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Titanium (Ti) alloy implants can repair bone defects at load-bearing sites. However, they
mechanically mismatch with the natural bone and lack customized adaption with the irregularly
major-sized load-bearing bone defects, resulting in the failure of implant fixation. Mineralized
collagen (MC), a building block in bone, can induce angiogenesis and osteogenesis, and 3D
printing technology can be employed to prepare scaffolds with an overall shape customized to the
bone defect. Hence, we induced the formation of MC, made of hydroxyapatite (HAp) nanocrystals
and collagen fibers, in 3D-printed porous TigAlsV (PT) scaffolds through in situ biomimetic
mineralization. The resultant MC/PT scaffolds exhibited a bone-like Young’s modulus and were
customized to the anatomical contour of actual bone defects of rabbit model. We found that the
biocompatibility and osteogenic differentiation are best when the mass ratio between HAp
nanocrystals and collagen fibers is 1 in MC. We then implanted the MC/PT scaffolds into the
customized radius defect rabbit model and found that the MC/PT scaffolds significantly improved
the vascularized bone tissue formation and integration between new bone and the implants.
Therefore, a combination of 3D printing and biomimetic mineralization could lead to customized
3D PT scaffolds for enhanced angiogenesis, osteogenesis, and osteointegration. Such scaffolds
represent novel patient-specific implants for precisely repairing irregular major-sized load-bearing
bone defects.

Graphical Abstract

Customized Vascularized
scaffold implantation bone regeneration
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1. INTRODUCTION

Irregular large-sized load-bearing bone defects caused by trauma and tumor resection are a
great challenge for clinicians.! Titanium (Ti) and the alloys based on it are widely used in
orthopedics for repairing such defects because they have appropriate mechanical strength,
good biocompatibility, and good corrosion tolerance.? But current Ti-based implants can
cause stress-shielding because of mechanical mismatch and lack customized adaption with
the actual bone defect, resulting in the failure of metallic Impalnt fixation.3The elasticity
modulus of dense Ti is approximately 114 GPa, which was significantly greater than that of
the trabecular and cortical bones (about 0.5 and 10-20 GPa, respectively), making it shield
the stress of bone.#-8 Porous scaffolds, fabricated by three-dimensional (3D) printing, might
have decreased elastic modulus that potentially matches that of the bone tissue, and thus, 3D
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printing is an effective approach to eliminating the mechanical mismatch between the
scaffold and its neighboring tissue.” More importantly, to repair irregular bone defects with a
complex 3D geometry, 3D printing can fabricate a patient-specific customized scaffold that
perfectly fits the anatomical profile of such complex defects.! In addition, 3D printed
scaffolds contain internal lattice structures, which can accommodate the new bone tissue to
achieve excellent bone-implant integration.8-

To develop customized scaffolds with bone-like mechanical properties for repairing complex
bone defects, we first employed 3D printing to convert TigAl4V powder into porous titanium
alloy (PT) scaffolds (Figure 1). To further enhance the bioactivity of the scaffolds, as well as
the osteointegration with the scaffolds, we allowed the PT scaffolds to be modified with
mineralized collagen (MC) matrix, which mimicked the bone matrix and thus could favor
osteointegration.1? The biomimetic MC matrix was formed on the scaffolds by immersing
the scaffolds in a mineralizing solution containing collagen and hydroxyapatite (HAp)
precursors. During the in situ biomimetic mineralization, the collagen fibrils were deposited
on the scaffolds and mineralized by inducing HAp nanocrystals formation. MC matrix has a
composition and microstructure resembling the native bone tissue compared to traditional
artificial bone grafts.11 Furthermore, it has been recently discovered that the MC matrix
could more efficiently promote cell adhesion and proliferation as well as osteogenic
differentiation than pure HAp, when mesenchymal stem cells (MSCs) isolated from bone
marrow (BMSCs), were seeded on them.12 The MC matrix could also induce bone
regeneration and stimulate the growth of new blood vessels while being degraded via a
creeping substitution process.13 However, the MC matrix has poor mechanical strength,
which could not be used in repairing major-sized load-bearing bone defects. Therefore, in
this work we integrate 3D printing (to form patient-specific customized PT scaffolds) and
biomimetic mineralization (to form the MC matrix) to form a new scaffold (MC/PT) that
bears both bone-like mechanical properties and bone-inducing capabilities (Figure 1). We
found that the scaffolds customized to a defect could facilitate BMSCs to differentiate into
osteoblasts and repair bone defect successfully by inducing the angiogenesis and
osteogenesis.

MATERIALS AND METHODS

2.1. Customized Design of Major-Sized Bone Defect Models.

The rabbit radius bone was scanned by microcomputed tomography (micro-CT). Computer-
aided design (CAD) was utilized to establish a customized major-sized bone defect model
(Figure 1A and B), and the model was saved as STL file format. Then, the CAD data were
imported into a CAD software, employed to design the scaffolds with desired overall shape
and interior pores, and then transferred to a 3D printer (Figure 1D).

2.2. Customized 3D Printed Porous TigAl4V Scaffold Fabrication.

TigAl4V powder (Sandvik, Sweden) with a diameter of 15-50 z/m was printed into PT
scaffolds using a Selective Laser Melting (SLM) 3D printer (Concept Laser M2, Upper
Franconia, Germany). The 3D printer is equipped with an Yb-Faser-Laser with a focus beam
diameter of 50 m. The SLM processing occurred under an Ar/N, atmosphere using a laser
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(100 W) with a set of scanning conditions (separation, 70 4m; rate, 650 mm/s; layer, 30 4m
thick). After SLM processing, the scaffolds were removed from the 3D printer and cleaned
ultrasonically in acetone and ethyl alcohol for 20 min to remove powders that were not
melted during the SLM process.

2.3. Preparation of the Mineralized Collagen in Customized 3D Printed Porous TigAlzV

Scaffolds.

Mineralized collagen (MC) was formed in the PT scaffolds to form MC/PT scaffolds, by
following an in vitro biomimetic mineralization process. First, collagen formed a viscous
liquid by using dilute acetic acid to dissolve it, and calcium and phosphate salt solutions
were added to the liquid. The mixed solution was then stirred to become homogeneous. The
PT scaffolds were immersed into the mixed solution. Under the assistance of a vacuum
pump, the mixed solution entered inner interconnected pore structure of the PT scaffolds.
NaOH solution was dropped into the mixture to change its pH to 7 to trigger the formation
of MC in the PT scaffolds (Figure 1E). The scaffolds were thoroughly washed, and finally
freeze-dried to obtain the MC/PT scaffolds. The scaffolds were sterilized by 6°Co irradiation
prior to use.

2.4. Characterization of Materials Structures and Phase Composition.

The porosity of the PT scaffolds (7= 5) was determined by quantifying their mass and
volume. Mechanical properties of the scaffolds (5 mm wide, 6 mm high) were evaluated on
an MTS 810 material testing system. The structures of the scaffolds were imaged using
field-emission scanning electron microscopy (FE-SEM). Their elemental and phase
composition were quantified by energy-dispersive X-ray spectroscopy (EDS) and X-ray
diffraction (XRD), respectively. The XRD patterns were collected within the range of 26=
0-90 © and using a step of 0.04° step and a scanning speed of 0.2 s/step.

2.5. Cell Purification and Culture.

BMSCs were isolated from New Zealand white rabbits (4-week-old). Briefly, the bone
marrow, extracted under aseptic conditions, was centrifuged. Then, the pellet was suspended
in a lymphocyte separation medium. After gradient centrifugation of the resultant
suspension, BMSCs were purified and rinsed using a Hanks buffer (pH 7.2) twice. The cells
were plated at a concentration of 5 X 10%/cm?2 with low glucose Dulbecco’s modified eagle
medium (DMEM). The characterizations of rabbit BMSCs were performed by flow
cytometry. Human umbilical vein endothelial cells (HUVECs, ATCC, USA) were incubated
in an endothelial cell medium in an incubator. Both the cells and the medium used were
from ScienCell (USA). The cells used in this study were at passages from 3 to 5.

2.6. Cell Attachment, Proliferation, and Viability.

BMSCs were seeded on the PT and MC/PT scaffolds (5 X 104 cells/cm?2). To confirm the
cell attachment, the cells on the scaffolds were fixed, washed, sputter-coated with gold, and
then imaged under SEM. The proliferation and viability of the BMSCs on the PT and
MC/PT scaffolds were characterized using a cell counting kit-8 (CCK-8), following a
reported protocol.1®
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2.7. Alkaline Phosphatase (ALP) Activity and Extracellular Matrix Mineralization.

The activity of an enzyme, ALP, was determined by following a reported protocol.16 In
addition, BCA protein assay was utilized to measure the content of the total intracellular
protein, adopted to normalize the ALP activity, following the protocol of the vendor
(Thermo Scientific, U.S.A.). Matrix mineralization of the BMSCs (1X 10* cells/mL) was
assessed by carrying out Alizarin Red staining following our published protocol.16

2.8. Quantitative Real-Time PCR (RT-PCR) Analysis.

RT-PCR, using the primers listed in Tables S1 and S2 and glyceraldehyde-3- phosphate
dehydrogenase (GAPDH) as a reference, was performed to evaluate the mRNA level of the
genes related to osteogenesis and angiogenesis. After the BMSCs were cultured within the
PT and MC/PT scaffolds for 7 and 14 days, the osteogenesis-related genes expressed by
BMSCs including ALP, osteocalcin (OCN), type | collagen (Col-1), osteopontin (OPN),
runt-related transcription factor 2 (Runx2) were confirmed by RT-PCR. The angiogenesis-
related genes expressed by HUVECs included hypoxia-inducible factor a (HIFa), kinase
insert domain-containing receptor (KDR), and vascular endothelial growth factor (VEGF).
RT-PCR was performed after the HUVECs were cultured on the PT and MC/PT scaffolds
for 3 and 10 days.

2.9. Animals and Surgical Procedures.

PT and MC/PT scaffolds were implanted into the middle of rabbit radius in vivo. New
Zealand white rabbits (male and female, each with 12 rabbits) were divided randomly into 2
groups (weight ranged from 2.0 to 2.5 kg, 7= 12). The animals were anesthetized by
intravenous injection of a solution (3%) of phenobarbital sodium with a dose of 0.5 mL/kg.
Muscle relaxant, xylazine hydrochloride, was applied for muscle relaxation at a dose of 0.1
mL/kg. An incision (~2.0 cm long) was generated to allow for the exposure of the middle of
lateral radius. Then osteotomy was implemented to create a segmental bone defect in the
middle of radius (about 1.5 cm in length along the longitudinal axis of radius). After
meticulous hemostasis and hematocele clearing, a customized PT scaffold, which mimicked
the anatomical contour of the removed bone segment, was then implanted to fill the defect.
Cautious irrigation was taken before the incision was sutured. After the surgery, the animals
were cared for in cages with free access to water and normal diet and observed regularly.
This animal study received approvals from the Institutional Animal Care and Use Committee
(IACUC) of Guangzhou General Hospital of Guangzhou Military Command.

2.10. Acute Hemolysis Assay and Biochemical Test.

Fresh anticoagulant whole blood from New Zealand White rabbits was diluted with
physiological saline by a fold of 1.25. After the scaffolds were washed and then soaked in
the saline, the soaking solution was refreshed with new saline (2 mL). The resultant mixture
was then incubated in a water bath (37 °C) for half an hour, followed by the addition of
dilute whole blood (0.2 mL). After 1 h, the suspension was subject to centrifugation at 3000
rpm for 5 min. Then a plate reader was employed to quantify the absorbance of the
supernatant at 545 nm. In addition, two control samples were prepared. The positive one is
the diluted whole blood (0.2 mL) mixed with distilled water (2 mL), and the negative one
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was the physiological saline after treatment with the scaffolds as above. The hemolysis ratio
(HR) was determined using the following equation and expressed as mean values (from
three repeated experiments) of each group:

HR(%) = (Og — Op)/(0p — Oy) X 100 (1)

where O,, O, and Oy represented the average absorbance in the scaffold group, positive
control group, and negative control group, respectively.

All rabbits were subject to blood samplings at preoperation and at weeks 4, and 12
postoperation using a vacutainer method with lithium heparin tubes. An automatic
biochemical analyzer (Roche, module P800) was used to quantify aspartate aminotransferase
(AST), gamma-glutamy! transpeptidase (GGT), alanine aminotransferase (ALT), uric acid
(UA), creatinine (Cr), and urea.

2.11. Microcomputed Tomography (Micro-CT) Analysis.

The operation began when the rabbits were kept under anesthesia. After sacrifice of the
animals, air was intravenously injected. After implantation for 4 and 12 weeks, the
customized PT scaffolds were removed and scanned immediately through micro-CT to test
the formation of new bone.1” The scanning resolution is about 48 zm under 80 kV and 40
LA The scanning matrix size was 1024 x 1024. The implantation area was continuously
scanned to reach 500 layers. The bone volume percentage within a region of interest, termed
BV/ TV, was determined using a software (VG Studio MAX).

2.12 Histopathological Analysis.

The tissue/scaffold constructs in each group were processed first into thicker sections (150
mm thick) by a microtome and then into thinner sections (~50 mm thick) by grinding and
polishing. Soft-tissue in-growth and bone formation were characterized through hematoxylin
and eosin (H&E) and Masson’s trichrome staining.18:19 The stained sections were then
imaged by fluorescence microscopy.

2.13. Immunofluorescence Staining for Characterizing Vascularization.

Tissue slices were washed by PBS carefully and permeabilized using 0.5% Triton-100. They
were blocked using 3% BSA for 1 h and allowed to interact with mouse primary antibody to
CD31 (Abcam, ab199012, England) with a ratio of 1:100 to 1% BSA in PBS at 4 °C
overnight. The slices were thoroughly washed by PBS, aged with Goat Anti-Mouse 19G
(Alexa Fluor 647) (Abcam ab150115) with a ratio of 1:100 and thoroughly washed by PBS.
In the end, UI23DE3RFtraCruz Aqueous Mounting Medium with DAPI was added, and
these images were observed and photographed by fluorescence microscopy.
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3. RESULTS AND DISCUSSION

3.1. Mechanical Properties of the Scaffolds.

The density of solid TigAl4V was determined to be 4.42 g/cm3. The porosity of the PT
scaffolds was found to be about 76.1% using a volume/weight analysis. By a compression
test, we found that PT scaffolds with a porosity of 65%, 75%, and 85% had a magnitude
stress of 105, 47, and 20 MPa, along with a Young’s modulus of 4.15 + 0.92, 1.60 + 0.4, and
1.07 £ 0.29 GPa, respectively (Figure S1). The radius bone had a maximum compressive
strength and modulus of 53 MPa and 1.81 + 0.62 GPa, respectively (Figure S2). These data
indicate that the PT scaffolds with a porosity of 65% and 75% had a better capability to bear
loads. However, the Young’s modulus of the PT group that had a porosity of 65% did not
match that of rabbit radius (1.81 + 0.62 GPa, Figure S2B). In addition, the PT scaffolds
having a porosity of 85% had a maximum compressive strength of 20 MPa (Figure S1A),
which was close to human cancellous bone20 but was not good enough to bear loads. As for
PT scaffolds with a 75% porosity, their modulus and maximum compressive strength (1.60
+ 0.4 GPa and 47 MPa, Figure S1) were similar to those of the radius and thus more suitable
for repairing loading-bearing bone defects among the three levels of porosity (65%, 75%,
and 85%). Therefore, the PT scaffolds with a porosity of 75% was chosen as the base
scaffold for repairing load-bearing bone defects in this study. In addition, MC coating on the
PT scaffolds was found not to modulate the mechanical properties of the PT scaffolds
(Figure S3). Furthermore, according to the results from the scaffolds after bone regeneration
for 3 months, there is no significant difference in the Young’s modulus and ultimate strength
between MC/PT2 (preoperative), MC/PT2 (postoperative), and rabbit radius (Figure S2).

3.2. Materials Characterization.

The phase composition of the deposited MC coating on the PT scaffolds was analyzed by
XRD analyses (Figure S4). In PT scaffolds, the diffraction peaks of typical a and 8 Ti-based
alloy phase were detected. With the MC addition, the diffraction peaks of HAp phase were
also observed apart from the diffraction peaks of the TigAl4V matrix. Figures S5 and S6
showed the surface morphology and microstructure of the PT and MC/PT scaffolds. The PT
scaffolds had a regular structure bearing pores with a size of about 400 £m.2122 The pores
ofMC/PT1 (with a mineral/collagen mass ratio of 3:7) were blocked by MC (Figure S5C).
However, the MC/PT2 scaffold with a mineral/collagen ratio of 5:5 was still porous and
presented pores with a size of 100 to 400 gm (Figure S5E). The porous structure of MC/PT3
with a mineral/collagen ratio of 7:3 was also blocked by MC but showed a compact surface
(Figure S5G). Energy dispersive spectroscopy (EDS) results showed that the elemental
composition of PT mainly included Ti, Al, V, Fe, O, N, and C. Because MC/PT1, MC/PT2,
and MC/ PT3 were all covered by MC, the elemental composition included C, N, O, P, Ca,
Ti, and V. The calcium/phosphorus (Ca/P) molar ratio of MC/PT1, MC/PT2, and MC/PT3
was 1.53, 1.66 and 1.40, respectively, suggesting that the Ca/P ratio ofMC/PT2 was similar
to the expected Ca/P value (1.67) of HA. The magnified area of the MC on the MC/PT2
scaffolds confirmed that the MC is indeed made of nanocrystalline HAp and collagen fibers
(Figure S6).
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3.3. Cell Identification, Morphology and Proliferation.

The cultured rabbit BMSCs were validated to be positive for CD29 and CD44 but negative
for CD34 and CD45 by flow cytometry (Figure S7), confirming that these cells are indeed
BMSCs. SEM micrographs demonstrated that BMSCs were attached to both the outer
surfaces (Figure 2E-H) and inner surfaces (Figure 2D) of both PT and MC/PT scaffolds.
More cells were found on the inner surfaces. BMSCs on the MC/ PT2 and MC/PT3 groups
presented more lamellipodia extensions than those on the PT and MC/PT1 groups (Figure
2). We found that the cell proliferation increased over the time in the PT, MC/PT2, and
MC/PT3 groups (Figure 2I). In addition, the PT and MC/PT1 groups presented a statistical
difference in BMSCs proliferation, suggesting that MC/PT1 was cytotoxic. The results of
cell morphology and proliferation (Figure 2) indicated that MC/PT1 had poor cell adhesion
and cytotoxicity. Moreover, the MC was not well attached to the scaffolds in MC/PT1
(Figure S4). Hence, Figure 2 showed that MC/PT2 and MC/PT3 scaffolds promoted BMSCs
cell proliferation, while MC/PT1 did not. Thus MC/PT1 scaffolds were excluded from the
following studies.

3.4. ALP Activity, Extracellular Matrix Mineralization, and Quantitative RT-PCR Tests.

To identify the osteogenic differentiation on the PT, MC/PT2, and MC/PT3, the ALP activity
and extracellular matrix mineralization assay were examined. ALP as an early osteogenic
marker is important in mediating the osteogenic differentiation of BMSCs. On day 7, the
MC/PT2 and MC/PT3 had a slightly high expression of ALP with no significant difference
between them (Figure 3A). However, the MC/PT2 significantly enhanced the expression of
ALP and MC/PT3 did not compared with PT on day 14, indicating that the addition of MC
with a mineral/collagen ratio of 1:1 was beneficial to osteogenic differentiation of BMSCs.

Alizarin red staining was conducted to verify the mineralization (a late stage osteogenesis
marker) on the scaffolds (Figure 3B). The relative absorbance value of the matrix
mineralization cultured with MC/PT2 and MC/PT3 at 7 and 14 days was 130%, 109%,
131%, and 113%, in comparison with the PT group, respectively. The absorbance value due
to the matrix mineralization of MC/PT2 was significantly greater than that of PT on both
day 7 and 14. The results indicated that the addition of MC could promote extracellular
matrix mineralization and thus the osteogenic differentiation.

By RT-PCR, we found that the MC/PT2 group presented the highest level of the marker
genes (OCN, ALP, OPN, Runx2, and Col-1) on days 7 and 14 (Figure 3C-G). These results
showed that MC/PT2 induced osteogenic differentiation of BMSCs in vitro the best among
all scaffolds. In addition, Figure 3C-G also indicated that MC/PT3, though not as good as
MC/PT2, showed a better capability than PT in promoting the osteogenic differentiation.
The addition of MC to the PT scaffolds with proper mineral content promoted the osteogenic
differentiation is because MC, which is the most basic components in bone, is osteogenic. It
has been consistently demonstrated that MC facilitates the BMSCs adhesion and osteogenic
differentiation.24-27

Angiogenesis related genes are important for bone formation. Hence, we expected the
MC/PT to promote both osteogenesis and angiogenesis. S. Yoshizawa et al. found that
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hypoxia induction by HIF a expression facilitated the VEGF formation to promote bone
angiogenesis.28 It can be seen that MC/PT2 and MC/PT3 significantly promoted VEGF and
HIFa gene expression by HUVECs as compared with PT on day 3 and 7 (Figure 3H-1).
These results are consistent with the well-known role of MC in promoting angiogenesis by
aiding the transcriptional activity of HIFa. Further results confirmed that MC/PT2 and
MC/PT3 upregulated the gene expression of KDR compared with PT (Figure 3J).
Collectively, these results confirm that the addition of MC to the PT scaffolds can up-
regulate the VEGF gene expression in HUVECs through activating HIF-1a, resulting in
enhanced angiogenesis.

3.5. Hemolysis Assay and Biochemical Test.

3.6.

The blood compatibility of the scaffolds was investigated by hemolysis and biochemical
analysis. By measuring hemoglobin release, the effect of scaffolds on the blood damage was
quantified. The hemolysis rate of all scaffolds was less than 5% (Figure S8), showing that
the scaffolds presented no hemolysis to red blood cells. In addition, no statistical differences
were found in the levels of ALT, AST, GGT, Cr, UA, and urea in the blood after the PT and
MC/PT2 scaffolds were implanted for different times (Figure S9), suggesting that the
scaffolds did not induce toxicity in the live, kidney and blood.

Micro-CT, Histological Analysis, and Immunos-taining Analysis.

Since MC/PT2 showed the better BMSCs attachment, proliferation, and differentiation than
MC/PT3, we chose MC/PT2 to conduct the animal experiment along with the PT as a
control. We applied micro-CT to examine the ability of the scaffolds to promote
osteogenesis. As the implantation time extended, both MC/PT2 and PT groups showed an
increase in the volume ration between new bone and total tissue (denoted as BV/TV).
Furthermore, the MC/ PT2 group presented a greater level of the BV/TV and BMD than the
PT group for both week 4 and 12 (Figure 4E-F). These results showed that the MC/PT2
scaffolds presented a better capability in promoting bone regeneration than the PT scaffolds.

The osteogenesis and osteointegration guided by the MC/ PT2 scaffolds were assessed by
H&E and Masson’s trichrome staining. Trabeculae in the new bone (black arrows, Figure
5D) around the implants (white arrows, Figure 5D) in both PT and MC/PT2 groups became
more regular and thicker on week 12 than those on week 4. Meanwhile, newly formed bone
had thicker trabeculae in the MC/PT2 scaffold than in the PT scaffold at both time points
(week 4 and 12). Furthermore, we found gaps between the new bone and PT scaffold on
both week 4 and 12. But excellent integration between the new bone and scaffold was found
in the MC/PT2 group. We also characterized the bone formation on the full tissue section
slices by same staining on the MC/PT2 scaffolds 12 weeks postoperation (Figure S10). We
found new bone both around and inside the implants. In addition, the results of the full views
of implants cross section by immunofluorescence CD31 staining showed that mature vessels
were formed around the implants (Figure S11). Taken together, integration ofMC with
proper mineral/collagen ratio greatly enhanced the angio- genesis, osteogenesis, and
osteointegration of the 3D-printed scaffolds. Moreover, we observed a significant increase
cells (stained by DAPI) and vascular network (stained by CD31) in the PT and MC/PT2 over
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the time (Figure 4G-J). A closer look at vascular network revealed more new vessels in the
MC/PT scaffolds than in the PT scaffolds at the same time point (Figure 4G-J).

Once the supply of blood vessels is insufficient in bone tissue, metabolic, and oxygen
demands will not be met, leading to the necrosis of central tissue.? Therefore,
vascularization is particularly important to improve bone ingrowth and osseointegration.2®
Du et al. have shown that MC promotes angiogenesis in rat thigh muscle.10 Hence,
compared to the PT scaffolds, the MC/PT2 scaffolds promoted the vascularization, which
further promoted bone formation (Figure 5). This result agrees with the earlier finding that
MC could promote angiogenesis (Figure 4).

Among all MC-maodified PT scaffolds, MC/PT2 with a mineral/collagen ratio of 5:5 showed
the best capability in promoting cell proliferation and differentiation, suggesting the proper
mineral/MC ratio is very important for controlling the cell behaviors. We also found that
MC/PT2 facilitated the proliferation and osteogenesis of other precursor cells, such as
MC3T3-E1 cells (Figure S12). These discoveries are consistent with the significantly
improved performance of the MC/PT2 scaffolds in promoting osteointegration, osteo-
genesis, and vascularization compared to the PT scaffolds. This is expected as the natural
bone components in the MC have been shown to promote the interactions between the
implants and adjacent tissue,30 as well as the osteoblast activities.3? Overall, these results
proved that the chemistry of the customized implants were important in directing the cell
adhesion and proliferation as well as the cell differentiation.

Titanium alloy implants bearing excellent mechanical properties have been widely used in
repairing major-sized load-bearing bone defects. However, they may cause stress- shielding
due to mechanical mismatch and bone resorption, resulting in the implant failure. We found
that the PT/MC2 scaffolds presented a trabecular bone-like Young’s modulus, indicating that
the PT/MC2 scaffolds could decrease stress shielding (Figure S3). Because the complexity
of bone defects and individual differences, an ideal bone repairing scaffold should match the
anatomical structure of bone defects. Therefore, the 3D printing technology is perfect for
fabricating a patient-specific customized implant with internal lattice structures that enhance
osseointegration at the bone—implant junctions.32 Osteointegration, osteogenesis and
vascularization properties of bone repairing scaffolds are very important for their clinical
applications.33 Hence, the customized MC/PT2 scaffolds will find enormous potential in
repairing bone defects at the load-bearing sites in a patient-specific manner. In addition, the
customized 3D-printed scaffolds, once loaded with anticancer therapeutics,34-38 could be
potentially used as drug carrier for treating cancer.

4. CONCLUSION

In summary, we propose a novel method to increase the osteogenic potential and bone
regenerative capability of a 3D printed TigAl,V scaffold customized to the actual defect in
an animal model. Specifically, by biomimetic mineralization, MC was introduced to the
surface of the scaffolds. We confirmed that because MC mimics the bone composition,
addition of MC significantly promoted the osteogenesis, vascularization, and
osteointegration of the 3D printed customized scaffolds. The scaffolds have a bone-like
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Young’s modulus and thus will mechanically match the bone. Thus, the MC-modified 3D
printed customized TigAl,V scaffolds can be used to repair large bone defect in a load-
bearing site in a patient-specific manner. Therefore, integration of 3D printing and
biomimetic mineralization offers an effective strategy in precision medicine to repair major-
sized bone defects by developing a new generation of patient-specific customized implants.
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3D printing

K J I H G

Figure 1.
Schematic of the overall idea. (A, B) A segmental bone defect (B) was formed in the middle

of lateral radius of the healthy rabbit (A), as confirmed by micro-CT scanning. (C, D) On the
basis of the micro-CT image of the bone defect (B) and by computer-aided design, a bone
tissue model (C) fitting the profile of actual defect (B)was designed and reconstructed into a
customized porous TigAl4V scaffold by 3D printing (D). (E-G) The porous 3D printed
TigAl4V customized scaffold (termed PT) was filled with mineralized collagen (MC) by in
situ mineralization to form a new scaffold (termed MC/PT) (E, F). PT and MC/PT were
implanted into the middle of lateral radius (G). (H, 1) To generate the bone defect, bone with
about 1.5 cm in length along the longitudinal axis of radius was cut (H) and then taken out to
form a defect (1). (J-L) To evaluate the scaffolds in repairing bone defect, the MC/PT
scaffold (white arrow) was compared to the bone taken out of the animal to confirm that they
have similar size and shape (J), then the MC/PT scaffold was implanted into the defect (K),
and finally new bone and blood vessel were grown into the scaffold to achieve bone defect
repair (L).
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Figure2.
BMSCs morphology and proliferation on different scaffolds. (A-H) SEM graphs of cells

cultured on PT (A and D), MC/PT1 (B and E), MC/PT2 (C and F), and MC/PT3 (G and H)
scaffolds for 24 h. (1) BMSCs proliferation by CCK-8 assay after different times (1, 3, 5, and
7 days of incubation). **p < 0.01 (compared to the PT group).
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Analysis of osteogenic differentiation and angiogenesis on different scaffolds in vitro. (A, B)
The osteogenic differentiation on the scaffolds evaluated on days 7 and 14 by assaying ALP
activity (A) and extracellular matrix mineralization (B). (C-G) Osteogenic related gene
expressions of RunX2 (C), ALP (D), OCN (E), OPN (F), and Col-I (G) by the cells cultured
with PT, MC/PT2, and MC/ PT3 for different times (7 and 14 days). (H-J) Expression of

angiogenesis-related genes including VEGF (H), HIFa (1), and KDR (J) by HUVECs
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cultured with PT, MC/PT2, and MC/PT3 for different times (3 and 7 days). *p< 0.05, * *p<
0.01, and ***p < 0.001 compared with PT.
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Figure 4.
Osseointegration and vascularization around the PT and MC/PT2 scaffolds. (A-D) Sagittal

section and 3D reconstruction of the PT and MC/PT2 scaffolds after 4 and 12 weeks of in
vivo experiment (orange represented new bone in 3D micro-CT images). (E-F) Volume
percentages of bone in tissue (BV/TV), as well as bone mineral density (BMD) (F) in the PT
and MC/PT2 scaffolds. *p < 0.05 (compared to the PT scaffold). (G-J) Immunofluorescence
CD31 staining showed that the mineralized collagen facilitated vessel maturation in the PT
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and MC/PT2 scaffolds. (blue, DAPI; red, CD31; white arrows, cells with CD31 positive
expression).
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Figure5.
In vivo osteogenesis on different scaffolds. H&E staining (A-H) and Masson’s trichrome

staining (I-P) of the PT and MC/PT2 scaffolds 4 and 12 weeks after operation were
conducted to identify bone regeneration. Trabeculae of new bone (denoted by black arrows)
were found around the implants (white arrows). The tissue (red-stained in HE staining, A—
H; blue-stained in Masson staining, I—P) represented the new bone. The MC/PT2 group
presented thicker trabeculae than the PT group on both week 4 and 12. Gaps (yellow arrows)
were found at the new bone/implant boundary in the PT group on both week 4 and 12. The
results demonstrated that MC in the PT scaffolds greatly facilitated the osteogenesis and
osteointegration.
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