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Advanced 3D-printed PLA scaffolds functionalized
with dual small molecules for enhanced bone
regeneration: in vitro and in vivo studies

Nisa İrem Büyük, a Ezgi Hacıhasanoğlu, b Çağla Çiçek c and
Gamze Torun Köse *a

Bone defects remain a significant clinical challenge due to limited vascularization and insufficient osteo-

genesis. In this study, 3D-printed PLA scaffolds functionalized with dual small molecule-loaded chitosan

nanoparticles containing DIPQUO and GS4012 (DG-NP-coated scaffolds) were developed to support

osteogenic and angiogenic responses. Representative physicochemical characterization confirmed suc-

cessful nanoparticle coating, nanoscale particle distribution, and sustained release behavior of the incor-

porated small molecules. In vitro analyses demonstrated enhanced osteogenic differentiation of rat bone

marrow mesenchymal stem cells cultured on DG-NP-coated scaffolds, with increased ALP activity,

calcium deposition, and osteogenic gene expression. Notably, ONC expression reached a 54.19-fold

increase by day 21. In vitro co-culture studies additionally demonstrated enhanced endothelial cell

migration on GS4012-containing scaffold surfaces. In vivo evaluation in a critical-sized rat calvarial defect

model revealed enhanced bone tissue formation and the presence of vascularized tissue regions in

DG-NP-coated scaffolds compared to untreated and uncoated groups, with a bone mineral density of

757 mg HA cm−3 at week 8. Collectively, these findings suggest that DG-NP functionalized PLA scaffolds

represent a promising bioactive platform for supporting vascularized bone regeneration in bone tissue

engineering applications.

1. Introduction

Bone tissue disorders, including fractures, osteoporosis, and
degenerative diseases, represent a significant global health
burden, affecting millions of individuals annually.1 Current
therapeutic strategies, such as autografts, allografts, and syn-
thetic implants, are limited by donor site morbidity, immune
rejection, and insufficient integration with native tissues.2

Therefore, there is an urgent need for advanced biomaterials
and tissue engineering approaches to overcome these limit-
ations effectively.

The field of tissue engineering has seen increasing interest
in the use of three-dimensional (3D) printed scaffolds for bone
regeneration.3 These scaffolds offer the ability to precisely
control the architecture and composition, thereby tailoring
their properties to the specific needs of the target tissue.

Polylactic acid (PLA), a biodegradable and biocompatible
polymer, is widely utilized in 3D-printed scaffolds due to its
tunable mechanical properties and ease of processing.4

Additionally, these scaffolds can be designed with specific
pore sizes, porosities, and mechanical properties to mimic the
structure and function of native bone tissue. However, the
inherent hydrophobicity and limited bioactivity of PLA necessi-
tate surface modification strategies to enhance cellular inter-
actions and promote tissue regeneration.

To further enhance the functionality of 3D-printed PLA
scaffolds, incorporating bioactive agents, such as small mole-
cules and growth factors, has been identified as a valuable
strategy. Chitosan, a natural polysaccharide-based delivery
system, has been explored for this purpose due to its improved
stability, biocompatibility, and targeted delivery capabilities.5,6

Previous studies have demonstrated the potential of chitosan
nanoparticle-based delivery systems for osteogenic and angio-
genic bioactive agents in enhancing bone regeneration and
vascularization.7,8

Building upon our previous studies, in which the structural
optimization of 3D-printed PLA scaffolds and the development
of dual small molecule-loaded chitosan nanoparticles were
investigated independently,9,10 the present study aimed to evalu-
ate the combined biological performance of these two optimized
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platforms within a single scaffold system. While the previous
studies established the engineering and drug delivery aspects
separately, their integration into a multifunctional scaffold and
subsequent validation through both in vitro osteogenic and
angiogenic assays as well as an in vivo critical-sized bone defect
model have not previously been investigated. In this study,
surface modification of 3D-printed PLA scaffolds was achieved
to introduce reactive hydroxyl (OH) groups, creating a bioactive
interface conducive to further functionalization.11 Following
surface modification, chitosan nanoparticles were synthesized
and employed as carriers for therapeutic agents. Specifically,
dual small molecule-loaded chitosan nanoparticles were fabri-
cated by incorporating DIPQUO and GS4012 to target osteogenic
differentiation and angiogenesis, respectively. Some nano-
particles were left unloaded, while others were loaded with
either DIPQUO, GS4012, or a combination of both, providing a
biofunctional platform for localized small molecule delivery.
The coordinated support of osteogenesis and vascularization is
critical for effective bone regeneration, as both processes con-
tribute to tissue integration and defect healing.12

This study presents a nanoparticle-functionalized 3D-
printed PLA scaffold system designed to support osteogenic
and angiogenic responses through the combined delivery of
DIPQUO and GS4012. By integrating surface-modified PLA
scaffolds with dual small molecule-loaded chitosan nano-
particles, the developed platform was evaluated through both
in vitro and in vivo analyses to investigate its potential for vas-
cularized bone regeneration.

2. Materials and methods
2.1. Fabrication and surface modification of 3D-printed PLA
scaffolds

PURASORB® PL 10 (Corbion) polylactic acid (PLA) beads were
melt-extruded into 1.75 mm diameter filaments using a twin-
screw extruder prior to FDM fabrication. The resulting fila-
ments exhibited stable extrusion behavior during scaffold fab-
rication, enabling reproducible printing of the designed
scaffold architecture. PLA scaffolds were fabricated using a
commercial fused deposition modeling 3D printer (X1 3D
printer, Zaxe, Turkey). A three-dimensional cylinder model
with a diameter of 10 mm and a height of 2.5 mm was
employed in STL format. A 60% infill rate was selected, as this
architecture was previously shown to provide suitable porosity
and mechanical properties for bone tissue engineering
applications.9

To improve surface bioactivity and facilitate nanoparticle
immobilization, the PLA scaffolds were subjected to alkaline
surface treatment. Briefly, scaffolds were immersed in 0.5 M
NaOH solution at 37 °C for 4 h under gentle agitation to par-
tially hydrolyze ester bonds and introduce hydroxyl (–OH)
groups onto the scaffold surface. Following treatment, the
scaffolds were thoroughly rinsed with deionized water until
neutral pH was achieved and subsequently dried overnight in
a vacuum oven at 37 °C.

2.2. Synthesis of chitosan nanoparticles and loading with
small molecules

Chitosan nanoparticles (NPs) were synthesized using the ionic
gelation method under previously optimized conditions.10

DIPQUO and GS4012 were incorporated into the nanoparticles
via passive loading during nanoparticle formation. Blank
nanoparticles, DIPQUO-loaded nanoparticles (D-NP,
3.15 μgmL−1), GS4012-loaded nanoparticles (G-NP,
10 μgmL−1), and dual-loaded nanoparticles (DG-NP) were
prepared.

The physicochemical properties of the nanoparticles,
including particle size distribution, morphology, surface
charge, and release behavior, were characterized as previously
described.10

2.3. Coating of scaffolds with chitosan nanoparticles

The overall fabrication and coating strategy of the scaffold
system is schematically illustrated in Fig. 1A. Surface-modified
PLA scaffolds were coated with chitosan nanoparticles via dip
coating. Prior to coating, nanoparticle suspensions were
diluted 1 : 20 in sterile deionized water based on preliminary
optimization studies to improve cytocompatibility and coating
homogeneity. Scaffolds were immersed in the nanoparticle
suspensions and placed under vacuum overnight to facilitate
nanoparticle penetration and surface attachment. Coated
scaffolds were subsequently dried and stored at 4 °C until
further use.

The experimental groups used throughout the study are
summarized in Table 1.

2.3.1. Characterization of scaffolds. The morphology and
surface characteristics of the fabricated scaffolds were exam-
ined using scanning electron microscopy (SEM; Carl Zeiss
EVO, Germany). SEM imaging was performed to evaluate
scaffold architecture, surface morphology before and after
alkaline treatment, and the presence of nanoparticle coatings
on the scaffold surface. The mechanical properties of the 3D-
printed PLA scaffolds were evaluated as previously described
(Fig. S1).9

To assess scaffold stability and degradation behavior,
in vitro degradation and enzymatic degradation studies were
performed under physiological conditions, and the corres-
ponding weight loss, swelling behavior, and pH changes were
monitored over time (Fig. S2).

2.4. In vitro evaluation

Rat bone marrow mesenchymal stem cells (rBMSCs) were used
for all in vitro experiments. Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM-low; Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin–streptomycin. Cells
were maintained at 37 °C in a humidified atmosphere with 5%
CO2.

2.4.1. Cell viability-cytotoxicity and proliferation assay. Cell
viability on the scaffolds was assessed using the MTS assay
(CellTiter 96® AQueous One Solution, Promega). On days 7,
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14, and 21, the MTS reagent was added to the culture medium,
and absorbance was measured at 490 nm using a microplate
reader (Varioskan Lux, Thermo Scientific).

Cell proliferation was evaluated using the PicoGreen assay
(Quant-iT™ PicoGreen™ dsDNA Assay Kit, Thermo Fisher
Scientific). DNA content was quantified at days 7, 14, and 21 by
measuring fluorescence (excitation: 480 nm; emission: 520 nm).

Live and dead cells on the scaffolds were visualized using a
live/dead staining kit (L3224, Thermo Fisher Scientific). Cells
were stained with calcein-AM and ethidium bromide, and
images were captured using a fluorescence microscope
(VertA1, Zeiss, Germany).

2.4.2. Osteogenic differentiation analysis. Osteogenic
differentiation of rBMSCs on the scaffolds was induced by cul-
turing cells in osteogenic differentiation medium (OM,
DMEM-low glucose supplemented with 100 nM dexametha-
sone, 10 mM β-glycerophosphate, and 50 μg mL−1 ascorbic
acid-2-phosphate with 10% FBS and 100 μ mL−1 penicillin–

streptomycin) for 21 days. Every 3 days, fresh OM was added,
and the rBMSCs were incubated for 7, 14, and 21 days. At the
end of each time point, osteogenic analysis and characteriz-
ations were carried out.

Differentiation was evaluated by the following assays:
• ALP activity: ALP activity was measured using

SIGMAFAST™ p-Nitrophenyl Phosphate Tablets (N2770,
Sigma-Aldrich). Absorbance was read at 405 nm.

• Calcium deposition: calcium content was quantified
using the QuantiChrom™ Calcium Assay Kit (DICA-500,
BioAssay Systems). Absorbances were measured at 612 nm.
The Ca2+ concentration in the medium was determined by the
calibration curve.

• Osteocalcin expression: osteocalcin levels were measured
using the Rat Gla-Osteocalcin High Sensitive EIA Kit (MK126,
Takara) and the Rat Glu-Osteocalcin High Sensitive EIA Kit
(MK146, Takara) according to the manufacturer’s instructions.
Absorbances were measured at 450 nm.

• Staining: mineralization was visualized using von Kossa
staining (Diagnostic Biosystems, KT028-IFU, USA) and Alizarin
Red Solution (2003999, Merck).

• Gene expression analysis: real-time PCR (RT-PCR) was
performed to quantify osteogenic gene expression. RNA was
extracted using the easy-spin™ Total RNA Extraction Kit
(Intron), and cDNA synthesis was carried out using the iScript
cDNA Synthesis Kit (Bio-Rad). Gene-specific primers targeting
osteogenic markers (Table 2) were used for amplification with
Maxima SYBR Green qPCR Master Mix (Thermo Fisher

Fig. 1 Representative physicochemical characterization of the DG-NP functionalized PLA scaffold platform. (A) Schematic illustration of the fabrica-
tion and functionalization process of 3D-printed PLA scaffolds. (B) SEM images of the 3D-printed PLA scaffold architecture showing top-view and
cross-sectional morphology of the 60% infill scaffold. (C) SEM micrographs of untreated PLA, alkali-treated (uncoated) PLA, and DG-NP coated
scaffold surfaces. (D) Particle size distribution of DG-NPs determined by dynamic light scattering (DLS). (E) TEM image of DG-NPs demonstrating
nanoparticle morphology. (F) In vitro cumulative release profiles of DIPQUO and GS4012 from single- and dual-loaded chitosan nanoparticles over
time.

Table 1 Experimental groups

Sample Conditions

Untreated PLA scaffold
Uncoated Alkali treated PLA scaffold
Blank coated Alkali treated PLA scaffold + blank NP
D-NP coated Alkali treated PLA scaffold + D-NP
G-NP coated Alkali treated PLA scaffold + G-NP
DG-NP coated Alkali treated PLA scaffold + DG-NP
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Scientific) using the CFX96 Touch™ Real-Time PCR Detection
System. Relative gene expression levels were normalized to
GAPDH as the housekeeping gene and calculated relative to
the uncoated scaffold group.

2.4.3. In vitro angiogenesis study. To evaluate the angio-
genic potential of the scaffolds, an in vitro co-culture model
was employed. Immunofluorescence (IF) staining was used to
monitor the migration of rat peripheral blood endothelial cells
(rPBECs) onto the scaffold surfaces under different nano-
particle coating conditions. Red fluorescent-stained rBMSCs
were seeded onto the scaffolds at a density of 50 000 cells per
scaffold. Separately, green fluorescent-stained rPBECs were
seeded into Transwell inserts (0.8 μm pore size) at a density of
50 000 cells per insert. After 24 h, the inserts were placed over
the scaffold cultures to initiate co-culture. Scaffold surfaces
were imaged on days 3, 7, and 14 using a fluorescence micro-
scope to evaluate endothelial cell migration and distribution.

2.5. In vivo evaluation

All animal experiments were approved by the Yeditepe
University Experimental Research Center (YUDETAM) under
protocol number 2020-848 and conducted in accordance with
institutional ethical guidelines. Male Sprague–Dawley rats (8
weeks old) were used for in vivo studies. Critical-sized calvarial
defects (8 mm diameter) were surgically created under
anesthesia, and scaffolds (untreated, uncoated, and DG-NP
coated) were implanted into the defect sites. The surgical area
was subsequently closed with sutures. In vivo analyses were
performed using n = 6 animals per group.

2.5.1. Histological analysis. Explanted calvarial tissues
were fixed in 10% neutral buffered formalin, processed using a
Leica ASP6025 automated tissue processor, and embedded in
paraffin. Sections (4 μm thickness) were stained with hematox-
ylin and eosin (H&E) and Masson’s trichrome to evaluate
tissue integration, new bone formation, connective tissue dis-
tribution, and vascularized tissue regions.

2.5.2. Micro-computed tomography (µCT) analysis. Bone
regeneration was monitored using µCT imaging (μCT-50,
Scanco Medical Inc., Switzerland) at weeks 4 and 8 post-
implantation. The volume of new bone formation was quanti-
fied using µCT analysis software.

2.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism soft-
ware (GraphPad Software, USA). Data were analyzed using one-
way analysis of variance (ANOVA) followed by Tukey’s post hoc

test for multiple comparisons. A p-value lower than 0.05 was
considered statistically significant. Unless otherwise stated,
in vitro experiments were performed with n = 3 samples per
group, while in vivo experiments were conducted using n = 6
animals per group.

3. Results
3.1. Morphological and structural analysis of scaffolds

The fabrication and functionalization strategy of the scaffold
system is schematically illustrated in Fig. 1A. The morphologi-
cal characteristics of the 3D-printed PLA scaffolds with a 60%
filling rate were evaluated by SEM analysis (Fig. 1B). The
scaffolds exhibited a uniform and interconnected porous
architecture conducive to cell infiltration and nutrient
diffusion. ImageJ analysis revealed an average top-view pore
diameter of 464.30 ± 10.60 μm and a cross-sectional pore size
of 346.46 ± 26.46 μm. The scaffold porosity, calculated gravi-
metrically, was 43.8%, consistent with the designed scaffold
architecture.

SEM analysis demonstrated a relatively smooth surface mor-
phology in untreated PLA scaffolds, whereas alkali treatment
increased surface roughness (Fig. 1C). Following nanoparticle
coating, DG-NP deposition was observed on the scaffold
surface (Fig. 1C), indicating successful surface coating.

Representative characterization data10 of DG-NPs are pre-
sented in Fig. 1D–F. DLS analysis demonstrated nanoscale par-
ticle distribution with a Z-average size of 128.0 ± 1.08 nm, a
PDI of 0.27 ± 0.00, and a positive zeta potential of 18.0 ±
0.74 mV. Encapsulation efficiencies of DIPQUO and GS4012 in
DG-NPs were determined as 79.37 ± 13.84% and 75.15 ±
10.95%, respectively. TEM analysis confirmed spherical nano-
particle morphology, while in vitro release analysis demon-
strated distinct release profiles of DIPQUO and GS4012 over
time. The optimized 60% infill PLA scaffold exhibited ade-
quate mechanical performance for bone tissue engineering
applications. Comprehensive mechanical characterization,
including compressive modulus, compressive strength at yield,
compressive strength at break, tensile modulus, ultimate
tensile strength, and fracture strength, is presented in Fig. S1.
Selected characterization data were adapted and reorganized
from our previous studies.9,10

3.2. In vitro evaluation

3.2.1. Cell viability-cytotoxicity and proliferation assays.
Following preliminary optimization of the nanoparticle
coating concentration (Fig. S3), the cytocompatibility of NP-
coated scaffolds was evaluated using MTS, PicoGreen, and live/
dead assays. The optimization study demonstrated that higher
nanoparticle coating concentrations reduced cell viability,
whereas a 1 : 20 dilution restored cell viability to a level com-
parable to the uncoated scaffold. Therefore, the 1 : 20 dilution
was selected for all subsequent biological experiments.

MTS assay results (Fig. 2A) demonstrated low cell viability
in uncoated and untreated scaffolds across all time points.

Table 2 Sequences of the primers used for the quantitative PCR

Primers Sequence (5′→3′)

Osteonectin F CACTGGCTGTGTTGGAAACG
R GTGGAGGAGACAGCAAGGTC

Runx2 F TCACTACCAGCCACCGAGAC
R ACGCCATAGTCCCTCCTTTT

Collagen type I F GCCTGCACA TGTGTGGCCG
R CTGCCCCTCGCAGGGGTTT
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D-NP-coated scaffolds showed significantly higher viability
than untreated scaffolds after 7 and 14 days; however, this
difference was no longer observed by day 21. At the end of day
21, G-NP-coated scaffolds exhibited significantly higher cell
viability compared to non-DIPQUO-containing groups.

Cell proliferation, assessed via the PicoGreen assay
(Fig. 2B), revealed a consistent increase in DNA content over
time across all groups. On day 7, G-NP-coated scaffolds exhibi-
ted significantly higher DNA levels compared to DG-NP-coated
scaffolds. By day 14, D-NP-coated scaffolds showed higher DNA
content compared to blank NP-coated scaffolds. By day 21,
DNA levels continued to increase, although differences
between scaffold types were not statistically significant.

Live/dead staining (Fig. 2C) visualized cell adhesion,
spreading, and growth on NP-coated scaffolds. Fluorescence
microscopy demonstrated increasing cell density over time in
all groups. On day 21, G-NP-coated scaffolds exhibited
enhanced cell spreading and interconnections between
scaffold pores.

3.2.2. Osteogenic differentiation of rBMSCs. The osteo-
genic potential of rBMSCs cultured on NP-coated scaffolds was
evaluated through ALP activity, calcium deposition, osteocalcin
secretion, and osteogenic gene expression analyses.

ALP activity results (Fig. 3A) demonstrated a decrease after
day 7 in all groups except the blank NP-coated scaffolds. Blank
NP- and DG-NP-coated scaffolds exhibited significantly higher
ALP activity compared to the other groups throughout the
21-day culture period. Calcium quantification results (Fig. 3B)
revealed progressive calcium accumulation over time, with sig-
nificantly higher calcium levels observed in D-NP-coated
scaffolds on day 7. However, no statistically significant differ-
ences were detected between groups by day 21.

Osteocalcin (OCN) secretion was evaluated in two forms:
Gla-OCN, associated with bone remodeling, and Glu-OCN,
associated with cellular energy metabolism (Fig. 3C). Gla-OCN
levels increased progressively throughout the culture period,

particularly in DIPQUO-containing groups. In contrast, Glu-
OCN levels were elevated in DG-NP-coated scaffolds.

Alizarin red staining (Fig. 3D) demonstrated progressive
calcium deposition over time, with more prominent mineral
accumulation observed in D-NP- and DG-NP-coated scaffolds
by day 21. Similarly, von Kossa staining (Fig. 3E) confirmed
enhanced mineralized matrix formation in NP-containing
groups.

Gene expression analysis of ONC, Runx2, and Col1a1
(Fig. 3F) demonstrated time-dependent increases in osteogenic
marker expression. ONC expression was initially higher in
blank NP-coated scaffolds but was surpassed by D-NP- and
DG-NP-coated scaffolds by day 21. Runx2 expression progress-
ively increased throughout the culture period, with the highest
fold change observed in G-NP-coated scaffolds at day 21.
Col1a1 expression was more pronounced in DIPQUO-contain-
ing scaffolds, with the highest expression detected in DG-NP-
coated scaffolds at the final time point.

3.2.3. Angiogenic potential. The migration of rPBECs from
Transwell inserts onto the surface of rBMSC-seeded scaffolds
was evaluated during a 14-day co-culture period.
Representative immunofluorescence images demonstrated
progressive endothelial cell migration and adhesion on
scaffold surfaces over time (Fig. 4A). Green fluorescent-labeled
rPBECs were observed on all scaffold groups; however, their
presence was more pronounced on G-NP-coated scaffolds, par-
ticularly at later time points.

To further assess endothelial cell migration, green fluo-
rescence-positive area (%) was quantified as an indicator of
endothelial coverage on scaffold surfaces (Fig. 4B).
Quantitative analysis revealed a time-dependent increase in
endothelial coverage in all groups. At day 7, G-NP-coated
scaffolds exhibited significantly greater endothelial coverage
compared with Blank NP-coated scaffolds (p < 0.05). By day 14,
endothelial coverage on G-NP-coated scaffolds was signifi-
cantly higher than both Blank NP-coated and uncoated

Fig. 2 (A) MTS assay of rBMSC-seeded scaffolds where cells were seeded at a density of 5 × 104 in DMEM growth medium; n = 3, p < 0.05, (B) cell
proliferation assay (PicoGreen) of rBMSC-seeded scaffolds; n = 3, p < 0.05, (C) rBMSC viability in 3D-printed PLA scaffolds by live-dead staining
throughout 7, 14, and 21 days of incubation (dead cells: red; live cells: green), scale bar: 200 μm.
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scaffolds (p < 0.05). Although Blank NP-coated scaffolds also
supported endothelial cell migration, likely due to the pres-
ence of chitosan nanoparticles, GS4012-containing scaffolds
demonstrated the highest endothelial coverage throughout the
culture period.

3.3. In vivo evaluation

To evaluate the effect of scaffold functionalization on bone
regeneration, histological and micro-CT analyses were performed
at 4 and 8 weeks post-implantation. As illustrated in Fig. 5A,
critical-sized calvarial defects were created, followed by implan-
tation of untreated, uncoated, or DG-NP-coated scaffolds.

Masson’s trichrome staining was performed to evaluate
connective tissue and newly formed bone tissue within the

defect area (Fig. 5B). At 4 weeks post-implantation (Fig. 5B; a1–
c1), connective tissue was predominantly observed in all
groups. By week 8 (Fig. 5B; a2–c2), more pronounced bone
tissue formation was detected in the DG-NP-coated scaffold
group compared to the untreated and uncoated groups.

Histopathological evaluation of H&E-stained sections
further demonstrated differences in tissue regeneration
between groups (Fig. 5C). In the untreated group (Fig. 5C; a1,
a2, b1, and b2), connective tissue predominated, with limited
bone tissue formation detected throughout the study period.
The uncoated scaffold group (Fig. 5C; c1, c2, d1, and d2)
demonstrated moderately increased bone tissue formation
compared to the untreated group. In contrast, the DG-NP-
coated scaffold group (Fig. 5C; e1, e2, f1, and f2) exhibited

Fig. 3 Osteogenic differentiation of rBMSCs cultured on NP-coated scaffolds for 7, 14, and 21 days evaluated by (A) ALP analysis (the data were nor-
malized against DNA content), (B) calcium assay, (C) osteocalcin assay: Gla-OCN and Glu-OCN, respectively, (D) Alizarin red staining, (E) von Kossa
staining, and (F) ONC, Runx2, and Col1a1 gene expression analysis; n = 3, p < 0.05.
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more extensive bone tissue formation, increasing from 40% at
week 4 to 70% at week 8 (Fig. 5D). Histological observations
additionally revealed more prominent vascularized tissue
regions in the DG-NP-coated scaffold group relative to the
untreated and uncoated groups.

Micro-CT analysis demonstrated enhanced bone regener-
ation in DG-NP-coated scaffolds compared to untreated and
uncoated scaffolds at both time points (Fig. 5F). Newly formed
bone tissue was more evident in the DG-NP-coated group at
week 4 and further increased by week 8. Bone mineral density
measurements supported these observations, demonstrating
significantly higher bone density values in the DG-NP-coated
scaffold group at the final time point (Fig. 5E).

Overall, these findings suggest that DG-NP functionali-
zation promoted enhanced bone tissue regeneration and sup-
ported the formation of vascularized tissue within the defect
area.

4. Discussion

To enhance scaffold functionality and promote stable nano-
particle adhesion, PLA was surface-modified to facilitate NP
attachment, since its inert and hydrophobic nature limits
direct integration.13 A mild alkaline treatment (0.5 M NaOH)
was applied to partially hydrolyze ester bonds, introducing
hydroxyl groups on the surface while maintaining mechanical
integrity.14 Similar approaches have been reported using
NaOH-treated PLA scaffolds coated with chitosan nano-
particles for enhanced osteogenic responses,15 highlighting
the effectiveness of surface modification in promoting cell
attachment and proliferation. SEM analysis confirmed the
presence of nanoparticle deposition on the scaffold surface fol-
lowing the immersion coating process. This surface modifi-
cation was intended to facilitate nanoparticle attachment
while also increasing surface hydrophilicity, potentially
improving cell–scaffold interactions, consistent with previous

findings on NaOH-treated PLA scaffolds.16,17 The degradation
behavior of the scaffold system may additionally contribute to
the observed regenerative response. While PLA provides long-
term structural stability, chitosan nanoparticles exhibit com-
paratively faster degradation and release behavior, supporting
early-stage bioactive molecule delivery. This difference in
degradation profiles may support sustained scaffold integrity
while allowing localized biological stimulation during the
initial phases of bone healing.

NP-coated scaffolds were evaluated for cell interactions,
beginning with cell viability and attachment analyses.
Undiluted chitosan nanoparticles initially exhibited cyto-
toxicity, likely due to their nanoscale dimensions and posi-
tively charged surfaces, which can disrupt cell membranes, as
also noted in previous reports on cationic nanomaterials.18 To
address this, nanoparticles were diluted 1 : 20 prior to coating,
substantially improving cell compatibility and attachment,
consistent with earlier findings on optimized chitosan surface
treatments.19 Following this adjustment, MTS and live-dead
assay results confirmed time-dependent increases in cell viabi-
lity and proliferation, demonstrating that the coating process
preserved scaffold biocompatibility. GS4012-coated scaffolds
showed a time-dependent proliferation advantage, while
DIPQUO-loaded NPs also exhibited improved cytocompatibil-
ity, which may be associated with the controlled release
characteristics of the nanoparticle delivery system. Moreover,
SEM analysis demonstrated the presence of nanoparticle depo-
sition on the scaffold surface together with well-spread
rBMSCs exhibiting typical fibroblast-like morphology. These
results indicate that the nanoparticle coating not only provided
surface bioactivity but also supported favorable cell–material
interactions. Overall, the developed system provided a cyto-
compatible nanoparticle-functionalized scaffold suitable for
subsequent biological evaluation and in vivo assessment.

Osteogenic differentiation was assessed through ALP
activity, calcium deposition, and gene expression analyses.
ALP activity peaked on day 14, particularly in blank NP and

Fig. 4 In vitro angiogenic evaluation of scaffold groups. (A) Representative immunofluorescence images showing migration of green fluorescent-
labeled rPBECs onto red fluorescent-labeled rBMSC-seeded scaffold surfaces following co-culture at days 3, 7, and 14. Scale bars: 200 μm; inset
scale bars: 100 μm. (B) Quantitative analysis of endothelial coverage (%) determined from green fluorescence-positive area measurements; n = 3, p <
0.05.
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DG-NP-coated scaffolds, likely reflecting chitosan’s osteoinduc-
tive properties.20 Calcium assay results aligned with the
literature,21–23 demonstrating consistent calcium deposition.
Gla-OCN, a bone remodeling marker, increased over time, par-
ticularly in DIPQUO-containing groups, while Glu-OCN,
related to energy metabolism, was elevated in dual-molecule

groups. Although the biological significance of this obser-
vation requires further investigation, the increased Glu-OCN
levels may reflect differences in osteoblast maturation. Alizarin
red and von Kossa staining confirmed calcium deposition and
mineralization, with the highest differentiation observed in
DIPQUO-containing scaffolds. Real-time PCR analysis of ONC,

Fig. 5 In vivo evaluation of bone regeneration in the critical-sized calvarial defect model. (A) Representative images of the surgical procedure,
including creation of the critical-sized calvarial defect, scaffold implantation, and closure of the surgical site. (B) Masson’s trichrome-stained sections
of untreated, uncoated, and DG-NP-coated scaffold groups at 4 and 8 weeks post-implantation. Increased bone tissue formation was observed in
the DG-NP-coated scaffold group at week 8 compared to the untreated and uncoated groups. (C) Hematoxylin and eosin (H&E)-stained sections of
untreated, uncoated, and DG-NP-coated scaffold groups at 4 and 8 weeks post-implantation. Connective tissue (asterisk), bone tissue (circle), and
vascularized tissue regions (arrow) are indicated. (D) Histological quantification of bone tissue, connective tissue, and vascularized tissue regions in
each experimental group. (E) Bone mineral density (BMD) values obtained from micro-CT analysis at 4 and 8 weeks post-implantation. (F)
Representative micro-CT reconstructed images demonstrating bone regeneration in untreated, uncoated, and DG-NP-coated scaffold groups at 4
and 8 weeks post-implantation. Data are presented as mean ± SD (n = 6, p < 0.05).
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Runx2, and Col1a1 gene expression further supported the
osteogenic response observed in vitro. Runx2, an early tran-
scription factor crucial for osteoblast differentiation, was sig-
nificantly upregulated at day 7 in DG-NP coated scaffolds, indi-
cating accelerated osteogenic commitment.24,25 In contrast,
ONC, a late marker, increased markedly over time, especially
in DIPQUO-containing groups, consistent with enhanced min-
eralization reported in previous studies.26 The progressive rise
in Col1a1 expression from day 14 to day 21 also aligns with its
role in matrix formation and maturation during bone
regeneration.12,24,25 Collectively, these data indicate that
DIPQUO-functionalized scaffolds support a progressive osteo-
genic differentiation, promoting both early osteoblast commit-
ment and late-stage mineral deposition. The combined deliv-
ery system supported osteogenic differentiation more effec-
tively than uncoated scaffolds.

Considering the critical role of vascularization in bone
regeneration,12,27,28 the effects of GS4012 on endothelial cell
behavior were evaluated using an in vitro co-culture model.
GS4012, a known VEGF-inducing small molecule,29 showed
higher efficacy when delivered via NPs than through direct
medium application, which highlights the advantage of con-
trolled release strategies reported in previous studies.30,31

Immunofluorescence analysis demonstrated the presence of
rPBECs on all scaffold groups throughout the culture period.
In addition to qualitative observations, quantitative image ana-
lysis revealed significantly greater endothelial coverage on
G-NP-coated scaffolds compared with Blank NP-coated
scaffolds at day 7 and compared with both Blank NP-coated
and uncoated scaffolds at day 14. Chitosan nanoparticles
alone also supported endothelial cell attachment and coverage,
which is consistent with previous reports describing favorable
endothelial interactions with chitosan-based materials.32

Collectively, these findings suggest that the incorporation of
GS4012 contributed to enhanced endothelial cell coverage on
scaffold surfaces under the experimental conditions evaluated
in this study. These findings further support the importance
of combining osteogenic and endothelial cues within a single
scaffold platform, as vascularization plays a critical role in suc-
cessful bone tissue regeneration.10,12,27,33

In vivo, DG-NP coated scaffolds significantly promoted bone
regeneration relative to uncoated and untreated scaffolds, as
demonstrated by histological and micro-CT analyses. Masson’s
trichrome and H&E staining revealed increased bone tissue for-
mation, organized collagen deposition, and early vasculariza-
tion in the DG-NP group, particularly at 4 weeks, which became
more pronounced by 8 weeks, indicating progressive defect
repair. These observations were corroborated by micro-CT
measurements, showing significantly higher bone volume and
density in the coated scaffolds at both time points. The incor-
poration of DIPQUO and GS4012 likely contributed to these
effects by promoting osteoblast differentiation and endothelial
responses, consistent with previous studies.10,26,34,35 The pro-
gressive increase in bone density and tissue organization
points to the role of scaffold functionalization and bioactive
coatings in accelerating defect repair, aligning with findings

from Wulandari et al.36 and Chen et al.11 Overall, these results
suggest that DG-NP-coated scaffolds supported enhanced bone
regeneration and vascularized tissue formation, highlighting
their potential for bone tissue engineering applications.

Building upon the previously optimized scaffold architecture
and nanoparticle delivery platform,9,10 the present findings
demonstrate that their integration into a single scaffold sup-
ports both osteogenic and endothelial responses while improv-
ing bone regeneration in vivo. Together, these findings provide
biological validation of the integrated scaffold platform in a
preclinical critical-sized calvarial defect model and highlight
its potential for vascularized bone tissue engineering.

Conclusion

In this study, dual small molecule-loaded chitosan nano-
particles containing DIPQUO and GS4012 were successfully
integrated onto 3D-printed PLA scaffolds to develop a multi-
functional platform for bone tissue engineering applications.
The DG-NP-coated scaffolds supported rBMSC viability, osteo-
genic differentiation, and endothelial cell migration in vitro,
while in vivo analyses demonstrated enhanced bone tissue for-
mation and the presence of vascularized tissue regions com-
pared to untreated and uncoated scaffolds.

The combined delivery of osteogenic and angiogenic small
molecules through a nanoparticle-functionalized scaffold
system represents a promising strategy for supporting vascular-
ized bone regeneration. Collectively, these findings highlight
the potential of DG-NP functionalized PLA scaffolds as bio-
active platforms for advanced bone tissue engineering
applications.
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