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Purpose: Large bone defects caused by congenital defects, infections, degenerative diseases, trauma, and tumors often require
personalized shapes and rapid reconstruction of the bone tissue. Three-dimensional (3D)-printed bone tissue engineering scaffolds
exhibit promising application potential. Fused deposition modeling (FDM) technology can flexibly select and prepare printed
biomaterials and design and fabricate bionic microstructures to promote personalized large bone defect repair. FDM-3D printing
technology was used to prepare polylactic acid (PLA)/nano B-tricalcium phosphate (TCP) composite bone tissue engineering scaffolds
in this study. The ability of the bone-tissue-engineered scaffold to repair bone defects was evaluated in vivo and in vitro.

Methods: PLA/nano-TCP composite bone tissue engineering scaffolds were prepared using FDM-3D printing technology. The
characterization data of the scaffolds were obtained using relevant detection methods. The physical and chemical properties,
biocompatibility, and in vitro osteogenic capacity of the scaffolds were investigated, and their bone repair capacity was evaluated
using an in vivo animal model of rabbit femur bone defects.

Results: The FDM-printed PLA/nano B-TCP composite scaffolds exhibited good personalized porosity and shape, and their
osteogenic ability, biocompatibility, and bone repair ability in vivo were superior to those of pure PLA. The merits of biodegradable
PLA and bioactive nano B-TCP ceramics were combined to improve the overall biological performance of the composites.
Conclusion: The FDM-printed PLA/nano--TCP composite scaffold with a ratio of 7:3 exhibited good personalized porosity and
shape, as well as good osteogenic ability, biocompatibility, and bone repair ability. This study provides a promising strategy for
treating large bone defects.

Keywords: fused deposition modeling, PLA/nano B-TCP, composited biomaterials, large bone defect, osteoinduction

Introduction

Bone defects are the most common tissue defects observed in clinical practice. Generally, small bone defects, such as
linear fractures, heal without surgical intervention, whereas larger bone defects do not heal naturally. Severe bone defects
caused by congenital defects, degenerative diseases, infections, trauma, and tumors require surgical interventions, such as
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bone transplantation, to cure.'* It is estimated that millions of patients require bone grafting each year because of large
bone defects caused by various causes.® Autologous bone transplantation is the gold standard for bone transplantation but
it has limitations such as limited donor sources, secondary trauma, easy-to-use donor site-related complications, and the
inability to meet a personalized shape that matches the bone defect site.* Xenografts can repair bone defects in large areas
but are prone to inflammation, fibrous nonunion, immune rejection, and disease transmission.>® Therefore, bone tissue
replacement biomaterials are urgently needed in clinical practice to improve the therapeutic effect, thus achieving the
goal of reducing the treatment period and the physical, psychological, and economic burden on patients. Bone tissue
engineering uses the principles and methods of tissue engineering to develop replacement materials for bone defects.
Transplanting in vitro bone tissue repair materials to bone defects and achieving morphological and functional bone
repair after material degradation, absorption, and bone tissue regeneration is a popular research topic.”

Polylactic acid (PLA), also known as polylactide, is a polyester polymer produced from lactic acid as the main raw
material. PLA has the advantages of biosafety, biodegradability, good mechanical properties, and ease of processing and
forming.” Moreover, PLA has good transparency, toughness, biocompatibility, and heat resistance, and has been certified
by the US Food and Drug Administration as an absorbable and degradable medical material with good
biocompatibility.'” PLA is widely used in materials such as sutures, guided bone regeneration, and bioabsorbable
screws.'! PLA is also characterized by its lack of bone conduction and bone induction ability, easy-to-cause aseptic

inflammatory response, and non-development under X-ray,'*'?

which lead to a limited application range of PLA 3D
printing. Therefore, special processing methods or combinations with other materials are required to exploit these
advantages and overcome their limitations.

Tricalcium phosphate (TCP) is a bioceramic material composed mainly of calcium and phosphorus. Its composition is
similar to the inorganic composition of the bone substrate and can be divided into high-temperature a-TCP and low-

temperature B-TCP according to its crystal structure.'*'3

B-TCP not only has better bone induction and bone conduction
biological activities than o-TCP, but also exhibits a suitable degradation rate that matches the rate of new bone
formation.'® Animal and human cells can grow, differentiate, and reproduce normally on B-TCP materials; therefore,
they are considered one of the most promising bone repair materials.'”-'®* However, like many ceramic materials, p-TCP
materials exhibit poor mechanical properties, high brittleness, and low bending and compressive strength. It is difficult to
fix granular and powdered p-TCP after implantation into the human body, and can be easily lost.'® The limitations of p-
TCP limit its use, and recent studies have suggested its introduction into ceramic scaffolds with polymers with excellent
toughness to overcome its inherent brittleness and exert its osteogenic activity.’>?' Additionally, nano-scale B-TCP, as
compared to traditional B-TCP, has smaller particles, better dispersion, and a larger surface area, and is more conducive
to the biological behavior of cells.”*** Therefore, this study aims to use the good mechanical properties of PLA and the
good bone induction and bone conduction properties of nano B-TCP by combining the two materials to prepare
composite materials that fully employ their respective advantages to achieve bone repair.

With the progress in technology and processes, numerous methods to prepare bone tissue engineering scaffolds are
available.”* In recent years, 3D printing technology has shown excellent potential for providing targeted solutions to
patients in the medical field because of its personalized and accurate control of the macro- and microstructures of
scaffolds.”> %’ Fused deposition modeling (FDM) is used to fabricate 3D components directly from computer-aided
drafting (CAD) models using filament extrusion. The material is layered by extruding the molten material onto a heated
plate using a nozzle with a specified diameter. This technology allows for the rapid fabrication of bone-defect repairs
with complex geometries to accommodate different bone shapes at different sites and excellent repeatability for structural
customization.?® Because FDM technology has the characteristics of fast speed, small size, ease of use, lack of pollution,
and can better meet personalized needs, it has been used in the preparation of 3D scaffolds, including metal powders,
ceramics, polymers, and other materials.”*°

FDM-3D printing technology was used to prepare PLA/nano B-TCP composite bone tissue engineering scaffolds in
this study. Biodegradable PLA and bioactive B-TCP ceramics were combined to improve the overall biological
performance of the composite. The results indicated that the FDM-printed PLA/nano B-TCP composite bone tissue
engineering scaffolds may promote osteogenic induction function and provides a promising strategy for the treatment of
large bone defects.
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Materials and Methods

Synthesis of PLA/Nano 3-TCP Composites

PLA (4032D) was purchased from Jinan DagangTec Company, China, and nano-scale B-TCP was purchased from
DinganTec Company, China. Dichloromethane (AR) was purchased from Sinopharm Group Chemical Reagent Co Ltd,
China. PLA was dissolved in dichloromethane and nano B-TCP powder was dissolved in acetone and stirred for 48 h. The
two solutions were then combined, stirred, and ultrasonically dispersed for 2 h. The mixed composite liquid was
volatilized at room temperature for 1 week and then dried in a vacuum drying oven at 50 °C. Our previous study
found that a 70% composite ratio of PLA and ceramic materials was the optimal ratio considering their osteogenic
induction ability and mechanical properties.>' Therefore, the ratio of PLA to nano B-TCP was configured as 7:3. Finally,
the PLA/nano B-TCP composite was obtained. Pure PLA was used as the control. The overall scheme of this study is
illustrated in Scheme 1. The physical and chemical properties of the scaffold, biocompatibility, and in vitro osteogenic
ability were comprehensively analyzed.

Preparation and Characterization of PLA/Nano-B-TCP Printing Filament

Before using the FDM-3D printer to prepare filament-like material, the prepared PLA/nano-B-TCP composite material
was crushed, prepared as a composite powder, and placed in a wire drawing machine. Similar to our previous study,*” the
temperature of the material bin, extrusion temperature, and diameter were set at 175 °C, 170 °C, and 1.75 £0.05 mm,
respectively. A twin-screw extruder was used to melt and extrude the composite powder to obtain printed composite
filaments for subsequent 3D printing.

FDM Fabrication and Characterization of PLA/Nano-3-TCP Scaffold

FDM printing and 3D modeling were performed as previously described.*? 3D modeling software (SolidWorks, Dassault
Systemes, France) was used to construct the print models. The STL file was output and imported into the slicing software
(Simplify 3D, America). The printing parameters were set successively (printing speed was 60 mm/s and layer thickness
was 0.2 mm), and the G code generated by the slicing software was exported to a secure digital card. The previously
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Scheme | Function diagram of FDM-3D-printed PLA/nano B-TCP composite bone tissue engineering scaffolds for promoting osteogenic induction.
Abbreviations: PLA, polylactic acid; B-TCP, B-tricalcium phosphate.
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prepared composite filament was fed into an FDM-3D printer, and the printer then completed the solid manufacturing of
the 3D model bracket according to the G code. Scanning electron microscopy (SEM; Leica, Germany) was used to
examine and image the surface morphologies of the composite materials, filaments, and scaffolds. Elemental analysis of
the materials was performed using energy-dispersive X-ray spectroscopy (EDS) using a Phenom™ ProX-SE Desktop
(Phenomworld, Eindhoven, Netherlands). The functional groups of the materials were characterized by ATR using
Fourier-transform infrared (FTIR) spectroscopy (Thermo Scientific Nicolet iS20, USA). A water contact angle (WCA)
measurer (OCA20, Dataphysics, Germany) was used to measure the static contact angle of the material to determine its
hydrophilicity. The mechanical properties of pure PLA and PLA/nano B-TCP cylindrical porous scaffolds were tested
using a universal mechanical testing machine (CMT2103, Shenzhen, China). The cylindrical material scaffolds were
6.5 mm in diameter and 12 mm in height. Three samples were tested in each group at a test speed of 1.3 mm/min.

Double Staining of Live/Dead Cells and Fluorescence Staining Using Fluorescein
Isothiocyanate (FITC)-Phalloidine

Composite scaffolds with a diameter of 1 mm were placed at the bottom of 24-well plates and rabbit bone marrow mesenchymal
stem cells (BMMSCs) cultured for four generations were suspended in Dulbecco’s modified Eagle’s medium (HyClone, USA).
The scaffolds were seeded at a concentration of 1.5x10° cells per scaffold, and the cell suspension was uniform. The cell
suspension was then incubated for 30 min in an incubator at 37 °C and 5% CO,. A live/dead cell double-staining kit (Abbkine,
Wauhan, China) was used to evaluate the cytocompatibility of the samples. Images were collected using confocal laser scanning
microscopy (CLSM; Carl Zeiss, Germany) at 1, 4, and 7 d after the experiment. The fluorescent staining kit can differentiate
between living and dead cells in two colors: living cells fluoresce in green and dead cells fluoresce in red. After fixation with 4%
paraformaldehyde (PFA; MultiSciences Biotech, China), the cells were permeabilized using a 0.1% Triton X-100 (Solarbo,
China) phosphate buffered saline (PBS, 0.01 M, pH =7.4) solution for 15 min and washed with PBS three times. The cytoskeleton
was stained using FITC-phalloidine (Abbkine, Wuhan, China) in the dark for 30 min, followed by staining of the nucleus using
4',6-diamidino-2-phenylindole (DAPI; 10 pg/mL, Abbkine, Wuhan, China) at room temperature for 30s. CLSM was used for
observation and imaging (1, 4, and 7 d after the experiment).

Osteogenic Differentiation Staining

MC3T3-E1 cells (Zhong Qiao Xin Zhou Biotechnology Co., Ltd, Shanghai, China) were implanted in the lower
chamber of a transwell plate (Corning, Chengdu, China) and cultured in an incubator at 37 °C and 5% CO, after
adding an a-MEM (HyClone, USA) complete culture medium. When the cell density covered approximately 60—
70% of the lower compartment area, a scaffold was placed in the upper chamber of the transwell plate and replaced
with an osteogenic medium prepared with 10 nM dexamethasone (Solarbio, China), 50 pg/mL vitamin C (Solarbio,
China), and 10 nM B-glycerolphosphate (Solarbio, China). Subsequently, they were cultured in incubators at 37 °C
and 5% CO,, and the osteogenic induction medium was changed every 48 h. MC3T3-E1 cells were co-cultured with
the two groups of scaffolds in different transwell chambers. After removing the medium, the samples were washed
three times with PBS, fixed in 4% PFA for 20 min, and washed again with PBS. Images were acquired after staining
at room temperature in the dark using an alkaline phosphatase (ALP) assay kit (Beyotime Biotechnology, Shanghai,
China) according to the manufacturer’s instructions (at 4 and 7 d after the experiment). MC3T3-E1 cells were co-
cultured with the two groups of scaffolds in different transwell chambers. Samples were fixed in 4% PFA for 20
min, washed in PBS three times, PBS was discarded, and 0.2% Alizarin Red S (Solarbio, China) prepared using
Tris-HCI1 (pH = 6.0) was added and stained at room temperature for 30 min. The mixture was washed three times
with deionized water. Calcium nodule formation was evaluated after images were collected under an inverted
microscope (Carl Zeiss, Germany) (at 14 and 28 d after the experiment).

Immunofluorescence Detection
MC3T3-El cells were co-cultured with the two scaffolds for 7 d. The samples were fixed in 4% PFA for 5 min, washed
with PBS three times, PBS was discarded, and the cells were then treated with a 0.1% Triton X-100 PBS solution for 15
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min. The cells were then incubated in PBS containing 4% goat serum for 30 min. The cells were then treated with anti-
osteocalcin (OCN) antibodies (1:100, ServiceBio, Wuhan, China) and anti-collagen I (COL1) antibodies (1:500, Abcam,
ab 21286, UK) an incubated overnight at 4 °C. The cells were washed three times with 0.1% Tween 20 in PBS three
times and incubated at room temperature with a secondary antibody for 50 min. The nuclei were stained with DAPI (10

pg/mL) for 10 min. The images were captured using a fluorescence microscope.

Animal Experimentation in vivo

Four healthy beagles (10-11 kg, male) were randomly divided into two groups. After intraperitoneal injection of pentobarbital
anesthesia, the back hair was shaved, conventional disinfection was performed, and a longitudinal incision of approximately 2—
3 cm was made on the skin near the spine, which was separated layer-by-layer from the muscle. The two stents were implanted
into the muscle layers of the different groups of beagles and the incisions were conventionally sutured. After recovery from
anesthesia, the animals were placed in cages to continue feeding. Four weeks after surgery, euthanasia was performed. The stent
implanted in the muscle layer was dissected and recovered, and then fixed in a formalin solution. After dehydration, the samples in
both groups were not decalcified and hard tissue sections were prepared after embedding in paraffin. Hematoxylin and eosin
(H&E) staining (Solarbio, Beijing, China) was performed using a microscope. Twelve healthy normal-grade New Zealand white
rabbits (male; body weight of 2-3 kg) were divided into two groups (six rabbits per group). After intravenous anesthesia with 3%
(m/v) pentobarbital was administered at a dose of 30 mg/kg, the animal was fixed on the operating table, the hair of the lower
extremities was shaved, and the towel was routinely disinfected. An approximately 2 cm-long longitudinal incision was made in
the middle and lower thigh, the muscles and fascia were carefully separated until the femoral shaft was exposed, and the femoral
shaft was drilled using a 5 mm-internal diameter trephine to create a bone defect model. The sterilized FDM-3D printed PLA/nano
B-TCP composite and pure PLA scaffolds were implanted in the different groups of rabbit femurs. No muscle or other soft tissue
was embedded in the bone defect. After correctly aligning the stent, the soft tissue and skin of the incision were sutured without
tension. After awakening from anesthesia, the animals were returned to their cages for further feeding. The animals were
euthanized after 4 weeks, and the bone defect samples were scanned using micro-computed tomography (micro-CT, PerkinElmer,
USA). The samples were placed in a 10% decalcified solution of ethylenediaminetetraacetic acid (Solarbio, Beijing, China) for six
months, after which successful decalcification was verified using the acupuncture method. The 75, 85, and 90% gradient alcohols
were dehydrated for 5 min each and the embedding of paraffin was followed by a 5 um-thick section mechanism. H&E and
Masson’s trichrome staining (Solarbio, Beijing, China) were performed. All animal experiments were approved by the Ethics
Committee of Sichuan University (approval number:20220304050) in accordance with the Guidelines for the Ethical Review of
Laboratory Animal Welfare (GB/T 35892-2018) and ARRIVE 2.0.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 9.0.0 software. The data was expressed as a mean + standard
deviation, and an independent sample f-test was used to compare the two groups. Statistical significance was set at P < 0.05.

Results

SEM and Raw Materials Composition Analyses

The nano-scale B-TCP particles were observed using SEM. The sizes of the nano-scale B-TCP particles were uniform, the binding
was tight, and a small quantity of the particles were dispersed (Figure 1A-C). The distribution of nano B-TCP particles were
determined using EDS analyses. The results showed that the calcium content was the highest, followed by phosphorus and oxygen
(Figure 1D-G). Nano-scale B-TCP (Figure 1H) was mixed with dichloromethane, acetone, and PLA to form a composite solution
(Figure 11), which was then dried to obtain composite blocks (Figure 1J) and further crushed to obtain composite particles
(Figure 1K). The PLA and composite materials were processed into 1.75 mm-diameter filaments (Figure 1L and M). Using FDM
3D printing, scaffolds with different internal pores and external structures were obtained by adjusting the printing parameters to
achieve personalized production (Figure 1N and O).
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Figure | Material morphology and detection. (A) SEM images of the nano 3-TCP particles showing the uniform size of the nano-sized particles (blue bar = 30 um, red bar =
8 um). (B-G) Elemental analysis of the nano B-TCP particles, where red represents calcium (E), Orange represents oxygen (F), and yellow represents phosphorus (G).
Nano B-TCP particles in natural light (H). PLA/nano B-TCP composite solution (l), block (J), and particles (K). Pure PLA filament (L) and PLA/nano B-TCP composite
filament (M). FDM-3D-printed PLA scaffolds (N) and PLA/nano B-TCP composite scaffolds (O).

Abbreviations: 3-TCP, B-tricalcium phosphate; SEM, scanning electron microscopy; PLA, polylactic acid; FDM, Fused deposition modeling.

Morphology and Structure Characterization of Filaments and Scaffolds

The pure PLA filament was smooth with slight protrusions. However, due to the addition of nano B-TCP to the PLA/nano
B-TCP composite filament, its surface was rough and had a uniform particle distribution and exhibited a loose porous
structure, which will increase its surface area to facilitate cell adhesion. The pores of the two groups of scaffolds were
300400 pm in size, clear and, orderly distributed. The surface morphology was consistent with that of the filament
(Figure 2). The FTIR results showed that the spectral bands at 1082, 1747, and 2996 in the PLA spectrum corresponded
to C-O, C=0, and C-H stretching, respectively. The nano B-TCP spectrum exhibited absorption bands at 548, 606, and
1042, which were attributed to the phosphate (PO4>") groups. 3449 functional groups derived from water molecules
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Figure 2 Filament and FDM-3D-printed scaffold. (A and B) SEM images of the morphology of the filament (yellow bar = | mm, blue bar = 10 um). (A) The surface of the
pure PLA filament was smooth with slight protrusions and (B) the surface of the PLA/nano B-TCP composite filament was rough and the particles were evenly distributed.
(C and D) SEM images of the morphologies of the scaffolds (yellow bar = | mm, blue bar = 20 um). The two scaffolds had clear pores and regular vertical and horizontal
arrangements. (C) The surface of the pure PLA scaffold was smooth and (D) the surface of the PLA/nano B-TCP composite scaffold was rough with uniform particles.
Abbreviations: SEM, scanning electron microscopy; PLA, polylactic acid; B-TCP: B-tricalcium phosphate.

(OH"). The PLA/nano B-TCP composites exhibited typical PLA bands and absorption bands of PO,* and water
molecules, confirming the presence of nano-B-TCP particles in the PLA matrix (Figure 3). The WCA of pure PLA
was 86.33 +0.64°, whereas that of PLA/nano B-TCP was 76.8 £1.81°. The surface roughness of the PLA/nano -TCP
composite material, as compared with that of pure PLA, increased and its hydrophilicity improved (Figure 4A). The
compressive mechanical properties of the scaffolds suggested that the pure PLA scaffold could maintain its structural
integrity after the pressure test, whereas the PLA/nano B-TCP composite scaffold exhibited slight yielding (Figure S1).
The mechanical test results indicated that the compressive strength of the PLA/nano B-TCP composite scaffolds was
lower than that of the pure PLA scaffolds (Figures 4B and S1).

Biocompatibility

The PLA/nano B-TCP composite scaffold loaded with rabbit BMMSCs was observed using SEM, revealing that the
rabbit BMMSCs attached to the surface of the PLA/nano B-TCP composite scaffold grew normally and the cells were
spindle- or polygonal-shaped with a natural morphology (Figure 5A). A live/dead cell double-staining kit was used to
stain the BMMSCs on the scaffold on the 1st, 3rd, and 7th days, respectively. Almost all rabbit BMMSCs on the PLA/
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Figure 3 FTIR spectra of PLA, nano $-TCP, and PLA/nano B-TCP.
Abbreviations: FTIR, Fourier transform infrared; PLA, polylactic acid; B-TCP, B-tricalcium phosphate.
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Figure 4 WCA and mechanical properties of the two scaffold groups. (A) WCA and (B) stress-strain curves of the two scaffold groups.
Abbreviation: WCA: Water Contact Angle Measurement.

PLA+n-3-TCP _

Figure 5 Biocompatibility of the FDM-3D-printed scaffolds. SEM image of the PLA/nano B-TCP composite scaffold loaded with rabbit BMMSCs: (A) the cells are marked in
the green area and were observed to be stretched out and normally attached to the surface of the scaffold. Live/dead cells double staining (B) and fluorescence staining of
FITC-phalloidine (C) were performed on the scaffold loaded with rabbit BMMSCs on the Ist, 3rd, and 7th days. Cells proliferated and spread on the surface of the PLA/nano
B-TCP composite scaffold. (D) Pure PLA scaffolds and PLA/nano B-TCP composite scaffolds were implanted into the back muscle of beagle dogs for 4 weeks and hard tissue
sections were stained with H&E. Muscle tissue filled both scaffolds and no inflammatory cell proliferation was observed.
Abbreviations: FDM, Fused deposition modeling; SEM, scanning electron microscopy; PLA, polylactic acid; B-TCP, B-tricalcium phosphate; BMMSCs, bone marrow
mesenchymal stem cells; FITC, fluorescein isothiocyanate; H&E, Hematoxylin and eosin.
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nano B-TCP composite scaffold were living cells, as determined using CLSM, and no obvious red dead cells were
observed. The BMMSCs on PLA/nano B-TCP composite scaffolds on day 7 were densely distributed with green
fluorescence and the number of BMMSCs increased significantly, showing good cytocompatibility (Figure 5B).
F-actin is a cytoskeletal protein that can be used to analyze the cytocompatibility of composite scaffolds by evaluating
the microfilament morphology of F-actin in cells. Based on the CLSM observations, the cells exhibited a polygonal
spread under the support of ordered F-actin and no obvious nuclear abnormalities were observed. The cells extended,
adhered, and proliferated on the surface of the PLA/nano B-TCP composite scaffold with an increasing incubation time
(Figure 5C). When samples were acquired from the back paravertebral muscles of the beagle dogs, both groups of
animals were observed to have healed back surgical incisions without necrosis, inflammation, or exudation. At the time
of tissue dissection, no serious inflammatory reactions or pus were observed around the implanted samples. H&E staining
was performed on hard tissue sections of the extracted specimens for histological evaluation. The scaffolds in the pure
PLA group were observed to be transparent, whereas those in the PLA/nano B-TCP group were brown. The scaffolds in
both groups were filled with muscle tissue and no proliferation of inflammatory cells was observed (Figure 5D).

Testing of Osteogenic Capacity in vitro

The osteogenic induction ability is an important indicator for evaluating in situ bone repair scaffolds, and ALP is
considered an important marker of the osteogenic differentiation of cells. After the MC3T3-El cells were co-
cultured with the two groups of scaffolds, little difference in the ALP staining color was observed between the
two groups on day 4. The staining of the pure PLA/nano B-TCP composite scaffold group on day 7 was
significantly deeper than that of the PLA scaffold group, showing higher ALP activity (Figure 6A). The results
of the Alizarin Red staining of the MC3T3-E1 cells were similar after 14 d of co-culture with the two scaffold
groups under the intervention of osteogenic inducers. On day 28, the number of calcium nodules formed in the
PLA/nano B-TCP composite scaffold group increased significantly, the diameter increased, the color of calcium
salt deposition was darker, and the number of calcium nodules formed in the PLA/nano B-TCP composite
scaffold group was significantly greater than that in the pure PLA scaffold group, showing a stronger osteogenic
ability (Figure 6B). OCN is a bone-specific protein synthesized by osteoblasts during the matrix mineralization
stage, and is regarded as a marker of osteoblast differentiation and maturation. Immunofluorescence staining of
OCN was performed on MC3T3-E1 cells, and the expression of the OCN protein (red) in the PLA/nano B-TCP
composite scaffold group was significantly higher than that in the pure PLA scaffold group. Furthermore,
immunofluorescence staining revealed that the expression of the COLI1 protein (green) in MC3T3-El cells in
the PLA/nano B-TCP composite scaffold group was significantly higher than that in the pure PLA scaffold group
on day 7 (Figure 6C).

In vivo Evaluation of Bone Defect Model

H&E staining showed that the scaffolds in both groups were filled with well-positioned bone defects without
displacement. A very small quantity of new sporadic bone formation was observed in the pure-PLA group. The
scaffolds were not tightly bound to the new bone, and defects in the bone tissue remained evident. In the PLA/
nano B-TCP composite scaffold group, a large number of new bones were formed around the scaffold, the
scaffold was closely combined with the bone tissue, a large quantity of new bone was filled in the scaffold
material, and the thickness of the new bone trabecula was good (Figure 7A). In the pure PLA group, a small
amount of new bone and collagen fibers was formed and the scaffold was not tightly bound to the collagen or
new bone, resulting in obvious bone defects. In the PLA/nano B-TCP composite scaffold, new bone was
observed around the scaffold, a large quantity of collagen content was observed, which was significantly higher
than that in the pure PLA scaffold group, and the scaffold was closely combined with bone tissue (Figure 7B).
Evaluation of the bone defect site showed that there was almost no new bone formation in the bone marrow
cavity of the pure PLA group, whereas a large quantity of new bone was formed in the bone marrow cavity of
the PLA/nano B-TCP composite scaffold group and a large quantity of new bone was wrapped around the
scaffold (Figure 7C). The micro-CT analysis and H&E staining results indicated that the new bone grew from the
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Figure 6 MC3T3-El cells were co-cultured with scaffolds from both groups and osteogenesis was induced in vitro. (A) MC3T3-E| cells co-cultured with the two scaffolds
were stained with ALP on days 4 and 7 after osteogenic induction. (B) MC3T3-El cells co-cultured with the two scaffolds were stained with Alizarin Red on days 14 and 28
after osteogenic induction. (C) The expression of osteogenic markers (OCN, COLI) was detected using immunofluorescence on the 7th day after osteogenesis induced by
the co-culture of MC3T3-El cells with the two scaffold groups.

Abbreviations: ALP, Alkaline phosphatase; OCN, osteocalcin; COLI, anti-collagen .

edge of the bone defect inward towards the middle. The mineral density (MD) and bone tissue volume (BV)/total
volume (TV) values of the femur defect sites were calculated and analyzed using the SCANCO Medical System
software. The MD and BV/TV values of the PLA/nano B-TCP composite stent group were found to be
significantly higher than those of the pure PLA group, and the difference was statistically significant (P <
0.05) (Figure 7D and E).
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Figure 7 Osteogenesis of two groups of scaffolds observed in vivo. Samples from the two scaffold groups were taken | month after stent implantation in the rabbit femur
bone defect model. After decalcification, sections were sliced for H&E (A) and Masson staining (B), with S representing the scaffold and NB representing the new bone. (C)
3D reconstruction of the micro-CT scans performed on the implantation areas of the two scaffold groups. (D) The MD and (E) BV/TV were analyzed. *, p < 0.05.
Abbreviations: H&E, Hematoxylin and eosin; Micro-CT, micro-computed tomography; MD, mineral density; BV, bone tissue volume; TV, total volume; NB, new bone.

Discussion

An ideal tissue engineering bone repair material should have good mechanical properties, biocompatibility, osteocon-
ductivity, osteoinductivity, a wide range of source materials, and simple preparation to meet the functional requirements
of materials for clinical application.’*** With increasing research on bone repair materials, it is difficult for a single
material to meet the above conditions. Composites that optimally combine two or more materials with different
properties have attracted considerable attention. Previous studies have shown that the preparation of composite scaffolds
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with better biological activity and biomimetic structures using a combination of materials is theoretically feasible and
have achieved some preliminary results.*****¢ Composite scaffolds can compensate for the deficiency of a single
material; therefore, their performance advantages and disadvantages are complementary for better alignment with the
needs of bone tissue engineering scaffolds materials.*” B-TCP is widely used in stomatology, bone tissue engineering,
and orthopedics because of its excellent osteoconductivity and osteoinductivity.*® However, the brittleness and poor
mechanical properties of porous B-TCP limit its application.'’?* PLA also has limitations owing to its lack of
osteoconductivity and osteoinductivity, poor mechanical properties, and easy aseptic inflammatory response.’'=
Composite scaffolds were fabricated in this study using PLA and nano B-TCP to fully complement their advantages
and disadvantages for bone defect repair. PLA and nano B-TCP were used to prepare composite filaments, perform FDM-
3D printing to fabricate composite scaffolds, and perform in vitro and in vivo studies on the biocompatibility and
osteogenic properties. Apatite in human bone is distributed in needle-like nanoscale patterns, and nanoparticles have
better biological activity and osteoconductivity than microparticles, which is conducive to bone integration at the bone-
implant interface.***' Therefore, the preparation of nano-scale p-TCPs is important. The results of this study showed that
the nano-scale B-TCP particles were homogeneous and contained higher amounts of calcium and phosphorus, which are
required for osteogenesis.

Studies have confirmed that a material with a rough surface is more conducive to cell attachment.*? Our previous
study found that a 30% combination ratio of bioceramic materials (for example, nanohydroxyapatite) with PLA was an
ideal ratio that not only met the mechanical strength requirements, but also promoted the osteogenic effect.*> However,
when the proportion of bioceramics was > 50%, the composite material could not continuously and stably pass through
the printing nozzle owing to its high brittleness, which led to difficulties in preparing the composite material.** In this
study, the filament and composite scaffolds prepared using FDM-3D printing with a PLA:nano B-TCP ratio of 7:3
exhibited rough surfaces without cracks, and the uniform distribution of particles was conducive to cell adhesion. The
WCA results also confirmed that the hydrophilicity of the PLA/nano B-TCP composite was better than that of pure PLA
and was more conducive to cell adhesion to promote bone formation. The porosity of bone-repair materials is an
important factor for enhancing the material used in the bone-reconstruction process. An ideal scaffold should have
a network of interconnected pores to promote the exchange of oxygen, nutrients, and waste and promote the growth of
cells into the scaffold.**** Pores in the 75-100 um range generally promote bone mineralization, but such pores are
easily blocked and can be penetrated by fibrous tissue and interfere with the repair,*® whereas large pores often do not
ensure mechanical support of the scaffold. Therefore, a scaffold pore size of 200-400 wm is more suitable.’> Previous
studies have shown that it is difficult to control the pore size of PLA/nano B-TCP composite scaffolds prepared using
electrospinning, rapid volume expansion phase separation, and freeze-drying.*” The pore size of the scaffold material
prepared in this study was 300400 pm. The pores of the two material scaffold groups were clear and connected to each
other, which was conducive for the exchange of substances and cell growth.

The characteristics of PLA and its low glass transition temperature (Tg) (55-65 °C) make it deformable at a high
melting temperature (Tm) (170-180 °C) for facile conversion into filaments.''*® Lou et al found that the high
temperature of the sintering method of approximately 175 °C more evenly distributed the f-TCP powder on the surface
of the PLA fiber; however, it also isolated the pores in the material scaffolds.*’ Elhattab et al used FDM to 3D-print
composite B-TCP/PLA filaments and demonstrated that the filaments could be printed at a maximum nozzle temperature
of 220 °C; however, its degree of crystallinity increased.’® The extrusion temperature of FDM-3D printing in this study
was set to 170 °C to obtain a good uniform distribution effect of nano B-TCP powder on the surface of the composite
scaffolds. This characteristic was confirmed using FTIR spectroscopy. An ideal scaffold should have good physiological
compatibility, which means that the material can be safely used in the human body, including supporting normal cell
activities, not producing toxicity to attached cells and tissues, not being rejected, and not causing chronic infection.’'->?
Rabbit BMMSCs were used for in vitro culture and it was observed that rabbit BMMSCs adhered well on the PLA/nano
B-TCP composite scaffold. The results of the live/dead cell double staining and FITC-phalloidin fluorescence staining
showed that the composite scaffolds exhibited good biocompatibility and were nontoxic to cells. A biocompatibility test
of the scaffolds implanted into the back muscles of beagle dogs in vivo showed that the two groups of scaffolds had good
biocompatibility, no inflammation or infection occurred, and no obvious heterotopic ossification occurred. As mentioned
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above, the acid degradation of PLA produced by in vivo degradation may lead to an inflammatory reaction;>>*>* however,
nano B-TCP and its compound preparation may play an inhibitory role in this inflammatory reaction. This is a key
process for bone regeneration in the design of scaffolds for observing their osteogenic capacity and promoting the repair
of bone defects.

Owing to the poor effect of the relevant immune antibodies being superior to those of rabbit origin, MC3T3-El cells
were uniformly used in the in vitro osteogenic experiments. The ALP and Alizarin Red staining results showed that
osteoblast differentiation in the PLA/nano B-TCP composite scaffold group was significantly higher than that in the pure
PLA scaffold group. OCN is essential for bone matrix mineralization and COL1 is important for bone formation and
participates in many physiological processes, such as biological adaptation and tissue regeneration.”>~® COL1 is the most
abundant component of bone organic matter, accounting for more than 90% of the bone organic matter, and is essential
for the development, formation, and homeostasis of bone tissue, maintenance of the bone structure integrity, and
biomechanical properties of bone.>” The results of this study showed that the expression of OCN and COL1 in MC3T3-
E1l cells in the composite scaffold group was significantly higher than that in the pure PLA group, indicating that the
PLA/nano B-TCP composite scaffold was more conducive to the osteogenic differentiation of MC3T3-El cells.
Therefore, the PLA/nano B-TCP composite scaffold has better osteoconductivity and osteoinductivity.

Previous studies have shown that PLA and B-TCP have attracted the interest of researchers as bone-repair materials.
Neither PLA nor B-TCP alone can achieve a good match for new bone formation and affect bone defect repair.’® *° Cao
et al used a PLA/nB-TCP interbody fusion cage with greater biomechanical stability in implants for single-level cervical
fusion in goats, and reported an increase in the BV/TV ratio and better interbody fusion than the fusion in an autograft to
the anterior iliac ridge using polyetheretherketone (PEEK) cages.®"** Our results showed that the compressive strength
and modulus of PLA/nano B-TCP composite scaffolds decreased, as compared with those of pure PLA scaffolds, but
were similar to the compressive strength of human cancellous bone.** The in vitro performance of the two scaffolds
prepared in this study encouraged us to further investigate their ability to reconstruct bones in vivo. The in vivo studies
on the rabbit femur bone defect model showed that the PLA/nano B-TCP composite scaffold group was significantly
superior to the pure PLA group in terms of new bone regeneration, collagen content, and MD and BV/TV values. The
results of osteogenesis and bone repair in vivo were similar to those reported in previous studies.*”

The characteristics of FDM-3D-printed PLA/nano B-TCP composite scaffolds were investigated in vitro and in vivo,
revealing its superior biocompatibility and good osteogenic potential. The data obtained from this study adds to the
understanding of the FDM-3D printing of PLA/nano B-TCP composite scaffolds as biomaterials for bone tissue
engineering, suggesting that FDM-3D printing may eventually be used to produce personalized biomaterials. However,
owing to the high-temperature processing method used in FDM-3D printing, adding bioactive substances to raw
materials leads to their inactivation due to the high temperature.®® In the future, stem cells, active proteins, or drugs

6467

will be loaded into the developed FDM-3D printing composite materials, or the composite scaffolds will be

optimized using a coating to play a greater role in bone tissue repair.

Conclusion

FDM-3D-printed PLA/nano B-TCP composite scaffolds were used for bone tissue regeneration. The PLA/nano B-TCP
composite scaffolds with a ratio of 7:3 prepared using FDM-3D printing exhibited good personalized porosity and shape,
and their osteogenic ability, biocompatibility, and bone repair ability were superior to those of pure PLA. The merits of
biodegradable PLA and bioactive nano 3-TCP ceramics were combined to improve the overall biological performance of
the composites. The data obtained from this study adds to the understanding of the FDM-3D printing of PLA/nano -TCP
composite scaffolds as biomaterials for bone tissue engineering, suggesting that FDM-3D printing may eventually be
used to produce personalized biomaterials. This study provides a promising strategy for treating large bone defects.
However, improved biological osteogenic materials are still under investigation.

Abbreviations
PLA, polylactic acid; 3D, three-dimensional, FDM, Fused deposition modeling; TCP, tricalcium phosphate; CAD,
computer-aided drafting; SEM, scanning electron microscopy; EDS, energy-dispersive X-ray spectroscopy; FTIR,
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Fourier-transform infrared; WCA, water contact angle; BMMSC, bone marrow mesenchymal stem cells; DMEM,
Dulbecco’s modified Eagle’s medium; CLSM, confocal laser scanning microscopy; PFA, paraformaldehyde; PBS,
phosphate buffered saline; FITC, fluorescein isothiocyanate; DAPI, 4',6-diamidino-2-phenylindole; ALP, alkaline phos-
phatase; OCN, osteocalcin; COL1, collagen [; H&E, hematoxylin and eosin; micro-CT, micro-computed tomography;
MD, mineral density; BV, bone tissue volume, TV, total volume; PEEK, polyetheretherketone.
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