International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Application of Three-Dimension Printing
Nano-Carbonated-Hydroxylapatite to the Repair
of Defects in Rabbit Bone

Shujie Wang"z, Chunyan Shaoz, Xingkai Zhao', Yizhe Guo', Houhui Songz, Lida Shen3,
Zhenlei Zhou', Zhen Li*®

ICollege of Veterinary Medicine, Nanjing Agricultural University, Nanjing, Jiangsu, 210095, People’s Republic of China; 2College of Animal Science and
Technology & College of Veterinary Medicine, Zhejiang Agriculture and Forestry University, Hangzhou, Zhejiang, 311300, People’s Republic of China;
3College of Mechanical and Electrical Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing, Jiangsu, 210016, People’s Republic of
China; *College of Resources and Environmental Sciences, Nanjing Agricultural University, Nanjing, Jiangsu, 210095, People’s Republic of China; State
Key Laboratory of Palaeobiology and Stratigraphy, Nanjing Institute of Geology and Palaeontology and Center for Excellence in Life and
Paleoenvironment, Chinese Academy of Sciences, Nanjing, Jiangsu, 210008, People’s Republic of China

Correspondence: Zhenlei Zhou, College of Veterinary Medicine, Nanjing Agricultural University, Nanjing, Jiangsu, 210095, People’s Republic of China,
Tel +86 (25) 84395505, Email zhouzl@njau.edu.cn; Zhen Li, College of Resources and Environmental Sciences, Nanjing Agricultural University,
Nanjing, Jiangsu, 210095, People’s Republic of China, Tel/Fax +86 (25) 84399827, Email lizhen@njau.edu.cn

Introduction: Hydroxylapatite (HAp) is a biodegradable bone graft material with high biocompatibility. However, the clinical
application of HAp has been limited due to the poor absorption rate in vivo.

Methods: In this study, carbonated hydroxylapatite (CHAp) with a chemical composition similar to natural bone was synthesized.
HAp and CHAp scaffolds were fabricated by 3D printing. Each material was designed by two types of scaffold model with
a maximum width of 8 mm and a thickness of 2 mm, ie, structure I (round shape) and structure II (grid shape). Then, the HAp
scaffolds were loaded with lutein. These scaffolds were implanted into the 8 mm bone defect on the top of the rabbit skull within 3
hours in the morning. The curative effects of the scaffolds were assessed two months after implantation.

Results: The 3D printed scaffolds did not cause severe inflammation or rejection after implantation. It showed that the porous
structures allow bone cells to enter into the scaffolds. Furthermore, CHAp scaffolds were more biocompatible than HAp scaffolds, and
showed a higher level of degradation and new bone formation after implantation. Structure II scaffolds with a smaller mineral content
degraded faster than structure I, while structure I had better osteoconductive properties than structure I1. Besides, the addition of lutein
significantly enhanced the rate of new bone formation.

Discussion: The uniqueness of this study lies in the synthesis of 3D printed CHAp scaffolds and the implantation of CHAp in rabbit
bone defects. The incorporation of suitable carbonate and lutein into HAp can enhance the osteoinductivity of the graft, and CHAp has
a faster degradation rate in vivo, all of which provide a new reference for the research and application of apatite-based composites.
Keywords: bone, 3D printing, hydroxylapatite, lutein, repair

Introduction
The bone defect caused by severe trauma, infection, tumor resection, etc. requires bone grafting for better recovery.' It
is estimated that over 2.2 million orthopedic procedures involving bone grafting are performed worldwide annually.’
Both autologous and allogeneic bone grafts offer significant advantages in osteo-regeneration.*”’ However, secondary
bone damage, complications, or immune rejection might limit the clinical use of graft materials.®'°

The emergence of synthetic bone substitutes offers more options for bone grafting, and ceramic-based bone
substitutes account for about 60% of the synthetic graft market."' Hydroxylapatite (HAp) has a similar chemical
composition analogous to natural bone minerals.'>'* It has excellent biocompatibility, osteoconductivity, and osteoin-

ductivity in bone regeneration.'* '® However, the relatively high Ca/P ratio and crystallinity of HAp delay the resorption
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rate in vivo.'” The bone mineral is a variety of HAp, ie, carbonated-hydroxylapatite (CHAp), with the incorporation of 4—
8 wt.% carbonate.'® CHAp is able to promote initial bone regeneration during the repair of bone defects."*! In addition,
CHAp shows high dissolution capability in body physiological environment (pH 7.4).%° A previous study has reported
faster degradation of CHAp in a rat shin defect compared to other calcium phosphate ceramic materials, including HAp,
B-tricalcium phosphate, and silicon-containing HAp.?'

Although CHAp can be regarded as bone apatite, the direct use of CHAp powder as a bone substitute would induce an
inflammatory response upon implantation.”’ The first pathway of enhancement is structural modification. Three-dimen-
sional (3D) printing technology can process ceramic powder into porous scaffolds. Microporosity improves bone growth
into scaffolds by increasing the surface area for protein sorption and providing attachment for osteoblasts.”***> Moreover,
the 3D printed scaffold is suitable as a drug carrier due to the interconnected pores.?’

In addition to the physical structure, biological or biochemical components are also critical for bone repair in clinical
practice. Carotenoids are natural antioxidants that are metabolized in various chemical entities with multifarious
properties in the human body, including scavenging free radicals along with the provision of vitamin A activity.
Globally, the demand for carotenoids increased from 1.5 billion dollars (2014) to 1.8 billion dollars (2019) due to
their potent health-modulating properties.>**> Increased ingestion of carotenoids particularly B-cryptoxanthin, and lutein/
zeaxanthin are linked with a decreased potential of osteoporotic fractures in the elderly.’*?” It was shown that p-
cryptoxanthin increased calcium and phosphorus deposition by osteoblasts and promoted protein synthesis in bone.?®
Lutein and lycopene have also been shown to promote osteogenesis.”” > In addition, carotenoids may play an important
role in bone repair. It has been suggested that the integration/ingrowth capabilities of spongy femoral and tibial bones
following total knee joint replacement correlate with the carotenoid content of the bone and surrounding fatty tissue.*?
Combining antioxidants with graft materials may therefore help bone regeneration.

The novelty of this study lies in the fabrication of 3D printed CHAp scaffolds and the application of CHAp in the
treatment of bone defects. In this study, CHAp with a chemical composition similar to natural bone was synthesized. The
biocompatibility and degradation rate of CHAp are superior to those of HAp. Due to the fact that nano-CHAp powders
cannot be directly applied to bone grafts, the effectiveness of CHAp in bone defects has rarely been reported. Therefore,
porous CHAp scaffolds were fabricated by digital light processing and a light-curing printer in this study. In addition, the
curative effects of HAp scaffolds, CHAp scaffolds and lutein were evaluated in rabbit calvarial defects with a view to
informing the clinical application of CHAp.

Materials and Methods

Synthesize CHAp

CHAp powder (Type B) was prepared based on the previously proposed protocol.**

2.5 L of ultrapure water was heated to 60 °C in the reactor on a magnetic stirrer. Subsequently, 9.45 g of NaHCO;
(Acros-Organics, 99.5%), 250 mL 0.15 M Ca(NOs;),*4H,0 (Sigma-Aldrich, 99%), and 250 mL 0.09 M NaH,PO,
(Sigma-Aldrich, 98%) solution were added into the reactor bath. During the synthesis of CHAp, the pH was adjusted to
9.0 + 0.5 and maintained by adding 0.5 M NaOH (Acros-Organics, 97%). The precipitates were washed three times with
ultrapure water and then were dried in a vacuum freeze dryer for 24 h and ground to 5 um powder for 3D printing.

3D Printing

The HAp and CHAp powders are mixed with the photosensitive resin (Shanghai Guangyi Chemical Co., Ltd., China) at
a mass ratio of 3:1 respectively, and a dispersant (sodium polyacrylate, Hebei Jinhong Chemical Co., Ltd., China) of 3%
by weight is added. The mixed slurry is well stirred in a vacuum mixer for 1 h. The porous three-dimensional bone
scaffold model was designed according to the previous research.>> The model data were imported into a digital light
processing and light-curing printer developed by Nanjing University of Aeronautics and Astronautics.*® The thickness of
each printing layer used for printing composite ceramic slurry was 0.02 mm. After printing, the green body of the
scaffold was washed in absolute ethanol for 5 min via ultrasound to remove the extra slurry on the surface, and the extra
slurry in the hole was eventually removed via air gun. After the green body was dried, it was put in a tube furnace for
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Figure | Scaffolds implantation and CT examination. (A—C) Surgical implantation of scaffolds in the rabbit. (D) Radiographs of the two structural scaffolds. (E) Transverse
view of CT, red arrow points to the S| scaffold, blue arrow points to the S2 scaffold. (F and G) Sagittal view of CT, red arrow points to the S| scaffold, blue arrow points to
the S2 scaffold. (H) CT 3D reconstruction image.

heat treatment at 500 °C for 4 h. The organic materials in the body, such as resin, were removed. Finally, the green body
was sintered at 600 °C for 1.5 h to obtain a porous scaffold. Two types of scaffold models were designed (see Figure S1).
Structure I (S1) has a round shape and structure II (S2) has a grid shape with less mineral content (see Figure 1). All
scaffolds have a maximum width of 8 mm and a thickness of 2 mm. The scaffolds used in this study have been

ultrasonically cleaned and autoclave sterilization (121.3°C for 30 min).

Scaffold Characteristics

The density and mineral content of the scaffolds were measured by a dual-energy X-ray absorption measuring instrument
(InAlyzer, Medikors, Inc., Gyeonggi-do, Korea). The acquired images were analyzed by using the InAlyzer 1.0 image
processing system.

The porosity of the scaffolds was tested by the boiling method. The dry weight of the scaffolds were recorded as my,.
The scaffolds were boiled in distilled water for 2 h. After cooling, the floating weight of scaffolds were detected and
recorded as m;. Then, the wet scaffolds were weighed and recorded as m,. The porosity of the scaffolds was calculated
by the formula: P =(m;—my)/(my—m,).

The chemical composition of the scaffolds was measured by Fourier transform infrared (Nicolet iS5, Thermo Fisher
Scientific, Inc., USA) and Raman imaging microscope (DXR2xi, Thermo Fisher Scientific, Inc., USA). The spectral region
0f 500-2500 cm ™' was recorded using a 532 nm laser in the detection of Raman spectroscopy. The laser power was set to 8.0
Mw, and each point performed 200x0.01 s scans. The point spacing of Raman mapping measurements was 2 um.

The surface morphology of the scaffolds was measured by scanning electron microscopy (Regulus8100, Hitachi, Ltd.,
Japan).
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Biocompatibility Assessment of the 3D Printed Scaffolds

The mouse osteoblast precursor cell line (MC3T3-E1 Subclone 14, purchased from Mingzhou Biotechnology Co., LTD,
Ningbo, China) was used in this study. The in-vitro cell culture experiments were repeated three times, with three
replications in each group.

MC3T3 cells were cultured in glucose Dulbecco’s modified eagle medium (DMEM containing 10% fetal bovine
serum and 1% penicillin-streptomycin, Gibco, USA) at 37 °C under a 5% CO, atmosphere.

The scaffolds were submerged in a 100 mL DMEM medium and incubated in a shaker (3 Hz, 37°C) for 24 h. The
solution was centrifuged and the supernatant was taken as the extraction liquid of scaffolds. MC3T3 cells were cultured
in the extraction liquid for 1, 2, and 3 days, and cell viability was detected by Cell Counting Kit-8 (CCK-8).

The scaffolds were placed in the 48-well plate and inoculated with 10* MC3T3 cells per well. After 12 h of
incubation, the scaffold was removed from the medium and placed in a new 48-well plate. The adherent cells were
digested with trypsin and then counted using a hemocytometer. Cell viability was measured by CCK-8 after 1, 3, and 7
days of culture.

The Osteogenic Function of MC3T3 Cells

The scaffolds were placed in the 48-well plate and inoculated with 10* MC3T3 cells per well. Cells were cultured in
mineralization induction DMEM (vitamin C 50 pg/mL, B-Glycerophosphate Disodium 10 mM). After 14 days of
incubation, cells on the scaffolds were lysed using RIPA buffer. Then, a BCA protein assay kit and an alkaline
phosphatase (ALP) kit were used to measure the ALP activity.

MC3T3 cells were treated with lutein at 0.1, 1, and 10 uM for 24h, then total RNA and protein were extracted. The
expression of osteogenic-related genes was detected by Real-time quantitative polymerase chain reaction (RT-qPCR)
(Applied Biosystems, Inc., Foster City, CA, USA).

MC3T3 cells were inoculated in 6 cm cell culture dishes at a density of 5x10 cells/mL. The experiment was divided
into three groups and incubated for 21 d using mineralization induction medium with lutein concentrations of 0, 1 uM
and 10 uM, respectively. The samples were fixed in 4% paraformaldehyde for 15 min, washed three times with ultrapure
water, and then stained with 0.1% alizarin red staining solution for 30 min.

Evaluation of 3D Printed Scaffolds

Twenty-four 4-month-old male New Zealand white rabbits (Qinglong Mount Hen Company, Nanjing, China), with an
average initial weight of ~2.2 kg were used in this experiment. They were randomly divided into blank, HAp, lutein, and
CHADp four groups (6 rabbits in each group) after a week of pre-feeding. All rabbits were raised in single cages in a room
with environmental control (temperature: 20 + 5°C, relative humidity: 50 = 10%). The rabbits had free access to water
and were fed commercial feed based on body weight.

Rabbits were anesthetized with 1% propofol (1 mg/kg-min, intravenous injection). A 3 cm long skin incision over the
linea media was made, and the tissue was dissected to adequately expose the calvaria. Using an electric handpiece with
a trephine bur, two circular bicortical defects (8§ mm in diameter) were created symmetrically to the midline of the
calvaria in the parietal bones under constant saline irrigation. The defect was left empty in the blank group (Figure 1A).
HAp, lutein, and CHAp groups were implanted with HAp scaffolds, lutein-treated HAp scaffolds, and CHAp scaffolds
respectively, with S1 scaffold on the left bone defect and S2 scaffold on the right (Figure 1B). Then the periosteum and
skin were sutured to close the surgical access (Figure 1C). Radiograph of the two structural scaffolds is shown in
Figure 1D. Scaffolds in the lutein group were soaked in 10 pM sterile lutein solution for 24 h and lyophilized by
a vacuum freeze dryer, and then coated with a sodium hyaluronate gel containing 10 uM lutein. Scaffolds in the HAp and
CHAp groups were coated with hyaluronidase gel without lutein. 24 rabbits were divided into four groups for surgeries
simultaneously, and all rabbits were finished implantation within three hours in the morning.

Rabbits were given Baytril (0.3 mL/kg) to prevent inflammation and meloxicam (0.1 mL/kg) to reduce postoperative
pain for 2 d. Blood was collected from the ear vein for blood routine examination at 1, 4, and 7 d after the operation, and
a head CT was performed on the second day after the operation (Figure 1E-H).

1670  "e= International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

The rabbits were sacrificed on the 60th day after the operation, and their calvaria was collected and preserved in 4%
paraformaldehyde. Micro-CT (Xradia 520Versa, Zeiss, Inc., Germany) was performed to quantify the volume of bone
formation and residual scaffold within the defects. Raman imaging microscope was used to measure the chemical
composition of newly regenerated bone. Then, the calvaria samples were embedded in paraffin blocks after decalcifica-
tion for routine sectioning and staining with Hematoxylin-eosin (HE) and Safranin O-fast green (SF). Recovery of bone
defects in the blank group was assessed by CT and dual-energy X-ray absorption measuring instruments.

Statistical Analyses

All the data were analyzed using IBM SPSS Statistics 21 (IBM Corp., Armonk, NY, USA). The differences among the
groups were determined by one-way analysis of variance (ANOVA, Turkey, and Dunnet’s T3). The data are presented as
the mean + standard deviation. Significant differences were accepted if P < 0.05.

Ethics Committee Approval

All animal experiments were performed in accordance with the Institute of Laboratory Animal Resources guidelines.
Ethical approval was granted by the Institutional Animal Care and Use Committee of Nanjing Agricultural University
(NJAU.NO20210706112).

Results
Density, Porosity and Chemical Composition of 3D Printed Scaffolds

The results of dual-energy X-ray absorption measuring instrument showed (see Table 1) that the mineral content and
density of the HAp and CHAp scaffolds were relatively similar. The mineral content of S1 scaffolds (0.84 g) was
significantly greater than that of S2 scaffolds (0.58 g). The HAp and CHAp scaffolds have similar porosities, ranging
from 27.2% to 30.9% (see Table 1).

In Figure 2, the most intense peak was the vl P-O symmetric stretch located at 1017 cm ™'

, which confirmed the
phosphate phase in HAp and CHAp scaffolds.>” The bands observed at 871 and 1413 cm ™' are characteristic peaks for
carbonates, confirming the dominant presence of type B carbonation in CHAp scaffolds.>® The chemical composition of
3D printed scaffolds was further verified by Raman imaging results (see Figure 2). The correlation between the Raman
imaging ranges of both the HAp and CHAp scaffolds was above 90%, indicating a relatively homogeneous composition.
The distinct carbonate characteristic peak located at 1070 cm™ " in the spectrum of CHAp scaffold proved the existence of
carbonate.

The Surface Morphology of 3D Printed Scaffolds

The surface morphology of bone grafts has an important influence on cell adhesion, proliferation, and new bone
formation. The SEM imaging (see Figure 3) showed that there are significant differences in the morphology of the
HAp and CHAp scaffolds. Compared to the HAp scaffold, the CHAp scaffold had larger surface aggregated particles and
larger inter-particle pores. In addition, there were many irregular protrusions on the aggregated particles of the CHAp
scaffold, which might suggest a looser microstructure.

Table | Density and Porosity Level of 3D Printed Scaffolds (n=6)

Group Mineral Content (g) | Density (g/lcm®) | Porosity Level (%)
HAp SI 0.082+0.001 0.278+0.004 27.240.9
HAp S2 0.057+0.001 0.254+0.003 28.5%1.2
CHAp SI 0.084+0.001 0.279+0.003 29.8+1.2
CHAp S2 0.058+0.001 0.266+0.005 30.9+1.1
International Journal of Nanomedicine 2024:19 https: 1671
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Figure 2 Chemical composition analysis of 3D printed scaffolds. (A) The infrared spectrum of the HAp and CHAp scaffolds. (B and D) Distribution maps of CHAp and HAp
scaffolds, the color of the scanning area represents the correlation with the representative Raman spectra. (C and E) Representative Raman spectra of CHAp and HAp scaffolds.

Biocompatibility of the 3D Printed Scaffolds
There was no significant difference in the cell viability of MC3T3 cells after 1, 2, and 3 d of culture in the extracts of
HAp and CHAp scaffolds (see Figure 4A), indicating that the 3D printed scaffolds had no significant cytotoxicity.

The cell count results (see Figure 4B) showed that the CHAp scaffold had a significantly higher number of cell
attachments within 12 h than the HAp scaffold, which suggested that the CHAp scaffold had better cell adhesion
properties. In addition, the proliferation rate of MC3T3 cells on the CHAp scaffold was significantly greater than that on
the HAp scaffold (see Figure 4C).

The Osteogenic Function of MC3T3 Cells

ALP reflects the activity of osteoblasts and the level of osteogenic differentiation. As shown in Figure 4D, after 14 d of
culture, the ALP activity of MC3T3 cells on the CHAp scaffold was significantly higher than that of MC3T3 cells on the
HAp scaffold, indicating that the CHAp scaffold had better osteoinductivity.
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Figure 3 Morphology of HAp and CHAp scaffolds.

The RT-qPCR results (Figure SA—C) showed that both 1 and 10 uM lutein significantly promoted the mRNA
expression of ALP, RUNX2, OCN, BSP, OPN, B-catenin, and TCF4, and 10 uM lutein had a more pronounced effect.

Alizarin red reacts with calcium salts to form red calcified nodules. After 1 and 10 uM lutein treatment for 21 d,
MC3TS3 cells deposited a large number of calcium salts around the culture dish, while the group without lutein only had
punctate red mineralized particles (Figure 5D-F). Both 1 and 10 uM lutein could promote the mineralization of
osteoblasts in vitro.

Blood Routine Examination

Bone injuries typically undergo a period of hematoma and acute inflammation for about 7 d. The results of white blood
cell counts (WBC) showed an increase in the number of leucocytes postoperatively (see Figure 6). The rabbits in the
blank group demonstrated a more pronounced increase in leucocyte counts at 1-4 d postoperatively. In contrast, the
rabbits in the lutein group showed a relatively low postoperative leucocyte count. In addition, eosinophil counts in rabbits
significantly increased one day after the implantation of the scaffolds. This indicator returned to the normal levles
recommended by clinical practice after day 4, indicating that the scaffolds may have caused a transient hypersensitivity
reaction.

Radiological Examination of Calvarial Defects
In the blank group, the bone defect was poorly repaired, with only a small amount of new bone was formed at the edge of
the defect (see Figure 7A), indicating that the 8 mm diameter bone defect in calvaria did not heal by themselves.

The HAp scaffold still maintained a relatively complete structure after 60 d of implantation in the cranial defect (see
Figure 7B and C). The edge of the scaffold was covered with new bone, but the outer surface of the scaffold was rarely
attached to the new bone. In addition, newly regenerated bone can grow into the scaffold along the gaps designed by 3D
printing. CHAp scaffold had undergone significant resorption in vivo, particularly in S2, which was almost completely
encapsulated by new bone and eroded inside, leaving the scaffold structurally incomplete (see Figure 7D). The inner
surface of the S1 scaffolds in the CHAp and lutein groups was essentially completely encapsulated by new bone, whereas
a large gap remained in the S2 scaffolds (Figure 7E-G), indicating that the osteoconductivity of the S1 scaffold was
superior to that of the S2 scaffold.

International Journal of Nanomedicine 2024:19 hetps: 1673
Dove:


https://www.dovepress.com
https://www.dovepress.com

Dove

Wang et al
1.2+ 8000 . B3 HAp-SI
£ 104 T L - — =3 CHAp-SI
: £ 60007 T Em  HAp-S2
= 0.8 R
I £ ' mm CHAp-S2
2 0.6 = 4000-
= =
8 —
I 8 2000-
= 0.2
é .
0.0 - - 0-
1 2 3
Culture time (day)
2.0 * 8
r1 ) * *
* £
* L ! £ 6- -
: o :
;‘ 1 ‘:’. 4
a £
o B
S 2+
B
=
<
L LI 0-
1 3 7
Culture time (day) Culture time (14 day)

Figure 4 The cytocompatibility of HAP and CHAp scaffolds (n=3). (A) Cytotoxicity of the extract of HAP and CHAp scaffolds. (B) MC3T3 cell attachment number of HAP
and CHAp scaffolds within |2 h. (C) The proliferation rate of MC3T3 cells on the HAP and CHAp scaffolds. (D) The ALP activity of MC3T3 cells on the HAP and CHAp
scaffolds. P values were calculated along with comparisons between different groups (*P<0.05).

The volume of new bone within the defect was significantly higher in the lutein and CHAp group than in the HAp
group. The residual volume of the scaffold was smaller in the CHAp group than in the HAp and lutein groups
(Figure 7H). Moreover, there was a significant increase in new bone formation and material resorption for the CHAp
S2 scaffold compared to both the HAp S2 scaffold and the lutein-treated S2 scaffold. In addition, the volume ratio of the
S1 and S2 scaffolds after implantation increased significantly compared to the initial volume ratio (Figure 7I), indicating
that the resorption rate of the S2 scaffold was greater than that of the S1 scaffold.

Histological Observations of Calvarial Defects
Histological staining of the explanted calvarial specimens was performed to evaluate the recovery of bone defects
(Figure 8). Safranin-O stained cartilage red in proportion to its proteoglycan content and fast green stained bone green.
No red-stained cartilage tissue was observed in any of the bone sections, suggesting that the process of bone repair was
intramembranous ossification, ie, cells differentiate directly to osteoblasts and start depositing bone matrix within
a membranous tissue.

HE staining showed that the bone defect was surrounded by connective tissue. In addition, the high magnification
imaging demonstrated numerous bone cells in the interior of graft scaffolds in the HAp, lutein, and CHAp groups. This
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phenomenon suggested that the bone cells could grow into the scaffolds via micro-pores during the process of bone

repair.

Raman Analysis on Newly Regenerated Bone Within the Defects

The 960 cm ' peak with the highest intensity represents the P-O stretching vibration of PO,>, demonstrating that the
neogenic bone mineral is in the phosphate phase. 1070 cm™ ' peak is mainly attributed to the C-O stretching vibration of
CO,7, representing the carbonate component of the neogenic bone. An envelope of peaks centered at ~2940 cm™' was
assigned to C-H stretching vibrations in multiple organic matters, which include collagen and non-collagenous proteins.
The area ratio of the 2940 cm™ ' peak to the 960 cm ™' peak allows an assessment of the amount of mineral deposition in
new bone. In addition, the full width at half maximum (FWHM) of the 960 cm ' peak can be used to assess the
crystallinity of the bone mineral, the larger the FWHM, the lower the crystallinity.

As shown in Figure 9, the 2940 /960 cm™' peak area ratio of new bone in the lutein and CHAp groups was smaller
than that of the HAp group, which demonstrated that both lutein and CHAp scaffold enhanced bone mineral deposition
and promoted bone maturation. Furthermore, the larger FWHM in the new bone of the HAp group suggested lower bone
mineral crystallinity.
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Figure 6 Blood routine was examined in the preoperative and postoperative venous blood of rabbits (n=6). The dotted line represents the normal reference values. P values
were calculated along with comparisons between different groups (*P<0.05).

Discussion

HAp is a bone graft substitute with excellent osteoconductive and osteointegration properties.”” Limited by the rate of
degradation and mechanical properties, HAp is commonly applied as a coating on implants or in sites with low
mechanical stress.>**° These drawbacks may partially be overcome by the development of 3D printing technology.

In this study, HAp and CHAp scaffolds were fabricated by 3D printing. SEM revealed dense pore channels on the
surface of both scaffolds, which were formed by the vaporization of organic matter during the degreasing process. These
pores could promote osteoblast adhesion and accelerate the rate of degradation in vivo. In addition, carbonate incorpora-
tion causes a decrease in the crystallinity of HAp,*' which may be one of the reasons for the more loosely bound particles
in the CHAp scaffold.

The scaffolds not only retain the excellent biocompatibility of hydroxylapatite-like materials but also provide a larger
3D space for cell growth. In vitro experiments, CHAp scaffolds showed improved cytocompatibility and osteoinductive
properties, which might be attributed to its higher solubility.>* Previous studies suggested that CHAp can form
a microenvironment rich in Ca%, PO43' and CO32' on the surfaces, and these components were thought to assist the
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Figure 7 Radiographic imaging evaluation of bone defect repair (n=6). (A) Evaluation of skull defect repair without implant material, the red dashed box represents the
initial 8 mm bone defect area. Micro-CT cross-sectional images and 3D reconstructions of bone defect sites in HAp group (B), lutein group (C), and CHAp group (D), green
represents the implant material and red area represents new bone. 3D reconstruction of the skull in HAp group (E), lutein group (F), and CHAp group (G), with the
external side of the skull on the left and the internal side of the skull on the right. (H) Residual scaffold volume and new bone volume within bone defects. (I) The volume
ratio of S| and S2 scaffolds. P values were calculated along with comparisons between different groups (*,P<0.05).

osteogenesis process.'>***® Besides, histological examination of calvarial defects further confirmed that bone cells can
adhere and proliferate inside the 3D printed scaffolds via micro-pores.

The cellular experiments showed that Iutein promoted differentiation and capacity of mineralization of osteoblasts.
This is consistent with previous research that carotenoids can promote bone mineral deposition.**® At bone defect site,
exuberant cellular metabolism and inflammation often cause the production of excessive amounts of reactive oxygen
species (ROS), which is detrimental to osteogenesis. Lutein carried on the scaffolds can scavenge ROS in time to protect
bone tissue from oxidative stress and prevent ROS from triggering further inflammation.***3

Evaluation of bone repair in the blank group showed that 8 mm diameter defects in the calvaria of rabbits did not heal
properly, or was nonunion. In the scaffold implant groups, there was more new bone formation on the inner side of the
skull. This might be attributed to the osteogenic cytokines produced by dura mater, such as transforming growth factor
B1, fibroblast growth factor 2, and bone morphogenetic protein 2, which caused an increased rate and degree of osteoblast
differentiation.***” Micro-CT analysis of the CHAp scaffold showed a faster degradation and osteogenesis compared to
the HAp scaffold. The faster degradation rate of CHAp provided osteocytes with a larger contact area and space, which
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Figure 8 Histological sections of bone defect site in HAp group (A), lutein group (B), and CHAp group (C). Mineralized bone is stained in pink and green by Hematoxylin-
eosin staining and Safranin O-fast green staining respectively. The red box shows the high-magnification imaging of the scaffold, and the blue arrow indicates bone cells.
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Figure 9 Raman mapping of new formation bone inside the bone defect. Raman mapping of new bone on scaffolds in HAp group (AI-El), lutein group (A2-E2), and
CHAp group (A3-E3), (A) is the internal side of the skull defect, blue boxes represent Raman detection area. (B) is the optical microscope image of the new bone, and the
red box shows the Raman scan area. (C) is the Raman spectrum of the new bone. (D) represents the area ratio of the 2940 cm '/960 cm ' peak, (E) represents the peak
width at half height of the 960 cm”! peak, and the corresponding values are represented by colors.
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further promotes the function of osteocytes. Both S1 and S2 scaffolds have their own advantages. The S1 scaffold allows
new bone to encapsulate the inner surface more quickly, providing better connection between the scaffold and the host
bone. Ths S2 scaffold is able to be resorbed more quickly in vivo. In addition, the HAp scaffold combined with Iutein can
promote new bone formation but has no significant effect on the degradation rate of the scaffold. This may be attributed

to the fact that lutein inhibits osteoclast activity, ****°

whereas the degradation of apatite material requires the involvement
of osteoclasts. Raman spectroscopy of new bone within the defect further demonstrated the ability of CHAp and lutein to
promote bone mineralization.

Hematoma and acute inflammation typically occur within a week of a bone injury, and prolonged inflammation can
lead to delayed healing or nonunion.’®>* However, 3D printed scaffold implanted in rabbit skull did not cause a severe
inflammatory response. The results of WBC showed that no serious infection occurred in the experimental rabbits within
7 days after the operation, indicating that the bone repair in the later period was not affected by persistent inflammation.
Furthermore, the rabbits in the blank group had higher levels of WBC at 1-4 d postoperatively than the other groups,
which suggested that the HAp material would not stimulate the body to produce an inflammatory response, but rather
controls the development of inflammation by inhibiting hematoma formation due to the filling effect.

The CHAp scaffolds synthesized in this study have a faster in-vivo degradation rate compared to normal HAp
scaffolds and also promote osteogenesis at the bone defect site. This study is a preliminary attempt to apply CHAp in the
treatment of bone defects and does not investigate the properties of CHAp composites. Future studies will focus on the
composite of CHAp with other biomaterials for more clinically valuable products.

Conclusion

3D printed scaffolds designed in this study provide a larger contact area for cell adhesion, and new formation bone can
grow deeper into the scaffolds along with the reserved pores, greatly accelerating the rate of degradation. The
incorporation of suitable carbonates into HAp can accelerate the degradation of the materials and the formation of
new bone, while the incorporation of lutein into graft materials can also promote bone formation, all of which provide
a new reference for the research and application of apatite-based composites. Future studies will focus on the composite
of CHAp with other biomaterials for better clinical efficacy.
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