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Abstract

Integrating stimuli-responsive nanoplatforms into 3D-printed scaffolds offers a
sophisticated approach to mimicking the complex microenvironment of bone
healing while minimizing the side effects associated with high-dose growth factor
therapy. This study reports the design of a mesoporous silica-based dual-drug delivery
system co-loaded with dexamethasone (DEX) and bone morphogenetic protein-2
(BMP-2) to harness their synergistic osteogenic potential while minimizing BMP-2-
associated side effects. Mesoporous silica nanoparticles (MSNs) were synthesized
to encapsulate DEX, followed by a polydopamine (PDA) coating formed via self-
polymerization under mild alkaline conditions. BMP-2 was subsequently immobilized
on the PDA layer, yielding pH-responsive DEX@MSNs/PDA/BMP-2 nanoparticles.
Characterization confirmed uniform morphology, efficient loading, and controlled
release, with accelerated release under acidic conditions, mimicking bone-defect
environments. In vitro, dual-drug nanoparticles promoted osteogenic differentiation
of preosteoblasts in a concentration-dependent manner, as evidenced by increased
alkaline phosphatase activity, enhanced calcium deposition, and upregulated
osteogenic genes. The nanoparticles were incorporated into three-dimensionally
(3D)-printed polylactic acid/nano-hydroxyapatite scaffolds via freeze-drying,
yielding composites with favorable porosity, mechanical properties, hydrophilicity,
and biodegradability. In a rat calvarial defect model, implantation of the composite
scaffolds significantly improved bone regeneration and neovascularization relative
to controls, as demonstrated by micro-computed tomography and histological
analyses. The results demonstrate that PDA-coated MSNs co-delivering DEX and
BMP-2, integrated into 3D-printed scaffolds, provide a biocompatible and effective
platform for bone tissue engineering. This approach combines pH-responsive
release, dual-drug synergy, and structural support, offering translational potential
for mandibular defect repair.

Keywords: Mesoporous silica; Polydopamine; Bone morphogenetic protein-2;
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1. Introduction

Extensive mandibular defects resulting from tumors,
infections, injuries, and congenital or acquired deformities
frequently occur in oral and maxillofacial conditions.
These issues notably influence a patient’s facial aesthetics,
oral capabilities, and mental health."> Currently,
autologous bone grafting is considered the gold standard
for mandibular defect repair. Alternative options, such as
allografts, xenografts, and bone substitutes, face several
limitations, including donor-site morbidity, limited bone
availability, inadequate morphological matching, immune
rejection, and the risk of disease transmission.** Bone
tissue engineering, an interdisciplinary technique that
integrates seed cells, growth factors, and tissue-engineered
scaffolds into a three-dimensional osteogenic system,
shows promising applications in bone repair.>

Bone morphogenetic protein-2 (BMP-2) is a frequently
utilized growth factor known for its bone-forming
efficacy and is essential in the development of bone tissue
engineering strategies.”® However, to achieve therapeutic
efficacy, the clinical application of BMP-2 often requires
doses significantly higher than its physiological levels in
natural bone.” High doses of BMP-2 can lead to side effects
such as inflammatory responses, ectopic bone formation,
and tumor induction.'”"! Studies have shown that basic
fibroblast growth factor, vascular endothelial growth factor,
and platelet-rich plasma enhance the osteogenic effects of
BMP-2, exhibiting synergistic effects when combined.'***
Given that growth factors are complex to prepare,
expensive, and prone to inactivation, the incorporation of
small molecules such as dexamethasone (DEX) represents
a strategic approach to enhance the osteogenic efficacy of
BMP-2 through potent synergistic effects.'s!

To harness the synergistic osteogenic potential of
BMP-2 and DEX, an effective dual-drug delivery system
is essential. Mesoporous silica nanoparticles (MSNs) have
emerged as premier drug carriers due to their tunable
particle size, adjustable pore channels, and exceptional
biocompatibility.”>* The abundance of silanol groups
on MSN surfaces allows for versatile modifications with
functional groups that act as “mesoporous gates” that
enable controlled drug release in response to stimuli
such as pH, enzymes, or light*** However, while the
mesoporous structure of MSNs is well-suited for loading
small molecules like DEX, it possesses inherent limitations
in delivering macromolecules such as proteins.**” The
emergence of polydopamine (PDA), a mussel-inspired
biomaterial, provides a new approach for immobilizing
macromolecules like proteins on nanoparticles.**® PDA
surfaces possess a wealth of active functional groups,
including phenolic hydroxyl, quinone, amino, and imino

groups. These groups are reactive in Michael addition or
Schift-base reactions with nucleophilic groups, such as
amino (-NH2) or thiol (-SH) groups. This makes PDA
a versatile platform for immobilizing biomolecules, with
broad applications in drug delivery, tissue engineering,
and biosensing.?***° Furthermore, the pH-sensitivity
of PDA allows it to function as a responsive gatekeeper,
accelerating drug release under the acidic conditions
typical of bone defect environments.** In this study, we
utilized the mesopores of MSNs to encapsulate DEX and
employed a PDA coating as both a pH-responsive gate
and a functional platform for immobilizing BMP-2. This
strategy yielded dual-drug-loaded nanoparticles (DEX@
MSNs/PDA/BMP-2), and we subsequently investigated
their release kinetics and synergistic osteogenic efficacy.

Tissue-engineered scaffolds, serving as osteogenic
microenvironments, are indispensable in bone tissue
engineering.**® Polylactic acid (PLA), known for its
excellent mechanical properties and biocompatibility,
is widely utilized in tissue-engineered scaffolds. Over
time, PLA degrades into carbon dioxide and water,
which are naturally absorbed by the body.*** Despite
its advantages, PLA has several limitations, including
local aseptic inflammation due to degradation,
hydrophobicity that hinders cell adhesion, and the lack
of osteoconductivity and osteoinductivity, which restrict
its use.®® Hydroxyapatite (HA) is a key constituent of
bone, known for its excellent biocompatibility and ability
to support bone growth. However, its lack of a three-
dimensional (3D) porous structure makes it less favorable
for cell adhesion and growth.* Composite scaffolds made
of PLA and HA can effectively complement each other’s
shortcomings, making them ideal for tissue-engineered
scaffolds.** Furthermore, 3D-printing technology, aided
by computer assistance, can create customized, precise,
and multilevel tissue-engineered scaffolds with excellent
shapes and mechanical properties. These scaffolds provide
a conducive environment for osteogenic cell recruitment,
vascular growth, and nutrient metabolism.?**

Beyond conventional applications of PDA solely for
surface modification, the innovation of this work lies in the
multifunctional integration of PDA asboth a pH-responsive
gatekeeper and a protein-anchoring platform. Specifically,
the PDA coating simultaneously modulates DEX release
from mesoporous silica channels and provides a versatile
interface for the stable immobilization of BMP-2. By
incorporating these dual-functional nanoparticles into
3D-printed PLA/nano-HA (nHA) scaffolds, we developed
a hierarchical delivery system capable of responding to the
localized microenvironment of bone defects. Following
the in vitro evaluation of the nanoparticles’ osteogenic
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potential, the therapeutic efficacy of the composite
scaffolds was validated in a rat calvarial defect model. This
integrated strategy, which combines stimuli-responsive
nanomedicine with 3D-printed architecture, offers a
promising approach to repairing critical-sized bone
defects.

2. Materials and methods
2.1. Materials

Polylactic acid (grade 4032D) was purchased from
Natureworks (United States of America [USA]). nHA (<100
nm), dopamine hydrochloride, cetyltrimethylammonium
bromide (CTAB), tetraethyl orthosilicate (TEOS), DEX,
L-ascorbic acid sodium, and pentobarbital sodium were
purchased from Sigma-Aldrich (USA). Recombinant
human BMP-2 (rhBMP-2) and its corresponding
enzyme-linked immunosorbent assay (ELISA) kit were
procured from Abmole (USA) and Sigma-Aldrich (USA),
respectively.

For biological assays, mouse embryonic osteoblast
precursor cells (MC3T3-E1) were purchased from Cyagen
Biosciences (China). Alpha-modified Eagle’s medium
(a-MEM), fetal bovine serum (FBS), and penicillin-
streptomycin were purchased from Gibco (USA).
Fluorescein isothiocyanate, phalloidin, and 4,6-diamidino-
2-phenylindole were procured from Sigma-Aldrich (USA).
The PrimeScript RT kit (RR036A, Takara, Japan), TRIzol
reagent (Invitrogen, USA), and genetic primers (Thermo
Fisher, USA) were used for molecular analysis. Sprague-
Dawley rats (8 weeks old, n = 27) were acquired from
Pengyue Laboratory Animal Breeding Co., Ltd. (China).
Deionized water was used throughout the study.

2.2. Preparation of mesoporous silica nanoparticles

Mesoporous silica nanoparticles were prepared
following the procedure described in a previous study.”
Briefly, 1.0 g of CTAB and 0.28 g of sodium hydroxide
were dissolved in 480 mL of deionized water. The mixture
was continuously stirred and heated to 80 °C until it
completely dissolved. Subsequently, 5 mL of TEOS was
gradually added to the mixture and stirred continuously
for 2 h. The final product was centrifuged at 8,000 rpm
for 10 min, followed by multiple washes with both water
and ethanol. The sample was dispersed in a mixture of
500 mL of ethanol and 5 mL of hydrochloric acid (HCI),
then refluxed at 80 °C for 24 h. The sample underwent
centrifugation and was thoroughly washed several times to
eliminate the CTAB template. Ultimately, the template-free
MSNs were collected using centrifugation, cleansed, and

dried under vacuum to yield MSN powder. This powder
was then sterilized with ultraviolet (UV) light, preparing it
for further application.

2.3. Preparation of dexamethasone-loaded
mesoporous silica nanoparticles and drug loading
capacity measurement

An ethanolic solution of DEX at 4 mg/mL was prepared.
Subsequently, 100 mg of MSNs was combined with 2 mL
of the DEX solution and incubated in the dark for 24 h.
After centrifugation, the pellet was rinsed three times with
deionized water and then dried under vacuum in a freeze-
dryer (Alpha 2-4LSC BASIC, Christ, Germany), yielding
DEX-loaded MSNs (DEX@MSNs). The absorbance at 242
nm was measured for both the collected washing solution
and the supernatant. The drug loading capacity of DEX
was calculated using Equation 1:

. . Mass of DEX added —Mass of DEX in solution
Loading capacity (%) =

- x100% ( 1 )
Total mass of DEX —loaded nanoparticles

2.4. Preparation of polydopamine-coated
dexamethasone-loaded mesoporous silica
nanoparticles and drug loading capacity
measurement

To synthesize nanoparticles with a PDA coating, 100 mg
of DEX@MSNs were suspended in 50 mL of tris-HCI
solution (10 mM, pH 8.5). Next, 50 mg of dopamine
hydrochloride was added, and the solution was stirred
at room temperature in the dark for 12 h to form a
PDA layer’ The DEX@MSNs/PDA nanoparticles were
collected via centrifugation, followed by three washes
with deionized water to eliminate residual unpolymerized
dopamine. Subsequently, the nanoparticles were freeze-
dried. The collected wash solution and supernatant were
evaluated by measuring the absorbance at 242 nm using a
UV spectrophotometer (UV-3600i Plus, Shimadzu, Japan).

2.5. Preparation of polydopamine-coated
dexamethasone- and bone morphogenetic protein-
2-loaded mesoporous silica nanoparticles and drug
loading capacity measurement

A 4mLsolution containing BMP-2 (4 ug/mL) was prepared.
Then, 100 mg of DEX@MSNs/PDA nanoparticles were
added to the solution, followed by continuous stirring at 4
°C for 4 h.** The mixture was centrifuged, and the pellet
was freeze-dried for 24 h, yielding nanoparticles co-loaded
with DEX and BMP-2 (DEX@MSNs/PDA/BMP-2). The
supernatant was used to measure BMP-2 concentration
using a BMP-2 ELISA kit. The BMP-2 loading capacity was
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subsequently determined.

2.6. Characterization of nanoparticles

To examine the surface morphology and size of the
nanoparticles, scanning electron microscopy (SEM;
Sigma 300, ZEISS, Germany) and transmission electron
microscopy (TEM; JEM-2100Plus, JEOL, Japan) were
employed. The particle size and zeta potential were assessed
usingadynamiclightscattering instrument (Zetasizer Nano
7590, Malvern, UK). Nitrogen adsorption-desorption
isotherms were recorded to determine the specific surface
area and pore size distribution using an automated surface
area and porosity analyzer (Micromeritics ASAP 2460,
USA). The measurement process was analyzed using the
Brunauer-Emmett-Teller (BET) and Barret-Joyner—
Halenda methods. Nanoparticle chemical functional
groups were examined using Fourier-transform infrared
spectroscopy (FTIR; Nicolet iS20, Thermo Scientific, USA).
X-ray diffraction (XRD; SmartLab SE, Rigaku Corporation,
Japan) was employed to analyze the mesoporous structure
of the nanoparticles, investigating both the small-angle (20
< 10°) and wide-angle scattering regions.

2.7. In vitro release of dexamethasone

The DEX@MSNs and DEX@MSNs/PDA nanoparticles
(20 mg each) were dispersed in 1 mL of phosphate-
buffered saline (PBS) at different pH values (7.4, 6.0,
and 5.0) and enclosed in dialysis membranes (molecular
weight cutoff: 3,500 Da). The dialysis membranes were
placed in centrifuge tubes containing 4 mL of PBS at
the corresponding pH and incubated in a thermostatic
orbital shaker (LD-DY1, Shandong Laiende Intelligent
Technology Co., Ltd., China) at 37 °C and 100 rpm.* At
predetermined time points (every 2 days for a total of 28
days starting from day 1, with 3 days of dialysis at the last
time point), 2 mL of the release medium was removed and
replaced with fresh PBS. The absorbance at 242 nm was
recorded using a UV spectrophotometer. The amount of
DEX released was calculated based on the loading capacity,
and the release profiles were plotted.

2.8. Invitro release of bone morphogenetic
protein-2

The DEX@MSNs/PDA/BMP-2 nanoparticles (50 mg)
were introduced into multiple 10 mL centrifuge tubes
containing 5 mL of PBS at varying pH values (7.4, 6.0,
and 5.0). At predetermined time points (every 2 days for
a total of 21 days, starting from day 1), the samples were
centrifuged, and the supernatant was collected. BMP-2
concentrations were quantified using a BMP-2 ELISA kit
according to the manufacturer’s instructions. The amount
of BMP-2 released was determined, and the release profiles

were plotted.

2.9. Cytocompatibility test

The base medium consisted of high-glucose a-MEM
supplemented with 10% FBS and 1% penicillin-
streptomycin. Sterile centrifuge tubes were prepared,
each containing 100 pug of MSNs, DEX@MSNs, DEX@
MSNs/PDA, and DEX@MSNs/PDA/BMP-2. To prepare
solutions at a concentration of 100 pg/mL, each type of
nanoparticle was dispersed in 1 mL of base medium.
Similarly, DEX@MSNs/PDA/BMP-2 solutions were
prepared at concentrations of 50, 200, and 400 ug/mL
for the experimental groups, whereas the control group
received the base medium. Passage-4 MC3T3-E1 cells were
maintained under standard culture conditions and then
prepared as a suspension at a concentration of 2.5 x 10*
cells/mL. A 100 pL cell suspension was seeded into 96-well
plates (2.5 x 10° cells/well) and incubated at 37 °C under
5% CO, for 24 h. Subsequently, 100 uL of nanoparticle
solution was added to each well in the experimental
groups, whereas the control group received 100 pL of base
medium. On days 1, 3, and 5, 10 pL of cell-counting kit
(CCK)-8 solution was added to each well, followed by
incubation for 2 h. Absorbance was measured at 450 nm
using a microplate reader (Synergy HIME BioTek, USA).
Cell viability was calculated using Equation 2:

- A
Cell viability (%) = —=-x100% (2)
Control
where A ~ and A_ =~ indicate the absorbance
measurements for the experimental and control groups,
respectively, at a wavelength of 450 nm.

2.10. Alkaline phosphatase activity

MC3T3-E1 cells were seeded in 12-well plates at a
concentration of 4 x 10° cells/cm®. The negative control
group received the base medium (Control), while the
positive control group (Osteoinductive) was cultured in
osteogenicinduction medium (base medium supplemented
with 10 mM {-glycerophosphate, 50 pug/mL ascorbic acid,
and 0.1 uM DEX).” Nanoparticle suspensions for the
experimental groups were prepared by dispersing MSNs,
DEX@MSNs, DEX@MSNs/PDA, and DEX@MSNs/PDA/
BMP-2 nanoparticles in the base medium at 100 pg/mL.
In addition, DEX@MSNs/PDA/BMP-2 nanoparticle
suspensions were prepared at concentrations of 50, 200,
and 400 pg/mL. After osteogenic induction for 7 and 14
days, the cells were washed three times with PBS and
then fixed with 4% paraformaldehyde for 30 min. After
three additional PBS washes, 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium solution was added to
completely cover the cells, and staining was performed
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for 30 min. The stain was then removed, and the cells
were rinsed three times with distilled water. Images were
acquired using a microscope. A 1% Triton X-100 solution
was used to lyse the cells. The lysate was transferred to
Eppendorf tubes and centrifuged at 12,000 rpm for 30 min
at 4 °C. The supernatant was carefully transferred to fresh
Eppendorf tubes, and the optical density (OD) at 520 nm
was measured using a microplate reader.

2.11. Alizarin Red staining

MC3T3-E1 cells were seeded in 24-well plates at a
concentration of 4 x 10° cells/cm?. After 14 and 21 days of
culture, the cells were washed with PBS three times, fixed
with 4% paraformaldehyde for 30 min, and subsequently
washed three times with PBS. Cells underwent a 30-min
treatment using a 2% Alizarin Red dye, followed by three
washes with deionized water. Microscopic analysis was
conducted to assess the presence of calcium deposits. To
measure the staining of calcium-bound alizarin red, a
solution of 100 nmol/L cetylpyridinium chloride (Sigma,
USA) was applied to decolorize at room temperature for 1
h. Absorbance readings were obtained at 562 nm using a
microplate reader (Synergy HIME BioTek, USA).

2.12. Osteogenic-related gene expression analysis

MC3T3-E1 cells were seeded in 12-well plates at a density
of 4 x 10° cells/cm?* and maintained at 37 °C for 14 days.
The expression of osteogenic-related genes, including
Runx2, Collal, and Ocn, was evaluated using real-time
reverse transcription—polymerase chain reaction (RT-
PCR). Using Trizol reagent, RNA was isolated, and cDNA
was synthesized according to the instructions provided in
the PrimeScript reverse transcription kit (RR036A, Takara,
Japan). The synthesized cDNA was diluted tenfold using
sterile distilled water, and 4 uL of the diluted cDNA was
added to the SYBR Premix Ex TaqTM reaction mixture
(Takara, Japan) for RT-PCR. The RT-PCR reaction mixture
(10 pL) contained 4 pL diluted ¢cDNA, 5 pL 1x SYBR
Premix Ex Taq, 0.4 uL each of forward and reverse primers
(0.2 uM), and 0.2 pL carboxy-X-rhodamine reference dye
(50x). This was followed by 40 cycles of amplification, each
including a 5-s denaturation at 95 °C and a 34-s annealing

and extension at 60 °C. Table 1 shows the primer sequences
used in RT-PCR analysis.

2.13. Preparation of DEX@MSNs/PDA/BMP-2-loaded
polylactic acid/nano-hydroxyapatite composite
scaffolds

The PLA powder (10 g) and nHA powder (2.5 g) were mixed
at a ratio of 4:1 (w:w) in a 1,4-dioxane solution and stirred
magnetically (500 rpm, 25 °C) for 30 min. The mixture
was freeze-dried, and the resulting PLA/nHA material was
loaded into a 3D printer (3D printing, Qingdao University
of Technology, China) . Using computer-assisted design,
cylindrical scaffolds with a diameter of 8 mm and a
thickness of 1.5 mm were printed with specific parameters:
line width 250 um, layer thickness 200 pm, and pore size
300 um. To load the scaffolds with nanoparticles, 100 mg
of DEX@MSNs/PDA/BMP-2 nanoparticles were dispersed
in 1 mL of deionized water. The PLA/nHA scaffolds were
immersed in this suspension, followed by vacuum freeze-
drying to obtain drug-loaded DEX@MSNs/PDA/BMP-2/
PLA/nHA (D@M/P/B/PLA/nHA) composite scaffolds,
which were stored at 4 °C for subsequent analysis.*?

2.14. Characterization and performance testing of
composite scaffolds

The surface morphology, porosity, and nanoparticle
attachment of the composite scaffolds were observed
using SEM. To assess hydrophilicity, the contact angle of
each scaffold group was determined using a contact angle
measurement device (SL 200B, Solon, China). A specific
volume of anhydrous ethanol (V1) was poured into a
beaker, and the scaffold was immersed in the liquid for
30 min until it was completely saturated, with no bubbles
visible on the surface. The total volume (TV) of liquid was
recorded as V2. The scaffold was subsequently removed,
and the remaining volume of ethanol was recorded as V3.
The porosity of the scaffold was calculated using Equation
3. The mechanical properties of the scaffolds (PLA/nHA
and D@M/P/B/PLA/nHA) were tested using a universal
testing machine (CMT6103, MTS, USA) with a load
capacity of 5 kN and a constant compression speed of 1
mm/min. The mass of each scaffold was measured and

Table 1. Primer sequences for reverse transcription-polymerase chain reaction

Gene Forward primer sequence (5’-3’) Reverse primer sequence (5°-3’)
Runx2 TTCTCCAACCCACGAATGCAC CAGGTACGTGTGGTAGTGAGT
Collal AACATGACCAAAAACCAAAAGTG CATTGTTTCCTGTGTCTTCTGG
Ocn GAACAGACTCCGGCGCTA AGGGAGGATCAAGTCCCG
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recorded as M1. The scaffolds were subsequently immersed
in 10 mL of PBS (pH 7.4) and incubated at 37 °C. At
predetermined time points over a three-month period,
the scaffolds were removed, washed, dried, and weighed
again (M2). The degradation rate (%) was calculated using
Equation 4. Degradation rate curves were plotted to
analyze the temporal degradation behavior of the scaffolds.

P(%):‘”_V3xum% (3)
V2-V3
Degradation rate (%) = % x100% (4)

2.15. Cytocompatibility of composite scaffolds

Sterilized composite scaffolds were placed in 24-well plates
and pre-soaked in base medium before cell seeding. The
control group received base medium without scaffolds.
MC3T3-E1 cells were seeded at a density of 2 x 10* cells/
mL (100 uL per well) and incubated at 37 °C in a 5% CO,
atmosphere. On days 1, 3, and 5, 10 pL of CCK-8 solution
was added to each well, and the OD was measured at 450
nm. Cell morphology and growth were examined using a
fluorescence microscope. The cell viability was calculated
using Equation 2.

2.16. In vivo osteogenesis

Male Sprague-Dawley rats (aged 8 weeks, weighing 150-200
g, n =27) were acquired from Pengyue Laboratory Animal
Breeding Co., Ltd. (Jinan, China; license: SCXK [Lu] 2022
0006). All animal-related procedures were approved by
the Qingdao University Experimental Animal Welfare
Ethics Committee (No. 20230725SD2120240725057) and
conducted in accordance with the regulations established
by the Institutional Animal Care and Use Committee. A
total of 27 rats were randomly allocated into three groups
(n = 9 per group) using a computer-generated random
sequence. Animals were housed in pairs under standard
conditions (22 + 2 °C, 12 h light/dark cycle) with ad
libitum access to food and water. Postoperative health
and behavior were monitored daily, and rats received
intramuscular injections of penicillin sodium (200,000
U/day) for three consecutive days to prevent infection.
Only rats that underwent the surgical procedure without
intraoperative complications were included in the final
analysis; no animals were excluded during the study.

The rats were anesthetized by an intraperitoneal
administration of sodium pentobarbital (60 mg/kg). A
trephine was used to create an 8 mm full-thickness cranial
defect. Blank PLA/nHA scaffolds or D@M/P/B/PLA/nHA
composite scaffolds were implanted into the defect sites.
At 4, 8, and 12 weeks post-surgery, the cranial defects
were examined using a micro-computed tomography

(CT) system (Quantum GX2, PerkinElmer, Japan). The
scanning was performed at a source voltage of 70 kV,
maintaining a consistent spatial resolution of 12 pum for
all samples to ensure high-fidelity imaging. Subsequently,
the reconstructed data were analyzed using Analyze
software (14.0, AnalyzeDirect, USA) to quantify key
osteogenic parameters, including bone volume (BV), TV,
bone mineral density (BMD), and BV fraction (BV/TV).
Rats were euthanized at 4, 8, and 12 weeks for histological
evaluation of cranial bones using hematoxylin and eosin
(HE) and Masson staining.

2.17. Histopathological evaluation of major organs

The rats were euthanized at 4, 8, and 12 weeks after surgery.
Their major organs, including the heart, liver, spleen,
lungs, and kidneys, were harvested. These organs were
then fixed in 4% paraformaldehyde, embedded in paraffin,
and subsequently sectioned for HE staining. Healthy
rats without surgical intervention served as controls.
Histopathological changes were assessed to evaluate
scaffold material toxicity.

2.18. Statistical analysis

All quantitative data are presented as mean + standard
deviation (SD). For in vitro experiments, at least three
independent replicates (n = 3) were performed for each
group. The study used Statistical Package for Social Sciences
(SPSS 23.0, IBM, United States) for analysis. A one-way
analysis of variance was utilized for group comparisons,
with statistical significance set at p < 0.05.

3. Results
3.1. Nanoparticle characterization

Figure 1A displays the morphology of the four nanoparticle
types, which were examined using SEM. The nanoparticles
exhibited a spherical shape, consistent size, and displayed
excellent dispersion with minimal clustering. The surfaces
of MSNs and DEX@MSNs were smooth, whereas those of
DEX@MSNs/PDA and DEX@MSNs/PDA/BMP-2 were
rougher due to the PDA coating and BMP-2 loading. TEM
micrographs (Figure 1B) showed that the nanoparticles
were predominantly spherical, with sizes of 270-330 nm.
The surfaces of MSNs and DEX@MSNs appeared smooth,
with mesoporous structures clearly visible near the edges.
The PDA coating on DEX@MSNs/PDA nanoparticles
obscured the mesoporous structure, and granular loading
material was visible on the surfaces of DEX@MSNs/PDA/
BMP-2. As shown in Table 2, the Zeta potentials of MSNs,
DEX@MSNs, DEX@MSNs/PDA, and DEX@MSNs/PDA/
BMP-2 were -9.2 £ 0.7 mV, -8.4 + 0.6 mV, -29.5 + 1.1
mV, and -30.7 £ 0.9 mV, respectively, with particle sizes of
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270.1+13.1 nm, 280.9 + 7.2 nm, 290.1 + 8.7 nm, and 319.3
* 6.9 nm (Figure 1C), respectively. The polydispersity
indices were 0.340 + 0.013, 0.214 + 0.010, 0.127 + 0.009,
and 0.374 + 0.015, respectively. The corresponding specific
surface areas of the four nanoparticles were 620.7 + 29.2
m?/g, 496.3 = 21.6 m*/g, 93.2 + 13.4 m*/g, and 83.8 £ 9.7
m?/g, respectively. The pore sizes of MSNs and DEX@MSNs
were 3.1+ 0.6 nm and 2.7 + 0.4 nm, respectively, while no
pore sizes could be detected for DEX@MSNs/PDA and
DEX@MSNs/PDA/BMP-2. The nitrogen adsorption—
desorption isotherms (Figure 1D) showed a typical type
IV isotherm for MSNs, while DEX@MSNs, DEX@MSNs/
PDA, and DEX@MSNs/PDA/BMP-2 deviated from the
standard type IV isotherm. XRD analysis (Figure 1E)
revealed characteristic peaks in the small-angle region
(1.2-1.4°). The most prominent peak was observed in the

MSN group, with varying degrees of attenuation in the
other groups, which is consistent with previous reports.*'
FTIR spectra (Figure 1F) indicated characteristic peaks of
Si-O-Si bending vibrations, Si-O-Si symmetric stretching
vibrations, and Si-O asymmetric vibrations at 465 cm™,
800 cm™, and 1,080 cm™, respectively, characteristic of
silica. Peaks at 1,665 cm™ and 896 cm™ corresponded to
DEX, confirming its successful loading. Peaks at 3,400
cm™, 2,955 cm™, and 1,625 cm™ indicated the presence
of PDA, corresponding to -NH, groups, aromatic double-
bond skeletal vibrations, and amine groups, respectively.**

3.2. Cytocompatibility test

The survival rate of MC3T3-E1 cells exposed to 100 pg/
mL of MSNs, DEX@MSNs, DEX@MSNs/PDA, and
various concentrations of DEX@MSNs/PDA/BMP-2 was

Figure 1. Characterization of nanoparticles. (A) SEM images of nanoparticles. Scale bar: 100 nm; magnification: 50000x. (B) TEM images of nanoparticles.
Scale bar: 100 nm; magnification: 200000x. (C) Particle size distribution of nanoparticles. (D) Nitrogen adsorption-desorption isotherms of nanoparticles.
(E) XRD analysis of nanoparticles. (F) FTIR spectra of nanoparticles.

Abbreviations: BMP-2: Bone morphogenic protein 2; CPS: Counts per second; DEX: Dexamethasone; FTIR: Fourier-transform infrared spectroscopy;
MSNs: Mesoporous silica nanoparticles; PDA: Polydopamine; SEM: Scanning electron microscope; STP: Standard temperature and pressure; TEM:
Transmission electron microscope; XRD: X-ray diffraction.
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Table 2. Characterization of nanoparticles

Sample Zeta potential (mV) Size (nm) BET surface area (m?/g) Pore size (nm)
A -9.2+0.7 270.1 +13.1 0.340 £ 0.013 620.7 £29.2 3.1

B -8.4+0.6 280972 0.214 £ 0.010 496.3 + 21.6 2.7

C -295+1.1 290.1 £8.7 0.127 = 0.009 93.2+13.4 N/A

D -30.7 £ 0.9 319.3£6.9 0.374 £ 0.015 83.8+£9.7 N/A

Notes: (A) MSNs; (B) DEX@MSNs; (C) DEX@MSNs/PDA; (D) DEX@MSNs/PDA/BMP-2. Abbreviations: BET: Brunauer-Emmett-Teller; N/A: Not

applicable; PDI: Polydispersity index.

Figure 2. Cytocompatibility and drug release. (A) Cytocompatibility of nanoparticles. (B) DEX release profile. (C) BMP-2 release profile.
Abbreviations: BMP-2: Bone morphogenic protein 2; DEX: Dexamethasone; MSNs: Mesoporous silica nanoparticles; PDA: Polydopamine.

evaluated on days 1, 3, and 5 (Figure 2A). Throughout the
five-day period, each group demonstrated cell viability
exceeding 90% relative to the control group, suggesting no
significant cytotoxic effects. Throughout the study, DEX@
MSNs/PDA/BMP-2 exhibited slightly higher cell viability
compared to the other groups, maintaining high viability
even at 400 ug/mL.

3.3. Dexamethasone loading and in vitro release

The DEX loading capacities of DEX@MSNs and DEX@
MSNs/PDA were 25.82 + 1.91 pg/mg and 24.73 + 2.33 g/
mg, respectively, based on absorbance at 242 nm. Figure 2B
illustrates the release patterns of DEX observed in vitro. At
pH 7.4, DEX@MSNs exhibited rapid release, with 43.22%
released on day 1, and cumulative releases of 79.45% and
92.01% on days 7 and 28, respectively. DEX@MSNs/PDA
demonstrated a prolonged release profile, maintaining
sustained release, and exhibited an increased release rate as

the pH decreased. At pH 5.0, 6.0, and 7.4, the drug release
from DEX@MSNs/PDA on day 1 were 27.01%, 23.34%,
and 17.27%, respectively; on day 7, cumulative release
achieved 54.27%, 44.34%, and 33.18%, and by day 28,
80.01%, 73.16%, and 62.30%, respectively.

3.4. Bone morphogenic protein-2 loading and in
vitro release

The BMP-2 loading capacity of DEX@MSNs/PDA/BMP-2
was 43.27 + 3.18 ng/mg, determined using the rhBMP-2
ELISA kit. Figure 2C presents the release profiles of BMP-2.
Release was observed across all pH conditions, with faster
release at acidic pH. At pH 5.0, 6.0, and 7.4, the release rates
on day 1 were 35.28%, 29.97%, and 21.27%, respectively;
on day 7, cumulative releases achieved 73.77%, 64.96%,
and 56.94%; and by day 21, 91.92%, 81.29%, and 76.37%,
respectively.
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3.5. Alkaline phosphatase activity

The alkaline phosphatase (ALP) staining was conducted
on days 7 and 14 in the MC3T3-E1 cell cultures (Figure
3A). At all time points, the DEX@MSNs/PDA/BMP-2
group exhibited the strongest ALP staining, followed by
the Osteoinductive group, while other groups showed
lighter staining. Quantitative assessment (Figure 3B-E)
showed that by day 7, the ALP activity in the DEX@MSNs/
PDA/BMP-2 group was notably elevated compared to
the control, MSNs, DEX@MSNs, and DEX@MSNs/PDA
groups. The ALP activity observed in the DEX@MSNs/
PDA group was marginally elevated compared to the
MSNs and DEX@MSNs groups, though the difference did
not achieve statistical significance. ALP levels increased
with nanoparticle concentration up to 100 pg/mL, with no
additional increase observed at 200 pg/mL. After 14 days,
all groups showed increased ALP activity compared to day
7, but the increases in MSNs, DEX@MSNs, and DEX@
MSNs/PDA groups were minimal and not statistically
significant. The ALP activity of the DEX@MSNs/PDA/

BMP-2 group was significantly higher than that of other
groups and showed concentration-dependent activity up
to 100 ug/mL, with no further increase at 200 pg/mL.

3.6. Alizarin Red staining

Following a 14-day culture period, Alizarin Red staining
was examined under a microscope (Figure 4A). Among
all groups, the DEX@MSNs/PDA/BMP-2 group showed
the most intense staining, the osteoinductive group being
slightly less pronounced, whereas the remaining groups
exhibited moderate staining. By day 21, staining in the
DEX@MSNs/PDA/BMP-2 and Osteoinductive groups
significantly deepened, with slight increases in other
groups. Quantitative assessment of Alizarin Red staining
(Figure 4B-E) revealed that on day 14, with a nanoparticle
concentration of 100 pg/mL, the DEX@MSNs/PDA/
BMP-2 group demonstrated the most calcium deposition,
markedly surpassing other nanoparticle groups and the
Control group (p < 0.001). Within the concentration
range of 0-100 pg/mL, the DEX@MSNs/PDA/BMP-2

Figure 3. ALP activity in MC3T3-EI cells treated with nanoparticles. (A) ALP staining of MC3T3-E1 cells on days 7 and 14. Scale bar: 50 um; magnification:.
100x. (B) ALP activity of MC3T3-El1 cells treated with nanoparticles at 100 ug/mL on day 7. (C) ALP activity of MC3T3-E1 cells treated with DEX@MSNs/
PDA/BMP-2 nanoparticles (0-200 pg/mL) on day 7. (D) ALP activity of MC3T3-E1 cells treated with nanoparticles at 100 pg/mL on day 14. (E) ALP
activity of MC3T3-E1 cells treated with DEX@MSNs/PDA/BMP-2 nanoparticles (0-200 ug/mL) on day 14. Notes: n = 3 per group; *p < 0.05; **p < 0.01;
*p < 0.001.

Abbreviations: ALP: Alkaline phosphatase; BMP-2: Bone morphogenic protein 2; DEX: Dexamethasone; MSNs: Mesoporous silica nanoparticles; ns: No
significant difference; PDA: Polydopamine.
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Figure 4. Alizarin Red staining and osteogenic-related gene expression in MC3T3-E1 cells treated with nanoparticles. (A) Alizarin Red staining on days
14 and 21. Scale bar: 20 um; magnification: 100x. (B) Quantitative analysis of Alizarin Red staining on cells treated with nanoparticles (100 ug/mL) on
day 14. (C) Quantitative analysis of Alizarin Red staining on cells treated with DEX@MSNs/PDA/BMP-2 nanoparticles (0-200 pug/mL) on day 14. (D)
Quantitative analysis of Alizarin Red staining on cells treated with nanoparticles at a concentration of 100 ug/mL on day 21. (E) Quantitative analysis of
Alizarin Red staining on cells treated with DEX@MSNs/PDA/BMP-2 nanoparticles (0-200 pg/mL) on day 21. (F) The expression of osteogenic-related
genes in cells treated with nanoparticles (Runx2, Collal, and Ocn).

Notes: n = 3 per group; *p < 0.05; **p < 0.01; **p < 0.001.

Abbreviations: BMP-2: Bone morphogenic protein 2; DEX: Dexamethasone; MSNs: Mesoporous silica nanoparticles; ns: No significant difference; PDA:
Polydopamine.

group showed an increase in calcium deposition that group, which was significantly higher than the Control,
corresponded to the concentration, but no further increase MSNs, DEX@MSNs, and DEX@MSNs/PDA groups (p <
was observed at 200 pg/mL. On day 21, calcium deposition 0.001). Gene expression in the DEX@MSNs/PDA/BMP-2
increased in all groups, with the 100 and 200 pg/mL group increased with concentration in the range of 0-100
concentrations of DEX@MSNs/PDA/BMP-2 showing the pg/mL, but did not increase further at 200 ug/mL. Gene
most pronounced effects, and no significant difference expression in the Control, MSNs, DEX@MSNs, and DEX@
between these two concentrations. MSNs/PDA groups was low, with no significant differences

among the groups (p > 0.05).
3.7. Osteogenic-related gene expression g the groups (p )

After 14 days of culture, the expression of osteogenic-related 3.8. Characterization of composite scaffolds

genes Runx2, Collal, and Ocn was assessed (Figure 4F). As shown in Figure 5A, the 3D-printed PLA/nHA
The DEX@MSNs/PDA/BMP-2 group exhibited the most scaffolds matched the designed dimensions, appearing
elevated gene expression, coming after the Osteoinductive cylindrical with regular pores and smooth surfaces. After
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Figure 5. Characterization of composite scaffolds. (A) Macroscopic images of composite scaffolds. (B) SEM images of the PLA/nHA scaffolds. Scale bars:
200 um, 100 pm, 1 um; magnifications: 50x, 150x, 10000x. (C) SEM images of the D@M/P/B/PLA/nHA scaffolds. Scale bars: 200 pm, 100 pm, 1 pm;
magnifications: 50, 150%, 10000x. (D) Mapping analysis of the PLA/nHA scaffolds. Scale bar: 500 um; magnification: 50x. (E) Mapping analysis of the

D@M/P/B/PLA/nHA scaffolds. Scale bar: 500 um; magnification: 50x.

Abbreviations: C: Carbon; Ca: Calcium; D@M/P/B: Dexamethasone@mesoporous silica nanoparticle/polydopamine/bone morphogenic protein 2; F:

Fluorine; N: Nitrogen; nHA: Nano-hydroxyapatite; O: Oxygen; P: Phosphorus; PLA: Polylactic acid; SEM: Scanning electron microscope; Si: Silicon.

loading with dual-drug nanoparticles, the composite
scaffold’s morphology showed no significant changes, but
turned from white to brownish, and the surface became
rougher. SEM images of the scaffold microstructure
(Figure 5B,C) revealed consistent, interconnected porous
structures. At a lower magnification (scale bar = 50x pm),
the scaffolds exhibited pore sizes of approximately 300
um, with no significant structural deformation observed
after nanoparticle loading. Observation at a higher
magnification (scale bar = 150x um) showed that the
composite scaffold possessed a strut width (line width) of
approximately 250 pm; notably, the surface of the blank
scaffolds appeared smooth, whereas the nanoparticle-
loaded scaffolds exhibited a distinctly rough morphology.
High-resolution imaging (scale bar = 10000x um) further

revealed granular nHA components embedded within the
PLA matrix of the PLA/nHA scaffolds, while the DEX@
MSNs/PDA/BMP-2 nanoparticles were clearly visible and
uniformly distributed on the surface of the composite
scaffolds. Mapping analysis (Figure 5D,E) indicated that
PLA/nHA scaffolds primarily contained carbon, oxygen,
calcium, and phosphorus, while the composite scaffold
(D@M/P/B/PLA/nHA) included additional elements,
silicon, nitrogen, and fluorine.

3.9. Hydroplhilicity of composite scaffolds

As shown in Figure 6A, the initial contact angles of PLA/
nHA and D@M/P/B/PLA/nHA scaffolds were 97.6 +
2.5° and 85.3 + 2.7°, respectively, with the latter being
significantly lower. Dynamic contact angle testing (Figure
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6A) showed that water droplets on D@M/P/B/PLA/nHA
scaffolds infiltrated almost completely within 5 s and fully
infiltrated within 20 s, while PLA/nHA scaffolds required
120 and 160 s, respectively, indicating the superior
hydrophilicity of the composite scaffold.

3.10. Porosity and mechanical properties of
composite scaffolds

The porosity of PLA/nHA and D@M/P/B/PLA/nHA
scaffolds was 77.6 + 3.2% and 76.5 + 2.9%, respectively
(Figure 6B), indicating that nanoparticle loading did not
significantly alter porosity. The compressive strengths of
PLA/nHA and D@M/P/B/PLA/nHA scaffolds were 7.79 +
0.06 MPa and 7.49 + 0.08 MPa, respectively (Figure 6D).

3.11. Degradation of composite scaffolds

The degradation rates of PLA/nHA and D@M/P/B/PLA/
nHA scaffolds are shown in Figure 6F Both scaffolds
degraded gradually over 12 weeks, with degradation
rates of 47.9 + 3.1% and 52.7 * 2.3%, respectively; the
composite scaffold degraded faster. SEM images (Figure
6E) revealed morphological changes during degradation.
After four weeks, PLA/nHA scaffolds remained intact
with a roughened surface, while D@M/P/B/PLA/nHA
scaffolds exhibited localized cracking, exposing internal
fiber structures. After eight weeks, blank scaffolds showed
partial fractures and structural disruption, whereas drug-
loaded scaffolds exhibited more extensive degradation
with disrupted connections. By 12 weeks, blank scaffolds
showed significant degradation with disrupted surface
and internal structures, and drug-loaded scaffolds showed
extensive degradation of both surface and internal
structures.

3.12. Cytocompatibility of composite scaffolds

The results for the CCK-8 assay (Figure 6G) showed that
cell viability in both scaffold groups exceeded that of the
control group on days 1, 3, and 5, indicating promotion
of cell proliferation. At all time points, D@M/P/B/PLA/
nHA scaffolds exhibited higher cell activity than PLA/nHA
scaffolds. Fluorescence microscopy (Figure 6E) showed
an increase in cell numbers over time in all groups, with
clear cell outlines, elongated or polygonal shapes, and well-
spread morphology. Cell nuclei were stained blue, and
cytoskeletons were clearly visible, with no signs of rupture
or other abnormalities.

3.13. Invivo osteogenesis in rats

The repair effects of cranial defects in each group were
evaluated using Micro-CT at weeks 4, 8, and 12 post-
surgery. As shown in the 3D reconstruction results (Figure
7B), in the Control group, most of the cranial defect area

remained empty at week 4, with only minimal new bone
formation at the edges. In the PLA/nHA and D@M/P/B/
PLA/nHA scaffold groups, no significant bone resorption
was observed at the defect edges, and new bone grew along
the scaffold surfaces, with the D@M/P/B/PLA/nHA group
exhibiting more new bone formation than the PLA/nHA
group. At weeks 8 and 12, the Control group showed no
substantial increase in new bone, with large areas of bone
defect remaining visible. Both scaffold groups exhibited
continued new bone formation on their surfaces, with the
D@M/P/B/PLA/nHA group showing more pronounced
effects than the PLA/nHA group. As the scaffolds degraded,
their internal pore structures became visible.

Quantitative examination of BV/TV (Figure 7C)
revealed that at week 4, the D@M/P/B/PLA/nHA group
exhibited significantly higher values than the Control
group (p < 0.001) and the PLA/nHA group (p < 0.01). At
week 8, BV/TV increased in all groups, with the drug-
loaded scaffold group showing significantly higher values
than the Control and PLA/nHA groups (p < 0.001). At week
12, the D@M/P/B/PLA/nHA group remained significantly
higher than the other two groups. BMD results (Figure 7D)
showed that at week 4, BMD values for the Control, PLA/
nHA, and D@M/P/B/PLA/nHA groups were 1.24 = 0.16 g/
cm’, 1.27 + 0.09 g/cm?, and 1.33 £ 0.13 g/cm’, respectively.
At weeks 8 and 12, BMD slightly increased, with the drug-
loaded group showing higher values than the other two
groups (p < 0.05).

The results of HE staining (Figure 7A) demonstrated the
osteogenic effectsin each group. Atweek 4, no inflammatory
or pathological bone resorption was observed in any
group. In the Control group, bone formation was limited to
the periphery of the defect, with fibrous connective tissue
predominantly filling the interior. In the PLA/nHA scaffold
group, new bone formed at the base of the defect area, with
bone matrix and lacunae containing osteocytes visible. The
scaffold gaps were filled with fibrous connective tissue and
a small amount of collagen fibers. In the D@M/P/B/PLA/
nHA group, more new bone was observed at the scaffold
base compared to the PLA/nHA group, with bone matrix
formation and new blood vessels in the scaffold gaps. At
week 8, no significant increase in new bone formation
was observed in the Control group, and the defect area
was primarily filled with fibrous connective tissue. The
PLA/nHA scaffold group exhibited slight increases in new
bone at the scaffold surface and base. In the D@M/P/B/
PLA/nHA group, new bone extended into the scaffold
pores, with significant bone coverage on the scaffold base
and surface. At week 12, the cranial defect in the Control
group remained largely unchanged compared to week 8.
In the PLA/nHA scaffold group, additional new bone
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Figure 6. Physicochemical properties of composite scaffolds. (A) Hydrophilicity of composite scaffolds. (B) Porosity of composite scaffolds. (C) SEM
images of composite scaffolds degradation. Scale bar: 200 pm; magnification: 50x. (D) Mechanical properties of composite scaffolds. (E) Fluorescence
microscopy of composite scaffolds seeded with MC3T3-E1 cells. Scale bar: 15 pum; magnification: 200x. (F) Degradation of composite scaffolds. (G)
Cytocompatibility of composite scaffolds.

Abbreviations: BMP-2: Bone morphogenic protein 2; DEX: Dexamethasone; MSNs: Mesoporous silica nanoparticles; nHA: Nano-hydroxyapatite; ns: No
significant difference; PDA: Polydopamine; PLA: Polylactic acid; SEM: Scanning electron microscope.
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Figure 7. In vivo osteogenesis. (A) Micro-computed tomography images at weeks 4, 8, and 12 post-surgery. (B) Quantitative analysis of bone volume
fraction. (C) Bone mineral density. (D) Hematoxylin and eosin staining of cranial defects. Scale bar: 400 um, 25 pm; magnification: 40x, 200x. (E) Masson
staining of cranial defects. Scale bar: 25 um; magnification: 200x. (F) Histopathological analysis of major organs. Scale bar: 50 jm; magnification: 40x.
Notes: n = 3 per group; **p < 0.01; **p < 0.001.

Abbreviations: BMD: Bone mineral density; BV: Bone volume; D@M/P/B: Dexamethasone@mesoporous silica nanoparticle/polydopamine/bone
morphogenic protein 2; nHA: Nano-hydroxyapatite; PLA: Polylactic acid; TV: Total volume.
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was observed at the base, with scaffold pores primarily
filled with fibrous connective tissue and a small amount
of collagen fibers, and localized areas containing small
blood vessels. In the group with drug-loaded scaffolds,
the base of the scaffold was occupied by newly formed
bone, while the pores were predominantly filled with bone
and collagen fibers. Additionally, there was a significant
presence of blood vessels. The results of Masson staining
(Figure 7E) show that by week 4, the defect region in the
control group was predominantly fibrous connective tissue.
In the PLA/nHA scaffold group, fibrous connective tissue,
along with a few collagen fibers, was observed, whereas
the D@M/P/B/PLA/nHA scaffold group mainly consisted
of collagen fibers. At weeks 8 and 12, fibrous connective
tissue occupied the cranial defect in the Control group.
In the PLA/nHA scaffold group, fibrous connective tissue
remained predominant with a slight increase in collagen
fibers, while the drug-loaded scaffold group showed a
predominance of collagen fibers.

3.14. Histopathological analysis of major organs

Twelve weeks after surgery (Figure 7F), histological
evaluations of major organs, including the heart, liver,
spleen, lungs, and kidneys, showed no morphological or
structural abnormalities in either the PLA/nHA or D@M/
P/B/PLA/nHA scaffold groups compared to the Control
group. No signs of bleeding, necrosis, inflammation, or
cellular abnormalities were observed, confirming that
the scaffold materials caused no significant toxicity to the
major organs of the rats.

4, Discussion

The physicochemical properties of MSNs, such as
morphology, particlesize,surfacecharge,andhydrophilicity,
influence their adhesion and penetration ability, cellular
uptake, and endosomal escape in physiological processes.
Smaller nanoparticles (<20 nm) are rapidly cleared due
to low cellular uptake, while larger particles are blocked
by mucosal barriers and expelled. Nanoparticles around
300 nm in size are primarily internalized by cells through
endocytosis.*! Gu et al.*® synthesized MSNs with carboxyl
modifications in sizes of 250 nm, 350 nm, and 450 nm
as cisplatin carriers. In vitro studies showed that 350
nm MSNs exhibited the highest enrichment efficiency
in HeLa cells, effectively inhibiting cell activity. The
shape of nanoparticles—such as spherical, rod-like, or
dendritic—also significantly affects cellular uptake and
cytotoxicity.” Dias et al.* fabricated spherical and rod-
like gold-core silica-based nanoparticles (Au-MSSs) to
examine the effects of particle shape on cellular uptake,
reactive oxygen species (ROS) generation, penetration,
and effects on cancer cells. Their results demonstrated that

spherical Au-MSSs reduced ROS levels in cancer cells,
showed more uniform distribution, and exhibited stronger
penetration into 3D tumor spheroids, whereas rod-like
Au-MSSs displayed improved cell migration and uptake,
as well as higher cytotoxicity in cell cultures. Our study
yielded spherical MSNs with an average particle diameter
of 270 nm. After loading DEX, the particle size increased
to 280.9 nm. Upon PDA coating and BMP-2 loading, the
particle size further increased to 290.1 nm and 319.3 nm,
respectively, indicating a gradual increase in size with drug
incorporation and PDA coating.

Cell membranes, primarily composed of lipid bilayers
and membrane proteins, typically carry a negative surface
charge. Positively charged nanoparticles tend to aggregate
and nonspecifically bind to serum proteins and normal
tissues, leading to rapid clearance by the reticuloendothelial
system from the bloodstream.” Thus, surface charge is
a critical attribute for nanoparticles. All four types of
nanoparticles prepared in this study carried a negative
charge, facilitating their cellular uptake. Specific surface
area is closely related to drug-loading capacity. The specific
surface area of MSNs was 620.7 m?/g, which decreased to
496.3 m*/g after loading DEX, likely due to DEX entering
the mesopores. The specific surface areas of DEX@MSNs/
PDA and DEX@MSNs/PDA/BMP-2 further decreased,
indicating that the PDA coating blocked the mesopores.
XRD is commonly used to characterize mesoporous
materials. MSNs showed a diffraction peak in the small-
angle region at 1.3°, confirming their mesoporous structure.
The diffraction peaks of other nanoparticles were reduced
to varying degrees, particularly after incorporating DEX
and applying the PDA coating, indicating a reduction or
elimination of mesopores. In the present study, the stability
of DEX@MSNs/PDA/BMP-2 nanoparticles in protein-rich
environments is supported by the inherent physicochemical
properties of the PDA coating. It is well established that
PDA, characterized by its abundant hydrophilic catechol
and amine groups, forms a robust hydration layer that
minimizes non-specific serum protein adsorption.*® This
“anti-fouling” property, coupled with the strong negative
surface charge (zeta potential) observed in our study,
provides sufficient electrostatic and steric repulsion to
prevent nanoparticle aggregation in physiological media.*
Such stability is indirectly confirmed by our drug-release
data and the high cell viability in serum-supplemented
medium, where significant aggregation or protein fouling
would otherwise have compromised the pH-responsive
release kinetics and cellular uptake.

As drug carriers, MSNs must preserve the activity of
BMP-2 and DEX, avoiding phenomena such as “premature
release” or “burst release” before reaching the target site
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to ensure sustained and controlled drug release. Studies
have shown that MSNs enter cells primarily via energy-
dependent endocytosis, forming endosomes, which
subsequently fuse with lysosomes.*>*® Our study simulated
the drug release profiles of BMP-2 and DEX under
conditions mimicking physiological environments (pH
= 7.4), endosomes (pH = 6.0-6.5), and lysosomes (pH =
5.0-5.5). DEX@MSNS, lacking effective mesopore sealing,
exhibited rapid drug release, with 43.22% of DEX released
on the first day and a cumulative release of 79.45% within
a week. Such rapid release may lead to excessive local DEX
concentrations, which are unfavorable for osteogenesis.
After PDA coating, DEX@MSNs/PDA demonstrated
sustained release at pH 5.0, 6.0, and 7.4, with faster release
at lower pH values. This indicates that PDA effectively
seals mesopores and exhibits pH-responsive behavior.
Analysis of BMP-2 release curves showed sustained release
across all tested pH values, with faster release at lower pH,
suggesting that as PDA degrades, the BMP-2 release rate
accelerates accordingly.

In vitro osteogenesis analysis, including ALP activity,
calcium deposition, and PCR detection of osteogenesis-
related genes, yielded consistent results. At the same
concentration of 100 pg/mL, DEX@MSNs/PDA/BMP-2
exhibited the strongest osteogenic expression, indicating
significant promotion of osteogenesis at this concentration.
Within the range of 0-100 ug/mL, DEX@MSNs/
PDA/BMP-2 promoted osteogenic differentiation in a
concentration-dependent manner. However, osteogenesis
did not further increase at 200 pg/mL, suggesting that
the synergistic effect of BMP-2 and DEX occurs within a
specific concentration range. This may be due to higher
particle concentrations, leading to excessive local DEX
concentrations, which can inhibit cell proliferation and
osteogenic differentiation. It is noteworthy that the
osteogenic promotion effect of DEX@MSNs/PDA/BMP-2
reached a plateau at a nanoparticle concentration of 200
pg/mL. This concentration-dependent behavior likely
stems from the biphasic effect of DEX on bone metabolism.
While physiological or low doses of DEX are known
to promote osteoblastic differentiation by upregulating
Runx2 and BMP-2 receptors, excessive concentrations of
glucocorticoids have been shown to exert inhibitory effects.
High-dose DEX can suppress osteoblast proliferation,
reduce the synthesis of Type I collagen, and even trigger
apoptosis via the activation of glucocorticoid receptors and
subsequent oxidative stress pathways.>*? Therefore, the
optimized loading and release kinetics in our system are
designed to maintain the local DEX concentration within a
beneficial range, avoiding the detrimental effects associated
with high-dose glucocorticoid exposure. Beyond its direct
osteogenic synergy with BMP-2, the inclusion of DEX

plays a pivotal role in osteo-immunomodulation.

Bone healing initiates with a complex inflammatory
cascade; if prolonged, this inflammation can lead to fibrous
encapsulation rather than ossification. As highlighted by
recent studies, the early release of anti-inflammatory
agents can mitigate the secretion of pro-inflammatory
factors like tumor necrosis factor-a and interleukin-6,
thereby fostering a pro-regenerative microenvironment.”
In our system, the initial release of DEX likely facilitates the
resolution of early-stage inflammation, priming the defect
site for the potent osteoinductive signals provided by BMP-
2. Other studies have shown that silicon ions promote the
proliferation of bone marrow mesenchymal stem cells, the
formation of mineralized nodules, and the expression of
osteogenesis-related genes.* In our study, MSNs, DEX@
MSNs, and DEX@MSNs/PDA exhibited slightly higher
osteogenic activity than the Control group, which may
be attributed to the release of silicon ions during MSN
degradation. However, as inorganic particles with high
physicochemical stability, MSNs degrade slowly, resulting
in a minimal contribution to osteogenesis promotion.

Recent advances in 3D-printing technology enable the
fabrication of customized scaffolds tailored to the geometry
of bone defects, advancing bone tissue engineering.*>** In
the current study, PLA was selected as the scaffold material
for its excellent biocompatibility and degradability,
complemented by the osteoconductivity, acid-neutralizing
properties, and mechanical strength enhancement
provided by nHA. Using 3D printing, PLA/nHA scaffolds
were fabricated and then combined with dual-drug-loaded
MSNs via freeze-drying to construct D@M/P/B/PLA/
nHA composite scaffolds. This method is straightforward,
preserves drugactivity, and provides an effective strategy for
integrating nanoparticles into tissue-engineering scaffolds.
The scaffold architecture exerts a “secondary regulation”
effect on the drug-release kinetics. While the free DEX@
MSNs/PDA/BMP-2  nanoparticles  exhibit  precise
pH-responsive gatekeeping, their integration into the
3D-printed PLA/nHA matrix introduces additional steric
hindrance and tortuous diffusion pathways. This secondary
barrier effect likely contributes to a more attenuated release
profile, which is beneficial for maintaining effective local
drug concentrations throughout the multistage process of
bone defect repair.

Research on tissue engineering scaffolds has evolved
from focusing solely on macroscopic structures to
optimizing microscopic structures. Studies have shown that
pore sizes smaller than 75 pum are suitable for fibrous tissue
growth, sizes between 75-100 pm are optimal for immature
bone tissue, and sizes larger than 200 pum are ideal for fully
mineralized bone tissue. Bone tissue formation requires

Volume 12 Issue 2 (2026)

16

doi: 10.36922/1JB026020016


https://doi.org/10.36922/IJB026020016

International Journal of Bioprinting

pH-responsive dual-drug delivery system for osteogenesis

pore sizes of at least 100-150 pm, while vascularization
demands a minimum pore size of 300 pm.** The scaffolds
fabricated in this study had pore sizes of approximately
300 um, providing adequate space for bone and vascular
formation and facilitating vascular ingrowth. In addition
to internal porosity, surface roughness and hydrophilicity
of scaffold materials are critical parameters for cell
adhesion and proliferation. Hydrophilicity tests revealed
that the drug-loaded composite scaffolds exhibited smaller
contact angles, with water droplets infiltrating the scaffolds
within five seconds, indicating good hydrophilicity, likely
attributable to the inclusion of drug-loaded nanoparticles.
The increase in hydrophilicity can be reliably attributed
to the chemical modifications of the PDA coating and
BMP-2. Furthermore, measuring the apparent contact
angle directly on the scaffold provides a more biologically
relevant representation of the microenvironment
encountered by cells during initial adhesion compared to
a flat film, confirming that improved wettability facilitates
cell infiltration and protein adsorption within the 3D
porous structure.

Bone primarily consists of trabecular (cancellous) bone
and cortical bone. Trabecular bone, located internally, has
low density, contains blood vessels, is porous (porosity:
30-90%), and has a compressive strength ranging from 7-10
MPa, serving as the primary site for nutrient metabolism.
Cortical bone, located externally, is highly mineralized,
with a porosity of 5-30% and compressive strength of
130-225 MPa.*® Typically, higher porosity improves cell
adhesion and osteogenic efficiency but reduces mechanical
strength, making it crucial to balance porosity and
mechanical strength.”” In this study, the porosity of PLA/
nHA and D@M/P/B/PLA/nHA scaffolds was 77.6 + 3.2%
and 76.5 + 2.9%, respectively, with compressive strengths
of 7.79 + 0.06 MPa and 7.49 + 0.08 MPa, respectively, fully
meeting the requirements for trabecular bone in terms of
porosity and mechanical properties. Scaffold degradability
is another critical consideration, as the degradation rate
should match the rate of osteogenesis, ensuring minimal
scaffold remnants in the newly formed bone area. To date,
no scaffold material has achieved an optimal balance
between degradation rate, osteogenesis rate, porosity, and
mechanical properties. In our study, the degradation rates
of PLA/nHA and D@M/P/B/PLA/nHA scaffolds at 12
weeks were 47.9 + 3.1% and 52.76 + 2.31%, respectively.
The faster degradation rate of the drug-loaded scaffold
compared to the blank scaffold may be attributed to its
better hydrophilicity.

TheMicro-CTanalysisrevealsthat 12 weeksaftersurgery,
the Control group exhibited minimal bone formation
along the margins of the bone defect. This demonstrates

that the 8-mm cranial defect qualifies as a “critical-sized
bone defect, which cannot heal spontaneously. In the
PLA/nHA and D@M/P/B/PLA/nHA groups, new bone
grew along the scaffold surfaces, with the drug-loaded
composite scaffold group exhibiting more new bone
formation than the blank scaffold group, indicating that the
drug-loaded composite scaffold effectively promoted bone
regeneration. The BV/TV results further corroborated this
finding. HE and Masson staining results revealed that the
drug-loaded scaffold group exhibited the best osteogenic
performance. Most of the scaffold pores in this group
were filled with bone matrix, while the remaining space
was primarily occupied by unmineralized collagen fibers.
In contrast, the blank scaffold group showed less bone
formation, with scaffold gaps filled with fibrous connective
tissue and a small amount of collagen fibers. The Control
group primarily displayed fibrous connective tissue in the
defect area. These findings confirm the superior osteogenic
effects and sustained bone formation capability of the drug-
loaded scaffold group. Notably, the drug-loaded scaffold
group exhibited significant vascular ingrowth, indicating
that the scaffold not only promoted bone formation but
also enhanced angiogenesis. This can be attributed to the
scaffold’s optimal pore size and porosity, which provide
an environment conducive to vascular infiltration and
growth.

5. Conclusion

This study emphasizes the dual-functional role of PDA
as a pH-sensitive gatekeeper for DEX and a stable
immobilization platform for BMP-2, moving beyond its
traditional use as a simple surface coating. By integrating
these dual-drug-loaded nanoparticles into 3D-printed
PLA/nHA scaffolds, a hierarchical, microenvironment-
responsive delivery system was fabricated. Following in
vitro characterization of the nanoparticles’ osteogenic
performance, the composite scaffolds demonstrated
superior bone-repairing efficacy in a rat calvarial defect
model. This synergistic approach, coupling stimuli-
responsive nanocarriers with 3D-printed structural
supports, provides a sophisticated strategy for bone tissue
engineering and the treatment of large-scale osseous
defects.
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