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Abstract

Background: Repairing extensive bone defects following seawater immersion poses a significant challenge for orthopedic surgeons.
Recent advancements in three-dimensional (3D) printing technology have demonstrated considerable potential in fabricating scaffolds
with optimized morphological structures and superior biological properties. However, the specific characteristics and therapeutic
efficacy of 3D-printed nano beta-tricalcium phosphate (3-TCP) scaffolds in the repair of seawater-immersed rabbit ulna bone defects
remain inadequately explored. Methods: Nano-3-TCP scaffolds were fabricated via stereo lithography apparatus (SLA) and char-
acterized using scanning electron microscope (SEM), X-ray diffraction, and mechanical testing. Vancomycin-loaded scaffolds were
implanted in 18 rats, with drug release profiles monitored over a 56-day period. Thirty-six rabbits were assigned to three groups to assess
scaffold performance in 1.5 cm seawater-immersed ulnar defects. Serum tumor necrosis factor-alpha (TNF-a) levels were measured
pre- and post-implantation to evaluate inflammatory responses. Bone repair was assessed through X-ray, histological analysis, and
micro-computed tomography (micro-CT) scanning. In vitro antibacterial efficacy was also evaluated. Results: The scaffold exhibited a
cylindrical porous structure with dimensions of 0.5 cm in both diameter and height. The average pore size was approximately 400 pm,
with a porosity of 53 %, and a compressive strength of 170 N. The scaffold demonstrated sustained vancomycin release over 56 days. In
vivo, implantation of the scaffolds resulted in a significant reduction in serum TNF-a levels (p < 0.05) and promoted new bone formation
compared to controls (p < 0.05). Histological and micro-CT analyses confirmed superior bone repair, with increased expression of
osteocalcin (OCN), osteopontin (OPN), and vascular endothelial growth factor (VEGF). The scaffolds exhibited robust antibacterial
activity after 72 hours. Conclusions: 3D-printed nano-3-TCP scaffolds offer an effective solution for repairing seawater-immersed
bone defects and significantly enhance bone regeneration.
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Introduction

Bone defect repair presents a persistent challenge in
orthopedics [1,2]. Defects arising from various causes often
fail to heal autonomously, potentially resulting in nonunion
and functional impairments that severely diminish patients’
quality of life [3,4]. As naval military capabilities continue
to evolve globally, the frequency of seawater-contaminated
wounds sustained during naval warfare has risen, thereby
increasing the demand for effective treatment approaches
[5,6]. Among these injuries, bone damage is a common
consequence of trauma. Due to the distinct characteristics
of the maritime environment, individuals injured at sea fre-
quently experience open wounds with prolonged seawater
immersion. The hyperosmolarity, alkalinity, and microbial
contamination of seawater contribute to multiple adverse
effects on injured tissues, including osmotic fluid shifts, im-
paired microcirculation, tissue ischemia and hypoxia, and
an elevated risk of infection. These factors collectively
complicate the repair of open wounds and bone defects,
substantially heightening the risk of disability and compro-
mising patient quality of life [7,8]. This issue demands ur-
gent attention from medical teams involved in naval com-
bat rescue operations. Autologous bone grafting is con-
strained by limited donor site availability [9,10], while al-
lografts pose risks of disease transmission and immune re-
jection [11,12]. Synthetic bone materials have emerged as
promising alternatives for addressing bone defects. With
advances in three-dimensional (3D) printing technology
and material science within bone tissue engineering, arti-
ficial bone scaffolds now exhibit performance character-
istics approaching those of autologous bone in certain as-
pects [13—15]. Seawater-immersed wounds are associated
with tissue necrosis, infection, prolonged healing period,
and high mortality because of high salinity, hyperosmosis,
and the presence of various pathogenic bacteria in seawater
[16]. The complex interaction of these factors complicates
the repair of both open wounds and bone injuries, neces-
sitating the development of specialized materials and tech-
nologies to effectively address these challenges.

Beta-tricalcium phosphate (3-TCP) has been widely
used in bone repair applications due to its chemical compo-
sition, which closely mimics natural bone tissue. It demon-
strates excellent biocompatibility and osteoconductivity,
providing a scaffold for bone cells to adhere, migrate, and
proliferate, while also exhibiting osteoinductive properties
that promote the differentiation of undifferentiated stem
cells into osteoblasts [17-19]. As S-TCP degrades, it re-
leases calcium and phosphate ions, which not only provide
essential mineral support but also stimulate osteoblast activ-
ity by modulating the local microenvironment [20,21]. Ad-
ditionally, the porous structure of 5-TCP encourages vascu-
larization and the ingrowth of new bone tissue, significantly
enhancing bone repair quality [22]. Compared to other
widely used materials, such as hydroxyapatite, 3-TCP’s
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higher degradation rate aligns more closely with the rate of
bone regeneration, thereby reducing the risk of complica-
tions associated with residual materials [23]. Additionally,
B-TCP can be loaded with osteogenesis-promoting, anti-
infective, or anti-tumor drugs or factors, which are locally
released post-implantation to further enhance bone regener-
ation and repair defects [24,25]. The integration of 5-TCP
with 3D printing technologies has recently introduced in-
novative approaches for the personalized design and precise
fabrication of bone repair scaffolds [26—28]. While the ben-
efits of S-TCP in bone repair are well established, the spe-
cific properties and therapeutic effects of 3D-printed nano-
B-TCP scaffolds for repairing seawater-immersed bone de-
fects have not been extensively studied. This research uti-
lized SLA-based 3D printing technology to fabricate scaf-
folds with a three-dimensional structure and pore sizes of
approximately 400 pm. This method preserves the rough
surface features conducive to cell adhesion and osteoinduc-
tion, along with the physicochemical properties of nano-
B-TCP. The study aims to evaluate the scaffold character-
istics, drug-loading capacity, controlled release properties,
and antibacterial effects, as well as to assess their therapeu-
tic efficacy in repairing seawater-immersed ulnar bone de-
fects in a rabbit model. The objective is to offer valuable
insights into the treatment and repair of bone defects result-
ing from seawater immersion.

Materials and Methods
Preparation of 3D-Printed Nano 3-TCP Scaffolds

To achieve different experimental objectives, two
types of 3D-printed nano 3-TCP scaffolds with distinct
specifications were fabricated using SLA technology: The
performance testing group (5 mm diameter, 2 mm height;
Fig. 1A) and the animal experiment group (0.5 cm diam-
eter, 0.5 cm height; Fig. 1B). The main steps for SLA-
based scaffold fabrication were as follows: (1) Preparation
of the photosensitive resin pre-mixture: A blend consisting
of 25 wt % epoxy acrylate and 25 wt % polyester acrylate
as oligomers, 24 wt % trimethylolpropane triacrylate and 20
wt % 1, 6-hexanediol diacrylate as reactive diluents, 2 wt %
photoinitiator 819, 1 wt % photoinitiator 1173, and 2 wt %
Diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide as pho-
toinitiators, and 1 wt % ethyl 4-dimethylaminobenzoate as
a sensitizer was prepared. The mixture was stirred for 20
min using a magnetic stirrer; (2) Preparation of the pho-
tocurable 3D printing ceramic slurry: The photosensitive
resin pre-mixture from Step 1 was combined with nano -
TCP powder (purity >98 %, Batch No.: C139912, Shang-
hai Aladdin Biochemical Technology Co., Ltd., Shanghai,
China) in a 1:1 weight ratio, along with a dispersant. The
resulting mixture was placed in a ball mill and processed
at 200 rpm for 10 hours to obtain a homogeneous ceramic
resin slurry; (3) Photocuring 3D printing: The ceramic resin
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slurry from Step 2 was loaded into a photocuring 3D printer
(Batch No.: CH-2019-3DD-B009-R1, 3D Discovery, Re-
genHU, Villaz-Saint-Pierre, Fribourg, Switzerland) operat-
ing at a 405 nm wavelength. Printing was performed layer
by layer with a 50 um layer thickness and a 4-second expo-
sure time per layer, resulting in a green ceramic body; (4)
Debinding and sintering: The green ceramic bodies from
Step 3 were de-supported and subjected to debinding and
sintering in a muffle furnace. The temperature was grad-
ually increased at a rate of 5 °C/min to 1100 °C, where it
was maintained for 8 hours before cooling within the fur-
nace. The final scaffolds exhibited high density, rough sur-
face characteristics, and osteoinductive properties as porous
bioceramic nano 3-TCP scaffolds [29,30].

Performance Testing of 5-TCP Scaffolds
The Scanning Electron Microscope Analysis of the
Scaffold

The performance testing group scaffolds were thor-
oughly dried, fixed onto a sample holder using conductive
tape or double-sided adhesive, and then coated with a 10
nm gold film via ion sputtering. The scaffold structure was
examined and photographed under a scanning electron mi-
croscope (SEM, FEI Quanta250, Batch No.: 5112-02, FEI
Company, Hillsboro, OR, USA) for image analysis.

X-Ray Diffraction Analysis

After drying, X-ray diffraction (XRD) analysis (using
D8 ADVANCE, Batch No.: BD73000355-01, Bruker Cor-
poration, Karlsruhe, Germany) was conducted to evaluate
the scaffold performance.

Compression Strength Analysis of the Scaffold

A microcomputer-controlled electronic universal test-
ing machine (ETM204C, Batch No.: 17007656, Beijing
Boyi Experimental Instrument Co., Ltd., Beijing, China)
was used to apply pressure at a rate of 0.5 mm/min to a
cylindrical scaffold from the performance testing group,
ensuring correct orientation of the top and bottom. The
force-displacement curve was generated, and the compres-
sive strength and stiffness of the scaffolds were calculated.

In Vivo Slow-Release Vancomycin of the Scaffold
Material in Rats

To prepare control group scaffolds, calcium sulfate
powder (Batch No.: 10101-41-4, Biocomposites Ltd., St.
Asaph, UK) was placed into a 5 mm x 2 mm mold cav-
ity, followed by the addition of 20 pL of a 50 mg/mL
vancomycin solution (Batch No.: 1404-93-9, Solarbio Co.,
Ltd., Beijing, China). The mixture was then molded and
dried. To prepare experimental group scaffolds, 20 uL of
a 50 mg/mL vancomycin solution was directly applied to
the surface of the printed nanostructured 3-TCP scaffolds,
ensuring complete absorption.

Cpm
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Eighteen rats (Slacc Jingda Experimental Animal Co.,
Ltd., Changsha, China; License No. SCXK (Xiang) 2016-
0002) were acclimated for 7 days prior to the experiment.
Following weighing, general anesthesia was induced via in-
traperitoneal injection of 1 % pentobarbital sodium at a dose
of 50 mg/kg. Calcium sulfate scaffolds were implanted into
the left paraspinal muscles, while 5-TCP scaffolds were im-
planted into the right paraspinal muscles. Eighteen calcium
sulfate and eighteen 5-TCP scaffolds were implanted, and
tissue samples were collected at six time points (3, 7, 14,
28, 42, and 56 days), with three replicates per time point
for averaging. Each sample comprised 0.5 g of muscle tis-
sue from both sides of the lumbar spine of the rats. After
adding phosphate-buffered saline (PBS) and shaking, the
mixture was centrifuged at 3000 r/min to obtain the su-
pernatant. The supernatant was then centrifuged again at
12000 r/min to remove further impurities, and the final su-
pernatant was collected. Next, 25 % trichloroacetic acid
was added to the collected supernatant, shaken, and cen-
trifuged at 15000 r/min. The supernatant was then used for
absorbance detection.

Vancomycin and BMP-2 were Adsorbed on the 5-TCP
Scaffold in the Animal Experimental Group

Under sterile conditions in a laminar flow hood, the
scaffolds were placed in a 96-well plate. Each scaffold re-
ceived 20 uL of vancomycin solution (50 mg/mL) and 10
uL of bone morphogenetic protein-2 (BMP-2) solution (0.1
png/ul). The scaffolds were then allowed to air dry natu-
rally, facilitating the adsorption of vancomycin and BMP-2
onto the 5-TCP scaffolds.

Animal Grouping and Treatment

Experimental grouping: A total of 36 nine-month-old
New Zealand White rabbits (Ganzhou Institute of Animal
Husbandry and Fisheries, Ganzhou, China, License No.
SCXK (Gan) 2018-0009) were selected for the study. The
rabbits were fed standard feed and had free access to wa-
ter. Prior to surgery, all animals were fasted for 12 hours.
The rabbits were randomly assigned into three groups using
a random number table method: The M + SI + GS group,
the M + SI + TCP group, and the M + TCP group, with 12
rabbits in each group (M = Rabbit ulnar bone defect model;
SI = Seawater immersion; GS = Gelatin sponge loaded with
vancomycin and BMP-2; TCP = Implantation of 3D-printed
nano -TCP scaffold loaded with vancomycin and BMP-2).

Establishment and treatment of the rabbit ulnar bone
defect model: Seawater from the East China Sea was col-
lected in advance and maintained under appropriate condi-
tions during transportation and storage. The rabbits were
anesthetized via an injection of 3 % sodium pentobarbi-
tal into the marginal ear vein at a dose of 3 mL/kg. After
anesthesia, the right ulnar region was shaved, disinfected,
and covered with a sterile surgical drape. A longitudinal
incision of approximately 4 cm was made along the up-
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Fig. 1. Performance characteristics of the 3D-printed nano 5-TCP scaffold. (A) Top view of the scaffold used in the performance
testing group. (B) Top view of the scaffold used in the animal experiment group. (C) SEM image of the scaffold. (D) XRD pattern of
the scaffold. (E) Compressive strength curve of the scaffold. (F) Vancomycin release profile from S-TCP and calcium sulfate scaffolds
in rats (Scale bars: 2.5 mm in A and B, 400 ym and 4 um in C; Drawing software: Adobe Photoshop 2023). TCP, tricalcium phosphate;
SEM, scanning electron microscope; XRD, X-ray diffraction; 3D, three-dimensional; 5-TCP, beta-tricalcium phosphate.

per part of the right forelimb ulna. The skin and subcu- dental drill. The M + SI + GS and M + SI + TCP groups
taneous tissue were separated to expose the ulna, and the ~ were immersed in seawater for 2 hours within 8 hours af-
periosteum was stripped. A 1.5 cm segment in the middle  ter surgery, while the M + TCP group was not immersed in
of the ulna was marked with a ruler and removed using a  seawater. Following successful modeling, the rabbits were
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Fig. 2. Bar chart comparing serum TNF-« levels between normal rabbits and scaffold-implanted experimental rabbits at 1 day
before and at 1, 2, and 4 weeks after implantation. (N = 12; mean + SD; *p < 0.05, ****p < 0.0001; Statistical analysis: Two-way
ANOVA; Drawing software: GraphPad Prism 9.5). SD, standard deviation; TNF-c, tumor necrosis factor-alpha; ANOVA, analysis of

variance.
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Fig. 3. Representative postoperative X-ray images and quantitative bar chart analysis of the bone defect model. (A) Representative
X-ray images of the bone defect areas in each group at 1 day, 4 weeks, 8 weeks, and 16 weeks after implantation. (B) Bar chart comparing
Lane-Sandhu X-ray scores at different postoperative time points among groups (Scale bars: 5 mm; n = 12; mean + SD; *p < 0.05, ***p
< 0.001, ****p < 0.0001; Statistical analysis: Two-way ANOVA; Drawing software: GraphPad Prism 9.5 and Adobe Photoshop 2023).
SD, standard deviation.
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Fig. 4. Representative postoperative micro-CT images and quantitative analysis of the bone defect model. (A) Representative 3D
micro-CT images of bone defect regions in each group at 8 and 16 weeks post-implantation. (B) Bar charts comparing BV/TV and BMD
among groups at 8 and 16 weeks postoperatively (Scale bars: 5 mm; n = 12; mean + SD; **p < 0.01, ***p < 0.001, ****p < 0.0001;
Statistical analysis: Two-way ANOVA; Drawing software: GraphPad Prism 9.5 and Adobe Photoshop 2023). SD, standard deviation;
BV, bone volume; TV, total volume; BMD, bone mineral density; CT, computed tomography.

housed individually in cages, fed according to a standard-
ized protocol, and received daily intramuscular injections
of 800,000 units of penicillin sodium and 0.1 g of gentam-
icin sulfate for 5-7 days post-operation. The wound was
observed daily, disinfected, and dressed. After three con-
secutive debridements without bacterial infection, further
treatment was performed. To establish a clear baseline for
natural healing and highlight the potential advantages of
TCP materials in bone repair, the M + ST+ GS group under-
went debridement as needed within 5—7 days post-surgery,
followed by filling with a gelatin sponge loaded with van-
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comycin and BMP-2. In both the M + TCP group and the
M + SI + TCP group, the wound was debrided and a 3D-
printed nano -TCP scaffold loaded with vancomycin and
BMP-2 was implanted within 5—7 days post-surgery. After
filling, the incisions were sutured layer by layer, disinfected
with iodine, and gentamicin sulfate was injected to prevent
infection. The limbs were then immobilized with a plaster
cast.
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M+SI+GS

Week 16

Fig. 5. Representative H&E-stained histological sections of bone defect regions from each group after surgery. Scale bars: 200
pm (upper panels) and 100 gm (lower panels); yellow arrows: Scaffold; black arrows: Newly formed bone; blue arrows: Mature bone;
red arrows: Fibrous connective tissue; Drawing software: Adobe Photoshop 2023. H&E, hematoxylin-eosin.

Detection of Inflammatory Cytokines

Venous blood was collected from the marginal ear
vein of New Zealand rabbits 1 day before scaffold im-
plantation and at 1 week, 2 weeks, and 4 weeks post-
implantation. The blood samples were centrifuged to iso-
late serum, which was stored at —80 °C. Once all sam-
ples were collected, the expression levels of the pro-
inflammatory cytokine tumor necrosis factor-alpha (TNF-
«a) in each group were evaluated simultaneously using
a specific enzyme-linked immunosorbent assay (ELISA)

S
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kit (Batch No.: 121827008102681218, Shanghai Jianglai
Biotechnology Co., Ltd., Shanghai, China). Additionally,
serum samples from a group of healthy New Zealand rab-
bits raised under identical environmental conditions were
collected to measure TNF-« expression levels, serving as
the positive reference control group.

X-Ray Imaging and Evaluation of the New Bone Area

Bone healing outcome was quantitatively assessed us-
ing the Lane-Sandhu X-ray scoring [31]. X-rays were taken
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Week 16 »

Fig. 6. Representative Masson’s trichrome-stained histological sections of bone defect regions from each group after surgery.
(Scale bars: 200 pum (upper panels) and 100 um (lower panels); yellow arrows: Scaffold; black arrows: Newly formed bone; blue
arrows: Mature bone; red arrows: Fibrous connective tissue; Drawing software: Adobe Photoshop 2023).

at 4 weeks, 8 weeks, and 16 weeks post-surgery, and the
anteroposterior radiographs of each group were scored ac-
cordingly.

Micro-CT Evaluation

Micro-computed tomography (micro-CT) was em-
ployed to assess new bone formation. At 8 weeks and
16 weeks post-surgery, the collected bone specimens were
scanned using micro-CT (Batch No.: HO10-201912NC03,
Bruker SkyScan, Kontich, Belgium) at a resolution of 20.4

www.ecmjournal.org

pm for all bone defect areas. A threshold of >1200 was
used to identify bone tissue, while a threshold of <1200 was
used to distinguish bone marrow, soft tissue, and implanted
scaffolds. New bone formation was evaluated based on
bone mineral density (BMD), total volume (TV), and bone
volume (BV).

Histology and Immunohistochemistry

At 4, 8, and 16 weeks post-surgery, rabbits were euth-
anized by injecting 20 mL of air through the ear vein. The
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Fig. 7. Immunohistochemical staining of osteogenic markers in histological sections of bone defect regions from each group
at 4 and 8 weeks postoperatively. (A) Immunohistochemical staining for OCN. (B) Immunohistochemical staining for OPN. (C)
Immunohistochemical staining for VEGF (Scale bar = 100 pm; Drawing software: Adobe Photoshop 2023). OCN, osteocalcin; OPN,

osteopontin; VEGF, vascular endothelial growth factor.

affected ulnar specimens were immediately surgically re-
moved. A 10 mm bone segment from the defect site was
fixed in 10 % formalin, decalcified, dehydrated, and em-
bedded in paraffin to prepare 5 um thick sections. These
sections were subjected to hematoxylin-eosin (H&E) stain-
ing and Masson staining and observed under an optical mi-
croscope (BX43, Batch No.: 9J49715-201909, Olympus,
Sendai, Miyagi Prefecture, Japan). Immunohistochemical
staining was then performed on the sections to detect the
expression of bone repair-related proteins, including osteo-
calcin (OCN), osteopontin (OPN), and vascular endothelial
growth factor (VEGF). Semi-quantitative analysis was con-

t,G'IA&.EIAERMI.)

ducted using ImageJ software (ImageJ2 2.17.0, National In-
stitutes of Health, Bethesda, MD, USA).

In Vitro Antibacterial Activity Assessment of the Scaffold

Following the scaffold preparation procedures de-
scribed above, both the 3D-printed nano 5-TCP scaffolds
loaded with vancomycin and BMP-2, as well as the gelatin
sponge loaded with vancomycin and BMP-2, were tested
for their antibacterial properties. The scaffolds were co-
cultured with Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) in appropriate growth media. Control
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Fig. 8. Antibacterial evaluation of scaffolds in vitro. (A) Evaluation of scaffold antibacterial activity against Escherichia coli. (B)

Evaluation of scaffold antibacterial activity against Staphylococcus aureus (Scale bar = 1 cm; Drawing software: Adobe Photoshop
2023).
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groups consisted of media containing only E. coli or S. au-
reus. Bacterial growth was assessed at 24, 48, and 72 hours
post-culture.

Statistical Methods

Quantitative data conforming to a normal distribution
were presented as mean + standard deviation (SD). Com-
parisons among multiple groups were performed using two-
way analysis of variance (ANOVA) with GraphPad Prism
9.5 (Graph-Pad Software, San Diego, CA, USA). Grouped
and paired sample data were analyzed using independent
and paired #-tests with SPSS software, version 25.0 (IBM
Corporation, Armonk, NY, USA). Statistical significance
was set at p < 0.05.

Results
Performance Testing Results of the 3-TCP Scaffold

The 5-TCP scaffold exhibited a cylindrical shape with
a diameter of 0.5 cm and a height of 0.5 cm, featuring
a porous structure (Fig. 1B). SEM analysis revealed that
the pore size was approximately 400 pum, with the scaffold
composed of 5-TCP powder and a rough surface texture
(Fig. 1C). The scaffold had a porosity of approximately 53
%. XRD analysis showed a prominent peak at 30°, con-
firming the crystalline nature of the 5-TCP scaffold (Fig.
1D). Compressive strength testing demonstrated a maxi-
mum load of 230 N, with a compressive strength of 9.6 MPa
and stiffness of approximately 1800 N/mm. Under condi-
tions preserving the scaffold’s morphology, the maximum
load was around 170 N, corresponding to a compressive
strength of approximately 5 MPa (Fig. 1E).

The vancomycin release standard curve displayed a
linear relationship between the vancomycin concentration
and the absorbance at 280 nm. The release curves for the
two types of scaffolds exhibited statistically significant dif-
ferences (p < 0.05), with the nano S-TCP scaffold showing
superior release performance compared to the calcium sul-
fate scaffold (Fig. 1F).

Serum TNF-a Levels Pre- and Post-Operatively

On the day before scaffold implantation, no statisti-
cally significant difference was observed in serum TNF-«
levels between the M + SI + GS and M + SI + TCP groups (p
> 0.05), although both groups showed higher TNF-« levels
compared to the M + TCP group (p < 0.05). At 1 week, 2
weeks, and 4 weeks after implantation, TNF-« levels in the
M + SI + GS and M + SI + TCP groups were significantly
reduced compared to preoperative day 1 (p < 0.05). No-
tably, the M + SI + TCP group exhibited significantly lower
TNF-« levels than the M + ST+ GS group (p < 0.05), while
no significant difference was observed between the M + SI
+ TCP and M + TCP groups (p > 0.05). At 1 week post-
implantation, TNF-« levels in the M + SI + GS and M + SI
+ TCP groups were significantly higher than in the positive
reference group of normal rabbits (p < 0.05), while no sig-
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nificant difference was found in the M + TCP group (p >
0.05; Fig. 2).

Bone Defect Repair Effect—X-Ray Scoring

As shown in Fig. 3, the M + SI + GS group exhib-
ited dispersed bone structures in the defect area, with pro-
gressively deformed bone structures forming from 4 weeks
postoperatively. In contrast, both the M + SI + TCP and M
+ TCP groups began to develop bone structures with clear
bridging starting at 4 weeks post-surgery. By 16 weeks
postoperatively, significant scaffold degradation was ob-
served, with substantial mature, dense bone tissue filling
the defect site. The Lane-Sandhu X-ray scores at 4, 8, and
16 weeks post-surgery were significantly higher in the M +
SI + TCP and M + TCP groups compared to the M + SI +
GS group (p < 0.05). Although the M + TCP group had a
higher score than the M + ST + TCP group at 8 weeks post-
surgery (p < 0.05), no significant difference was observed
between the M + TCP group and the seawater group at 16
weeks (p > 0.05) (Fig. 3).

Measurement of Newly Formed Bone via Micro CT

The 3D images obtained from micro-CT reconstruc-
tion (Fig. 4) show new bone formation at 8 and 16 weeks
post-implantation. At both 8 and 16 weeks, the BV/TV and
BMD in the M + SI + TCP and M + TCP groups were sig-
nificantly higher than those in the M + SI + GS group (p <
0.05). Although the BMD in the M + SI + TCP group was
lower than in the M + TCP group at 8 weeks post-surgery,
no significant difference in BMD was observed between
the two groups at 16 weeks post-surgery (p > 0.05). This
could be attributed to the delayed local new bone formation
caused by seawater immersion. At each time point, more
distinct and dense bone bridging was observed in the M +
SI + TCP and M + TCP groups compared to the M + SI +
GS group.

Histological Analysis of New Bone Formation

Figs. 5,6 present the histological analysis of the de-
fect areas using H&E and Masson staining, respectively, at
4, 8, and 16 weeks post-implantation. At 4 and 8 weeks,
both the M + ST + TCP and M + TCP groups exhibited sig-
nificant new bone formation around the scaffolds. In con-
trast, the M + SI + GS group displayed minimal new bone
formation with a notable presence of fibrous tissue within
the defect area. By 16 weeks, the M + SI + TCP and M +
TCP groups demonstrated extensive bridging and mature,
dense bone tissue surrounding the scaffolds. The M + SI
+ GS group, however, showed scattered mature bone inter-
spersed with fibrous structures. In scaffold-implanted de-
fect areas, new bone tissue was deposited directly on the
porous scaffold surfaces, with osteoblast-like cells aligned
along the surface of the newly formed bone, contributing to
bone matrix formation within the scaffold. Both H&E and
Masson staining confirmed that new bone growth occurred
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within the pores of both scaffold types, illustrating their ef-
fective bone conduction and induction properties. Further-
more, Masson’s trichrome staining (Fig. 6) indicated that,
at 16 weeks, the M + TCP group exhibited significantly
more new bone compared to the M + SI + TCP group, sug-
gesting that seawater immersion may delay local bone heal-
ing.

Immunohistochemical Staining of Osteogenic Markers

Immunohistochemical analysis was conducted to as-
sess the impact of the implanted scaffolds on osteogenic
marker levels in seawater-immersed rabbit ulnar bone de-
fects (Fig. 7, Supplementary Fig. 1). The results revealed
that at 4, 8, and 16 weeks post-surgery, both the M + SI
+ TCP and M + TCP groups exhibited significantly higher
levels of OCN, OPN, and VEGF compared to the M + SI +
GS group (Supplementary Fig. 2A). These findings sug-
gest that the 3D-printed nano S-TCP scaffolds loaded with
vancomycin and BMP-2 enhance new bone formation by
promoting the production of osteogenic proteins.

In Vitro Antibacterial Evaluation of 3D-Printed Nano
B-TCP Scaffolds

In vitro antibacterial tests were conducted to eval-
uate the efficacy of S-TCP scaffolds loaded with van-
comycin and BMP-2 (Vancomycin + S-TCP) in compari-
son to gelatin sponges loaded with vancomycin and BMP-2
(Vancomycin + GS) (Fig. 8). The results showed the fol-
lowing: E. coli: The Vancomycin + GS group exhibited a
reduction in the inhibition zone at 48 hours, indicating a de-
crease in antibacterial activity. In contrast, the Vancomycin
+ B-TCP group maintained a stable inhibition zone at 72
hours with no significant reduction, demonstrating supe-
rior antibacterial efficacy (Fig. 8A). S. aureus: The Van-
comycin + GS group also showed a decrease in the inhibi-
tion zone at 72 hours, suggesting diminished antibacterial
activity. Conversely, the Vancomycin + 3-TCP group con-
tinued to exhibit a consistent inhibition zone at 72 hours, in-
dicating sustained and effective antibacterial performance
(Fig. 8B). These results highlight that Vancomycin + -
TCP scaffolds offer more reliable and prolonged antibacte-
rial activity compared to Vancomycin + GS gelatin sponges
(Supplementary Fig. 2B).

Discussion

The treatment of bone defects resulting from seawater
immersion requires addressing both the injury caused by the
seawater and the infection, in addition to the bone defect
itself. With advancements in bone tissue engineering and
material science, the biocompatibility and tissue compati-
bility of artificial bone graft materials have significantly im-
proved, enabling them to increasingly replace autogenous
and allogeneic bone grafts in clinical applications [32,33].
An ideal bone material is generally agreed to have the fol-
lowing characteristics: good biocompatibility [34]; non-
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toxicity and non-immunogenicity, indicating that it should
not induce immune rejection when implanted [35]; strong
plasticity, allowing it to be easily modified during surgery
to fit various bone defect shapes [36]; sufficient biome-
chanical strength with self-supporting mechanical proper-
ties [37]; moderate biodegradability [38]; appropriate pore
size, porosity, and connectivity while providing essential
cell factors for growth and differentiation, such as VEGF
and bone morphogenetic proteins [39,40]. Furthermore, it
should possess both bone induction and conduction prop-
erties, meaning it can induce or guide tissue regeneration,
facilitate the rapid invasion of vessels and stromal cells, and
gradually remodel and absorb during the new bone growth
process, eventually disappearing from the implantation site
[41,42]. Given these requirements, our research team se-
lected nano B-TCP as the material for scaffold printing,
functionalizing it by loading BMP-2 and vancomycin. This
approach not only facilitates the repair of large bone defects
but also provides local, sustained release of vancomycin to
address the heightened infection risk associated with sea-
water immersion injuries.

In this study, a 3D printing method based on SLA
technology was employed, using a photosensitive resin pre-
mixture followed by photopolymerization, debinding, and
sintering. The resulting 3D-printed nano S-TCP scaffold
exhibited a rough surface conducive to cell adhesion and
osteoinductive properties, along with high internal preci-
sion, consistent material structure, and stable physicochem-
ical properties. According to preoperative 3D printing de-
sign and electron microscopy analysis, the scaffold had a
porosity of approximately 53 %, with an internal pore size
of around 400 pm, high interconnectivity, and an organized
structure. These features create favorable conditions for
bone cells and blood vessels to infiltrate the scaffold upon
implantation into the bone defect area. The pressure curve
analysis indicated that the scaffold had a stiffness of approx-
imately 1800 N/mm and a maximum compressive strength
of 5 MPa without deformation. This is equivalent to a pres-
sure of 1742.7 N on a 4 cm diameter femoral cortical bone
(with a cortical thickness of 3 mm), which is 2.5 times the
average body weight of a person, fully meeting the require-
ments for normal standing. Given the rapid degradation and
absorption of the implanted gelatin sponge, clinically used
calcium sulfate artificial bone was selected as the control
group for the vancomycin sustained-release experiment in
rats. The results suggested that the vancomycin loading ca-
pacity of the scaffold was comparable to that of calcium
sulfate, but with superior sustained release capabilities, ex-
tending over 56 days. As noted in research of Kitahara et a/
[43], B-TCP composite scaffolds loaded with BMP-2 also
demonstrate excellent sustained release properties, consis-
tently releasing BMP-2 over a three-week period. This ex-
tended release facilitates continuous bone formation, partic-
ularly in scenarios where bone healing requires prolonged
periods, such as in nonunion cases. Furthermore, the print-
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ing method employed offers high reproducibility, fulfilling
the essential criteria for producing ideal bone graft materi-
als. However, limitations in our material preparation meth-
ods led to differences in the drug loading approach between
the scaffold and calcium sulfate in the in vivo release exper-
iments, which introduces some constraints on the interpre-
tation of our drug release results.

In the experiment investigating scaffold repair of
seawater-soaked ulnar defects in rabbits, serum TNF-« lev-
els in both the M + SI + GS and M + SI + TCP groups
one day prior to scaffold implantation were significantly
higher than in the M + TCP group (p < 0.05), indicating
that seawater exposure to bone defects stimulates the re-
lease of inflammatory cytokines. After scaffold implanta-
tion, the serum TNF-« levels in the M + SI + TCP group
were significantly lower than those in the M + SI + GS
group (p < 0.05) and showed no significant difference com-
pared to the M + TCP group (p > 0.05), highlighting the
scaffold’s excellent anti-inflammatory properties. Further-
more, serum TNF-« levels in the M + TCP group did not
show a significant increase post-surgery when compared to
pre-implantation levels, suggesting that the scaffold does
not promote the release of inflammatory cytokines. Cen
et al. [44] previously conducted an in vitro evaluation of
3D-printed composite scaffolds containing 15 % (B-TCP,
demonstrating their anti-inflammatory mechanism. The
study revealed that the scaffold encourages the polariza-
tion of M0 macrophages to the M2 phenotype, leading to
increased secretion of the anti-inflammatory cytokine IL-
10 and growth factors such as VEGF and BMP-2. Post-
operative X-ray imaging and micro-CT scans were used to
evaluate bone tissue repair effectiveness in the defect areas.
X-ray imaging showed that, compared to the M + SI + GS
group, both the M + SI + TCP and M + TCP groups ex-
hibited significantly greater new bone formation bridging
the defects (p < 0.05). However, at 8 weeks post-surgery,
the Lane-Sandhu X-ray scores for the M + SI + TCP group
were lower than those for the M + TCP group (p < 0.05),
while at 16 weeks post-surgery, no significant differences
were observed between the two groups. This difference
may be attributed to ischemia, hypoxia, and edema caused
by seawater exposure, which could affect bone defect re-
pair. At 16 weeks post-surgery, scaffolds in both the M
+ SI + TCP and M + TCP groups had begun to degrade,
with substantial new bone tissue ingrowth, indicating that
the scaffold degrades in parallel with bone defect repair.
Micro-CT analysis revealed that, compared to the M + SI
+ GS group, both the M + SI + TCP and M + TCP groups
demonstrated significantly greater new bone formation at
the defect sites post-surgery, suggesting enhanced scaffold-
mediated repair of seawater-soaked bone defects. Histolog-
ical analysis also showed increased new bone formation in
the M + SI + TCP and M + TCP groups relative to the M +
SI + GS group, indicating that the 3D-printed nano 5-TCP
scaffolds loaded with vancomycin and BMP-2 could im-

Cpm
CELLR maczziaLy

prove the repair of seawater-soaked bone defects. Immuno-
histochemical staining revealed higher expression levels of
VEGF, OCN, and OPN in the M + SI + TCP and M + TCP
groups compared to the M + SI + GS group post-surgery,
suggesting that the scaffolds promote new bone formation
by upregulating osteogenesis-related proteins and enhanc-
ing osteogenic differentiation of bone marrow mesenchy-
mal stem cells. In vitro antibacterial experiments demon-
strated that the 3D-printed nano 3-TCP scaffold co-loaded
with vancomycin and BMP-2 exhibited excellent antibac-
terial efficacy against Escherichia coli and Staphylococcus
aureus, potentially mitigating the high infection risk associ-
ated with seawater immersion injuries. Badwelan et al. [45]
conducted a comparative in vitro study on amoxicillin re-
lease from B-TCP composite scaffolds, revealing that scaf-
folds containing 70 % SB-TCP exhibited stronger antibacte-
rial activity. While the drug-loaded gelatin sponge group
showed larger inhibition zone diameters compared to the
B-TCP group, this may be attributed to the rapid release
of the drug from the gelatin sponge over a short period.
In contrast, 3-TCP releases the drug slowly and continu-
ously, suggesting that drug-loaded S-TCP is more effective
for sustained antibacterial action.

However, this study has certain limitations. One limi-
tation is the lack of characterization of the bacterial species
present in the East China Sea, from which the seawater was
collected. While a previous study screened various bacte-
rial communities [46], the focus of this study was primar-
ily on evaluating the scaffold’s ability to promote bone re-
pair. Consequently, there remains significant potential to
enhance the assessment of its performance through more
comprehensive cellular experiments, as well as its anti-
inflammatory and antibacterial capabilities. Additionally,
at the final follow-up, X-ray imaging showed that the scaf-
fold had not yet fully degraded or been absorbed, possibly
due to the relatively short follow-up period. Future research
will aim to include in vitro cellular studies, further evaluate
the anti-inflammatory and antibacterial capabilities, and ex-
tend the follow-up duration to improve scaffold evaluation
and explore its ultimate degradation in vivo.

Conclusions

In conclusion, the nano 3D-printed 3-TCP scaffolds
produced via SLA technology demonstrate key character-
istics such as high porosity, exceptional connectivity, con-
sistent pore sizes, and efficient drug release capabilities.
These scaffolds effectively address bone defects exposed
to seawater, facilitating bone tissue repair. This study pro-
vides valuable insights and serves as a reference for the clin-
ical management of such bone defects.
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