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Development and in vitro/in vivo evaluation of a
triply periodic minimal surface-based 3D-printed
anti-infective bone scaffold with spatiotemporally
controlled osteogenesis
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Infectious bone defects (IBDs), marked by the concurrent presence and progressive aggravation of both bone
infection and bone loss, represent a significant clinical challenge. Traditional staged treatment, namely initial
infection control followed by bone reconstruction, often involves multiple surgeries, extended treatment
durations, and high costs. Herein, we developed a novel 3D-printed titanium alloy scaffold for IBDs, integrating
spatiotemporally controlled dual-drug delivery. The scaffold features a triply periodic minimal surface structure
with a radial pore gradient, increasing from the core to the periphery. The inner layer with smaller pores is
loaded with bone morphogenetic protein-2 (BMP-2), whereas the outer layer with larger pores incorporates
RM-PLGA microspheres for the sustained release of rifampicin and moxifloxacin. The gelatin methacryloyl
(GelMA) hydrogel serves as the coating matrix for drug immobilization. This design enables a sequential
therapeutic strategy, initial sustained antibacterial activity, followed by osteoinductive stimulation, facilitating a
dynamic repair process from early infection control to later-stage bone regeneration. In vitro assays confirmed
that the RM-PLGA/BMP-2 (GelMA)@TIS scaffold exhibits potent antibacterial activity, cytocompatibility,
osteogenic potential, and extracellular matrix mineralization. In vivo results further demonstrated its efficacy in
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1. Introduction

Infectious bone defects (IBDs) represent a complex clinical condi-
tion frequently encountered in orthopedic practice." IBDs primarily
arise from two causes: (1) severe open fractures resulting from high-
energy trauma that are inadequately managed and (2) the increas-
ing incidence of orthopedic implant surgeries, which may lead to
chronic osteomyelitis and, eventually, IBDs.>” The pathological
progression of IBDs severely disrupts the local microenvironment,
leading to an imbalance between osteoblastic and osteoclastic
activities and thereby impairing bone formation while promoting
bone resorption. This cascade results in progressive infection and
bone degradation. The concurrent presence of infection and bone
defects considerably complicates treatment, while the prolonged
disease course and poor prognosis place considerable burdens on
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suppressing Staphylococcus aureus infection while promoting bone regeneration.

both patients and clinicians.* The standard treatment strategy for
IBDs involves infection control followed by reconstruction of the
bone defect. Common approaches include the Masquelet techni-
que and bone transport.> However, both methods have several
limitations: incomplete infection clearance, poor graft integration,
limited availability of autologous bone, donor site morbidity,
extended treatment duration, and difficulties in regenerating
bone at the transport site. These challenges often lead to pro-
longed recovery, increased healthcare costs, psychological dis-
tress, and suboptimal outcomes. The Masquelet technique
incorporates local antibiotic delivery through sustained-release
carriers, offering a promising method for managing bone infec-
tions. Nevertheless, the use of polymethylmethacrylate bone
cement as the antibiotic carrier has notable disadvantages, such
as inconsistent drug release kinetics, limited compatibility with
various antibiotics, and non-biodegradability.>” These issues can
result in incomplete eradication of infection, development of
antibiotic-resistant bacteria, and persistence or formation of
bacterial biofilms.

The advent of 3D bioprinting has provided innovative solu-
tions for the clinical management of bone defects, enabling the
fabrication of functionalized bone scaffolds tailored to specific
pathological conditions, such as bone tumors, osteochondral
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defects, and osteomyelitis.>® In the context of IBDs, scaffolds
incorporating antibiotics and multiple growth factors have shown
particularly promising therapeutic potential. Antibiotic-loaded scaf-
folds offer the advantage of localized, high-concentration drug
delivery, thereby significantly enhancing antimicrobial efficacy.'®
Additionally, the controlled release of osteoinductive factors sup-
ports and accelerates bone regeneration.""

From a pathological perspective, infection inherently impairs
bone healing, making high local concentrations of antibiotics
essential during the early stages of IBD treatment.> However,
conventional anti-infective scaffolds often exhibit uncontrolled or
poorly synchronized release of antibiotics and osteogenic factors,
thereby limiting their therapeutic efficacy. This underscores the
urgent need for advanced multi-layered, multi-gradient controlled-
release systems (enabled by 3D bioprinting) to deliver bioactive
agents in a temporally and spatially coordinated manner. Such
systems can provide phase-specific therapeutic effects, ensuring
precise infection control during the early stage and promoting
targeted bone regeneration thereafter."* Implementing this dual-
phase therapeutic strategy in a single surgical intervention holds
significant clinical promise by accelerating both infection resolu-
tion and bone healing, shortening treatment duration, reducing
healthcare costs, and improving patient outcomes.'®

To develop a dynamic bone scaffold capable of temporal func-
tional switching from an early-stage antibacterial action to mid-to-
late-stage osteogenesis, a novel design strategy was employed in this
study. Two broad-spectrum antibiotics with high intraosseous bioa-
vailability, moxifloxacin (Mox) and rifampicin (Rif), were encapsu-
lated in poly(lactic-co-glycolic) acid (PLGA) to form RM-PLGA
microspheres via a controlled fabrication process. A triply periodic
minimal surface (TPMS) structure with a radially increasing porosity
gradient was fabricated using 3D bioprinting. The resulting scaffold
measured 15 mm in diameter, 2 mm in height, and featured
porosity ranging from 55% at the core to 90% at the periphery.
The gelatin methacryloyl (GelMA) hydrogel served as a carrier for
incorporating both RM-PLGA microspheres and bone morphoge-
netic protein2 (BMP-2) into the scaffold. RM-PLGA microspheres
were embedded in the outer layer to enable early-stage sustained
antibiotic release, establishing a favorable microenvironment for
subsequent osteogenesis. BMP-2 was loaded into the inner layer to
promote osteoinduction during the mid-to-late stages, with residual
RM-PLGA microspheres providing continued antibacterial protec-
tion. Comprehensive in vitro evaluations assessed scaffold morphol-
ogy, loading capacity (LC), release kinetics, cytocompatibility,
osteoinductive potential, and antibacterial efficacy. To verify in vivo
performance, an infectious cranial bone defect model was estab-
lished in New Zealand white rabbits. General physiological para-
meters, microbiological assays, histological analyses, and
radiological imaging were performed to comprehensively evaluate
the scaffold’s anti-infective and bone-regenerative capabilities.

2. Materials and methods
2.1. Materials

PLGA was obtained from Daigang Biomaterial (Jinan, China).
BMP-2 was purchased from MedChemExpress (New Jersey,
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America), and Mox and Rif were acquired from Aladdin Scien-
tific (Shanghai, China) and Yuanye Biological Technology
(Shanghai, China), respectively. GelMA was supplied by EFL
(Suzhou, China). The MC3T3-E1 subclone 14 pre-osteoblast cell
line (RRID: CVCL-0022) was obtained from iCell Bioscience
(Shanghai, China).

2.2. Experimental methods

2.2.1. Preparation and characterization of RM-PLGA micro-
spheres. RM-PLGA microspheres were prepared using a
double emulsion solvent evaporation method, as detailed in
Appendix S1.'® Briefly, 10 mg of dried microspheres were
dispersed in 5 mL of phosphate-buffered saline (PBS), followed
by ultrasonic disruption for 2 hours and incubation at room
temperature for 24 hours. The suspension was then centrifuged
for 10 minutes, and the supernatant was collected and diluted
20-fold. The concentrations of Mox and Rif were measured
using ultraviolet-visible (UV-Vis) spectrophotometry. The drug
loading (DL) and encapsulation efficiency (EE) were calculated
as follows: DL = (mass of Mox in microspheres/total mass of
drug-loaded PLGA microspheres) x 100%; EE = (mass of Mox in
microspheres/total mass of Mox initially added) x 100%."” For
morphological analysis, dried microspheres were mounted on a
conductive adhesive film, sputter-coated with gold under
vacuum, and examined via scanning electron microscopy
(SEM, S-3400N, Hitachi Co., Japan) at an accelerating voltage
of 10.0 kV. Particle size distribution was also analyzed.®

2.2.2. Preparation of GeIMA hydrogel solutions and deter-
mination of the optimal concentration. GelMA hydrogel solu-
tions at concentrations of 5%, 10%, and 15% (w/v) were
prepared by dissolving 5, 10, and 15 g of GelMA, respectively,
in light-protected centrifuge tubes containing 0.05 g of photo-
initiator. The mixtures were heated in a 65 °C water bath for
30 minutes until fully dissolved. Each hydrogel formulation was
then co-cultured with MC3T3-E1 cells (non-pollution) for
24 hours, followed by assessment of cell viability using a
CCK-8 proliferation assay (Fig. S1). Optical density (OD) was
measured at 450 nm using a microplate reader. Among the
tested concentrations, the 10% (w/v) GelMA hydrogel showed
the highest cell viability and was thus selected for all subse-
quent experiments.*®

2.2.3. Optimization of the BMP-2 concentration. A total of
10 pg of BMP-2 lyophilized powder was dissolved in 20 pL of the
supplied solvent and subsequently diluted with 80 pL of
PBS containing 5% carrier protein to prepare a 100 pug mL™"
BMP-2 stock solution. Working solutions of 50, 100, 150, and
200 ng mL " were then prepared by adding 0.5, 1.0, 1.5, and
2.0 pL of the stock solution to 1000 pL of PBS, respectively.
MC3T3-E1 cells were co-cultured with each concentration for
24 hours, followed by assessment of cell viability using a CCK-8
proliferation assay (Fig. S2). The OD values at 450 nm were
measured using a microplate reader. The 150 ng mL~ " BMP-2
group exhibited the highest OD value, indicating optimal cell
proliferation, and was therefore selected for all subsequent

experiments.>%*!
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2.2.4. Fabrication and grouping of composite scaffolds.
TPMS scaffolds were fabricated using selective laser melting
(SLM) with Ti-6A1-4V powder as the building material.>> The
sample was constructed layer by layer with a 30 um laser spot.
Specifically, the printing laser power was 100 W, the hatch
spacing was 70 um, the laser scanning speed was 400 mm s,
the board temperature was 35 °C, and the alternate hatch mode
was adopted as the scanning strategy. Following high-pressure
steam sterilization and drying, the titanium scaffolds were
placed in flat-bottom containers. A 1 mL GelMA hydrogel
solution containing 20 L of 150 ng mL ™" BMP-2 was added to
each container, and gentle agitation was applied using a shaker
to ensure uniform coating and infiltration of the scaffold. The
hydrogel was then photo-crosslinked using a 405 nm UV flash-
light, resulting in a partially modified scaffold. After 24 hours,
an additional 1 mL of GelMA hydrogel containing 20 mg
of RM-PLGA microspheres was added and similarly photo-
crosslinked under 405 nm UV light to yield the final RM-PLGA/
BMP-2(GelMA)@TiS scaffold.”® The experimental groups were
as follows: RM-PLGA/BMP-2(GelMA)@TiS, BMP-2(GelMA)@TiS,
RM-PLGA(GelMA)@TiS, and TiS (unmodified scaffold).

2.3. Evaluation of drug release performance

2.3.1. Antibiotic release profile. Scaffolds were placed in
dialysis bags containing 1 mL of PBS, sealed, and immersed in
polyethylene tubes filled with 5 mL of PBS. The tubes were
incubated under gentle shaking. At predetermined time points,
the external PBS solution was collected and analyzed using UV-
Vis spectrophotometry to quantify the concentrations of Mox
and Rif released (Appendix S2). The cumulative drug release was
calculated as follows: release = (m;/m,) x 100%, where m, is the
amount of drugs released into the external PBS, and m, is the
total amount of drug initially loaded into the microspheres.>***

2.3.2. BMP-2 release profile. Composite scaffolds were
incubated in 1 mL of deionized water. At predetermined time
points (days 1, 3, 5, 7, 14, 21, and 28), the supernatant was
collected and replaced with an equal volume of fresh buffer.
The concentration of BMP-2 in the collected supernatant was
quantified using a BMP-2 ELISA kit*® (Appendix S3).

2.4. Morphological and structural characterization of the
composite scaffold

Dried RM-PLGA/BMP-2(GelMA)@TiS scaffolds were mounted
onto conductive adhesive films and sputter-coated with gold
under vacuum. Scaffold morphology was examined using SEM,
and elemental composition was analyzed using energy-
dispersive spectroscopy (EDS).””

2.5. In vitro evaluation of biological performance

MC3T3-E1 subclone 14 cells were rapidly thawed and cultured
in a cell incubator under standard conditions. Sterilized scaf-
folds from each experimental group were placed in 12-well
plates, and 100 pL of the cell suspension (1 x 10> cells per mL)
was seeded onto the surface of each scaffold. After 24 hours of
co-culture, the scaffolds were fixed in glutaraldehyde for
24 hours, followed by dehydration, gold sputter-coating, and

This journal is © The Royal Society of Chemistry 2025
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SEM to evaluate cell adhesion on the scaffold surfaces. Cell
viability on days 1 and 3 was assessed using live/dead staining
and visualized with a fluorescence microscope. Cytotoxicity and
cell proliferation were evaluated using CCK-8 assays on days 1,
3, 5, and 7, with OD measured at 450 nm using a microplate
reader. Additionally, after 24 hours of co-culture, cells on the
scaffolds were fixed with 4% paraformaldehyde (PFA) for
10 minutes and stained with Actin-Tracker Red and DAPI
(4’,6-diamidino-2-phenylindole) to visualize the cytoskeleton
and nuclei, respectively. Stained cells were then observed under
a fluorescence microscope.

2.6. Effects of scaffolds on osteogenic differentiation

Scaffolds were placed in the upper chambers of transwell
inserts, and 100 pL of the MC3T3-E1 cell suspension (1 x 10°
cells per mL) was seeded into the lower chambers. After
24 hours of incubation, the culture medium was replaced with
osteogenic induction medium, which was refreshed every
3 days. To assess osteogenic differentiation, sirius red staining
was performed on day 7 to evaluate collagen deposition.
Samples were imaged under a microscope, washed with 0.1 M
acetic acid, and the bound dye was eluted using a 0.2 M sodium
hydroxide/methanol solution. The OD was measured at
540 nm. On days 7 and 12, alkaline phosphatase (ALP) activity
was assessed using an ALP detection kit, with stained samples
imaged microscopically and OD values measured at 405 nm. On
days 21 and 28, alizarin red S staining was performed to detect
calcium deposition, followed by imaging and dye elution using
cetylpyridinium chloride. The OD was then measured at
620 nm to quantify mineralization.

2.7. Invitro antibacterial evaluation

Staphylococcus aureus (SA) stock solution was rapidly thawed
and cultured on tryptic soy agar (TSA) plates. After incubation
at 37 °C for 24 hours, pure SA colonies were obtained and gently
collected using sterile cotton swabs and then suspended in
sterile PBS. The bacterial suspension was transferred to a
turbidity tube for OD adjustment. Sterilized scaffolds from
each experimental group were placed in 6-well plates, and
3 mL of the SA suspension (1.0 x 10° CFU mL ') was added
to each well. After 24 hours of co-culture, the bacterial suspen-
sions were serially diluted 10-fold and 100-fold; 100 pL of each
dilution was spread onto TSA plates and incubated for 24 hours,
after which colony-forming units (CFUs) were counted to cal-
culate the antibacterial rate. For inhibition zone analysis, 100 L
of the bacterial suspension (1.0 x 10° CFU mL ') was evenly
spread onto TSA plates, and each scaffold was placed at the
center of a plate; the blank control group received no scaffold.
After 24 hours of incubation, the diameter of the inhibition
zones surrounding each scaffold was measured. For biofilm
formation analysis, 1 mL of the bacterial suspension and a
scaffold were added to each well of a 24-well plate and incu-
bated for 24 hours. Scaffolds were then fixed with 4% PFA for
20 minutes, stained with 0.5% crystal violet at room tempera-
ture for 10 minutes, and observed under a microscope. The
biofilms were subsequently solubilized using 33% acetic acid,

J. Mater. Chem. B
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and the OD was measured at 575 nm using a microplate reader.
To directly observe biofilm morphology, scaffolds co-cultured
with bacteria for 24 hours were fixed in glutaraldehyde for
24 hours, dehydrated, sputter-coated with gold, and examined
via SEM. To assess bacterial viability, scaffolds were co-cultured
with 1 mL of the SA suspension in 24-well plates for 24 hours,
stained with a SYTO 9/PI bacterial viability kit, and observed
under a fluorescence microscope to distinguish live from dead
bacteria.

2.8. Establishment of the infectious cranial bone defect model

All animal experiments were approved by the Institutional
Animal Care and Use Committee (Approval no. IACUC-
NYLAC-2024-215).>® The duration of the animal experiments
is from November 8, 2024 to May 9, 2025.The anesthesia
method was inhalation of anesthesia with 10% isoflurane. An
infectious cranial bone defect model was established in male
New Zealand white rabbits (Fig. S3). All animals were procured
from the Experimental Animal Center of Ningxia Medical
University. Animal housing and experimental procedures were
conducted in accordance with national guidelines for the care
and use of laboratory animals issued by relevant research
authorities.

After anesthesia, 8-week-old New Zealand white rabbits were
subjected to a midline scalp incision and periosteal reflection to
fully expose the frontal and parietal bones. Using a cranial
trephine, a full-thickness circular bone defect with a diameter of
15 mm was created in the calvarium. Composite scaffolds from
the four experimental groups were implanted into the defect area,
and 100 pL of the SA suspension (1 x 10®° CFU mL™") was
inoculated onto each scaffold to induce local infection. Two weeks
postoperatively, skin and subcutaneous tissue surrounding the
surgical site were harvested for histological analysis. Hematoxy-
lin-eosin (H&E) and Giemsa staining were performed to assess
local inflammation. Additionally, the soft tissues were rolled onto
blood agar plates and incubated for 24 hours to observe and
quantify bacterial colony formation. At postoperative weeks 7 and
14, the animals were euthanized, and tissue specimens centered
on the defect site were harvested, trimmed to approximately
50 mm x 30 mm, and fixed in 4% PFA. Specimens were subjected
to X-ray imaging and micro-computed tomography (micro-CT)
scanning. Three-dimensional reconstruction of the defect area
was performed using MIMICS software, with newly formed bone
digitally segmented and labeled in red. Bone microarchitecture
was quantitatively analyzed using CTAn software to calculate the
trabecular thickness (Tb.Th), trabecular number (Tb.N), and bone
volume (BV) as a percentage of total volume (TV) within the region
of interest. For molecular analysis, bone tissue from the scaffold
periphery and internal pores was carefully harvested and ground
into fine powder using a mortar pre-cooled with liquid nitrogen.
Total protein was extracted using lysis buffer, and osteogenic
markers, including Runx2, osteocalcin (OST), and osteopontin
(OPN), were analyzed via western blotting (WB) and quantitative
polymerase chain reaction (qPCR) (Table S1). Cranial bone
specimens were also fixed in 4% PFA for 24 hours, followed by
standard dehydration procedures. Histological evaluations
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included H&E staining, Masson’s trichrome staining, and van
Gieson (VG) staining. Stained sections were imaged under a light
microscope, and Image] software was used to quantify the area of
newly formed bone within each scaffold. The percentage of new
bone tissue was calculated relative to the total field of view.

2.9. Statistical analysis

All data are expressed as mean =+ standard deviation (X + s).
One-way analysis of variance, followed by Tukey’s post hoc test,
was used to determine statistical significance between groups.
A P-value of less than 0.05 was considered statistically signifi-
cant. Significance levels are indicated as follows: *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001; “ns” denotes no
significant difference.

3. Results

3.1. Fabrication and characterization of RM-PLGA/
BMP-2(GelMA)@TiS scaffolds

In this study, RM-PLGA microspheres were prepared using a
double emulsion solvent evaporation method (Fig. 1G). PLGA
(Fig. 1A) was used as a carrier to encapsulate two broad-
spectrum antibiotics—Mox (Fig. 1C) and Rif (Fig. 1B), both
known for their high intraosseous bioavailability. PLGA is a
transparent, odorless crystalline polymer that was dissolved in
an inner-phase solution of acetonitrile and isopropanol
(Fig. 1E). Both Mox, a fine white powder, and Rif, a dark red
powder, were incorporated into the inner-phase solution
(Fig. 1F). The outer-phase solution was formulated using pet-
roleum ether (30-60 °C), liquid paraffin, and Span 85 (Fig. 1D).
Gelatin appears as a colorless, odorless, lightweight, and por-
ous white solid (Fig. 1H). SEM revealed that the RM-PLGA
microspheres were spherical with moderately smooth surfaces
(Fig. 2A). The average diameter of the microspheres was 21.47
pm (Fig. 2B). The LC of Mox within the RM-PLGA microspheres
was 4.08% =+ 0.52%, while that of Rif was 5.09% =+ 0.61%, with
corresponding encapsulation efficiencies of 41.07% =+ 4.72%
and 51.40% =+ 9.64%, respectively. A TPMS scaffold with a
G-type unit cell was fabricated using SLM (Fig. 1I). The scaffold
featured a porosity gradient increasing radially from the center
(ranging from 55% to 90%) and an internal pore size distribu-
tion of 420-630 um. The final scaffold had a mechanically rigid
texture, with dimensions of 15 x 2 mm. SEM images (Fig. 2D)
confirmed that the RM-PLGA microspheres were predomi-
nantly localized to the outer layer of the scaffold, whereas
BMP-2 was uniformly distributed within the inner layer. Moreover,
the GelMA hydrogel effectively filled the scaffold’s porous
architecture. EDS (Fig. 2H) detected the presence of titanium
(Ti), carbon (C), oxygen (O), nitrogen (N), chlorine (Cl), potas-
sium (K), sodium (Na), and phosphorus (P) on the surface of the
RM-PLGA/BMP-2(GelMA)@TiS scaffold, further confirming the
successful loading of both RM-PLGA and BMP-2 via the hydrogel
onto the titanium scaffold. The macroscopic appearances of the
four scaffold types—RM-PLGA/BMP-2(GelMA)@TiS, BMP-2(Gel-
MA)@TiS, RM-PLGA(GelMA)@TiS, and unmodified TiS—are

This journal is © The Royal Society of Chemistry 2025
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(A) A view of the PLGA solid. (B) A view of the rifampicin solid. (C) A view of the moxifloxacin solid. (D) A view of moxifloxacin dissolved in

petroleum ether and liquid paraffin. (E) A view of PLGA dissolved in acetonitrile and isopropanol. (F) A view of moxifloxacin and rifampicin added to PLGA
solution. (G) A view of moxifloxacin/rifampicin microspheres. (H) A view of the gelatin solid. (I) A view of the titanium scaffold solid.

shown in (Fig. 2C). The BMP-2 release profiles (Fig. 3E) revealed
distinct temporal differences between the two BMP-2-loaded
groups. In the BMP-2(GelMA)@TIS group, no significant BMP-2
release was observed within the first 30 hours; the release began
around 48 hours and continued in a rapid and sustained
manner until day 18, after which the release rate gradually
declined. In contrast, the RM-PLGA/BMP-2(GeIMA)@TiS group
exhibited a delayed onset of release, with minimal BMP-2
released during the first 8 days; the rapid release began on day
9 and continued thereafter. Notably, the RM-PLGA/BMP-2(Gel-
MA)@TIiS group consistently retained higher levels of BMP-2 at
equivalent time points. This might be explained by the spatial
configuration of RM-PLGA/BMP-2(GelMA)@TiS. BMP-2 is
embedded in the inner layer, while RM-PLGA microspheres are
embedded in the outer layer. This configuration effectively
delays BMP-2 diffusion and minimizes early-stage burst release.
The release profiles of Mox and Rif are shown in Fig. 2F and
Fig. 2G, respectively. Both RM-PLGA/BMP-2(GelMA)@TiS and

This journal is © The Royal Society of Chemistry 2025

RM-PLGA(GelMA)@TiS exhibited early onset of drug release,
but not in the form of a rapid burst. Instead, both antibiotics
followed a pattern of sustained release, extending gradually over
a 28-day period. By day 21, the RM-PLGA(GelMA)@TiS group had
released approximately 89% of Mox and 87.3% of Rif. In
contrast, the RM-PLGA/BMP-2(GelMA)@TiS group reached simi-
lar cumulative release levels only by day 28. This delay is likely
attributed to the secondary release of BMP-2 in the mid-to-late
stages, which may have indirectly influenced the sustained
release behavior of the RM-PLGA microspheres. Further research
is warranted to clarify whether this delay affects the antibacterial
efficacy in subsequent antibacterial experiments.

3.2. In vitro biocompatibility of RM-PLGA/BMP-
2(GelMA)@TiS scaffolds

The in vitro biocompatibility of the composite scaffolds was
assessed using cellular adhesion, viability, cytotoxicity, and
proliferation assays.
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Fig. 2 (A) Scanning electron microscopy (SEM) image of RM-PLGA microspheres. (B) Particle size distribution of RM-PLGA microspheres. (C) Physical
views of the four groups of scaffolds from left to right: RM-PLGA/BMP-2(Gelma)@TiS, BMP-2(Gelma)@TiS, RM-PLGA(Gelma)@TiS, and TiS group. (D) SEM
images of the four groups of scaffolds. (E) BMP-2 release profiles of RM-PLGA/BMP-2(Gelma)@TiS and BMP-2(Gelma)@TiS. (F) Moxifloxacin release
profiles of RM-PLGA/BMP-2(Gelma)@TiS and RM-PLGA(Gelma)@TiS. (G) Rifampicin release profiles of RM-PLGA/BMP-2(Gelma)@TiS and RM-
PLGA(Gelma)@TiS. (H) Energy dispersive X-ray spectroscopy (EDS) scan of the RM-PLGA/BMP-2(Gelma)@TiS scaffold.
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Fig. 3 (A) Scanning electron microscopy image of the composite scaffold co-cultured with cells. (B) Statistical graph of the number of cells adhered to

the scaffold. (C) CCK-8 test results. (D) Live and dead cell staining images on the 1st and 3rd days. (E) Live and dead cell statistics on the

1st and 3rd days.

(F) Cell morphology staining (blue represents the cell nucleus and red represents the cell skeleton). (G) Quantitative statistical analysis of cell fluorescence

intensity, *o < 0.05, **p < 0.01, ***p < 0.001, N = 3.
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SEM images (Fig. 3A) revealed that MC3T3-E1 cells adhered all four groups (Fig. 3B), the cells demonstrated varying
to the scaffold surface, exhibiting a short spindle-shaped degrees of spreading and intercellular contact. Notably, the
morphology with prominent pseudopodia extensions. Slight two BMP-2-loaded groups showed denser and more complex
surface cracking of the hydrogel was observed after drying. In formation of cell membranes and interconnections, whereas
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Fig. 4 (A) Result of sirius red staining. (B) Result of collagen secretion. (C) Result of ALP staining. (D) Quantitative detection result of ALP. (E) Result of
alizarin red staining. (F) Quantitative detection result of calcium nodules. *p < 0.05, **p < 0.01, ***p < 0.001, N = 3.
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the RM-PLGA(GelMA)@TIiS group and the unmodified TiS group
exhibited sparse cell attachment and minimal pseudopodia for-
mation. Results of the CCK-8 assay (Fig. 3C) indicated that, on day
1, the RM-PLGA/BMP-2(GelMA)@TiS and BMP-2(GelMA)@TiS
groups had significantly higher OD values compared with the
other two groups. This trend persisted over time, with the BMP-2-
loaded groups consistently outperforming the controls in terms of
cell viability. Live/dead cell staining (Fig. 3D and E) showed that
the RM-PLGA/BMP-2(GelMA)@TiS and BMP-2(GelMA)@TiS
groups had abundant green-fluorescing cells (live cells) and extre-
mely few red-stained dead cells on days 1 and 3. In contrast, the
RM-PLGA(GelMA)@TiS and unmodified TiS groups exhibited con-
siderably fewer live cells. Nuclear and cytoskeletal staining and
fluorescence intensity analyses (Fig. 3F and G) further confirmed
the enhanced biocompatibility observed in the RM-PLGA/BMP-
2(GeIMA)@TiS and BMP-2(GelMA)@TiS groups. Numerous blue-
stained nuclei were surrounded by red-stained actin cytoskeletons,
which appeared elongated and interwoven, with multiple pseudo-
podia protruding from the cell periphery. Compared with the other
groups, cells in the BMP-2-loaded groups exhibited wider, longer
cytoskeletal structures.

These results demonstrated that all four scaffold groups
exhibited good biocompatibility. Notably, the RM-PLGA/BMP-
2(GelMA)@TiS and BMP-2(GelMA)@TiS groups significantly
enhanced cell proliferation.

3.3. Effects of RM-PLGA/BMP-2(GeIMA)@TiS scaffolds on
osteogenic differentiation of MC3T3-E1 cells

The osteogenic potential of the fabricated scaffolds was eval-
uated through collagen fiber staining, ALP staining, and ana-
lyses of calcium nodule formation.

Sirius red staining (Fig. 4A) on day 7 of osteogenic induction
revealed pale pink-stained collagen fibers and faint yellow-
stained myofibers in the RM-PLGA/BMP-2(GelMA)@TiS and
BMP-2(GelMA)@TiS groups. In contrast, the unmodified TiS
group showed only minimal, faint collagen fiber staining. By
day 12, collagen deposition had increased substantially, man-
ifesting as irregularly shaped, variably sized red-stained aggre-
gates of collagen type I, especially in the RM-PLGA/BMP-
2(GelMA)@TiS group. These findings were confirmed through
quantitative analysis of sirius red dye elution. The OD values
measured at 540 nm (Fig. 4B) in the RM-PLGA/BMP-2(Gel-
MA)@TiS group were similar to those in the control groups.

The early osteogenic differentiation marker ALP was used to
evaluate osteogenic activity after 7 and 12 days of induction.?
On day 7, light blue ALP staining was clearly visible in the two
BMP-2-loaded groups, which was a significant difference from
the control groups. By day 12, MC3T3-E1 cells became more
confluent and ALP staining appeared darker (Fig. 4C). The OD
values of ALP-stained eluates at 405 nm further confirmed this
trend (Fig. 4D).

Alizarin red S staining was performed after 21 days of
osteogenic induction to determine the amount of calcium
deposits, a late-stage osteogenic differentiation marker. Scattered
red mineralized nodules were observed at the bottom of the
culture wells, and intercellular membrane connections were seen
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in some regions.*® Only a few mineralized nodules were present in
the RM-PLGA(GelMA)@TiS and TiS groups. Conversely, by day 28,
the RM-PLGA/BMP-2(GelMA)@TiS and BMP-2(GelMA)@TIiS
groups exhibited densely distributed, irregularly shaped miner-
alized nodules of varying sizes, many of which had merged into
large interconnected clusters. In contrast, the control groups
displayed significantly fewer mineralized nodules (Fig. 4E). The
OD values of the eluted dye at 620 nm are shown in Fig. 4F.

Collectively, these results demonstrate that both the BMP-2-
loaded scaffolds exhibited strong potential to induce osteo-
genic differentiation and mineralization.

3.4. Invitro antibacterial properties of RM-PLGA/BMP-
2(GelMA)@TIiS scaffolds

SEM imaging revealed that untreated SA appeared as well-
defined spherical cells, often aggregated in clusters.’’ Conver-
sely, SA inoculated on the RM-PLGA/BMP-2(GelMA)@TiS and
RM-PLGA(GelMA)@TiS scaffolds exhibited signs of structural
collapse and fragmentation. Residual bacterial debris appeared
interwoven into a fibrous, mesh-like necrotic network across the
field of view, with only a few intact bacterial cells remaining. In
contrast, the BMP-2(GeIMA)@TiS and unmodified TiS groups
displayed abundant intact and spherical SA cells (Fig. 5A). The
live bacteria are marked with red arrows and the dead bacteria
are marked with yellow arrows. Biofilm staining using crystal
violet (Fig. 5B) showed that the RM-PLGA/BMP-2(GelMA)@TiS
and RM-PLGA(GelMA)@TiS scaffolds had dense accumulation of
dark purple-stained biofilms, whereas the control groups only
presented sparse biofilm formation. Semiquantitative analysis of
biofilm biomass further confirmed the significant differences
between these groups (Fig. 5C). Moreover, the bacteria from
different groups showed variable growth when spread on TSA
plates after 10-fold and 100-fold dilution (Fig. 5D). Only a few SA
colonies were observed in the RM-PLGA-loaded groups, whereas
extensive SA growth across the plates was recorded in the BMP-
2(GelMA)@TiS and TiS groups. Statistical analysis (Fig. 5E and F)
confirmed that the bacterial count in the RM-PLGA/BMP-2(Gel-
MA)@TIiS group was significantly lower than that in the control
groups, indicating that the composite scaffold possessed potent
antibacterial activity.

In the zone of inhibition assays, no visible antibacterial
halos were observed around the BMP-2(GelMA)@TiS and TiS
scaffolds (Fig. 5G). Conversely, prominent zones of inhibition
were observed around the RM-PLGA/BMP-2(GelMA)@TiS and
RM-PLGA(GelMA)@TiS scaffolds. This was further confirmed
through live/dead bacterial staining (Fig. 5H). In the RM-PLGA/
BMP-2(GelMA)@TiS and RM-PLGA(GelMA)@TiS groups, large
numbers of red-stained dead bacteria were observed, with only
a few green-stained live bacteria. Conversely, the BMP-2(Gel-
MA)@TiS and TiS groups displayed widespread green fluores-
cence, indicating a predominance of viable bacteria, with only
sporadic red-stained dead cells. The relative quantification of
live and dead bacteria is shown in Fig. 5I.

These findings demonstrate the robust in vitro antibacterial
properties of the RM-PLGA/BMP-2(GelMA)@TiS composite
scaffold.
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3.5. In vivo evaluation of RM-PLGA/BMP-2(GelMA)@TiS
scaffolds

X-ray imaging at 7 and 14 weeks postoperatively revealed that
the scaffolds in all groups remained securely in place, with no
signs of loosening, dislodgement, surrounding bone fractures,
or calvarial resorption (Fig. 6A). The results of micro-CT analysis
and 3D reconstruction®? are shown in Fig. 6B. By week 7, varying
degrees of new bone formation were observed around and within
the scaffold pores in all groups. However, translucent gaps
remained visible between the scaffolds and the host calvarium.
By week 14, the RM-PLGA/BMP-2(GelMA)@TiS group exhibited
extensive new bone tissue surrounding the scaffold and filling its
internal pores. The scaffold appeared well-integrated with the
host bone, and its edges were tightly aligned with the margins
of the defect, indicating a significant difference compared with
the control groups, which showed less mature integration at the
same time point. The quantitative analysis of trabecular bone
parameters, including Tb.Th, Tb.N, and BV/TV (%), is shown in
Fig. 6C-E. These parameters increased significantly over time
across all groups. Notably, the RM-PLGA/BMP-2(GelMA)@TiS
group exhibited significantly higher Tb.Th, Tb.N, and BV/TV
values at both week 7 and week 14 compared with the control
groups (P < 0.05).

At week 2, H&E staining and Giemsa staining, along with
bacterial counting, in the control groups revealed significant
neutrophil infiltration and dense bacterial colonization in the
soft tissues surrounding the scaffolds, indicating a severe
inflammatory response (Fig. 6F and G). In contrast, both the
RM-PLGA-loaded groups exhibited markedly reduced numbers
of infiltrating neutrophils and bacteria, accompanied by milder
inflammatory reactions. Notably, the RM-PLGA/BMP-2(GelMA)@
TiS group demonstrated clear signs of neovascularization. Blood
agar plating and bacterial counting further confirmed that the
number of bacteria in the control groups was significantly higher
than that in the experimental groups (Fig. 6H and I). WB was
performed to assess the expression of the osteogenic markers
Runx2, osteocalcin, and osteopontin (Fig. 6]-M). The RM-PLGA/
BMP-2(GeIMA)@TiS group exhibited significantly elevated
expression of all three markers compared with the control
groups. These findings were corroborated by qPCR results
(Fig. 6N-P). To further evaluate the potential biotoxicity of the
implanted scaffolds, H&E staining was performed on the major
organs (i.e., heart, liver, spleen, lungs, and kidneys) of all rabbits.

In undecalcified hard tissue sections stained with H&E, the
RM-PLGA/BMP-2(GelMA)@TiS group exhibited the highest levels
of new bone formation and mineralization, in strong contrast to
the control groups (Fig. 7A). Masson’s trichrome staining yielded
consistent results, with the RM-PLGA/BMP-2(GelMA)@TiS group
showing the most prominent collagen deposition, neovascular-
ization, and bone regeneration (Fig. 7B). In VG staining,*?
titanium appeared black, while newly formed bone was stained
red (Fig. 7C). In the RM-PLGA/BMP-2(GelMA)@TiS group, a large
amount of red-stained new bone had grown onto the scaffold
struts, reaching maximum depth and coverage. The extent of
new bone formation in this group was significantly greater than
that in the control groups.
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4. Discussion

The standard treatment for IBDs involves initial infection
control followed by defect reconstruction. Persistent infection
significantly hinders osteogenesis, as bacterial activity can
further compromise local vascularization, expanding areas of
bone necrosis. Therefore, the development of bifunctional
bone scaffolds with both antibacterial and osteoinductive prop-
erties holds considerable promise for improving IBD outcomes.
Compared to conventional 3D - printed bone scaffolds, triply
periodic minimal surface (TPMS) structures exhibit unique
biological advantages. The structural characteristics include:
firstly, continuously smooth surfaces significantly reduce cel-
lular shear stress. Secondly, highly interconnected porous net-
works effectively promote nutrient diffusion and directional
cell migration. Thirdly, mechanical properties can be precisely
regulated through mathematical parameters to achieve gradi-
ent matching with host bone tissue. Experimental data show
that TPMS scaffolds achieve 10 times higher cell adhesion
efficiency than traditional scaffolds, increase bone tissue regen-
eration rates by 30%, and demonstrate excellent resistance
to cyclic loading, making them critically valuable for weight-
bearing bone defect repair applications. A study by P. Vicky
Kumar® introduced a PLA/MgTiO; composite scaffold that
achieved over 90% inhibition of Escherichia coli through the
release of antibacterial magnesium ions (Mg>"). The scaffold’s
TPMS architecture, with over 70% porosity and interconnected
channels, promoted physiological fluid circulation, reducing
bacterial retention. Additionally, its surface roughness enhanced
protein adsorption, synergistically improving both antibacterial
efficacy and hydrophilicity, thereby accelerating bone ingrowth.
In a previous study,** we incorporated antibiotic-loaded micro-
spheres into 3D-printed scaffolds, demonstrating excellent anti-
infective efficacy in both in vitro and in vivo IBDs models.
However, most existing scaffold designs lack temporal coordina-
tion in functional delivery, failing to integrate the scaffold
architecture, material composition, and drug release into a
synergistic therapeutic system. More critically, they do not sup-
port a seamless transition from early-stage infection control to
late-stage bone regeneration. To overcome these limitations, we
employed 3D printing to fabricate a titanium scaffold with a
gradient pore-sized TPMS structure, featuring 90% porosity at
the periphery and 55% at the core. BMP-2 was incorporated into
the smaller-pored inner region, whereas RM-PLGA microspheres
were embedded in the larger-pored outer layer. The outer RM-
PLGA microspheres facilitated sustained antibacterial activity in
the early phase, creating a microenvironment conducive to
osteogenesis. In the mid-to-late stages, BMP-2 released from
the inner core promoted bone formation, while residual RM-
PLGA microspheres maintained low-level antibacterial protec-
tion. This design establishes a spatiotemporally regulated
release platform that dynamically modulates osteoblast and
osteoclast activity for enhanced IBDs treatment.

SEM and EDS analyses confirmed the successful surface
adherence and spatial distribution of RM-PLGA microspheres
and BMP-2 on the titanium scaffold, with BMP-2 primarily

This journal is © The Royal Society of Chemistry 2025
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0.001, N = 3.

localized in the inner porous regions and RM-PLGA micro-
spheres in the outer layer. Drug release profiles validated this
design: Mox and Rif exhibited rapid initial release followed by
sustained release through the mid-to-late stages, while BMP-2
release became prominent around day 10. This spatiotemporal
release supports the scaffold’s intended functionality, i.e., early
antibacterial activity transitioning to osteoinductive stimula-
tion. Such a strategy effectively meets the therapeutic needs of
IBDs across distinct healing phases, offering a novel approach
for dynamic, staged bone repair. In vitro, both BMP-2-loaded
groups showed enhanced cellular adhesion and proliferation,

This journal is © The Royal Society of Chemistry 2025

confirming BMP-2’s excellent biocompatibility. Osteogenic dif-
ferentiation assays, including collagen fiber staining, ALP
staining and quantification, and alizarin red S staining, demon-
strated significantly superior outcomes in BMP-2-loaded
groups compared with control groups. These findings indicate
that BMP-2 promotes the directed differentiation and prolifera-
tion of mesenchymal stem cells into chondrocytes and osteo-
blasts, enhances osteoblast maturation, and plays a key role in
bone and cartilage development and remodeling, thereby accel-
erating bone defect repair. Antibacterial assessments revealed
that RM-PLGA-loaded groups exhibited significantly larger
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inhibition zones, greater biofilm necrosis, and a higher proportion
of dead bacteria than control groups, confirming the potent and
sustained antibacterial activity of RM-PLGA microspheres. X-ray
imaging and micro-CT 3D reconstruction distinguished mature
and newly formed bone. The RM-PLGA/BMP-2(GelMA)@TiS scaf-
fold demonstrated tight integration with host bone at the defect
margins and was extensively surrounded and infiltrated by new
bone tissue, both peripherally and within the scaffold pores. In
contrast, control groups showed persistent voids and significantly
lower trabecular parameters (Tb.Th, Tb.N, and BV/TV). H&E and
Giemsa staining at week 2 revealed minimal neutrophil infiltration
and Dbacterial presence in the RM-PLGA/BMP-2(GelMA)@TiS
group, indicating a mild inflammatory response. Neovasculariza-
tion was also notably increased. Blood agar plating showed an
absence of SA colonies, confirming the scaffold’s sustained and
targeted antibacterial effect. This dual-antibiotic system leverages
agents capable of penetrating the “blood-bone barrier.” Mox, a
fourth-generation fluoroquinolone, offers high intraosseous bioa-
vailability and strong cellular penetration, enabling the eradication
of intracellular SA. Rif, used in combination therapy, reduces
resistance development and significantly improves osteomyelitis
outcomes. These characteristics explain the superior bactericidal
efficacy of RM-PLGA-loaded scaffolds. Runx2 is a transcription
factor essential for osteoblast differentiation, OPN promotes
mineralization and bone remodeling, and OST is a major non-
collagenous bone matrix protein involved in calcium homeostasis.
The WB target protein has polyclonal antibodies.**The upregula-
tion of these osteogenic markers suggests that the RM-PLGA/BMP-
2(GelMA)@TiS scaffold promotes new bone formation by modu-
lating the expression of Runx2, OPN, and OST, as further sup-
ported by qPCR results. Histological assessments using H&E and
Masson’s trichrome staining showed that the RM-PLGA/BMP-
2(GelMA)@TiS group exhibited the highest levels of new bone
formation and mineralization, along with pronounced collagen
deposition, angiogenesis, and overall bone regeneration. H&E
staining provided detailed morphological insights into the regen-
erated tissue architecture, while Masson’s staining revealed the
organization and distribution of fibrous tissue. Together, these
findings indicate that the scaffold markedly enhanced bone repair.
Additionally, VG staining confirmed strong integration between
the newly formed bone and the scaffold, with bone tissue firmly
adhering to the strut surfaces. Extensive red-stained bone infiltrat-
ing deep into the scaffold, along with substantial deposition of
cellular surface markers and collagen, further validated the scaf-
fold’s excellent osteoregenerative potential.

These favorable outcomes are largely attributable to the
optimized design of the TPMS titanium scaffold, which features
a peripheral porosity of 90% and a central porosity of 55%. This
configuration provided sufficient internal volume for effective
DL while maintaining mechanical stability. The -carefully
selected pore size (420-630 pm) enhanced waste clearance,
nutrient diffusion, and surface area for bone ingrowth while
supporting localized and controlled release of bioactive agents.
By integrating material innovation, structural optimization,
and functional modularity, the 3D-printed scaffold established
a dynamic therapeutic platform characterized by early-stage
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antibacterial activity followed by mid-to-late-stage osteoinduc-
tive stimulation.

One limitation of this study is the lack of a comparative
analysis evaluating how different porosity ratios affect the load-
ing efficiency of RM-PLGA and BMP-2, particularly in relation to
antibacterial activity and bone regeneration. Additionally, the
relatively small sample size may limit the generalizability of the
findings. Future studies should include larger and more diverse
cohorts to validate these results.

5. Conclusions

Herein, we successfully fabricated a 3D-printed titanium scaf-
fold featuring a gradient porosity ranging from 55% at the
center to 90% at the periphery, with pore sizes between 420 and
630 pm. The scaffold was engineered for spatially selective
loading: RM-PLGA microspheres were incorporated into the
outer pores and BMP-2 into the inner pores, with the GelMA
hydrogel serving as a coating matrix to enable dual-stage drug
delivery. This design facilitates sustained antibacterial activity
during the early phase via RM-PLGA microspheres, followed by
predominant BMP-2 release during the mid-to-late phase, while
residual microspheres continue to provide antibacterial protec-
tion. The spatiotemporally regulated release system effectively
modulates osteoblast and osteoclast activity. In vitro assays
demonstrated that the RM-PLGA/BMP-2(GelMA)@TiS scaffold
exhibits excellent sustained antibacterial activity, cytocompat-
ibility, osteogenic differentiation capacity, and extracellular
matrix mineralization. In vivo studies further confirmed that
the scaffold can suppress SA-induced osteomyelitis while pro-
moting robust bone regeneration. These findings present a
promising therapeutic strategy and biomaterial platform for
the treatment of infectious bone defects.
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