM@
GS/PCL scaffolds was assessed through BMSCs proliferation
and cellular staining assays. Both quantitative and qualitative
analyses revealed a noticeable increase in BMSCs proliferation
across all scaffold types, with a particularly significant increase
observed in the PM@GS/PCL scaffold group. These findings
underscore the good biocompatibility of PM@GS/PCL
scaffolds. Endothelial cell recruitment is pivotal for new blood
vessel formation, crucial for expediting bone reconstruction
during the repair process.* To assess the angiogenic potential
of the scaffolds, transwell migration assay and in vitro tube
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formation assay were performed. The transwell migration
assay demonstrated maximal HUVECs migration in the PM@
GS/PCL scaffold group, while quantitative and qualitative
analyses of the tube formation assay indicated enhanced tube
formation in the PM@GS/PCL scaffold group. These results
align with previous studies highlighting the beneficial effects of
PTH in endothelial cell recruitment and osteogenic activity.” In
vitro assessments of osteogenic differentiation were conducted
using ALP staining and ARS staining of BMSCs. The
intensity of staining increased on all scaffolds with extended
culture duration, with significantly amplified color intensity
observed in the PM@GS/PCL scaffold group. Quantitative
analysis corroborated these staining results. Additionally,
osteogenesis-related genes expression analysis revealed higher
expression levels of Runx2, OCN, and OPN genes in the PM@
GS/PCL group compared to other groups. Taken together,
these findings support the conclusion that the PM@GS/PCL
scaffold significantly enhances osteogenic differentiation and
accelerates the formation of mineralised matrices.
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Figure 7. Histological analysis of femoral condyle defect at 8 weeks including H&E staining and Masson’s trichrome
staining. Red circles indicate the areas of bone defect. Scale bars: 1 mm. GS/PCL: GelMA/SFMA/PCL; GelMA:
methacrylate gelatin; H&E: haematoxylin and eosin; M@GS/PCL: MSNs@GelMA/SFMA/PCL; MSNs: mesoporous
silica nanoparticles; PCL: polycaprolactone; PM@GS/PCL: PTH@MSNs/GelMA/SFMA/PCL; PTH: parathyroid

hormone (1-34); SFMA: methacrylated silk fibroin.

From the 3D reconstructed micro-CT images, it demonstrated
that PM@GS/PCL scaffold groups exhibited a large amount
of newly formed bone tissue. Correspondingly, quantitative
analysis of BMD, BV/TV and Tb. N also corroborated these
micro-CT images results. Bone-regenerative potential was
further corroborated through histological examinations. The
sections of different group scaffolds revealed no indications
of malignancy, infection, or necrosis, and demonstrated
they had excellent biocompatibility. Moreover, the results
of histological staining also corroborated micro-CT results.
This finding indicates that the presence of PTH significantly
promoted in vivo new bone formation. Additionally, BMD
measurements and Tb. N analysis was consistent with BV/
TV and histological examinations, further emphasizing the
superior bone regeneration effect of PM@GS/PCL scaffold.
Furthermore, immunofluorescence staining of osteogenesis-
related markers (OPN and OCN) and the angiogenic marker
(CD31) at the defect sites was used to assess osteogenic and
angiogenic performance. These results revealed abundant
CD31, OPN and OCN expression in the repair site of the
PM@GS/PCL group. Previous studies have demonstrated
PTH’s ability to induce elevated CD31 expression in HUVECs,

thereby enhancing early vascularisation, which subsequently
promotes vascularisation and new bone formation during
bone repair.”” Our results indicate that the structurally and
functionally optimised PM@GS/PCL scaffold was suitable for
applications in bone defect repair. In this study, the process
for the fabrication of PM@GS/PCL composite scaffold
is relatively complicated. Moving forward, we envision
simplifying the fabrication process through the utilization of
a dual-axis bioprinter, aiming to achieve enhanced efficiency
and scalability.

In summary, we have successfully fabricated a PM@GS/PCL
composite scaffold tailored for bone defect repair. Through
the infusion of the 3D-printed PCL framework with a GelMA/
SFMA hydrogel matrix loaded with PM, a sophisticated 3D
architecture was achieved. The incorporation of PM in scaffold
is to stimulate angiogenic and osteogenic processes for bone
regeneration. This collaborative arrangement of PCL filaments
and GelMA/SFMA hydrogel matrix established a hierarchical
structure, offering an ideal environment for cellular attachment
and proliferation. Importantly, this composite scaffold
exhibited remarkable compressive strength, a result of the
synergistic integration of the 3D-printed PCL framework and
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GelMA/SFMA hydrogel. Significantly, the scaffold not only
offered an extracellular matrix-mimicking 3D environment
but also efficiently delivered PTH, orchestrating simultaneous
osteogenesis and angiogenesis. Our in vitro investigations
unequivocally affirmed the scaffold’s capacity to support cell
proliferation, expedite HUVECs migration, and enhance
angiogenic and osteogenic potentials. More significantly,
when implanted into rat femoral condyle defects, the PM@
GS/PCL scaffold significantly accelerated bone regeneration.
The scaffold’s superior microstructure and sustained PTH
release played a pivotal role in driving both angiogenesis
and osteogenesis, culminating in exceptional regenerative
outcomes. In conclusion, this 3D printed composite scaffold
in our study has the potential to guide rapid vascularised
bone regeneration, offering a new alternative for bone defect
treatment.
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