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Abstract

The regeneration of large-segmental bone defects remains a significant clinical
challenge due to their complex microenvironments. Three-dimensional (3D)-printed
polycaprolactone (PCL) scaffolds offer a potential solution but exhibit limited
osteoinductive capacity. In this study, 3D-printed PCL/B-tricalcium phosphate (TCP)
composite scaffolds were pretreated with NaOH, followed by functionalization with
bioactive collagen and 3-TCP. These modifications markedly improved the scaffolds’
hydrophilicity without compromising mechanical integrity. In vitro studies with
MC3T3-E1 cells demonstrated that the CS@TCP scaffolds significantly enhanced early
osteogenic differentiation compared to C, CS, and CS@COL scaffolds, as indicated
by the alkaline phosphatase activity assay. In vivo evaluation using three different
rabbit cranial defect models revealed superior new bone formation in the partial-
thickness cranial defect (PTD) groups compared to the full-thickness cranial defect
(FTD) and intact cranial bone onlay (Onlay) groups, potentially due to the increased
vascularization and abundant endogenous stem cells in the PTD groups. Despite
reduced new bone formation in the Onlay group, its bone integration advantages
may be advantageous for cosmetic surgery applications. This study investigated
how B-TCP surface modification interacts with clinical application-specific
microenvironments to maximize the regenerative potential of 3D-printed scaffolds,
providing crucial guidance for scaffold design in effective bone defect repair across
various clinical scenarios.

Keywords: 3D-printed scaffolds; In vitro proliferation and differentiation;
Multiple animal defect models; Surface modification

1. Introduction

Effective treatment of large-segmental bone defects represents a globally unmet
medical need. In the United States (US) alone, approximately 500,000 patients require
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surgical intervention for non-healing bone defects
annually, while developing countries face higher burdens
due to limited access to advanced treatments.! Current
gold-standard therapies, autografts and allografts, are
constrained by donor site morbidity, limited availability,
and immunological rejection risks. The economic burden
is substantial, with annual healthcare costs exceeding USD
12 billion in the United States for complications related to
failed bone defect repairs, emphasizing the urgent need
for tissue-engineered solutions capable of addressing this
pervasive clinical challenge.’

Bone tissue engineering has emerged as a promising
alternative for bone defect repair, integrating principles
from developmental biology, biomechanics, and materials
science to fabricate biomimetic scaffolds that recapitulate
the structural hierarchy and functional complexity of native
bone tissue.** Recently, the advent of three-dimensional (3D)
printing technologies has revolutionized scaffold fabrication
in bone tissue engineering by enabling precise architectural
control across multiple length scales’ Macroscale
optimization of 3D-printed constructs ensures mechanical
integrity to withstand physiologicalloading while maintaining
interconnected porosity for new bone ingrowth.** Inaddition,
microscale modification of 3D-printed scaffolds facilitates
cellular attachment, proliferation, and differentiation,
promoting new bone formation.

With this powerful tool, many studies have reported
3D-printed biodegradable scaffolds for bone tissue
engineering applications. For example, Wang et al’
developed a hierarchical polycaprolactone (PCL)/f-
tricalcium phosphate (TCP) scaffold combining fused
deposition modeling (FDM) printed macrofibers and melt
electrowriting (MEW) printed microfibers to promote
cell infiltration and osteogenesis. While effective, they
focused primarily on scaffold structure and composition,
without further investigating the regenerative potential
of functionalized scaffolds. In another work, Weingértner
et al'* fabricated 3D-printed PCL scaffolds followed by
coating with type I collagen. The biocompatibility of the
scaffolds was evaluated by culturing three different cell
types on them. Results showed that the collagen coating
significantly improved the cell-scaffold interaction.
However, their work was primarily focused on in vitro
cellular responses, without evaluating the performance
of the functionalized scaffolds in vivo. Taken together,
few studies have evaluated the combined effects of the
functionalized scaffolds in different clinically relevant
bone defect models.

In this study, 3D-printed PCL/B-TCP scaffolds with
surface functionalization were constructed to improve
osteogenic performance. The surface modification was
facilitated using NaOH immersion, followed by collagen

coating through vacuum-assisted adsorption, and B-TCP
coating by dip-coating deposition. Chemical, physical, and
mechanical characterizations confirmed the successful
fabrication of bioactive composite scaffolds. Furthermore,
the biological performance of the 3D-printed scaffolds
was assessed in vitro using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay, live/
dead staining, alkaline phosphatase (ALP) activity, and
alizarin red S (ARS) staining. The results showed that the
modified scaffolds significantly promoted cell proliferation
and osteogenic differentiation. Finally, the 3D-printed
scaffolds were implanted in rabbits’ full-thickness cranial
defects (FID), partial-thickness cranial defects (PTD), and
onlay placement on intact cranial bone (Onlay), followed
by micro-computed tomography (CT), histological, and
immunohistochemical analysistoassess in vivo osteogenesis
and angiogenesis. The implantation demonstrated
enhanced new bone formation and angiogenesis in the
PTD group. Collectively, this study aims to develop
and systematically evaluate multifunctional 3D-printed
scaffolds that integrate bioactivity and osteogenic potential,
providing comprehensive insights into their translational
applicability for effective bone defect repair across diverse
clinical scenarios.

2. Materials and methods

2.1. Materials

Polycaprolactone was acquired from Evonik (China),
B-TCP powder from DinganTec (China), and collagen from
Trauer (China). MC3T3-E1 subclone 14 (CL-0378), basal
medium, osteogenic differentiation medium, and ARS
solution were supplied by Wuhan Pricella Biotechnology
Co., Ltd (China). MTT, live/dead staining kits, ALP assay
kits, and 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/
nitro blue tetrazolium (NBT) alkaline phosphatase color
development kits were provided by Beyotime (China).
Hematoxylin and eosin (H&E) staining kits, Goldner’s
trichrome staining kits, Masson’s trichrome staining Kits,
phosphate-buffered saline (PBS), and paraformaldehyde
(PFA) were obtained from Solarbio (China). The primary
anti-collagen I (COL) and anti-von Willebrand factor
(VWF) antibodies were purchased from Absin (China). All
other reagents were purchased from Sigma-Aldrich (USA).

2.2, Scaffold design

A regular triangular pore architecture with a filament
diameter of 200 um and a pore size of 600 pm was selected
for the scaffold design based on previous studies.'' Cuboid
scaffolds with dimensions of 4 x 4 x 1 mm?® were fabricated
for cell assays, while larger ones (5.4 x 10 x 10 mm?®) were
used for compressive strength testing. For the animal
study, circular plug samples with (dimensions diameter x
diameter x height x height) of 15 mm x 10 mm X 1.5 mm
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Figure 1. Schematic illustration of the research process of this study. Abbreviations: 3-TCP, beta-tricalcium phosphate; C, polycaprolactone/f-tricalcium
phosphate; COL, collagen; CS, NaOH-treated polycaprolactone/p-tricalcium phosphate; FTD, full-thickness cranial defect; Onlay, intact cranial bone as
an onlay graft; PTD, partial-thickness cranial defect.

x 0.9 mm (FTD), 15 mm x 10 mm x 1.2 mm x 0.9 mm 2.4. Surface modification
(PTD), and 15 mm x 10 mm x 1.5 mm x 0.9 mm (Onlay) The scaffolds were first immersed in 2 mol/L NaOH
were prepared for different defect models. solution and incubated on a shaker at 37°C for 24 h. After

incubation, the solution was removed, and the scaffolds
were washed in distilled water using ultrasonication for 5
min. Finally, the scaffolds were dried overnight at 37°C and
divided into the following three groups (Figure 1):

2.3. Fabrication of 3D-printed scaffolds

According to the previous study, PCL was added to
dichloromethane and mixed at 500 rpm until it was
fully dissolved.”? Then, B-TCP was added to reach a
concentration of 20 wt.%. After mixing for 4 h, the « CS group: NaOH-treated and dried scaffolds.
solution was poured onto a stainless-steel plate. The « CS@COL group: NaOH-treated scaffolds immersed
dichloromethane was evaporated at 37°C for 24 h, forming in an 8 mg/mL collagen solution and subjected to a
thin PCL/B-TCP films. Finally, the films were cut into 5 x 5 30-min vacuum pressure impregnation, followed by
mm? pieces for printing. incubation on a shaker at 37°C for 24 h and drying

The 3D-printed scaffolds were fabricated using a melt- on a Teflon plate at 45°C for 24 h.

extrusion-based additive manufacturing system, Organ « CS@TCP group: NaOH-treated scaffolds immersed
Printing United System (OPUS, Novaprint Therapeutics, in a 1 mg/mL B-TCP suspension and stirred at 500
China). The printing parameters were as follows: the syringe rpm for 24 h. After treatment, the scaffolds were
temperature was set to 120°C, the extrusion pressure rinsed three times with distilled water for 5 min each

to 750 kPa, the printing speed to 220 mm/min, and the and dried overnight at 37°C.

layer thickness to 0.1 mm. Scaffolds were fabricated using

tapered steel nozzles with a 200-pm inner diameter, while 2.5. Physical, chemical, and mechanical

the printing platform was maintained at 37°C. The printed characterizations

scaffolds without NaOH treatment were designated as C in The morphology of the scaffolds was observed using
the present study. scanning electron microscopy (SEM) (S8100, Hitachi,
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Japan). The scaffolds were coated with platinum for
180 s and then observed at an accelerating voltage of
3.0 kV. Meanwhile, elemental analyses of the scaffolds
were performed using energy dispersive X-ray
spectroscopy (EDS).

Next, Fourier transform infrared spectroscopy (FTIR)
analysis was conducted to identify the functional groups
in the scaffolds. This experiment was performed using an
FTIR spectrometer (iS50, Thermo Fisher Scientific, USA)
with a wavelength of 4000-400 cm™.

Optical contact angles were measured using an OCA
15EC goniometer (DataPhysics Instruments, Filderstadst,
Germany). A 3 pL deionized water droplet was deposited
on the sample surface using a microsyringe. Images of the
droplets were captured through a high-resolution camera
(EOS 5D, Canon, Japan), and contact angles were analyzed
using Surface contact angle (SCA) software (DataPhysics
Instruments, Filderstadt, Germany).

The compressive properties of the scaffolds were
determined by a compression test using a universal
testing system (HY-1080, Shanghai Heng Wing Precision
Instrument, China) with a 1000 N load cell. Scaffold
samples with dimensions of 5.4 x 10 x 10 mm’ were
compressed at a constant crosshead speed of 5 mm/min,
while compressive strengths and compressive modulus
were calculated (n = 4).

2.6. Cell proliferation

After ethylene oxide sterilization, four scaffold groups (C,
CS, CS@COL, and CS@TCP) were placed into 96-well
plates. MC3T3-E1 cells were seeded onto the scaffolds at a
density of 1 x 10° cells per well and incubated at 37 °C with
5% CO, for 3, 7, and 14 days, as illustrated in Figure 4A.
The medium was changed every 3 days.

2.7. MTT assay

The samples were treated with 10 uL of 5 mg/mL MTT
solution (medium:MTT = 10:1) and incubated at 37°C
for 4 h in the dark. After incubation, the supernatant was
carefully removed from the wells. Then, 700 uL of dimethyl
sulfoxide was added to the samples and shaken on a micro-
oscillator for 30 min to ensure complete dissolution. After
dissolution, 100 pL of supernatant was transferred into
a 96-well plate and the absorbance was measured at 570
nm using a microplate reader (SpectraMax i3x, Molecular
device, USA).

2.8. Stability analysis of different coatings

Samples were collected after 0 and 14 days of cell
proliferation incubation, followed by fixation in 4%
glutaraldehyde for 24 h. Then, the samples were dehydrated
through a graded ethanol series (30%, 50%, 70%, 80%,

90%, 95%, and 100%) for 10 min at each step and dried.
Finally, the dried samples were coated with platinum for
180 s and then observed at an accelerating voltage of 3.0
kV. Meanwhile, the elemental analyses of the scaffolds were
performed using EDS.

2.9. Cell differentiation

MC3T3-E1 cells were seeded onto sterilized scaffolds (C,
CS, CS@COL, and CS@TCP) at a density of 1 x 10° cells
per well. The basic medium was applied for 7 days and
then replaced with an osteogenic induction medium for
14 days, as shown in Figure 5A. The osteogenic induction
medium was refreshed every 2-3 days.

2.10. Live/dead staining

Cell viability was evaluated using a live-dead staining
working solution, which was prepared by mixing calcein
acetoxymethyl ester and propidium iodide solutions at a
1:1 ratio. After culture, the culture medium was discarded,
and the scaffolds were washed three times with PBS.
Following the manufacturer’s protocol, 100 uL of the
working solution was applied to each well and incubated
at 37 °C for 30 min in the dark. Post-incubation, the
solution was removed, followed by three washes in PBS.
Finally, fluorescent images were captured using an inverted
fluorescence microscope (Ts2-FL, Nikon, Japan).

2.11. Alkaline phosphatase staining and activity

At Days 14 and 21 of osteogenic differentiation culture,
BCIP/NBT staining was performed to visualize ALP
activity. The working solution was prepared by dissolving
10 uL of BCIP and 20 pL of NBT in 3 mL of PBS. A total of
100 puL of the prepared working solution was added to each
well and incubated at room temperature for 30 min in the
dark. Following incubation, images were acquired using a
light microscope (DMil, Leica, Germany).

Meanwhile, ALP activity was quantitatively analyzed
using an enzymatic assay. The scaffolds were lysed with
a cell lysis solution and incubated on ice for 10 min.
The lysate was collected, and 50 uL of the cell lysate was
combined with 50 pL of a chromogenic substrate solution.
The reaction was initiated by incubating the mixture at
37 °C for 30 min. To terminate the reaction, 100 pL of
a stopping solution was added. The absorbance at 570
nm was measured using the SpectraMax i3x microplate
reader. The concentration of p-nitrophenol generated was
calculated based on the standard curve.

2.12. Alizarin red S staining and quantification

Samples were washed three times with PBS, followed
by fixation with 4% PFA for 1 h on Days 14 and 21 of
osteogenic differentiation culture. Subsequently, 100
uL of ARS working solution was added to each well,
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followed by incubation at room temperature for 30 min
in the dark. Afterward, samples were washed gently with
deionized water, and images were captured using the
DMilmicroscope a light microscope. Additionally, 200
uL of 10% cetylpyridinium chloride solution was added to
each well, followed by incubation on a shaker at 37°C for
30 min in the dark. Subsequently, 100 pL of the resulting
mixture was transferred into a 96-well plate, and the
absorbance was measured at 570 nm using the SpectraMax
i3x microplate reader.

2.13. Invivo studies using different rabbit cranial
defect models

In this study, 12 male New Zealand white rabbits aged 6
months were used. Two individual cranial defects were
induced in each rabbit, and the defects were divided
into the following three different groups (n = 4): FID,
PTD, and Onlay groups, as shown in Table 1. Prior to
surgery, scaffolds and surgical equipment were sterilized
with ethylene oxide, and rabbits were anesthetized with
a gaseous mixture of oxygen and isoflurane. After the
surgical area was shaved, sanitized, and incised, FTD and
1.2 mm PTD were created by a trephine or surgical drill.
Then, the scaffolds were implanted and secured with screws
at the defect sites, followed by wound closure by suturing.
Additionally, in the Onlay group, the scaffolds were placed
on top of the rabbits’ intact cranial bone as a graft, as
shown in Figure 1. After 12 and 26 weeks, animals were
euthanized by carbon dioxide inhalation. The harvested
samples were fixed in 10% neutral buffered formalin for at
least 3 days before further analysis.

Table 1. Experimental design of the in vivo study

2.14. Micro-computed tomography analysis

A high-resolution micro-CT scanner (Skyscan 1172,
Skyscan, Belgium) was used to analyze the new bone
formation. Scanning was performed with a voxel size of 20
pm, an X-ray voltage of 80 kV, an electric current of 112
1A, and a rotation step of 0.6°. After scanning, images were
reconstructed using the Mimics software (Mimics 21.0,
Materialise NV, Belgium). A cylindrical volume of interest
with a 10-mm diameter and 1.5-mm height around the
defect area was selected for qualitative and quantitative
analyses. Bone volume/total volume fraction (BV/TV),
trabecular thickness (Tb.Th), bone mineral density (BMD),
and trabecular number (Tb.N) were measured for different
defect models after implantation for 12 and 26 weeks.

2.15. Histological analysis

Samples were first fixed in 4% PFA foratleast 3 days, followed
by decalcification in 15% ethylenediaminetetraacetic
acid (EDTA) and dehydration through a graded ethanol
series. After dehydration, the specimens were embedded
in paraffin and sectioned into 5-um-thick slices using
a microtome (RM2016, Leica, Germany). The sections
were mounted on glass slides, deparaffinized with xylene,
and rehydrated through a descending ethanol series.
Subsequently, H&E, Goldner’s trichrome, and Masson’s
trichrome staining were carried out. Images were acquired
using the OLYMPUS BX51, Olympus Corporation
light microscope.

2.16. Immunohistochemical analysis
Samples were first fixed in 4% PFA and decalcified in 15%
EDTA. After decalcification, samples were embedded in

Time point Rabbit ID Implantation site
Right Left
1 FTD PTD
2 FTD Onlay
3 PTD Onlay
12 weeks
4 PTD FTD
5 Onlay PTD
6 Onlay FTD
7 FTD PTD
8 FTD Onlay
9 PTD Onlay
26 weeks
10 PTD FTD
11 Onlay PTD
12 Onlay FTD

Abbreviations: FTD, full-thickness cranial defect; Onlay, intact cranial bone as an onlay graft; PTD, partial-thickness cranial defect.
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paraffin, followed by sectioning into 5-pm-thick slices
using the RM2016 microtome.

Sections were deparaffinized in xylene and rehydrated
in a series of graded ethanols and water. Then, antigen
retrieval was performed in citrate buffer, followed by
quenching of endogenous peroxidase activity with
peroxidase block solution at room temperature for 20 min.
To prevent nonspecific binding of the secondary antibody,
sections were incubated in blocking solution (3% BSA and
0.3% Triton x100 in PBS) at room temperature for 15 min.
Subsequently, sections were incubated overnight at 4 °C
with primary antibodies against vVWF and COL, followed by
30 min incubation with a biotinylated secondary antibody
at room temperature. Finally, images were visualized using
the OLYMPUS BX51 light microscope.

2.17. Statistical analysis

Quantitative data were collected from at least three
independent experiments per group. Data were expressed
as mean + standard deviation (SD), and one-way analysis
of variance (ANOVA) was used to analyze differences
between groups. A p-value of less than 0.05 was considered
statistically significant (*p < 0.05). Statistical significance
was determined using Origin software (Origin 2021,

OriginLab Corporation, USA)and GraphPad Prism
software (GraphPad 9.5, Graphpad Software Inc., USA)

3. Results

3.1. Microstructure, chemical composition, and
compressive strength analysis

An interconnected porous structure was observed in the
3D-printed scaffolds. Compared to the smooth surface of
the C scaffold, nanoscale pits appeared on the CS scaffold
surface. In addition, a collagen film and nanoscale particles
were observed on the surfaces of CS@COL and CS@TCP
scaffolds, respectively, as shown in Figure 2A.

No significant differences were observed between the
C and CS scaffolds. In contrast, the N peak intensity and
content were significantly higher in the CS@COL scaffolds
than in the CS group. Moreover, strong Ca and P peaks and
increased elemental content were observed in CS@TCP
scaffolds compared to CS scaffolds, as shown in Figure 2B.
Furthermore, the uniform distribution of Cand N elements
on the CS@COL scaffolds confirmed the even coverage of
the collagen coating, while the uniform Ca distribution on
the CS@TCP scaffolds demonstrated the well-distributed
B-TCP coating, as shown in Figure 2C.

150k 150k

10.0k

Counts

Elcment_Weights
T

CS@COL

CS@TLCP.

50 pm
T

50 pm
E—

50 pm
E——

Figure 2. Surface morphology and elemental analysis of different scaffolds. (A) Scanning electron microscopy images. Scale bars: 1 mm, 5 um (inset);
magnifications: x50, x10,000 (inset). (B) Energy dispersive X-ray spectroscopy (EDS) spectrum. (C) EDS mapping C, CS, CS@COL, and CS@TCP
scaffolds. Scale bars: 50 pm; magnifications: x500.
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The peaks observed at 1720, 2943, and 2864 cm ™ in all
scaffolds were characteristic bands of PCL, corresponding
to the stretching vibration of the carbonyl group (C=0)
and the asymmetric stretching vibrations of the CH,
groups, respectively. Notably, the intensity of the peak at
1043 cm™ significantly increased after the application
of B-TCP coating on the CS scaffolds. Additionally, the
peaks observed at 3315, 1659, and 1554 cm™ in CS@COL
scaffolds corresponded to the amide A (N-H stretching),
amide I (C=0O stretching), and amide II (N-H bending
and C-N stretching) bands, respectively, all of which were
typically associated with collagen, as shown in Figure 3A.
Furthermore, the contact angles in the C scaffolds were
significantly higher than those in the CS, CS@COL,
and CS@TCP scaffolds, as presented in Figure 3B. The
compressive strength of C (3.48 + 0.23 MPa) was higher
than CS (3.00 £ 0.33 MPa), CS@COL (3.06 + 0.15 MPa),
and CS@TCP (3.10 + 0.19 MPa) scaffolds; however, no
significant differences were observed among them, as
presented in Figure 3D. The compressive modulus data
showed the same trend, with no significant differences
among different groups, as shown in Figure 3E.

3.2. In vitro study of cell proliferation

At Day 3, the cell proliferation in C scaffolds was
significantly lower than in CS, CS@COL, and CS@TCP
scaffolds. At Day 7, the cell proliferation in CS@COL and
CS@TCP scaffolds remained significantly higher than
that in C scaffolds. At Day 14, only the CS@TCP scaffolds
showed a significant increase in proliferation compared
to C scaffolds, as shown in Figure 4B. Live/dead staining
results showed that cells exhibited better attachment on the
CS@TCP and CS@COL scaffold surfaces compared to the
C and CS scaffold surfaces, as shown in Figure 4C.

The morphologies of the coatings on Days 0 and 14
were similar, showing no obvious changes, while elemental
analysis revealed a slight decrease in Ca content in the
TCP-coated scaffolds (from 11.36 + 0.39 wt.% to 11.10 +
0.32 wt.%) and a more significant decrease in N content in
the COL-coated scaffolds (from 17.81 + 0.25 wt.% to 12.54
+ 0.36 wt.%), as shown in Figure 4D-G.

3.3. Invitro study of cell differentiation

The ALP staining, used to evaluate early osteogenic
differentiation, revealed a markedly larger stained area
in CS@TCP scaffolds compared to C, CS, and CS@COL
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Figure 3. Physical and chemical characterizations for C, CS, CS@COL, and CS@TCP scaffolds. (A) Fourier transform infrared spectroscopy spectra. (B)
Contact angle. (C) Stress—strain curves. (D) Compressive strength. (E) Compressive modulus. Notes: Data are expressed as mean + SD; n = 4; *p < 0.05.
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Figure 4. Cell proliferation studies for C, CS, CS@COL, and CS@TCP scaffolds. (A) Cell proliferation culture model. (B) MTT assay. (C) Live/dead
staining. Scale bars: 500 (m; magnifications: x5. (D-G) Scanning electron microscopy images (scale bars: 5 pm (insets); magnifications: x100, x10,000
(insets)); and energy dispersive X-ray spectroscopy mapping of scaffold coatings at Days 0 and 14 of cell culture: (D) CS@COL coatings and corresponding
(E) N content; (F) CS@TCP coatings and corresponding (G) Ca content. Notes: Data are expressed as mean + SD; n = 4; *p < 0.05. Abbreviations: OD,

optical density; P-D, proliferation day.

scaffolds, as illustrated in Figure 5B. At Days 14 and 21,
the ALP activity in CS@TCP scaffolds was significantly
higher than in C, CS, and CS@COL scaffolds, while CS
scaffolds also showed significantly higher activity than C,
as illustrated in Figure 5C. In contrast, ARS staining, which
reflects late-stage mineral deposition, showed greater
calcium deposition in CS@TCP scaffolds compared to the
other groups, as shown in Figure 5D. ARS quantification

further confirmed significantly higher mineral deposition
in CS@TCP scaffolds relative to C and CS@COL groups at
Days 14 and 21, as shown in Figure 5E.

3.4. In vivo micro-computed tomography evaluation
After 12 and 26 weeks of implantation, the Onlay group
exhibited significantly lower values of BV/TV, BMD,
and Tb.Th compared with the FTD and PTD groups, as
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Figure 5. Cell differentiation studies for C, CS, CS@COL, and CS@TCP scaffolds. (A) Cell differentiation model. (B) Alkaline phosphatase (ALP)-stained
images. Scale bars: 1 mm; magnifications: x5. (C) Alizarin red S (ARS)-stained images. Scale bars: 1 mm; magnifications: x5. (D) Quantitative analysis of
ALP staining. (E) Quantitative analysis of ARS staining. Notes: Data are expressed as mean + SD; n = 4; *p < 0.05. Abbreviations: D-D, differentiation day;
OD, optical density.

indicated in Figure 6C-E Notably, the PTD group showed 3.5. Histological analysis

a significantly higher BV/TV than the FTD group at 12 The Onlay group consistently exhibited significantly lower
osteoid levels compared to the FTD and PTD groups at 12
and 26 weeks, while the PTD group showed significantly
lower osteoid formation than the FTD group at 26 weeks,
at both 12 and 26 weeks, as shown in Figure 6F. as shown in Figure 7B. For mineralized bone formation,

weeks. In contrast, the Tb.N value in the Onlay group was
significantly higher than that in the FTD and PTD groups
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Figure 6. Micro-computed tomography (CT) evaluation of FTD, PTD, and Onlay groups after implantation for 12 and 26 weeks. Micro-CT axial, sagittal,
and 3D reconstruction images at (A) 12 weeks and (B) 26 weeks. Scale bars: 3 mm; magnifications: x1. (C) Bone volume/total volume (BV/TV). (D)
Bone mineral density (BMD). (E) Trabecular thickness (Tb.Th). (F) Trabecular number (Tb.N). Notes: Data are expressed as mean + SD; 1 = 4; *p < 0.05.
Abbreviations: FTD, full-thickness cranial defect; Onlay, intact cranial bone as an onlay graft; PTD, partial-thickness cranial defect.
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the PTD group demonstrated significantly higher new
bone formation than the FTD and Onlay groups at 26
weeks, while the Onlay group showed significantly lower
new bone formation than the PTD and FTD groups at both
12 and 26 weeks, as illustrated in Figure 7C. Furthermore,
collagen formation in the Onlay group was significantly
lower than that in the FTD and PTD groups at both 12 and
26 weeks, as shown in Figure 7D.

3.6. Inmunohistochemical analysis

In the PTD and FTD groups, the collagen staining intensity
decreased from 12 to 26 weeks; in contrast, the Onlay
group exhibited consistently higher collagen deposition
compared to the other groups at both 12 and 26 weeks with
limited variation, as shown in Figure 8B. A similar pattern

was observed for vWF staining, which also declined from
12 to 26 weeks in the PTD and FTD groups. At 12 weeks,
vWEF staining intensity in the PTD group was significantly
lower than that in the FTD group. Notably, the Onlay
group consistently exhibited significantly greater vWF
immunoreactivity than both the PTD and FTD groups at
12 and 26 weeks (Figure 8D).

4. Discussion

The success of bone tissue engineering primarily depends
on the design of a supportive microenvironment,
which integrates suitable scaffold architecture, surface
chemistry, and bioactive modifications.*** In this study,
we developed 3D-printed PCL/B-TCP composite scaffolds
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Figure 7. Histological analyses of FTD, PTD, and Onlay groups after implantation for 12 and 26 weeks. (A) Hematoxylin and eosin (H&E), Goldner’s
trichrome, and Masson’s staining. Black arrows indicate new bone, red arrows indicate osteoid, and yellow arrows indicate collagen. Scale bars: 2 mm
(top), 200 um (bottom); magnifications: x1 (top), x4 (bottom). (B) Quantification of osteoid. (C) Quantification of mineralized bone. (D) Quantification
of collagen. Notes: Data are expressed as mean + SD; n = 4; *p < 0.05. Abbreviations: FTD, full-thickness cranial defect; Onlay, intact cranial bone as an
onlay graft; PTD, partial-thickness cranial defect.
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Figure 8. Immunohistochemical analyses of FTD, PTD, and Onlay groups after implantation for 12 and 26 weeks. (A) Collagen (COL)-stained images.
Scale bars: 200 pm; magnifications: x8. (B) Statistical analysis of COL expression. (C) Von Willebrand factor (vWF)-stained images. Scale bars: 200 pm;
magnifications: x8. (D) Statistical analysis of VWF expression. Notes: Data are expressed as mean + SD; n = 4; *p < 0.05. Abbreviations: FTD, full-thickness
cranial defect; Onlay, intact cranial bone as an onlay graft; PTD, partial-thickness cranial defect.

with triangular-shaped pores. However, when applied as
bone tissue engineering scaffolds, PCL/B-TCP composites
still face challenges related to their hydrophobicity and low

surface bioactivity.'*"'8

Toaddresstheseissues, this study employed two different
surface modification strategies using NaOH submersion
followed by collagen and B-TCP coating, respectively.”
NaOH modification proved highly effective in enhancing
the hydrophilicity, protein adsorption, and cell adhesion
properties of the scaffolds while maintaining their overall
porous morphology.® In this study, a concentration of
2M NaOH was used on PCL/B-TCP composite scaffolds,
resulting in nanoscale pits on surfaces, accompanied by a
significant decrease in contact angle. Notably, no obvious
changes were detected in the EDS spectra, FTIR spectra,
and mechanical properties after NaOH treatment, as
illustrated in Figures 2 and 3.

Collagen, a major component of the extracellular
matrix, has been widely used to enhance the bioactivity
of tissue engineering scaffolds.”! It has been demonstrated
that collagen coating improves cell adhesion, proliferation,
and osteogenic differentiation.”>* This phenomenon was
attributed to the fact that extracellular matrix proteins
provide a softer substrate for cell attachment, thereby
promoting osteogenic gene expression.** B-TCP is a
bioactive ceramic whose inorganic composition closely
resembles that of natural bone and has been widely
used in bone tissue engineering.”** Moreover, B-TCP
possesses excellent osteoconductive and osteoinductive
properties that support cell attachment, proliferation, and
differentiation.””*® Given these outstanding characteristics
of collagen and B-TCP, the application of collagen and
B-TCP has become a hot topic of research in bone graft
coating materials.”>*

The 3D-printed PCL/B-TCP composite scaffolds were
further surface-modified by depositing collagen and
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B-TCP, leading to the formation of a collagen film and a
nanoporous layer on the scaffold surface, as illustrated in
Figure 2A. A notable increase in the N peak in CS@COL,
and Ca and P peaks in CS@TCP scaffolds, along with the
intensified FTIR bands at 3315, 1659, and 1,554 (amide
A, I, and I for collagen), and 1043 cm™ (B-TCP), further
confirmed the successful coating of collagen and B-TCP on
the scaffold surface, as shown in Figure 3A. Importantly,
these surface modifications maintained their excellent
hydrophilicity and mechanical properties, as demonstrated
in Figure 3B-E.

Surface modification also plays an essential role in
dictating cell behavior, as it creates a microenvironment
that profoundly influences cell attachment, migration,
proliferation, and differentiation.”® Qur in vitro results
showed that cell proliferation was markedly enhanced
in the CS, CS@COL, and CS@TCP scaffolds compared
to the C scaffolds throughout the culture period, as
illustrated in Figure 4. This may be attributed to the NaOH
treatment, which improved the hydrophilicity and surface
roughness of the scaffolds, thereby enhancing protein
adsorption, facilitating cell attachment, and promoting cell
proliferation.’* In addition, our stability analysis revealed
that the B-TCP coatings remained largely intact during
the 14-day culture period, indicating greater stability
compared to COL-coated scaffolds, as shown in Figure 4.
For osteogenic differentiation, both ALP activity and ARS
staining were significantly elevated in the CS@TCP group
compared to the other groups, as shown in Figure 5D
and E. It could be caused by the release of Ca?* and
PO,* ions from B-TCP, which created an osteoinductive
microenvironment and promoted early osteogenic activity.
This effect may be mediated by stimulating osteogenic-
related signaling pathways, such as Wnt/B-catenin and bone
morphogenetic protein/Smad, thereby upregulating the
expression of ALP, runt-related transcription factor 2, and
osteocalcin.”** For in vivo characterization, three different
defect models were designed to systematically evaluate
the osteogenic potential of the CS@TCP scaffolds. The
FTD group simulated critical-sized bone defects to assess
complete regenerative capability. Meanwhile, the PTD
group allowed the investigation of scaffold-bone interface
interactions, mimicking clinical inlay applications. The
Onlay group mimicked the clinical application of cosmetic
surgery, where implants were fixed on the bone surface.

In vivo results showed that both FTD and PTD groups
exhibited significantly higher levels of new bone formation
compared to the Onlay group, especially for the PTD group
at 26 weeks, as presented in Figures 6 and 7. The expression
of collagen and vWF in the Onlay group was consistently
and significantly higher than that in other groups at both
time points. Additionally, the FTD group showed a higher

collagen and vVWF expression compared to the PTD group,
as shown in Figure 8. This may be due to the -TCP coating
on the scaffold surface. When in direct contact with the
periosteum, the coating can enhance the recruitment of
mesenchymal stem cells (MSCs), promoting efficient graft-
host bone integration.*” The decreasing trend in collagen
and VWF expression over time in FID and PTD groups
likely reflects the tissue remodeling process during bone
healing.” In contrast, the persistently higher expression
of collagen and vWF in the Onlay group compared to
the other groups at 12 and 26 weeks may reflect the early
osteogenic stage rather than active osteogenesis, as shown
in Figure 8.4

The overall reasons for these phenomena are illustrated
in Figure 9. In the PTD group, the scaffolds were implanted
within partial bone defects, where increased vascular
supply and endogenous stem cells could enhance graft-
host integration and induce higher levels of new bone
formation.** This process synergistically interacted with
the B-TCP coating on the scaffold surface, promoting
MSC recruitment, osteogenic differentiation, and bone
regeneration. In contrast, the coating in the FTD group
had less contact with the host bone compared to the PTD
group, restricting its new bone ingrowth.** Furthermore,
in the Onlay group, where the scaffold was placed on the
periosteum without direct exposure to MSCs or injury-
related stimuli, the regenerative microenvironment was
less supportive, resulting in limited bone integration only
near the graft-bone surfaces.*>*> Nonetheless, these bone
integration effects can still facilitate the major goal of
cosmetic surgeries.

In summary, these results highlighted the necessity of
aligning scaffold design and surface biofunctionalization
with specific clinical contexts to achieve optimal bone
regeneration outcomes. Future work should further
investigate the interaction between scaffolds and immune/
vascular systems, thereby providing a deeper insight
into the signaling pathways that regulate osteogenic and
angiogenic properties in vitro and in vivo.

5. Conclusion

Scaffolds for bone tissue engineering aim to restore
bone defects through the integration of biomaterials and
regenerative microenvironments. This study demonstrated
that integrating bioactive coatings with NaOH-
pretreated 3D-printed PCL/B-TCP scaffolds effectively
enhances scaffold hydrophilicity and bioactivity without
compromising compressive properties. The p-TCP coating
significantly promoted early osteogenic differentiation in
vitro, potentially through ion release-mediated stimulation
of osteoblast activity. The in vivo regenerative outcome
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Figure 9. Schematic illustration of three cranial defect models (FTD, PTD, and Onlay) showing differences in scaffold placement and bone repair
mechanism. Abbreviations: FTD, full-thickness cranial defect; MSC, mesenchymal stem cell; Onlay, intact cranial bone as an onlay graft; PTD, partial-

thickness cranial defect.

was strongly influenced by the microenvironment. The
PTD group provided abundant vascular supply and
endogenous stem cells, enabling a synergistic interaction
with the B-TCP coating and resulting in the highest
level of new bone formation. The Onlay group showed
new bone formation primarily at the scaffold-host bone
interface, which could achieve the goal of excellent bone
integration during the application of cosmetic surgeries.
Collectively, these findings highlight the importance of
tailoring scaffold structure and surface functionalization
strategies to specific clinical scenarios, thereby maximizing
bone regeneration and facilitating the reliable clinical
application of 3D-printed bone scaffolds.
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