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Abstract

Treating large-sized infectious bone defects is currently one of the most urgent
clinical challenges that need to be addressed in clinical practice. The clinical
application of autologous and allogeneic bone grafts faces numerous persistent
challenges that remain unresolved. Therefore, there is an urgent need to develop
a bone repair scaffold capable of large-scale production, safe for in vivo use,
and possessing robust bone repair and anti-infective properties. In this study, a
3D-printed bone repair scaffold was fabricated using a polycaprolactone (PCL)
and magnesium phosphate (MgP) composite material. The scaffold subsequently
underwent surface modification with the antimicrobial peptide Tet213 with a DOPA
tail, ultimately leading to the development of a novel bone repair scaffold named
DTet213@PCL/MgP. The experimental results demonstrated that the DTet213@PCL/
MgP scaffold exhibited outstanding antibacterial efficacy against Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus), along with superior proliferation and
osteogenesis capabilities for MC3T3-E1 preosteoblastic cells. In a rat radial defect
model, the scaffold effectively induced new bone formation at the defect site,
resulting in rapid bone regeneration. Furthermore, histopathological examination
(HE staining) of major organs confirmed the excellent in vivo biocompatibility and
safety profile of the DTet213@PCL/MgP scaffold. In the future, the DTet213@PCL/MgP
scaffold represents a novel solution for the treatment of large-scale infected bone
defects, capitalizing on its dual functionality in osteogenesis and infection control.

Keywords: 3D printing; Bone repair; DOPA; Magnesium phosphate; Novel
antimicrobial peptide

1. Introduction

Bone substitutes are required in many patients for the repair of bone defects. With
the continuous development of tissue engineering technology, an increasing number
of synthetic bone repair scaffolds are gradually replacing bone substitutes such as
allografts.! Synthetic bone repair scaffolds have numerous advantages over traditional
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autogenous bone substitutes, such as wide availability, no
risk of transmitting infectious diseases, and the ability to
be customized according to patient needs.” Although
encouraging repair effects have been achieved with
synthetic bone repair scaffolds, the infection problems
caused by scaffold implantation have also attracted much
attention. Serious infections at the implant site of the
scaffold can ultimately lead to complications such as
osteomyelitis.* Bacterial infection can lead to the formation
of a biofilm on the surface of the scaffold, and the formation
of this biofilm gradually induces bacterial resistance to
antibiotics, posing a challenge in clinical practice.”

To address bacterial infections at bone defect sites,
traditional treatmentinvolvesthe systemicadministration
of antibiotics through injection. Systemic administration
of antibiotics requires a large dosage, and a significant
amount of antibiotics also exist in uninfected tissues
and organs, which can cause toxicity to the kidneys and
liver during long-term use. To reduce the side effects
of systemic antibiotic administration, some studies
have also directly loaded antibiotics onto the surface
of scaffolds and inside filling materials to achieve local
anti-infective effects. Yang et al.® developed a 3D-printed
bone repair scaffold by directly incorporating the
antibiotic ampicillin into a PCL (polycaprolactone)/Mg
composite material. Experimental results have shown
that this method of in situ release of antibiotics from a
scaffold results in strong anti-infection capabilities. This
method of incorporating ampicillin into the scaffold
enables localized drug release at the site of bone defect
infection. Compared with systemic administration, this
approach requires a lower dose of antibiotics and is less
prone to causing side effects.

Although antibiotics have significant therapeutic effects,
their overuse has gradually led to bacterial resistance to
these antibiotics.” The emergence of superbugs, or super-
resistant bacteria, poses a significant threat to human health
in the coming decades.® To address the increasingly urgent
issue of antibiotic resistance, new technologies and drugs
are needed to solve the problem of bone defect infections. In
recent years, antimicrobial peptides (AMPs) have garnered
widespread attention as a novel class of antimicrobial
agents. The antibacterial mechanism of AMPs is highly
diverse and capable of interfering with the normal growth
and metabolism of bacteria at multiple levels, making them
highly effective natural antimicrobial agents.” Therefore,
AMPs are less likely to induce bacterial resistance and
exhibit strong inhibitory effects against resistant bacteria.'’
In another study, Ibrahim et al.'' blended AMPs into
electrospun fibers to prepare a bone repair material with
antibacterial ability. The experimental results showed
that this electrospun material containing AMPs had good

bactericidal ability against both gram-negative (Escherichia
coli) and gram-positive (Staphylococcus aureus) bacteria.
The results of cell compatibility experiments also indicated
that AMPs had good cell compatibility and no significant
cytotoxicity. As novel antibacterial agents, AMPs have
significant advantages in countering infections associated
with bone defect.

Bone repair scaffolds should possess a potent capacity
for promoting bone formation. To improve the osteogenic
effect of scaffolds, some bioactive materials are often added
to them. Owing to its ability of slowly Mg** and PO*
release, Mg (PO,), (MgP) has been used as a bioactive
molecule in bone repair materials to promote the repair of
bone defects. Lei et al.'? incorporated varying proportions
of MgP into PCL to develop a bone repair scaffold. The
scaffold containing 20% MgP demonstrated excellent
efficacy in repairing rabbit maxillofacial bone defects.
As a bioactive molecule for bone repair, MgP has several
advantages over Mg metal in the field of bone repair. Mg is
prone to release hydrogen gas in vivo, creating an alkaline
environment that can trigger inflammatory reactions. The
release of PO,*” from MgP can accelerate bone induction
and mineralization.

To address the challenge of achieving efficient binding
between AMPs and scaffolds, this study drew inspiration
from the mussel protein adhesion mechanism and
innovatively modified AMPs by introducing a YKYKY
tag at their termini. The tyrosine residues in the YKYKY
sequence can be enzymatically converted to adhesive
DOPA molecules under the catalysis of hydroxylase. We
hypothesize that these DOPA-AMPs exhibit enhanced
binding affinity to scaffold materials and possess sustained-
release capabilities. To simultaneously endow the scaffold
with osteoinductive properties, we incorporated 20%
MgP into PCL and fabricated the scaffold via 3D printing
using the MgP/PCL composite. We anticipate that MgP
will release Mg?* during scaffold degradation, which may
promote bone repair through the Wnt signaling pathway.
The characteristics of this dual-functional bone repair
scaffold were systematically evaluated through in vitro and
in vivo experiments to explore its potential therapeutic
efficacy for infected tibial defects in rat models.

2. Materials and methods

2.1. 3D-printed MgP/PCL scaffolds modified with
surface AMPs

PCL (M,, =80,000) and MgP were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (China). Eighty
gram of PCL and 20 g of MgP were weighed separately,
mixed together, and then placed into a small internal mixer
(MIX002, Ubbiotech, China). The materials were mixed at
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80°C for 20 min. After mixing was complete, the composite
material was cut into particles with a diameter of less than
8 mm. The dimensions of the scaffold were designed via
SolidWorks 2020, and the printing parameters were set
via simplified 3D software. The 5 g composite particles
were placed into the printing tube, and then the scaffold
was printed via a 3D printer (3Dcreactor03, Ubbiotech,
China). The printing temperature was set at 80°C, with a
nozzle diameter of 0.3 mm, a printing speed of 8 mm/s,
a printing bed temperature of 4°C, and a 45% fill rate.
FITC-labeled Tet213 (KRWWKWWRRC), Y-Tet213
(KRWWKWWRRCYKYKY), and FITC-labeled Y-Tet213
were synthesized by BGI Genomics Co., Ltd. (China).
According to methods reported in previous studies, the
tyrosines in both FITC-Y-Tet213 and Y-Tet213 were
hydroxylated to DOPA molecules.”” Using the above
methods, we successfully prepared the AMP DOPA-Tet213
(DTet213). The scaffold was then soaked in DTet213
solution and incubated in a 4°C shaker at 60 rpm for 12 h.
After the scaffolds were incubated in AMP solution, they
were washed three times with phosphate-buffered saline
(PBS) for 5 min each to remove unbound AMP. A scaffold
with a DTet213-modified surface can be obtained via the
above method.

2.2, Optimization of the DTet213 AMP concentration
To investigate the effect of the DTet213 concentration on
antibacterial activity, we coated the surface of PCL#MgP
scaffolds (10 mm x 10 mm X 2 mm) with various
concentrations of DTet213 (1, 0.5, and 0.25 mg/mL). E.
coli and S. aureus were used to evaluate the antibacterial
effects of different concentrations of DTet213. The
scaffolds were immersed in bacterial suspensions of E.
coli and S. aureus containing 4.0 x 10* bacteria/mL. The
samples were then incubated in a constant-temperature
shaker at 37°C with shaking at 150 rpm for 12 h. After
that, 100 pL of the bacterial suspension was spread
onto LB agar plates and further incubated for 24 h. The
bacterial clones on the agar plates were photographed
using a camera, and the colonies were counted via Image]
1.53e software (NIH, USA).

2.3. Physical and chemical characterization

of the scaffold

The surface morphology of the scaffolds was observed
by scanning electron microscopy (SEM; Gemini2 ZEISS,
Germany). The appearance and porosity of the scaffolds
were scanned and analyzed via micro-CT (SkyScan 1172
Bruker, Belgium). The tensile strength and compressive
strength of the scaffolds were tested via a universal
mechanical testing machine (6800 Instron, UK). The
hydrophilicity of the scaffold surface was measured via
a water contact angle (WCA) meter (DSA25S KRUSS,

Germany). The chemical components of the scaffolds were
characterized by Fourier transform infrared spectroscopy
(FTIR, TENSOR 27, Bruker).

2.4. Scaffold degradation capability and Mg**
release characteristics

PCL#MgP scaffolds (10 mm x 10 mm X 2 mm) were
immersed in PBS solutions containing 0.4 mg/mL lipase
and 1 mg/mL sodium azide for degradation experiments.
Then, the centrifuge tubes containing the scaffolds were
placed in a shaker (100 rpm, 37°C) for incubation. At
the 5th, 10th, and 15th days, the scaffolds were removed
from the degradation solution, dried, and then weighed
after drying. The degradation rate (%) of the scaffolds was
calculated using Formula I.

Degradation rate (%) = (W, - W)/W, x 100% )

where W, is the starting weight and W, is the
timepoint weight.

The scaffolds (10 mm x 10 mm x 2 mm) of different
groups were separately immersed in 40 mL of deionized
water, and then, the centrifuge tubes containing them were
placed in a shaker for incubation (10 rpm, 37°C). Every 4
days, a 50 uL sample of the release solution was collected.
The scaffolds continued to release Mg** for a total of 20
days. Inductively coupled plasma-mass spectrometry
(ICPMS; Varian, Darmstadt, Germany) was subsequently
used to detect Mg in the release solution.

2.5.The binding capacity and release characteristics
of AMPs with scaffolds

The scaffolds (10 mm x 10 mm x 2 mm) were separately
immersed in solutions of FITC-labeled DTet213 (0.5 mg/
mL), FITC-labeled Tet213 (0.5 mg/mL), and PBS at 4°C
with a shaking speed of 60 rpm for 12 h. The PBS group
was used as the negative control group. Subsequently, the
scaffolds were gently washed three times for 5 min in PBS.
Finally, the scaffolds were photographed via a fluorescence
imaging system (IVIS Spectrum PE, USA). The mean
fluorescence intensity of the scaffolds was quantitatively
calculated via software. The scaffolds coated with FITC-
labeled DTet213 and FITC-labeled Tet213 were placed
into 24-well plates. Subsequently, 1 mL of PBS was added
to each well, and the plates were incubated in a constant
temperature shaker at 37°C and 50 rpm. At time intervals
of 1, 3, 6, 12, 24, 48, and 72 h, 100 pL of the solution
was aspirated for relative fluorescence intensity (RFI)
measurement using a multifunctional microplate reader
(M200, Tecan, Switzerland). After measurement, the
sampled solution was returned to the release system.
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2.6. Cytocompatibility and osteogenesis

MC-3T3-E1 cells were used to evaluate the cell adhesion
capacity and cell proliferation capacity of the scaffolds.
The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) at 37°C, 0.5% co,, and 100%
humidity. The medium was changed every 2 days. When
the cell density exceeded 90%, the cells were digested
with trypsin and then subcultured into new cell culture
dishes. The scaffold was sterilized by exposure to
ultraviolet (UV) light for 2 h. The scaffold was placed
into a 50 mL centrifuge tube with a ventilated cap, and
the cells were seeded onto the surface of the scaffold at a
density of 1x10° cells/mL. To increase the opportunity for
cell-scaffold contact, the centrifuge tube containing the
cells and scaffold was placed on a shaker that can perform
programmed shaking. After 12 h of oscillatory culture,
the scaffold was transferred to a 6-well plate and further
cultured for 3 days. After the culture was complete,
the cells were washed three times with PBS, and then
live/dead staining solution was added to the cells for
staining at 37°C for 30 min. After staining was complete,
the cells were washed three times with PBS and then
photographed via a fluorescence-inverted microscope.
CCK-8 working solution was added to the scaffolds,
which were further incubated in the incubator for 30
min. The OD450 absorbance value was subsequently
read via a plate reader (M200 Tecan, Switzerland). Cells
cultured on different materials for 3 days were subjected
to Runx2 immunofluorescence staining analysis. Firstly,
the cells were fixed with glutaraldehyde for 5 min, washed
three times with PBS, and then incubated with Alexa
Fluor 488-conjugated phalloidin for 30 min to stain the
cytoskeleton. Subsequently, the cells were incubated with
rabbit anti-mouse Runx2 primary antibody (Proteintech,
China) for 2 h, followed by incubation with Alexa Fluor
555-conjugated goat anti-rabbit secondary antibody
(Proteintech, China) for 2 h. Finally, the cells were
imaged using a fluorescence microscope (TE2000-U,
Nikon, Japan).

2.7. Repair of tibial defects in rats

Twelve male Sprague-Dawley rats (each weighing
approximately 150 g) were selected for in vivo experiments
on the repair of radial bone defects. The animals were
anesthetized via a respiratory anesthesia machine with
isoflurane. The hind leg of each animal was shaved, and
then a surgical blade was used to cut through the skin
to expose the tibia. Next, an electric drill was used to
create a 2.5 mm diameter circular defect on the tibial
plateau. Ten microliters of a mixed bacterial suspension
containing E. coli and S. aureus (4.0 x 10* bacteria/mL)
were applied to the bone defect site. Different groups of
scaffolds were implanted into the defect sites, and then the

wounds were surgically sutured. At 8 weeks post-surgery,
the animals were euthanized, and then the tibiae were
scanned via micro-CT (Skyscan 1172 Bruker, Belgium).
3D reconstructed images of the bone at the defect site were
created via the CTVox software (Bruker, Belgium). The
bone volume/tissue volume (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), and trabecular
separation (Tb.SP) of the new bone were calculated via the
CTan software (Bruker, Belgium).

2.8. Histological evaluation

Thebone samples wereimmersed in a4% paraformaldehyde
solution for fixation. The bone samples were subsequently
immersed in a 10% ethylenediaminetetraacetic acid
(EDTA) solution for decalcification. The bone defect
tissue was trimmed and then embedded in paraffin. The
bone samples were cut into 5 um slices and subsequently
subjected to hematoxylin and eosin (H&E), Masson, Sirius
red, and osteopontin (OPN) histochemical staining to
evaluate tissue regeneration.

2.9. Statistical analysis

The data are presented as the means + standard deviations.
The significance of differences between the groups for
the different printability and mechanical parameters was
assessed via one-way analysis of variance (ANOVA) and
post hoc Tukey’s test (OriginPro 2024). Differences were
considered significant at a probability error (p) of p < 0.05.

3. Results and discussion

3.1. Antibacterial ability of the scaffold

As shown in Figure 1, the PCL#MgP scaffold had no
obvious antibacterial effect on E. coli or S. aureus, and the
number of bacterial clones on the agar plate was greater
than 900. There were significantly fewer clones of E. coli and
S. aureus on Agar plates in the 0.25@PCL#MgP group than
in the PCL#MgP group. The number of E. coli and S. aureus
clones decreased by 66.88% and 66.45%, respectively. The
bacterial clone numbers of E. coli and S. aureus in the
0.5@PCL#MgP group and the 1@PCL#MgP group were
reduced to below 50, and there was no significant difference
between the two groups. These results indicate that the
antibacterial activity of the scaffold is closely related to the
AMP concentration. When more AMPs were attached to
the scaffold surface, the antibacterial ability of the scaffold
was also enhanced. When a certain concentration is
reached, the antibacterial ability also reaches the maximum
level. In this study, when the concentration of DTet213
used for surface-modified scaffolds reached 0.5 mg/mL,
the scaffolds showed excellent resistance to E. coli and S.
aureus. There was no significant difference in antibacterial
activity between 1 mg/mL DTet213 and 0.5 mg/mL
DTet213. Due to the unique antimicrobial mechanism of
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Figure 1. Antibacterial ability of scaffolds with different concentrations of Tet213. (A) Bacterial colony images. (B) Number of E. coli colonies. (C) Number

of S. aureus colonies. n = 3; *p < 0.05.

AMPs, it is difficult for bacteria to develop resistance to
AMPs.'* However, while AMPs kill bacteria, they can also
cause cytotoxicity to mammalian cells.”® Therefore, while
ensuring good antibacterial ability, the use of AMPs should
be minimized. On the basis of the above characteristics of
AMPs, 0.5 mg/mL DTet213 (0.5@PCL#MgP) was selected
for subsequent experiments in this study.

The amphipathic structure of AMPs enables them
to selectively bind to bacterial cell membranes, forming
transmembrane pores that disrupt membrane integrity and
exert bactericidal effects. Additionally, AMPs can directly
penetrate bacterial cells to act on specific intracellular
targets, interfering with normal bacterial growth and
metabolic  balance, thereby achieving bactericidal
outcomes. They exhibit universal antibacterial activity
and are less prone to developing drug resistance.'®'” Given
the numerous advantages, AMPs are more expensive than
traditional antibiotics. AMPs can only exert their full
antibacterial effects when reaching effective concentrations,
and whether high-dose administration in vivo may cause

side effects requires further investigation.'® To achieve both
low-dose usage in vivo and ensured bactericidal efficacy,
this study introduced a DOPA tag at the C-terminal of
AMPs. This tag enables firm adhesion of AMPs to scaffold
surfaces, which helps avoid initial burst release to some
extent and facilitates sustained slow release over extended
periods, thereby enhancing the antimicrobial effects
in vivo.

3.2. Scaffold structure

As shown in Figure 2A, the scaffolds of all the groups
appeared white in appearance. After the addition of MgP
to PCL, there was no significant change in the color of the
scaffolds. Similarly, there was no notable change in color
after the scaffolds were surface-modified with DTet213.
To better observe and analyze the internal pore structure
of the scaffold, we performed micro-CT scanning and 3D
reconstruction of the scaffold. As shown in Figure 2B, the
pore structure of the surface of the scaffold was arranged
regularly and orderly, and the pore structure between the
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Figure 2. Macroscopic and microscopic morphology of different groups of scaffolds. (A) Appearance, (B) micro-CT reconstruction, (C) PCL/MgP merged,
and (D) SEM images of different groups of 3D-printed scaffolds; scale bar: 1 um. (E) Scaffold porosity, n = 3.

layers of the scaffolds was clearly visible. CTAn software
(Bruker, Belgium) was used to split the PCL and MgP
components in the scaffold by adjusting the gain value,
and CTvol software (Bruker, Belgium) was used to
merge and reconstruct the PCL and MgP components.
As shown in Figure 2C, the material of the scaffolds in
the PCL and DTet213@PCL groups was PCL (gray), and
no MgP (yellow) component was found. The scaffolds
in the PCL#MgP and DTet213@PCL#MgP groups had a

significant presence of MgP components on their surfaces.
As shown in Figure 2D, the SEM images revealed that the
surface of the scaffolds in the PCL group was smooth, a
small number of particles were deposited on the surface of
the scaffolds in the DTet213@PCL group, and the scaffolds
in the PCL#MgP and DTet213@PCL#MgP groups were
rough, with many particles deposited on the surface of the
scaffolds. As shown in Figure 2E, CTAn software was used
to analyze the porosities of the different groups of scaffolds,
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and the porosities of all the groups of scaffolds were not
significantly different, ranging from 54.76% to 55.94%.

3.3. Mechanical properties

As shown in Figure 3A, we prepared 3D-printed scaffolds
for compression and tensile testing. The scaffold for
compressive strength and tensile strength testing consisted
ofa 10 mm x 10 mm x 10 mm cube and a 10 mm x 40 mm
x 40 mm cuboid. As shown in Figure 3B, the compressive
strengths of the PCL, DTet213@PCL, PCL#MgP, and
DTet213@PCL#MgP samples were 4.13 + 0.26, 4.15 + 0.15,
4.65 + 0.17, and 4.69+0.21 MPa, respectively. Compared
with the addition of PCL alone, the addition of MgP
significantly increased the compressive strengths of the
PCL#MgP and DTet213@PCL#MgP groups by 12.59%
and 13.56%, respectively. The PCL surface modified with
DTet213 had no significant effect on the compressive
strength of the scaffold. As shown in Figure 3C, the tensile
strengths of the PCL, DTet213@PCL, PCL#MgP, and

DTet213@PCL#MgP scaffolds were 3.78 + 0.45, 3.83 + 0.36,
3.18 £0.16, and 3.18 + 0.214 MPa, respectively. When 20%
MgP was added to the PCL material, the tensile strength
of the scaffold was significantly lower than that of the PCL
material. Compared with those of the PCL group, the
tensile strengths of the PCL#MgP and DTet213@PCL#MgP
groups were 18.34% and 17.98% lower, respectively. The
mechanical properties of scaffolds are also important
factors in evaluating whether scaffolds are suitable for
bone defect repair. These results show that the addition of
MgP can affect the mechanical properties of PCL scaffolds.
The addition of MgP to PCL resulted in an increase in
compressive strength and a decrease in tensile strength.
Lei et al.’? prepared PCL scaffolds containing different
proportions of MgP, and the mechanical test results of the
raw materials and scaffolds were basically consistent with
the results of this study. The addition of MgP can improve
the poor compressive strength of PCL materials.

DTet213@PCL

Compressive strength (MPa)

4G

ot it Pc\—wg? 2eePC

6
5
4
3
2
1
0

PCL#MgP

DTet213@PCL#MgP

Waf
eﬂ,‘\ 3@ PG\}M‘A ‘3 @Pc\’#

O

Tensile strength (MPa)

Figure 3. Mechanical properties of each group of scaffolds. (A) Appearance of test scaffolds, (B) compressive strength, and (C) tensile strength, n = 3, *p < 0.05.
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3.4. Scaffold hydrophilicity, degradability, Mg?*
release, and DTet213 binding ability

As shown in Figure 4A, the hydrophilicity of the different
groups of scaffolds was measured in terms of WCA.
The WCAs of the PCL, PCL#MgP, DTet213@PCL, and
DTet213@PCL#MgP groups were 113.1 + 5.4°, 99.03 +
2.6° 53.07 £ 5.0° and 43.43 + 4.6°, respectively. After the
addition of 20% MgP to PCL, the surface hydrophilicity
of the scaffold increased. When DTet213 was attached to
the scaffold surface, the hydrophilicity of the scaffold was
significantly increased, from a hydrophobic surface to
a hydrophilic surface. The WCA of a scaffold can affect
its cell adhesion capacity. Ardhaoui et al."” reported that
a 65° WCA surface was the most favorable for osteoblast
adhesion, whereas WCA values that were too high or too
low were unfavorable for osteoblast adhesion. As shown in
Figure 4B, FTIR analysis was used to analyze the presence
of MgP and AMP in the scaffold. The peaks at 1012,
1047, 1089, and 1134 cm™ in the PCL#MgP group were
attributed to the asymmetric stretching vibration peaks of
PO;. The 1618 cm™ peak in the DTet213@PCL group was
attributed to the stretching vibration peak of the amide
bond in the polypeptide.

As shown in Figure 4C, the degradation behavior of
different groups of scaffolds with respect to lipase was
evaluated. On the 15th day of degradation, the degradation
rates of PCL, PCL#MgP, DTet213@PCL and DTet213@
PCL#MgP were 6.03%, 17.63%, 23.45%, and 25.53%,
respectively. The addition of 20% MgP to PCL increased
the degradation rate of the scaffold. When DTet213 was
attached to the surface of the scaffold, the degradation rate
of the scaffold significantly accelerated. The degradation
rates of DTet213@PCL and DTet213@PCL#MgP were 3.89
times and 4.23 times greater than those of the PCL group,
respectively. These findings indicate that the degradation
rate of the scaffold may be correlated with its surface
hydrophilicity, as surfaces with greater hydrophilicity
are more prone to contact lipase solutions, thereby
enhancing the lipase-catalyzed cleavage of ester bonds in
PCL molecules.”

As shown in Figure 4D, the Mg** release behavior of the
different groups of scaffolds was detected. The PCL#MgP
and DTet213@PCL#MgP scaffolds slowly released Mg*
during the entire 20-day release period. The PCL and
DTet213@PCL scaffolds do not contain Mg, so there is no
release of Mg**. On the 20th day, the Mg** concentration
released from the PCL#MgP and DTet213@PCL#MgP
scaffolds reached 50.10 and 54.07 mM, respectively. Since
MgP is slightly soluble in water, the MgP in the scaffold
is gradually exposed to the release solution with the
degradation of PCL, resulting in the slow release of Mg*
in the scaffold. The sustained release of Mg** ensures

continuous promotion of the osteogenic differentiation of
cells throughout the bone regeneration period.

As shown in Figure 4E, DTet213 demonstrated a high
binding ability to the scaffold compared to Tet213 without
the DOPA tag. The control group scaffold surface showed
almost no green fluorescence, whereas the Tet213 group
scaffold surface exhibited weak green fluorescence. In
contrast, the DTet213 scaffold surface displayed a significant
amount of fluorescence. The mean fluorescence intensity
of the DTet213 group was 1.69 times greater than that of
the Tet213 group. The addition of a DOPA tail to Tet213
can significantly enhance its ability to bind to the scaffold
surface, thereby improving the antibacterial properties of
the scaffold. As shown in Figure 4F, Tet213 exhibited a
burst release characteristic within the 6-h release period,
and its cumulative release essentially reached a plateau
after 12 h. In contrast, DTet213 demonstrated a sustained-
release profile over the course of 72 h. The above results
indicate that modifying the AMPs with a DOPA tag at
its terminus not only significantly enhances the binding
capacity of the AMPs with scaffold but also facilitates a
sustained-release effect from scaffold. This modification
endows the scaffold with a more potent and enduring anti-
infective capability. Zhang et al.?! incorporated AMPs into
GelMA hydrogels, which were then used to fill the pores
of 3D-printed scaffolds to facilitate the release of AMPs.
While this method enables the release of AMPs at the
site of infectious bone defects, the complete filling of the
scaffold pores with hydrogel could potentially hinder the
adhesion, proliferation, and differentiation of cells within
these pores. The adhesion, proliferation, and differentiation
of bone marrow mesenchymal stem cells (BMSCs) on the
scaffold surface are important for bone defect repair. The
AMPs designed in this study do not compromise the pore
structure of the scaffold. AMPs with DOPA tag can adhere
to the scaffold surface, thereby addressing the problem of
the GelMA AMPs delivery method.

3.5. Cell adhesion and proliferation ability

As shown in Figure 5A, the results for cell adhesion ability
on the surfaces of the scaffolds from the different groups
indicate that the number of cells adhering to the surface of
the PCL scaffolds was the lowest. In contrast, the number of
cellsadhering to the surface of the scaffolds in the DTet213@
PCL group increased significantly. Compared with that in
the DTet213@PCL group, the number of cells adhering to
the scaffolds in the PCL#MgP group further increased. The
DTet213@PCL#MgP group presented the greatest number
of adhered cells. Almost all the cells on the scaffolds in all
the groups were alive, with only a very small number of
dead cells. As shown in Figure 5C, cell proliferation on the
scaffolds of the PCL#MgP and DTet213@PCL#MgP groups
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was significantly greater than that on the PCL group. The
results of cell adhesion and proliferation indicate that the
addition of 20% MgP to PCL and surface modification
with DTet213@PCL both significantly enhance the cell
adhesion and proliferation capabilities of the scaffolds.
Promoting cell adhesion and proliferation on scaffolds is
a basic requirement for obtaining scaffolds with potential
bone repair capabilities. Although PCL is a biodegradable
material approved by the Food and Drug Administration
(FDA) for use and possesses high biocompatibility and
safety for in vivo applications, it is still a bioinert material
that is unfavorable for cell adhesion and proliferation. The

addition of MgP effectively enhanced the bioactivity of the
MgP/PCL composite materials. The WCA of a scaffold is
also animportant factor affecting cell adhesion. As shown in
Figure 4A, when MgP was added to PCL, the hydrophilicity
of the scaffold significantly improved. Furthermore, when
the surface of the scaffold was modified with DTet213, the
hydrophilicity of the scaffold increased further. Ardhaoui
et al.”” reported that osteoblasts demonstrate the strongest
adhesion capacity on surfaces with a contact angle of 65°.
Both excessively hydrophilic and excessively hydrophobic
surfaces can decrease the adhesion of cells.

2EEE

Water contact angle F>
(degree)
g

Mean fluorescence Intensity

Control

Tet213 OTet213

B
2
40
20
¢ P
oL L
pok- P;\_,tt-"‘!l? IﬂﬁWTEﬂ-ﬂ@Pc
C o
= —=—PCL
&= * POLAMGP :
@ 1 ¢ Dranigrol ~
£ = DTetH IEPCLAMGP Lt
= o T
& T
= 151 -
<
& 10
T
& »
QL2 s -
(=]
0 — — —
Doz 4 B & 10 12 14 18
E Time (days)

OTak SEPCLE | R

3 | i »,
_ | et -

e gP

LY
| 11
o oeamenl | -Iir' o,

()

|
N XY wt M

| M
e [ W,

— e LA

S —

. PoLeNgR

i
e -

SR

L I B ' ' L —

A000 3500 3000 2S00 MO 1500 1000 500
Wave number (cm™)

" PCL

—s— PCRMgP

—i— DTeAZI3EPCL

—v— DTe1ZI3IPCIFNGF

B -

i

Mg?* concentration

2 4 & & 10 12 14 16

Time {days)

18 2z

1400
1200

®  FITC-labelked DTet213
#  FITC-labelbed Tel213

1000+ +_ -
A
= 800
74
= 500
400

I'/+// T
ﬁr*?— f ——F—

200

Cumulative polypeptide ralease

o 10 0 an 40 &0 &l i
Time {h
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As shown in Figure 5B, the experimental results showed
that the Runx2 protein expression by cells in the PCL
group and the DTet213@PCL group was low. In contrast,
cells growing on the surface of the MgP-containing
material showed a high level of Runx2 protein expression.
As shown in Figure 5D, the mean fluorescence intensities
in the PCL#MgP and DTet213@PCL#MgP groups were
2.23 and 2.16 times that of the PCL group, respectively.
Runx2 is a key early regulator in the differentiation
process of mesenchymal stem cells into osteoblasts. It can
activate a series of gene expression programs related to
osteoblast differentiation, prompting mesenchymal stem
cells to differentiate directionally into osteoblastic lineage
cells.”> The experimental results demonstrated that both
PCL#MgP and DTet213@PCL#MgP materials significantly
promoted the expression of the Runx2 gene, which was
primarily attributed to the sustained release of Mg** from

these materials. Studies have demonstrated that Mg*
can promote osteogenic differentiation of cells through
multiple mechanisms, including activation of the Wnt/f-
catenin signaling pathway, upregulation of osteogenesis-
related gene expression (such as Runx2 and OCN), and
modulation of the RANKL/OPG system balance.”**
Therefore, MgP incorporated into the materials in this
study is expected to play a crucial biological role in bone
defect repair.

3.6. Repair of bone defects

Different groups of scaffolds were implanted into tibial
defects in rats. After 8 weeks of repair, the repair effect
on the defects was evaluated via micro-CT. As shown in
Figure 6A, the macroscopic view and defect view images
revealed that the defects in the PCL and DTet213@PCL
groups did not close well, and the 3D reconstructed images
revealed that large defects were still present. The bone
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Figure 6. Evaluation of the repair effect on bone defects 8 weeks postsurgery via micro-CT. (A) 3D reconstruction images, (B) BV/TV, (C) Tb.Th, (D)
Tb.Sp, and (E) Tb.N, n = 3; *p < 0.05. Abbreviations: BV/TV, bone volume/tissue volume; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Th,

trabecular thickness.

defect size in the PCL#MgP group decreased, with only a
small part of the defects still not fully healed. The DTet213@
PCL#MgP groups exhibited nearly complete closure of
the bone defects. The merged images of the scaffolds and
new bone at the defect site revealed that the PCL and
DTet213@PCL groups were predominantly composed of
scaffolds, with relatively little new bone formation. In the
PCL#MgP group, more new bone formed, whereas new
bone comprised the majority in the DTet213@PCL#MgP
group. As shown in Figure 6B, the BV/TV values for the
PCL, DTet213@PCL, PCL#MgP, and DTet213@PCL#MgP
groups were 20.03 + 5.62%, 24.29 + 5.29%, 43.47 + 4.63%,
and 46.63 + 9.12%, respectively. The BV/TV values of the
PCL#MgP group and the DTet213@PCL#MgP group were
2.17 times and 2.33 times greater than those of the PCL
group, respectively. As shown in Figure 6C, the Tb.Th of
the DTet213@PCL#MgP group reached 0.3478 mm, which
was significantly higher than that of the other groups.

As shown in Figure 6D, the Tb.Sp of the PCL#MgP and
DTet213@PCL#MgP groups were 0.3628 and 0.2776
mm, respectively, which were significantly lower than
those of the PCL and DTet213@PCL groups. As shown
in Figure 6E, the Tb.N of the DTet213@PCL#MgP group
reached 1.85421/mm, which was significantly higher than
that of the other groups.

The primary processes of bone repair encompass
five phases as follows: inflammation, vascularization,
cell recruitment, osteogenic differentiation, and fracture
healing.”® Severe bacterial infection at the bone defect site,
if not effectively controlled, can prolong the inflammatory
phase and disrupt the entire physiological process of bone
repair. In previous studies, 3D-printed scaffolds made
from PCL#MgP composites have been utilized for bone
repair.'>”” Our study results found that PCL#MgP scaffolds
are less effective in repairing infectious bone defects
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Figure 7. Histological staining analysis of the repair capacity of different scaffold groups in bone defects. (A) HE staining, Masson staining, OPN
immunohistochemical staining, and Sirius red staining after 8 weeks of bone defect repair. Scale bars: 500 um (the first 3 rows); 100 pum (the last row). (B)
The COL-I/COL-III ratio in the Sirius red staining images. n = 3; *p < 0.05. Abbreviations: COL, collagen; HE, hematoxylin and eosin; OPN, osteopontin.

compared to DTet213@PCL#MgP. Since many patients
with bone defects often suffer from infections, DTet213@
PCL#MgP can effectively control infections and shorten
the inflammatory phase of bone repair, making it more
clinically valuable than PCL#MgP scaffolds.

3.7. Histological analysis

AsshowninFigure 7A and B, there were very few cells inside
the scaffolds of the PCL and DTet213@PCL groups, with
almost no new bone formation, and only a small amount
of new bone was generated along the edges of the scaffolds.

In contrast, the scaffolds of the PCL#MgP and DTet213@
PCL#MgP groups contained many cells, and significant
new bone formation was observed along the surfaces of
the scaffolds. As shown in Figure 7C, the expression level
of OPN was relatively low in the PCL and DTet213@PCL
groups, whereas it was significantly upregulated in the
PCL#MgP and DTet213@PCL#MgP groups. As shown in
Figure 7D, the Sirius red staining results indicate that the
PCL and DTet213@PCL groups were primarily composed
of green type III collagen (COL-III), with the collagen
fibres exhibiting a disorganized arrangement. In the
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Figure 8. HE staining of the heart, liver, spleen, lung, and kidney. Scale bar: 200 pm. Abbreviation: HE, hematoxylin and eosin.

PCL#MgP and DTet213@PCL#MgP groups, the amount
of yellow and red type I collagen (COL-I) significantly
increased, and the collagen fibers exhibited a more orderly
arrangement. In the DTet213@PCL#MgP group, the ratio
of COL-I/COL-III was significantly greater than that in
the PCL and DTet213@PCL groups (Figure 7E). As shown
in Figure 8, HE staining was performed to observe the
heart, liver, spleen, lung, and kidney of rats implanted with
scaffolds from different groups. HE staining revealed no
significant pathological changes or abnormalities in the
heart, liver, spleen, lung, or kidney across all groups. These
findings confirm the safety of the bone repair scaffold for
in vivo implantation.

The scaffolds in the PCL and DTet213@PCL groups
demonstrated inferior bone regeneration capacity because
of the absence of bioactive osteogenic molecules. The
scaffolds in the PCL#MgP and DTet213@PCL#MgP
groups, which contained MgP that releases Mg** and PO,™>
ions to promote the osteogenic differentiation of cells,
demonstrated enhanced new bone formation capability. The
low water solubility of MgP enables the gradual release of
Mg** and PO, ions during degradation of the PCL scaffold,
thereby promoting sustained osteogenic differentiation.
The incorporation of MgP in bone repair composites, as a
substitute for metallic Mg, prevents hydrogen evolution and
the formation of an alkaline microenvironment associated

with Mg. The DTet213@PCL#MgP scaffold, which was
surface-loaded with antimicrobial peptides, shortened
the early inflammatory phase of bone repair by inhibiting
bacterial infection and modulating immune responses,
thereby accelerating the overall regeneration process and
achieving the best osteogenic outcomes.

Previous studies have shown that Mg** promotes
osteogenesis by activating the canonical Wnt signaling
pathway. Research indicates that treating human bone
marrow stromal cells (hBMSCs) with Mg>* significantly
increases the expression of active [-catenin and
upregulates its downstream target genes, LEFI and Dkkl,
thereby inducing the differentiation of hBMSCs into
osteoblasts. This mechanism reveals the osteogenic role of
Mg in the bone marrow space and provides a molecular
basis for its application in biodegradable implants.” PO,*
is a primary component in the synthesis of hydroxyapatite
(HA), and its elevated local concentration can induce
the synthesis of HA. Khotib et al.” discovered that HA
can mediate the Wnt signaling pathway by regulating
the expression of Wnt10b, B-catenin, Runx2, and Osterix
(Osx) genes, thereby promoting the process of osteogenic
differentiation. Therefore, as the scaffold degrades, the
continuous release of Mg?* and PO?*" can regulate the Wnt
signaling pathway, promoting osteogenic differentiation of
cells and accelerating bone regeneration.
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4, Conclusion

In this study, a composite material composed of PCL and
MgP was fabricated into a bone repair scaffold via FDM
3D printing, followed by surface functionalization with the
Tet213 AMP with a DOPA tail. Antibacterial assays against
E. coli and S. aureus revealed that both the DTet213@PCL
and DTet213@PCL#MgP scaffolds exhibited significant
antibacterial efficacy, which was attributed to the surface-
modified Tet213 peptide with a DOPA tail. The DTet213@
PCL#MgP scaffold demonstrated optimal cell adhesion
and proliferation capabilities. The micro-CT results of rat
tibial defect repair revealed that the DTet213@PCL#MgP
scaffold presented the highest values of BV/TV, Tb.Th, and
Tb.N. Histochemical staining revealed that the DTet213@
PCL#MgP scaffold group presented the greatest amount of
new bone formation, the highest expression of OPN, and
COL-I as the primary component of the newly formed
bone, with collagen fibers arranged in an orderly manner.
In conclusion, the DTet213@PCL#MgP scaffold has
significant application value and promising prospects in
the reparation of infected bone defects.
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