creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

SEEL AL EER

3D Printed Implants for

Maxillofacial Reconstruction

2019 9 2 €

Agdsty a9
29| F &7 T H | HE AR

o 9 &



Abstract

3D Printed Implants for

Maxillofacial Reconstruction

Part I. Osseointegration of titanium 3D printed

implants with various structures

Part II. Impact of bioprinting on titanium 3D printed
porous scaffold in periodontal ligament

regeneration

Ui—Lyong Lee, DDS, MSD

Program in Oral and Maxillofacial Surgery, Department of

Dental Science, Graduate School, Seoul National University

(Directed by Professor PillmHoon Choung, DDS, MSD, PhD)

Background and purpose of study

Maxillofacial area is not only responsible for the functioning of

mastication for survival, but also important parts of social



functions such as language and appearance. Functional and
aesthetic reconstruction is needed when a defect occurs caused
by trauma, congenital anomaly, benign or malignant tumor.
Although transplantation from other parts of the body has been
successfully used for reconstruction of the maxillofacial area,
there are various problems such as difficult operation, donor
site morbidity, and non—esthetic results. In order to overcome
this, a method of making patient—specific 3D printing titanium
implants is being performed mainly in Europe and the United
States. In Korea, patient—customized 3D printing titanium
implants have been approved by Korean Food and Drug
Association. However, researches on surface treatment and
porous structure that can 1improve biocompatibility and
osseointegration of 3D printed titanium implants are rare.
Osseointegrated dental implants have been regarded as being
very reliable and having long term predictability. However, host
defense mechanisms against infection and micro—movement
have been known to be impaired around a dental implant
because of the lack of a periodontal ligament. To solve the
problem, 3D printed hybrid artificial organ was fabricated by
combining titanium 3D printing technology and bioprinting of

periodontal ligament in this study.

The purpose of this study is to establish a mechanical and
histological basis for the development of biocompatible
maxillofacial reconstruction implant with osseointegration
ability and to develop bio—implant resembling real tooth by

fusing titanium 3D printed porous structure, microarc oxidation



and bioprinting technology.

Materials and Methods

Human periodontal ligament stem cells (hPDLSCs) and human
bone marrow stem cells (hBMSCs) were obtained from
extracted third molar. To characterize the immunophenotype of
the hPDLSCs and hBMSCs, the expression of mesenchymal
stem cell—associated surface markers was analyzed by flow
cytometry. Next, the multi—lineage differentiation capacity of
hBMSCs and hPDLSC were investigated in vitro with osteogenic,
chondrogenic, and adipogenic medium. Titanium samples were
fabricated by additive manufacturing and substractive
manufacturing as disc—shaped. Manufactured disk—shaped
samples were used either after treating surface by microarc
oxidation (anodization) or not. To test the in vitro bioactivity of
hBMSCs on various samples, hBMSCs adhesion assay, hBMSCs
proliferation assay, and osteogenic differentiation marker
analysis on 6 groups of samples were performed. Morphologic
features of hBMSCs on various samples were observed by SEM.
Specimens of the various porous structure produced by 3D
printing titanium and solid structure produced by subtractive
manufacturing with or without microarc oxidation were
implanted in rabbit femurs. After 6 weeks, a push—out test,
micro—CT, and histologic examination was performed to
compare the degree of osseointegration and mechanical

strength of each groups.

Various experiments were carried out to confirm that



bioprinting of human periodontal ligament stem cells is an
effective method for regenerating periodontal ligament on 3D
printed titanium. In this study bioink was mixture of a
commercial 4% atelo—collagen, recombinant human fibroblast
growth factor basic—2, and hPDLSCs with cell concentration in
the bioink was 1x107 cells/ml. hPDLSCs were seeded on the
printed bioink without cells (group 1: titanium
scaffold/collagen/cell seeding, group 2: titanium
scaffold/collagen+FGF—2/cell seeding). In the cell printing
group, the Dbioinks with cells (group 3: titanium
scaffold/collagen/cell printing, group 4: titanium
scaffold/collagen+FGF—2/cell printing) were printed one layer
on a titanium scaffold surface and stored for 30 min at 37C for

gelation

Morphologic features of seeded or printing hPDLSCs were
observed by SEM. We cultured the samples till 21 days and
took a photo every day to check the durability of gelled bioink.
The wviability and proliferation of seeded or printed hPDLSCs
was evaluated by live/dead cell assay kit and CCK—8 solution.
To evaluate gene expression levels of each samples, relative
expression of ALP, Cempl, and Coll was evaluated with real—
time PCR. Athymic rats were used for the animal experiment of
transplantation of 3D printed titanium scaffold with seeded or
cell printed hPDLSCs into a calvarial bone defect. Six weeks
after transplantation, the rats were euthanized, and the calvaria
with implanted specimens were harvested and histologic

examination was done.



Results

SEM images verify that the total surface with micro-particles
of anodized titanium 3D printed samples were coated with
homogenous layer of nanoporous titanium oxides layer.
hBMSCs adhesion assays demonstrated that nanopores on 3D
printed titanium after anodization significantly outperformed
samples with untreated surfaces. Anodized group showed
significantly higher cell proliferation as compared to non—
anodized groups at 14 days. At 7 days, cellular extensions were
observed between micro-particles, and also entering into the
nanopores that was shown on the surface of anodized samples.
The most distinctive feature in osteogenic gene expression
assay by RT—PCR is high OPG expression and low RANKL
expression in anodized specimens. Push—out test showed that
the 3D printed group was found to withstand a higher load than
the subtractive manufacturing group. Microarc oxidation
enhanced removal torque of 3D printed mesh implants. The
titanium 3D printed solid samples showed  Dbetter
osseointegration than any other 3D printed mesh samples.

Histologic examination showed that osseointegration was

enhanced in the substractive manufactured group by anodization.

Anodizing did not improve bone contact in 3D printed samples.

SEM showed that in the seeding groups (G1, G2) seeded
hPDLSCs had no direction and were not well organized, but in
the printing groups (G3, G4), printed hPDLSCs were well
aligned and had direction. The gelled bioink did not collapse but

remained in its originally printed form in all groups till 21 days.
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Live/dead cell assay showed that in cell seeding, the cell
distribution was uneven and cell aggregation was observed. In
the cell printing group, the cell distribution was homogeneous
and confirmed to consist of single cells without cell aggregation.
In the CCK-—8 assay, cell printing group proliferation has
occurred well at day 7. At Day 7 of culture, the expression of
CEMP1 in the cell printing group was significantly higher than
in the cell seeding group. At 6 weeks after transplantation, the
titanium 3D printed scaffolds were covered with fibrous
connective tissue between the rat calvaria and scaffold in cell
printing group. In undecalcified tissue specimen with H&E stain
and basic fuchsin stain, new bone formation into porous scaffold
was evident in seeding groups but in printing group, fibrous
connective tissue was observed between the rat calvaria and
scaffold. Immunohistochemical staining revealed that periostin,
VWE, HLA, and CEMP1 were expressed in the tissues

produced in the cell printing group.

Conclusion

The titanium 3D printed implant had better biocompatibility
and osseointegration ability than the structure produced by
conventional substractive manufacturing. Microarc oxidation
enhanced removal torque of 3D printed mesh structure. But the
3D printed solid samples showed better osseointegration than
any other 3D printed mesh structure. Therefore, the titanium
3D printed solid structure can be successfully used for
maxillofacial reconstruction. Cell printing technology, rather

than seeding periodontal ligament cells, has produced periostin

.__:l'x . _'k.l.-l_ -I_-li .-".ll_
¥ | I

T



positive—connective tissue interface between titanium 3D
printed scaffold and the bone. In this study, 3D printing hybrid
implants resembling real tooth were developed by cell printing
of periodontal ligament cells on the surface of titanium 3D
printed implants, and the possibility of overcoming the limitation

of conventional dental implants was demonstrated.

Keyword : stem cell, titanium 3D—printing, microarc oxidation,
porous structure, bio—printing, biocompatibility, push—out test,

osseointegration, 3D printed hybrid implant
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Part I. Osseointegration of titanium 3D

printed implants with various structures

I. Introduction

Tumor resection, trauma, osteoradionecrosis, and various
other causes may result in maxillofacial bone defects. The
ultimate goal of reconstruction of maxillofacial bone defects is
to restore bone defects and facial shape to its original form,
minimize malocclusion, and restore masticatory function. In
addition, the goal is to minimize the morbidity of donor and
recipient and to perform reconstruction with minimum number
of operations.! ? There are many options for reconstruction of
maxillofacial bone defects. Among them microvascular bone
transfer have become the gold standard for reconstruction. But
donor site morbidity, prolonged hospitalization time and a long
recovery period with delayed functional rehabilitation are
frequently noted.” Hence, there is increasing demand for

alternatives of microvascular free osteocutaneous flap.*

Development of CAD—CAM technology and electron beam

melting (EBM) with adequate strength and biocompatibility



makes the foundations for application of titanium patient—
specific 3 dimensional printed implants in the field of
maxillofacial bone reconstruction.””” In fact, multicenter study
about using patient—specific CAD/CAM reconstruction plates
for mandibular reconstruction has been performed with good
results,” while a case was reported on successful
reconstruction of maxillomandibular defect using titanium 3D
printed mesh. EBM is a type of meal additive manufacturing
method” in which a fine metal powder is melted in successive
layers with a focused electron beam to manufacture a structure
that may consist of wvarious internal mesh structure and
complex geometries.'” Recent success in the manufacture of
patient—specific 3D printed metal devices by additive
manufacturing has been reported.” * ' Such additive
manufacturing method has benefits over existing titanium
computerized control (CNC) milling method, as the internal
configuration of the implant can be designed as desired. As the
surface of implant can be fabricated with mesh structure, the
increased porosity of the implant surface makes cell
proliferation and mesenchymal stem cell differentiation

improved and resulting in promotion of osseointegration.” '# 12

The essential point for successful reconstruction of

maxillofacial bone defect with titanium 3D printed 1is



Y The most important

accomplishment of osseointegration.!
factor influencing the osseointegration of 3D printed titanium is
macro mesh structures and nano surface properties.'” Using
CAD/CAM software various mesh type porous structures can
be designed. Few studies have yet investigated which mesh
structures should be used to best achieve osseointegration. In
this study, various mesh type porous structures were designed
and manufactured those wusing EBM. The degree of

osseointegration was measured to find out the most beneficial

mesh structure for osseointegration with animal experiment.

Porous structure of titanium implant can be manufactured
using additive manufacturing technology but surface
characteristics that affect tissue response can not be managed
with 3D printing technology. Numerous surface treatment such
as sandblasting, acid—etching, plasma reaction and
electrochemical anodization have been utilized to improve the
surface roughness.'® Surface modification of titanium 3D printed
implant should be performed to improve the osseointegration of
implant in situation, such as reconstructing major—sized
segmental mandibular defect of patients with osteoporosis.'™ "
' If a segmental defect of the mandible is to be reconstructed,

the reconstructed implant must withstand the masticatory force.

Surface treatment of 3D printed porous structure is more



complicated than substractive manufactured solid implant
because plasma spraying technique which widely used on solid

* Several

implant can not be applied to porous structure.!
surface modification methods for porous structure such as
biomimetic coating, hydroxyapatite coating, heat treatment and
chemical treatment have been reported. But there are many
limitations that are not effective or time consuming in many
cases.'” 9721 Recently microarc oxidation (anodization) which
1s an electrochemical technique was proposed for surface
modification of 3D printed porous structure.'* 2> 2 The
biocompatibility and osteoconductivity/osteoinductivity  of
electrochemical treated surface are widely used in orthopedics
and dental implant fixture.?* 2" Accordingly, we hypothesized
that additive manufactured porous titanium implant with
microarc oxidation could be utilized as reliable reconstructive
implant for segmental maxillofacial bone defects. Bone
formation around the 3D printed implant installed in rabbit

femurs was evaluated and the mechanical strength of anodized

3D printed implants was measured with push out test.



II. Materials and Methods

1. Primary cell culture from extracted human third

molar

Non—decayed human third molars that had been impacted in
the mandible were extracted from 5 adults (18-28 years of age)
under informed consent at the Seoul National University Dental
Hospital, Seoul, South Korea. The experimental protocol was
approved by the Institutional Review Board of the hospital (IRB
No. 05004). During third molar extraction, bone marrow was
obtained by curetting the extraction socket and the separated
tissues were digested in a solution of 3 mg/mL collagenase type
I (Worthington Biochem, Freehold, NJ) and 4 mg/ml dispase
(Boehringer, Mannheim, Germany) for 1 h at 37C. Single—cell
suspensions were collected by passing the cells through a 40—
mm strainer (Falcon BD Labware, Franklin Lakes, NJ) and were
cultured in the alpha—modification of Eagle’ s medium (alpha-—
MEM; Gibco BRL, Grand Island, NY) supplemented with 10%
fetal bovine serum (Gibco BRL), 100 mM ascorbic acid 2-—
phosphate (Sigma—Aldrich, St. Louis, MO), 2mM glutamine, 100
U/mL penicillin, and 100 mg/mL streptomycin (Biofluids,
Rockville, MD) and. The medium was changed after the first 24

h and then every 3 days. Three colonies of human bone marrow
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stem cells (hBMSCs) were randomly picked and the cellular
pool of those colonies was used for in vitro proliferation,
differentiation studies, and animal experiment. All primary cells

used in this study were in passage 2 or 3.

2. Flow cytometric analysis of the hBMSCs

To characterize the immunophenotype of the hBMSCs , the
expression of mesenchymal stem cell—associated surface
markers at passage 3 were analyzed by flow cytometry as
previously reported.? hBMSCs in their third passage
(1.0 X 10° cells) were fixed with 3.7% paraformaldehyde from
95% paraformaldehyde powder (Sigma—Aldrich) diluted in
phosphate—buffered saline (PBS) (3.7 g/100 mL) for 10 min
and re—suspended in PBS containing 1% bovine serum albumin
(BSA) (ICN Biomedicals) for 30 min for blocking nonspecific
antibody—binding sites. hBMSCs were then incubated with
specific antibodies against CD34, CD13, CD90, or CD146 at
4° C for 1 h, and then incubated with fluorescent secondary
antibodies at room temperature for 1 h. All used antibodies
were purchased from BD Biosciences. The percentages of
CD13—positive, CD90—positive, CD146—positive, and CD34—
negative cells was measured using a FACS Calibur flow

cytometer (Becton Dickinson Immunocytometry Systems). The



results were analyzed by CellQuest Pro software (Becton

Dickinson).

3. Osteogenic, chondrogenic, and adipogenic

differentiation of the hBMSCs

To promote osteogenic, chondrogenic, and adipogenic
differentiation, hBMSCs were cultured in StemPro Osteogenic,
StemPro Chondrogenic, and StemPro Adipogenic differentiation
medium (Gibco BRL), respectively, with the appropriate
supplements as previously reported.’” At 21 days, the cells
with post—osteogenic, post—chondrogenic, and post—adipogenic
induction were stained with 2% Alizarin Red S stain at pH 4.2
(Sigma—Aldrich), 1% Alcian Blue (Sigma—Aldrich), and 0.3%
Oil Red O dye (Sigma—Aldrich) to detect proteoglycans, Nissl
bodies, and fat vacuoles as indicators of osteogenic,
chondrogenic, and adipogenic differentiation, respectively.
Stained cells were observed and those were visualized under an

inverted light microscope (Olympus U—=SPT; Olympus).

4. Manufacturing of titanium 3D printed samples
for in vitro assay

Two CAD/CAM programs (3—Matic/MAGICS, Materialise,

Belgium) were utilized to design a 3D printed samples for in
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vitro assay. The porous structures were based on dode—thin
unit cells in the MAGICS program with the following design
(nominal) dimensions: strut size = 120 xm, pore size = 500
p#m, porosity = 88%. Solid structure were also designed
without any pores. The designed STL file was programmed to a
3D printer with an EBM method of metal additive manufacturing
(Arcam Al, Arcam, Sweden), and samples were printed using
Ti—6Al—4 V—ELI medical grade powder (Arcam Al, Arcam,
Sweden). The composition of the Ti—6Al—-4 V—ELI medical
grade powder was 5.94% Al, 4.14% V, 0.008% C, 0.049% Fe,
0.10% O, 0.010% N, 0.010% Y, and less than 0.002% H and Z,
with the remaining composition being Ti (in weight percent).!
The powder was also purchased from Arcam and was designed

specifically for additive manufacturing.

In this system, the focused high energy electron beam was
rastered over each successive layer of Ti—6Al—-4 V-ELI
medical grade powder, which was gravity—fed from powder
containers and raked into successive layers of approximately
50 pm in thickness. The building component was moved down
on the build table with the finishing of each successive layer.
Each newly raked powder layer was initially rastered by the
electron beam after approximately 11 passes at a beam current

of approximately 35 mA to preheat each layer to approximately



600 ° C. The melt configuration was determined by a three
dimensional CAD program that melts only selected layer areas
to add metal to the build.!¥ For subtractive manufacturing, Ti—

bal—=4V—ELI medical—grade material was used. Disk—shaped
samples with various size (@14 mm xH2 mm, @18 mm x H2 mm)

were manufactured with additive and substractive

manufacturing for in vitro assays (Fig. 1).
5. Surface Treatments (Microarc oxidation)

Manufactured disk—shaped samples were ultrasonically
cleaned in acetone, ethanol, and distilled water by sequentially
for surface degreasing. The anodization treatment was
performed on each of structures to form homogenized
nanoporous structure. Nanoporous structures were fabricated
by DC power supply (N8943A DC power supply, Keysight,
California, US) at room temperature, treatment was applied
voltage and current from 100 to 200 V with 1A until to be a
passivation (zero current). The samples were used as an
anodes while a platinum plate was worked as a cathode,
aqueous electrolyte solution was 1.0 M HzPO, which has
prepared from reagent grade chemicals and distilled water. The
surface morphology was observed by field emission scanning

electron microscopy (FE—SEM, Ultra plus, Zeiss, Deutschland).



The phases of anodized surface of 3D printed samples were
analyzed by energy disperse spectroscopy (S—4800, Hitachi,

Japan).

6. Cell adhesion assay

Human BMSCs (5x10* cells/wells) were seeded onto 6
samples (314 mm x H2 mm) and cultured for up to 3 hours in

alpha—MEM (Welgene, Fresh Media, Korea) containing 10%

FBS (Gibco, by life technologies, USA) and 1x Antibiotic (Gibco,

by life technologies, USA) at 37 ° C in a humidified atmosphere
containing 5% CO,. Samples are relocated to a new plate,
unattached cells were removed by vigorous pipetting with
phosphate—buffered saline (PBS), and the remaining hBMSCs
were measured. The quantitative analysis was carried out using
a WST—8 assay (Viability Assay Kit, MediFab Co., LTD) at OD

450 nm.

7. Cell proliferation assay

Cell proliferation was analyzed using a WST—8 assay

(Viability Assay Kit, MediFab Co., LTD). Human BMSCs (5.0 x

10* cells/well) were seeded in 6 samples (@14 mm x H2 mm)

and cultured for 1, 7, 14 days. Samples with cultured hBMSCs

were transferred to a new plate, washed with alpha MEM
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medium and add the medium and Cellrix viability assay kit are
mixed at a ratio of 5:1 to each well of the plate. Incubated the
plate for 2 hours at 37 ° C in 5% COs,. Then, Inoculated cell
suspension (100 g l/well) in a 96—well plate and the absorbance

at 450 nm using an ELISA reader was measured.

8. Osteogenic differentiation marker analysis by RT—PCR

To evaluate osteogenic gene expression levels, 5.0x10*

hBMSCs were seeded in 6 samples (@18 mm x H2 mm) (3

wells/each sample) and cultured for 7 days, 14 days and 21
days under osteogenic differentiation induction conditions as
DMEM (Welgene, Fresh Media, Korea) containing 10% FBS, 1x
Antibiotics, 10mM glycerol 2—phosphate, 50 x# g/ml ascorbic
acid and 1mM dexamethasone. Total RNA was harvested from
the samples using Trizol reagent (Life Technologies, NY, USA)
and cDNA was synthesized from 1 pgg of total RNA using
reverse transcriptase (Superscript II Preamplification System:;
Invitrogen). The expression of the selected osteogenic genes
ALP, Runx2, OPN, RANKL, OPG and OCN were quantified using
SYBR green gene expression assays on Step One Plus PCR
system (Applied Biosystems) according to manufacturer’ s
instructions. All reactions were run in triplicate and were

normalized to the reference gene (GAPDH). The specific
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primer sets used for this analysis are listed in Table 1.

9. Scanning Electron Microscopy (SEM)

Human BMSCs that adhered onto the 6 samples (@14 mm x H2

mm) surfaces were fixed with modified Karnovsky's fixative for
2 hours. The samples were washed 3 times with PBS buffer for
15 min and fixed with 1% osmium tetroxide (EMS). The
samples were then washed with distilled water and dehydrated
with graded concentrations (70, 80, 90, 95 and 100% v/v) of
ethanol. The samples were then treated with hexamethyl
disilazane (HMDS) for 20 min. Finally, the samples were coated
with Pt prior to cell shape observation with field emission
scanning electron microscope (FE—SEM; Hitachi S—4700)

using an acceleration voltage of 15kV.
10. Animal experiments in rabbits

3D printed titanium implant preparation

This process was performed by ISO10993—-6:2007 (tests for
local effects after implantation, Annex D—Test method for
implantation in bone).” 5 types of specimens (@2.5 mm x6.0
mm) were manufactured, 4 types (soild, dode—thin, octadense,
and G-—structure) by additive manufacturing and one sample
manufactured by subtractive manufacturing (fig. 2). Half of the
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specimens were anodized as previous described.

Implantation in rabbits

Ten male rabbits (New Zealand White) were purchased from
Orient Bio Inc. New Zealand White rabbits (3200 g) were
selected as they have already been widely used for implant

tests? 2

. The study protocol was approved by the Ethics
Committee on Animal Experimentation of Chung—Ang
University (2019—-00002). Before transplantation, fur was
shaved around a portion of the rabbit femur to ensure there was
enough space to implant test materials. After the rabbits were
anesthetized with alfaxanolone (Alfaxan® Jurox, Australia)
(4mg/kg) and xylazine hydrochloride (Rompun®,Bayer Korea,
Korea) (0.32 ml/kg) IM , implantation site of femur were
approached with 7 cm long incisions through the skin. And all
specimens were implanted in individual rabbits (Fig. 3). Six

weeks after implantation, the rabbits were euthanized, and the

femurs with implanted specimens were enucleated.

Push—out test to compare the degree of osseointegration

The enucleated portion was fixed to a jig, and the push—out
test was performed (Instron 5966, Illinois Tool Works Inc.,

USA) in the same rod as specimen size (@ 2.5 mm) (Fig. 4).
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Micro—CT procedure

The femur area that included the implanted samples was
harvested and subjected to micro-CT. Each sample was scanned
with a Skycan-1173 Micro-CT (Bruker MicroCT, Kontich,
Belgium) with the following parameters: 130 kV tube voltage,
60 g A current, 0.5 mm copper+aluminium filter, 14.91 gm
image pixel size, 400 ms exposure time, 0.5° rotation step,
360° scan and 3 frames per rotation. Three-dimensional (3D)
reconstructions were performed using NRecon software
(Bruker MicroCT). 30 consecutive sections of each sample
were placed on the cortical bone. The total length of each
sample (TL) was measured at each cross section and the length
of the portion in contact with the bone (BL) was measured to

analyze the ratio of the portion in contact with the bone.

Histologic preparation for undecalcified sections

Specimens were dehydrated in a graded concentration of
ethanol and embedded in methyl methacrylate resin
(Technovit® 7200; Heraeus Kulzer, Wehrheim, Germany) as
previously reported®. Blocks of methyl methacrylate including
the samples were sectioned at 100-gm thickness in the
sample's long axis using a diamond-coated saw cutter and the

Exakt grinding system (EXAKT Advanced Technologies GmbH,

14 .



Norderstedt, Germany). And followed by the sections were
further ground and polished to 20-zm thickness. The sections
were then stained with basic fuchsin and methylene blue, by
which the bone was stained red. The percentage of bone
implant contact (BIC) was analyzed by image—analysis
software (AxioVision 4.8; Carl-Zeiss Microlmaging GmbH,

Gottingen, Germany).
11. Statistical analysis

Statistical analysis was performed by one—way analysis of
variance (ANOVA) followed by Bonferroni’s multiple
comparison test using SPSS (ver.18) software for a comparison

between the groups. P < 0.05 was used as the significance level.
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ITI. Results

1. Characterization of hBMSCs

Human BMSCs from the mandibular third molars extraction
socket were isolated and expanded. In order to characterize the
hBMSCs, flow cytometric analysis was performed using
mesenchymal stem cell markers including CD13, CD34, CD90,
and CD146.*®> Flow cytometric analysis showed that
approximately 91.39% of the hBMSCs expressed CD13, 93.63%
expressed CD90, 55.71% expressed CD146, and 11.09%
expressed CD34 (Fig. 5). CD34 is known as MSC—negative
marker, which marks primitive endothelial cells and

hematopoietic progenitors.**

Next, the multi—lineage differentiation capacity of hBMSCs was
investigated in vitro with osteogenic, chondrogenic, and
adipogenic medium. After 3 weeks of osteogenic and adipogenic
induction, hBMSCs formed extensive Alizarin red S—positive
mineral deposits and Oil Red O-—positive lipid droplets
throughout the adherent layers. Furthermore, hBMSCs also
formed Alcian Blue—positive nodules after incubation in

chondrogenic induction medium (Fig. 6).

2. Surface morphology of 3D printed titanium after
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anodizing

The typical topography of samples with micro-particles
morphology manufactures by 3D printing and revealed by SEM
is presented in Figure 7. SEM images demonstrate that 3D
printed samples’ surface is entirely covered by globular
micro-particles with different sizes arbitrarily disseminated on
the surface. The rough and uneven surface morphology, ranging
from about 20 g#m to 50 g m for size of micro-particles, with a
wide range of inter-particle distance was observed (Fig. 7A, 7B,

7C, and 7D).

The SEM images revealing nanopores on samples after the
anodization process are demonstrated in Figure 7C, 7D, and 7E.
SEM images verify that micro-particles remained the
anodization process, and that the total surface with micro-
particles of samples were coated with homogenous layer of
nanoporous titanium oxides layer. The microarc oxidation
seems to have little influence on macrostructure with micro—
particles. The additive manufactured surface consisted of
micro-particles and flat surface, which after microarc oxidation
is coated with nanopores. The microarc oxidation was
performed at 170 V for 20 min. After anodization, the all 6

samples loses its metallic luster and became dark (fig. 1). The
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chemical constitution and state of the components in the 3D
printed sample surface after microarc oxidation was
characterized by energy disperse spectroscopy (EDS).
According to the EDS, the main surface components are O, Ti,

Al and V (Fig. 8).

3. Human BMSCs attachment assay on various

surfaces

Human BMSCs adhesion assays demonstrated that nanopores
on 3D printed titanium after anodization significantly
outperformed samples with untreated surfaces (Fig. 9). Cell
adhesion efficacy was found to be: anodized 3D printed mesh
titanium (A3DPMTi) > 3D printed mesh titanium (3DPMTi) >
anodized 3D printed solid titanium (A3DPSTi) > 3D printed
solid titanium (3DPSTi) > subtractive titanium (STi) =
anodized subtractive titanium (ASTi). The cellular spread
morphology seemed to correlate with the surface roughness
with nanopores of the samples, with more rapid attachment and

spread overall evident for the anodized 3D printed samples.

4. Human BMSCs proliferation assay on various

surfaces

Human BMSCs showed a well proliferation in all groups (Fig.
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10). The WST-8 assay of 1 day -cultures identified no

significant difference in the number of cells between the groups.

Anodized group showed significantly higher cell proliferation as
compared to non—anodized groups at 14 days (Fig. 10). Cell
number analyzed by total DNA content was consistent with the
observations based on metabolic activity. 3D printed samples
had significantly higher DNA amounts as compared to

substractive manufactured samples at 14 days (Fig. 10).
5. Morphologic features of hBMSCs (SEM)

The morphology of hBMSCs attached after 7 days of culture
on the various samples by SEM is shown in Figure 11. At 7
days, cellular extensions were observed between micro-
particles (Fig. 11), and also entering into the nanopores that
was shown on the surface of anodized samples. Surface
morphology of the anodized additive manufactured samples,
with micro-scale micro—particles, in associated with nanoporous
coating, produces a surface that enhances strong anchoring of
the hBMSCs. The cellular morphology shown with SEM seemed
to correlate with the result that hBMSCs adhesion assays
showed that nanopores on 3D printed titanium after anodization

significantly outperformed samples with untreated surfaces.

6. Osteogenic gene expression by RT—PCR
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At Day 7 of culture, the expression of OCN in the non—
anodized group was higher than in the anodized group. The
relative expression of OPG was elevated in cells cultured on
anodized samples (Fig. 12A). ALP, Runx2, RANKL, and OPG
did not show any particular differences between both groups.
After 14 days, the expression of ALP, OCN, and RANKL in the
3D printed non—anodized group was higher than in the anodized
group. However anodized 3D printed mesh titanium (A3DPMT)
exhibited greater expression of OPN as compared to non—
anodized surfaces. The relative expression of OPG was
elevated in cells cultured on anodized samples (Fig. 12B). At
Day 21, the expression of the osteoclastogenic inhibitory factor
OPG was elevated on anodized surfaces (Fig. 12C). Anodized
surfaces also showed lowered expression of RANKL, OCN, and

OPN (Fig. 120).

7. Push—out test to compare the degree of

osseointegration

As shown in Figure 13. the anodized group was found to
withstand a higher load than the non—anodized group in 3D
printed mesh group. And the 3D printed group was found to
withstand a higher load than the subtractive manufacturing

group. 3D printed solid group was found to withstand a highest
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load about 260 N. As shown in Figure 13, the 3D printed solid
samples showed better osseointegration than any other 3D
printed mesh structure. Even though the solid specimens do not
have porous structure, there were numerous spherical particles
attached to the specimen as shown in the above SEM image, It
is thought that it played a role of osseointegration. Anodization
reduced removal torque significantly in 3D printed solid group.
Among 5 groups, structures that statistically significant

increases in maximum load was dode—thin by anodization (Fig.

13).

8. Micro—CT analysis for analyzing the ratio of the

portion in contact with the bone.

After 6 weeks of healing, all implants were in close contact
with the surrounding bone except subtractive titanium (STi)
(Fig. 14). New woven bone was observed on the implant
surfaces. The bone around the anodized subtractive
manufactured implant was apparent, confirming that bone
formation had almost occurred but poor bone implant contact
(BIC) was observed in the non—anodized subtractive
manufactured implant (STi) (Fig.14A). The anodized and non—
anodized 3D printed structure (3DPSTi, 3DPM1Ti, 3DPM2Ti,

and 3DPM3Ti) produced by additive manufacturing showed
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confirmation that bone formation around implant was very well
(Fig. 14B—E). The total length of each sample (TL) was
measured at each cross section and the length of the portion in
contact with the bone (BL) was measured to analyze the ratio
of the portion in contact with the bone. The BL/TL of the
cortical femur bone in the Sti (49.9 %) was lowest value and in
the 3DPSTi (92.5 %) was the highest value. Micro—CT analysis
did not show any particular differences between non—anodized

and anodized groups (Fig. 15).

9. Histologic analysis for evaluation bone implant

contact

Histologic examination obtained in the cortical region of each
group implants which implanted in rabbit’s femur at 6 weeks are
presented in Figures 16, 17, 18, 19, and 20. In the peri—implant
cortical region, the STi (Fig. 16), 3DPSTi (Fig. 17), 3DPM1Ti
(dode—thin) (Fig. 18), 3DPM2Ti (G—structure) (Fig. 19), and
3DPM3Ti (Octadens) (Fig. 20) implants were osseointegrated
and demonstrated multiple areas of contact between the femur
bone and the implant surface except substractive manufactured

sample without anodization.
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IV. Discussion

The purpose of this study is to establish a mechanical and
histological basis for the development of biocompatible
maxillofacial reconstruction implants by fusing titanium 3D
printed porous structure and surface treatment. Improved
osseointegration of titanium 3D printed implant for maxillofacial
segmental bone defect reconstruction could be advantageous in
not only quickly osseointegrated to the bone tissue but also
stabilizing the reconstruction. Rigid stability of reconstruction
would provide favorable environment for bone healing even in
critical—sized bone defect of immediately loaded site like
mandible or maxilla.*® But the main manufacturing method
currently utilized in the medical manufacturing industry is to cut
or trim a large raw material (subtractive manufacturing).’ The

FDA—-approved patient—specific TMJ prosthesis (TMJ
Concept®) is also produced in subtractive manufacturing. This

study established the mechanical and histologic background for
the 3D printed implant with various mesh structure and surface
treatment for maxillofacial reconstruction. In this study, we
implanted in rabbit femurs specimens of the various porous
structure produced by titanium 3D printing with metal powder

and solid structure produced by subtractive manufacturing with
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or without microarc oxidation. After 6 weeks, a push—out test
was performed to compare the degree of osseointegration and

mechanical strength of each groups.

Currently, virtual surgical planning using the software and
additive manufacturing technology provides a valuable tool to
support accurate surgical planning and precise surgery in
maxillofacial reconstruction.! Multicenter study on the use of
patient—specific CAD/CAM reconstruction plates for mandibular
reconstruction showed that mandibular reconstruction using
patient—specific mandible reconstruction plates (PSMPs) offers
a broad range of opportunities and benefits compared with
standard procedures.® The use of CAD/CAM technology for the
fabrication of surgical resection guides and mandibular
reconstruction plates has proven to be useful for accurate
surgical result.’® Matthew et al. reported CAD and rapid
prototype modelling have the potential to increase the speed

and accuracy of mandibular reconstruction.”’

Various reconstructive options are possible for maxillofacial
bone defects. Recently microvascular bone grafts have become
the method of choice for facial bone reconstruction to restore
the aesthetic and functional aspects of the upper and lower jaw.
But these extended operations are not appropriate for some

patients. Donor site morbidity, increased risk of recurrence due
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to delayed radiotherapy, prolonged hospitalization time with
increased cost and a long recovery process with delayed
function are frequently noted disadvantages.® Also, with
increasing life expectancy, there are increasing cases of
maxillomandibular reconstructions in elderly with multiple
medical problems, where long reconstructive surgical procedure
would be unsuitable. Hence, there is increasing demand for
finding alternatives to the gold standard procedures of
maxillomandibular reconstructions by microvascular free

osteocutaneous flap.

Recent success in the fabrication of patient specific titanium
biomedical devices by additive manufacturing has been
reported.” * ' Such EBM method has advantages over existing
titanium computerized control (CNC) milling method of
CAD/CAM technology, as the internal structure of the implant
can be freely designed. As the surface architecture can be
controlled freely using the computer aided design, the porosity
of the portion that would be in contact with bone can be
increased, resulting in promotion of bone—implant anchorage by
improving cell proliferation and mesenchymal stem cell
differentiation.” '* '* Indeed, further investigations on various
designs, mesh structures and surface treatment of samples

produced by additive manufacturing would be required.
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Expanded hBMSCs from the human extraction socket were
used for in vitro test. Stemness of hBMSCs from extraction
socket was shown in this study. Human BMSCs were used in
our experiments because the maxillofacial reconstruction

implants are actually contacting and interacting these cells.

Appropriate surface roughness of implants enhances
osteoblastic functions, including adhesion, proliferation and
differentiation, which are considered to be the wvital
requirements in order to achieve successful osseointegration.®
Previous reports have shown that titanium implants with micro-
scale associated with nano-scale promote osteoblastic cell
functions.” Accordingly, we hypothesized that additive
manufactured titanium implant could be used as reliable
reconstructive materials for immediately loaded segmental
maxillofacial bone defects by anodizing. There is no difference
between solid and mesh specimens when observed at high

magnification

SEM images demonstrate that 3D printed samples’ surface is
entirely covered by globular micro-particles with different sizes
arbitrarily disseminated on the surface. The SEM images
revealing nanopores on samples after the anodization process
are demonstrated in Figure 7C,7D, and 7E. SEM images verify

that micro-particles remained the anodization process, and that
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the total surface with micro-particles of samples were coated
with homogenous layer of nanoporous titanium oxides layer.
The chemical constitution and state of the components in the
3D printed sample surface after microarc oxidation was
characterized by energy disperse spectroscopy (EDS).
According to the EDS, the main surface components are O, Ti,
Al, and V. During microarc oxidation aqueous electrolyte
solution (1.0 M H3PO,) was used. Remaining H3PO, on implant
surface can be cytotoxic. We confirmed that there was no

phosphate on samples using EDS.

Human BMSCs adhesion assays demonstrated that nanopores
on 3D printed titanium after anodization significantly
outperformed samples with untreated surfaces. The cellular
morphology shown wit SEM seemed to correlate with the result
that hBMSCs adhesion assays showed that nanopores on 3D
printed titanium after anodization significantly outperformed
samples with untreated surfaces. Anodized group showed
significantly higher cell proliferation as compared to non-—
anodized groups at 14 days. Previous studies have shown that

cells are likely to elongate or stretch on nanoporous surfaces.®

At Day 7 of culture, the relative expression of OPG was
elevated in cells cultured on anodized samples (Fig. 12A). After

14 days, the expression of ALP, OCN, and RANKL in the 3D
27



printed non—anodized group was higher than in the anodized
group. The relative expression of OPG was elevated in cells
cultured on anodized samples (Fig. 12B). At Day 21, the
expression of the osteoclastogenic inhibitory factor OPG was

elevated on anodized surfaces (Fig. 12C). Anodized surfaces

also showed lowered expression of RANKL, OCN, and OPN (Fig.

12C). The most distinctive feature in osteogenic gene
expression assay is high OPG expression and low RANKL
expression in anodized specimens. Consequently anodization
may have the effect of inhibiting osteoclastogenesis like
bisphosphonate. RANKL (receptor activator of NF— kB ligand),
a membrane —bound molecule, 1s a newly established member of
the tumor necrosis factor (TNF) ligand family and has been
known as essential for osteoclast formation.? And
osteoprotegerin (OPG), a member of the tumor necrosis factor

41,42 4cts as a decoy receptor by

receptor (TNF—R) superfamily
inhibiting the interaction of RANKL with its functional receptor
RANK*®,  consequently blocking osteoclastogenesis. Many
studies have reported that widely used osteoclast inhibitors, the
bisphosphonate, promote osseointegration.® 3D printed solid
group was found to withstand a highest load about 260 N. As

shown in Figure 13, the 3D printed solid samples showed better

osseointegration than any other 3D printed mesh structure.
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Even though the solid specimens do not have porous structure,
there were numerous spherical particles attached to the
specimen as shown in the above SEM image, It is thought that it
played a role of osseointergration. After 6 weeks of healing, all
implants were in close contact with the surrounding bone
except subtractive titanium (STi) (Fig. 14). New woven bone
was observed on the implant surfaces. Anodizing did not
improve bone contact in mesh structure implants. Few studies
have investigated impact of microarc oxidation on 3D printing
mesh structures. Xiu et al. concluded that surface treatment of
3D printed mesh structure with microarc oxidation improved
bone—in— growth capacity and bone bonding to implant

surface.'

Microarc oxidation should be performed under
various conditions to find the best tissue reaction in further

study.
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V. Conclusion

Titanium 3D printed structures were found to withstand a
higher load than the conventional titanium subtractive
manufacturing samples. Based on the results of this study
titanium 3D printed solid structure can be used for maxillofacial
reconstruction with good results respect to osseointegration
and bone healing, with a statistically significantly higher
removal loading compared to substractive manufactured group

and 3D printed mesh groups with or without anodization.
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Figure Legends and Figures

Figure 1. In vitro test samples

The porous structures were based on dode—thin unit cells in
the MAGICS program with the following design (nominal)
dimensions: strut size = 120 pgm, pore size = 500 pgm,

porosity = 88%.
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3DPM2Ti (G-structure) 3DPM3Ti (Octadens)
Figure 2. Mesh configuration of in wvivo specimens for

implantation in rabbit

5 types of specimens (@2.5 mm x6.0 mm) were manufactured,

4 types (soild, dode—thin, octadense, and G-—structure) by
additive manufacturing and one sample manufactured by

subtractive manufacturing.

Figure 3. Drilling to the rabbit femur and inserted 3D printed

implant.
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Figure 4. A. specimens inserted in rabbit femur. B. Setup for

Push—out test.

This process was performed by [ISO10993—-6:2007 (tests for
local effects after implantation, Annex D-—Test method for
implantation in bone). The enucleated portion was fixed to a jig,

and the push—out test was performed (Instron 5966, Illinois
Tool Works Inc., USA) in the same rod as specimen size (@ 2.5

mm) .
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Figure 5. Fluorescence—activated cell sorting analysis of

hBMSC

Flow cytometric analysis showed that approximately 91.39%
of the hBMSC expressed CD13, 93.63% expressed CD90, 55.71%
expressed CD146, and 11.09% expressed CD34.
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] Chondroensis ~ Adipog

Osteogenesis

Figure 6. Multilineage differentiation capacity of hBMSC in vitro

with osteogenic, chondrogenic, and adipogenic medium

After 3 weeks of osteogenic and adipogenic induction, hBMSCs
formed extensive Alizarin red S—positive mineral deposits and
Oil Red O-—positive lipid droplets throughout the adherent
layers. Furthermore, hBMSCs also formed Alcian Blue —positive

nodules after incubation in chondrogenic induction medium.
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3DPSTi A3DPSTi

Figure 7A-E. Surface characterization of 3D-—printed solid

titanium (3DPSTi), anodized 3D-printed solid titanium
(A3DPSTi), 3D—printed mesh titanium (3DPMTi), anodized
3D—printed mesh titanium (A3DPSTi), anodized substractive

titanium (ASTi). Scanning electron micrograph (SEM) images.

) 7% 4 ) &



0 2

4 6

8 10 12

Full Scale 4598 cts Cursor: 0.000

Spectrum 1

14 16 18 20

Element | Weight% | Atomic%
0K 20.95 42.93
AlK 5.79 7.04
TiK 70.78 48.44
VK 2.47 1.59
Totals 100.00

Figure 8. Energy disperse spectroscopy (EDS) of anodized

sample

The chemical constitution and state of the components in the

3D printed sample surface after microarc oxidation was

characterized by

energy disperse spectroscopy (EDS).

According to the EDS, the main surface components are O, Ti,

Al, and V.
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Figure 9. Cell adhesion assay

Cell adhesion efficacy was found to be: anodized 3D printed
mesh titanium (A3DPMTi) > 3D printed mesh titanium
(3DPMTi) > anodized 3D printed solid titanium (A3DPSTi) >
3D printed solid titanium (3DPSTi) > subtractive titanium (STi)

= anodized subtractive titanium (ASTi). * p<0.05
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Figure 10. The WST—8 assay

The WST—8 assay of 1 day and 7 day cultures identified no

significant difference in the number of cells between the groups.

Anodized group showed significantly higher cell proliferation as

compared to non—anodized groups at 14 days. * p<0.05
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Figure 11. Scanning Electron Microscopy

At 7 days, cellular extensions were observed between micro-
particles, and also entering into the nanopores that was shown
on the surface of anodized samples. Surface morphology of the
anodized additive manufactured samples, with micro-scale
micro—particles, in associated with nanoporous coating,
produces a surface that enhances strong anchoring (arrow) of

the hBMSCs.
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Figure 12. Real—time PCR
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Expression of ALP, OCN, Runx2, OPG, RANKL, and OPN
measured based on relative mRNA expression after 7, 14, and
21 days of call culture with real—time PCR. ALP, Runx2,
RANKL, and OPG did not show any particular differences
between both groups. After 14 days, the expression of ALP,
OCN, and RANKL in the 3D printed non—anodized group was
higher than in the anodized group. However anodized 3D printed
mesh titanium (A3DPMT) exhibited greater expression of OPN
as compared to non—anodized surfaces. The relative expression
of OPG was elevated in cells cultured on anodized samples (Fig.
12B). At Day 21, the expression of the osteoclastogenic
inhibitory factor OPG was elevated on anodized surfaces (Fig.

12C). Anodized surfaces also showed lowered expression of

RANKL, OCN, and OPN (Fig. 12C).

ASTI 3DPSTI A3DPSTi 3DPM1Ti  A3DPMITi |3DPM2Ti (G- A3DPM2Ti  3DPM3Ti  A3DPM3Ti
(Dode-thin) (Dode-thin)| structure) (G-structure) (Octadens) (Octadens)

¥

Maximun Load(N)
g g
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Figure 13. Push—out test
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The 3D printed group was found to withstand a higher load
than the subtractive manufacturing group. 3D printed solid

group was found to withstand a highest load about 260 N.

* p<0.05

A3DPM1Ti (Dode-thin) A3DPM1Ti (Dode-thin)

3DPM3Ti (Octadens) A3DPM3TI (Octadens)

Figure 14. Micro CT images

After 6 weeks of healing, all implants were in close contact
with the surrounding bone except subtractive titanium (STi) by

Micro—CT.
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Figure 15. Ratio of the total length of each sample (TL) and

length of the portion in contact with the bone (BL) by micro—
CT

The BL/TL of the cortical femur bone in the Sti (49.9 %) was
lowest value and in the 3DPSTi (92.5 %) was the highest value.
Micro—CT analysis did not show any particular differences

between non—anodized and anodized groups.
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Figure 16. Histologic sections of Sti and ASTi with basic

fuchsin stain.

3DPSTi

A3DPSTi

Figure 17. Histologic sections of 3DPSTi and A3DPSTi with

basic fuchsin stain.
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3DPM1STi

A3DPMI1STi
(Dode-thin)

3DPM2Ti
(G-structure)

A3DPM2Ti

(Dode-thin)

Figure 18. Histologic sections of 3DPM1Ti and A3SDPM1Ti with

basic fuchsin stain.

(G-structure)

Figure 19. Histologic sections of 3DPMZ2Ti and A3DPM2STi

with basic fuchsin stain.
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A3DPM3Ti
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Figure 20. Histologic sections of 3DPM3Ti and A3SDPM3Ti with

basic fuchsin stain.
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Tables

Target Forward Primer sequence Reverse Primer sequence

cDNA & -3 ) 56 -3 )

ALD TAAGGACATCGCCTACCA  TCTTCCAGGTGTCAACGAGG
GCTC T

Run? CTTTACTTACACCCCGCC  AGAGATATGGAGTGCTGCTG

unx
AGTC GTC
CAGCCATGAATTTCACAG

OPN ce GGGAGTTTCCATGAAGCCAC
TGAGAGCCCTCACACTCC

OCN e ACCTTTGCTGGACTCTGCAC
GGGTGGAGGTGTACTATG

RANKL CTTGCCGTAGGAGGAGCTG
ATGG
CCACTACGACCTACTGGA

OPG GTTGCCGAAGTCACAGGTG
TGC

GAPDII CTTTGGTATCGTGGAAGG GTAGAGGCAGGGATGATGT

ACTC TCT

Table 1. Primer sequences for real—time PCR
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Part II. Impact of bioprinting on titanium 3D
printed porous scaffold in periodontal

ligament regeneration

I. Introduction

Tumor resection, trauma, osteoradionecrosis, and various
other causes may result in maxillofacial bone defects. The
ultimate goal of reconstruction of maxillofacial bone defects is
to restore bone defects, restore facial shape to its original form,
minimize malocclusion, and restore masticatory function. In
addition, the goal is to minimize the morbidity of donor and
recipient and to perform reconstruction with minimum number
of operations.” 2 Development of CAD—CAM technology and
electron beam melting (EBM) with adequate strength and
biocompatibility makes the foundations for application of
titanium patient—specific 3—dimensional printed implants in the
field of maxillofacial bone reconstruction.”™ In fact, multicenter
study about using patient—specific CAD/CAM reconstruction
plates for mandibular reconstruction has been performed with

good results,” while a case was reported on successful
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reconstruction of maxillomandibular defect using 3D printed

titanium mesh.’

The problem that is expected when reconstructing jaws with 3D
printed titanium is oral side exposure. Since the oral mucosa is
thin and fat layer is absent, infection may occur with saliva
during exposure. When the titanium implant part is exposed, it
can be solved by washing the infected 3D printed structure well
and water tight wound closure with suture same as treatment of
peri—implantitis. But if the infection is spread on the implant—
bone interface by exposing the site connected with the existing

bone, the implant can be removed.

To solve the problem, 3D printed hybrid artificial organ was
fabricated by combining EBM technology and bioprinting of
periodontal ligament in this study. Osseointegrated dental
implants have been recognized as being very reliable and having
long—term predictability. However, host defense mechanisms
against infection have been known to be impaired around a
dental implant because of the lack of a periodontal ligament
(PDL).> ® The PDL protects against infection and protect
against bone resorption associated with mechanical stress, such

as traumatic occlusal force and orthodontic tooth movement.” '°

Organ functions are performed through biological cooperation
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with adjacent tissues and other organs.'! Fibrous connective
tissues, such as muscles, tendons and periodontal ligaments, is
essential in achieving biological organ functions, including tight
connectivity, mobility and resistance against mechanical
stimulations and infections.'? When reconstructing a mandibular
segmental defect with a titanium 3D printed implant, there is a
surface that contacts the implant and the existing bone.
Reconstruction with 3D printed hybrid artificial organ can be
done to prevent infection if the fibrous connective tissue, such
as periodontal ligament is interposed between the titanium
implant and the bone in the area close to oral mucosa and the
osseointegration is obtained at the area contacting the basal
bone at the lower part. 3D printed hybrid artificial organ can
also be applied to dental implants. 3D printed hybrid dental
implant could establish physiological tooth functions, including
the ability to react to mechanical stimulus and the ability to
resist to infection. Many studies have demonstrated that
periodontal ligament stem cells (PDLSCs) have ability of self—
renewal and differentiation, clonogenicity, and capacity to
produce connective tissue between cementum and bone.'?”!'
Currently 3D cell—-printing technique has been utilized as new
biofabrication platform because of its ability to locate living

cells in pre—defined spatial locations with scaffold and various
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growth factors.!” In this study, we tried PDL regeneration on
3D printed titanium structure’ s surface using hPDLSCs
bioprinting technique for fabricating 3D printed hybrid artificial

organ.
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IT. Materials and Methods

1. Primary cell culture from extracted human third

molar

Non—decayed human third molars that had been impacted in
the mandible were extracted from 5 adults (18-28 years of age)
under informed consent at the Seoul National University Dental
Hospital, Seoul, South Korea. The experimental protocol was
approved by the Institutional Review Board of the hospital (IRB
No. 05004). Periodontal ligament was gently separated from
the root of extracted third molars and the separated tissues
were digested in a solution of 3 mg/mL collagenase type I
(Worthington Biochem, Freehold, NJ) and 4 mg/mL dispase
(Boehringer, Mannheim, Germany) for 1 h at 37C. Single—cell
suspensions were collected by passing the cells through a 40—
mm strainer (Falcon BD Labware, Franklin Lakes, NJ) and were
cultured in the alpha—modification of Eagle’ s medium (alpha—
MEM; Gibco BRL, Grand Island, NY) supplemented with 10%
fetal bovine serum (Gibco BRL), 100 mM ascorbic acid 2-—
phosphate (Sigma—Aldrich, St. Louis, MO), 2mM glutamine, 100
U/mL penicillin, and 100 mg/mL streptomycin (Biofluids,
Rockville, MD) and. The medium was changed after the first 24

h and then every 3 days. Three colonies of human periodontal
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ligament stem cells (hPDLSCs) were randomly picked and the
cellular pool of those colonies was used for in vitro proliferation,
differentiation studies, and animal experiment. All primary cells

used in this study were in passage 2 or 3.

2. Flow cytometric analysis of the hPDLSCs

To characterize the immunophenotype of the hPDLSCs, the
expression of mesenchymal stem cell—associated surface
markers at passage 3 was analyzed by flow cytometry as
previously reported.'® hPDLSCs in their third passage
(1.0 X 10° cells) were fixed with 3.7% paraformaldehyde from
95% paraformaldehyde powder (Sigma—Aldrich) diluted in
phosphate—buffered saline (PBS) (3.7 g/100 mL) for 10 min
and re—suspended in PBS containing 1% bovine serum albumin
(BSA) (ICN Biomedicals) for 30 min for blocking nonspecific
antibody—binding sites. hPDLSCs were then incubated with
specific antibodies against CD34, CD13, CD90, or CD146 at
4° C for 1 h, and then incubated with fluorescent secondary
antibodies at room temperature for 1 h. All used antibodies
were purchased from BD Biosciences. We measured the
percentages of CDI13—positive, CD90—positive, CD146—
positive, and CD34 —negative cells using a FACS Calibur flow

cytometer (Becton Dickinson Immunocytometry Systems). We
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analyzed the results using CellQuest Pro software (Becton

Dickinson).

3. Osteogenic, chondrogenic, and adipogenic

differentiation of the hPDLSCs

To promote osteogenic, chondrogenic, and adipogenic
differentiation, hPDLSCs were cultured in StemPro Osteogenic,
StemPro Chondrogenic, and StemPro Adipogenic differentiation
medium (Gibco BRL), respectively, with the appropriate
supplements as previously reported.'®. At 21 days, the cells
with postosteogenic, postchondrogenic, and postadipogenic
induction were stained with 2% Alizarin Red S stain at pH 4.2
(Sigma—Aldrich), 1% Alcian Blue (Sigma—Aldrich), and 0.3%
Oil Red O dye (Sigma—Aldrich) to detect proteoglycans, Nissl
bodies, and fat vacuoles as indicators of osteogenic,
chondrogenic, and adipogenic differentiation, respectively.
Stained cells were visualized under an inverted light microscope

(Olympus U—=SPT; Olympus).

4. Titanium 3D printing scaffold manufacturing for

hPDLSCs printing

Two CAD/CAM programs (3—Matic/MAGICS, Materialise,

Belgium) to design a 3D printed implant for hPDLSCs printing
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were utilized. The porous structures were based on dode—thin
unit cells in the MAGICS program with the following design
(nominal) dimensions: strut size = 120 gm, pore size = 500
©m, porosity = 88%. Disk—shaped samples with size (@ 8mm x
H2 mm, @18 mm x H2 mm) were designed. The designed STL
file was programmed to a 3D printer with an EBM method of
metal additive manufacturing (Arcam Al, Arcam, Sweden), and
samples were printed using Ti—6Al—4 V—ELI medical grade

powder (Arcam Al, Arcam, Sweden) as previously described.
5. Preparation of hPDLSCs bioinks.

A commercial atelo—collagen (MS collagen, MSBIO Inc.
Republic of Korea) and recombinant human fibroblast growth
factor basic—2 (FGF—2, ProSpec, Israel) were prepared. The
experimental groups used in this study were 5% (wt/v)
collagen only and 5% collagen mixed with 10 ng/ml FGF—2. For
bioprinting of a periodontal ligament (PDL) layer, bioinks were
made by mixing the above two biomaterials and hPDLSCs. The

final cell concentration in the bioink was 1x107 cells/ml.

6. Bioprinting process for periodontal ligament

regeneration

Scaffolds fabricated by titanium 3D printing were prepared for
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bioprinting of PDL layer. In this study, experimental groups
were classified according to cell seeding and cell printing
methods. In the cell seeding group, collagen or collagen with
FGF—-2 were printed one layer on a titanium scaffold surface
and stored for 30 min at 37C for gelation. After that, hPDLSCs
were seeded on the printed bioink without cells (group 1:
titanium scaffold/collagen/cell seeding, group 2: titanium
scaffold/collagen+FGF—2/cell seeding). In the cell printing
group, the Dbioinks with cells (group 3: titanium
scaffold/collagen/cell printing, group 4: titanium
scaffold/collagen+FGF—2/cell printing) were printed one layer
on a titanium scaffold surface and stored for 30 min at 37C for
gelation (Fig. 1). For precise cell printing experiment, we used
a bioprinter (3DX Printer, T&R Biofab Co., Ltd., Republic of
Korea) (Fig. 2). Bioprinting using a nozzle was performed with
an inner diameter of 400 g m. All samples were cultured in the
alpha—modification of Eagle’ s medium (alpha— MEM; Gibco
BRL, Grand Island, NY) supplemented with 10% fetal bovine
serum (Gibco BRL), 100 mM ascorbic acid 2-—phosphate
(Sigma—Aldrich, St. Louis, MO), 2mM glutamine, 100 U/mL
penicillin, and 100 mg/mL streptomycin (Biofluids, Rockville,
MD) and. The medium was changed after the first 24 h and then

every 3 days and incubated at 37C in 5% COs.
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7. Scanning Electron Microscopy (SEM) and

sample observation

4 groups of samples were fixed with modified Karnovsky's
fixative for 2 hours. The samples were washed 3 times with
PBS buffer for 15 min and fixed with 1% osmium tetroxide

(EMS). The samples were then washed with distilled water and

dehydrated with graded concentrations (70, 80, 90, 95 and 100%

v/v) of ethanol. The samples were then treated with
hexamethyl disilazane (HMDS) for 20 min. Finally, the samples
were coated with Pt prior to cell shape observation with field
emission scanning electron microscope (FE—SEM; Hitachi S—
4700) using an acceleration voltage of 15kV at three different
magnifications: x10000, x1000, x 50.We cultured the four
groups of samples for up to 21 days incubated at 37C in 5%
COs 1n order to determine how long the gelled collagen printed

on the scaffold retained its shape and took pictures every day.
8. Live/dead cell assay and proliferation assay

The viability of seeded and printed hPDLSCs was evaluated by
live/dead cell assay kit (Lonza, Walersville, MD, USA).'Y We
also confirmed by live / dead assay that the cells were

uniformly located on the scaffold surface. We observed live and
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dead cells, which were revealed by calcein AM (green) and
EthD—1 (Red), respectively! by confocal microscope (IX81;
Olympus, Tokyo, Japan). Proliferation of seeded and printed
hPDLSCs was analyzed using a CCK—8 (Dojindo, Japan), as
reported previously.?’ 4 group of samples were cultured for 1,
4, 7 days. We quantified viable cells by measuring the optical
density of the CCK—8 solution at 450 nm with a microplate

reader (UVM 340; Olympus, Tokyo,Japan).?!

9. Evaluation of the differentiation of seeded and

printed hPDLSCs by real—time PCR

To evaluate periodontal ligament gene expression levels, 4
group of samples cultured for 7 days as under without any
induction. Total RNA was prepared using an RNeasy Mini Kit
(Qiagen) according to the manufacturer’ s instructions, and
cDNA was synthesized from 1 pg of total RNA using reverse
transcriptase (Superscript II  Preamplification  System;
Invitrogen). Oligonucleotide primers for the amplification of
human ALP, Cempl, and Coll mRNA were designed. Real—time
polymerase chain reaction (PCR) was performed with SYBR
Green PCR Master Mix (ABI Prism 7500 sequence detection
system; Applied Biosystems). The reaction conditions were 40

cycles of 15 s of denaturation at 95° C and one min of
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amplification at 60° C. All reactions were run in triplicate and
were normalized to the reference gene (GAPDH). The specific

primer sets used for this analysis are listed in Table 1.

10. Animal experiments in athymic rat for

evaluating PDL regeneration in vivo

Surgical Procedures

Athymic rats (Hsd:RH—FoxnlRnu , 10 males, 9 weeks old,
Envigo, New Jersey, USA) were used for the animal
experiment of transplantation of 3D printed titanium scaffold
with seeded or cell printed hPDLSCs into a calvarial bone
defect. The study protocol was approved by the Ethics
Committee on Animal Experimentation of Chung—Ang
University. After the rats were anesthetized with alfaxanolone
(Alfaxan® ,Jurox, Australia) (3 mg/kg) and xylazine
hydrochloride (Rompun® ,Bayer Korea, Korea) (10 ml/kg) IP.
To access the cranial vault of the rat, a 4 cm incision was made
in the skin with number 15 blade in the middle region of the
skull. The skin, facial and the periosteum were dissected and
we got enough access to calvaria. Using 8 mm trephine bur, we
made 2 circular shaped bone ditches not penetrated into dura
with a diameter of 8 mm. And using round bur, a bony pit with a

depth of 1.5 mm inside the circle was made on calvaria. We
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transplanted 4 groups of samples after 2 days of incubation

with cells layer in contact with the calvarial bone (Fig. 3). After

transplantation, the surgical wound was sutured with 4 —0 nylon.

Six weeks after transplantation, the rats were euthanized, and

the calvaria with implanted specimens were harvested (Fig. 4).

Histologic preparation for undecalcified sections

Specimens were dehydrated in a graded concentration of
ethanol and embedded in methyl methacrylate resin
(Technovit® 7200; Heraeus Kulzer, Wehrheim, Germany).
Blocks of methyl methacrylate including the samples were
sectioned at 100- #m thickness in the sample's long axis using a
diamond-coated saw cutter and the Exakt grinding system
(EXAKT Advanced Technologies GmbH, Norderstedt,
Germany). And followed by the sections were further ground
and polished to 20-g¢m thickness. The sections were then
stained with H&E and basic fuchsin, by which the bone was

stained red.

Histologic  preparation for  decalcified sections and

Immunohistochemistry

H&E staining and immunofluorescence staining of periostin,
HLA class I, vWF, and Cempl.were performed. For the
analyses, enucleated calvaria were fixed with 4%
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paraformaldehyde solution and decalcified using 10% sodium
citrate and 22.5% formic acid for 2 weeks at 4 ° C. Staining
was performed on 6 gm paraffin—embedded sections. After
deparaffinization, the slides were incubated with Proteinase K
(10 pg/mL, AM2546, Thermo Scientific, USA) for 20 minutes
at 37 ° C or, for GFP, with pepsin (Digest—All™ (00-3009,
Invitrogen, USA) for 10 minutes at 37 ° C. Subsequently, the
slides were incubated with antibodies against periostin (1:1,000
diluted, ab14041, Abcam plc, UK), vWF (1:100 diluted, AB7356,
EMD Millipore Co., USA), HLA (1:500 diluted, ab70328, Abcam
plc, UK), and CEMP1 (1:1,000 diluted, sc—=53947, Santa Cruz
Biotechnology, USA) at 4 ° C overnight. The specimens were
sequentially incubated with secondary antibodies and
streptavidin peroxidase. The results were visualized following
staining with a diaminobenzidine (DAB) reagent kit (Invitrogen,
USA). The sections were counterstained with Mayer’ s
haematoxylin. And then, negative control staining was done
without primary antibody. All specimens were observed using a
stereomicroscope (MD5500D; Leica, camera: DFC495; Leica,

Lens: HCX PL APO 409; Leica).

11. Statistical analysis

Statistical analysis was performed by one—way analysis of
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variance  (ANOVA) followed by Bonferroni’s multiple
comparison test using SPSS (ver.18) software for a comparison

between the groups. P < 0.05 was used as the significance level.
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ITI. Results

1. Characterization of hPDLSCs

Human PDLSCs from the extracted mandibular third molars
were 1isolated and expanded. In order to characterize the
hPDLSCs, flow cytometric analysis was performed using
mesenchymal stem cell markers including CD13,CD34, CD90,
and CD146. Flow cytometric analysis showed that
approximately 92.6% of the hPDLSCs expressed CD13, 94.52%
expressed CD90, 80.71% expressed CD146, and 37.49%
expressed CD34 (Fig. 5). CD34 is known as MSC—negative
marker, which marks primitive endothelial cells and

hematopoietic progenitors.?®

Next, the multi—lineage differentiation capacity of hPDLSCs
was evaluated in wvitro with osteogenic, chondrogenic, and
adipogenic medium. After 3 weeks of osteogenic and adipogenic
induction, hPDLSCs formed extensive Alizarin red S—positive
mineral deposits and Oil Red O-—positive lipid droplets
throughout the adherent layers. Furthermore, hPDLSCs also
formed Alcian Blue—positive nodules after incubation in

chondrogenic induction medium (Fig. 6).

2. Scanning Electron Microscopy (SEM) and

73 3



sample observation of bioprinted hPDLSCs

SEM showed that in the seeding groups (G1l, G2), PDL cells
had no direction and were not well organized, but in the printing
groups (G3, G4), PDL cells were well aligned and had direction
(Fig. 7). Bioink, a blend of hPDLSCs and 4 % collagen printed
on a 3D printed titanium scaffold, was cultured until 21 days in
gelation condition. The gelled bio—ink did not collapse but

remained in its originally printed form in all groups till 21 days

(Fig. 8).
3. Live/dead cell assay and proliferation assay

Live/dead cell assay showed that in cell seeding (G1, G2), the
cell distribution was uneven and cell aggregation was observed.
In the cell printing group (G3, G4), the cell distribution was
homogeneous and confirmed to consist of single cells without
cell aggregation (Fig. 9). As a result, we have confirmed that

cell printing method is a more reliable method than seeding.

In the CCK—8 assay, shear stress occurred during printing and
cell viability was lower than that of cell seeding group (G1, G2).
However, cell printing group (G3, G4) proliferation has

occurred well at day 7 (Fig. 10).

4. Gene expression of seeded and printed
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hPDLSCs with real—time PCR

At Day 7 of culture, the expression of CEMP1 in the cell
printing group (G3, G4) was significantly higher than in the cell
seeding group (G1l, G2) (Fig. 11). Coll did not show any
particular differences between both groups. The relative
expression of ALP was more elevated in the seeding group (G1,

G2) than printing group (G3, G4).

5. Animal experiments in athymic rat evaluating

PDL regeneration in vivo

At 6 weeks after transplantation, the 3D printed titanium
scaffolds were covered with fibrous connective tissue between
the rat calvaria bone and 3D printed titanium scaffold in cell
printing group (G3, G4) (Fig. 12). In decalicified tissue
specimen, fibrous connective tissue was not observed in the
seeding group (G1,G2) (Fig. 12). On the contrary fibrous
connective tissue was apparent in the cell printing group (G3,
G4) (Fig. 12). In undecalcified tissue specimen with H&E stain
and basic fuchsin stain, new bone formation into porous scaffold
was evident in seeding groups but in printing group, fibrous
connective tissue was obvious between the rat calvaria bone
and the scaffold (Fig. 13, 14). Immunohistochemical staining
revealed that periostin, VWF, HLA, and CEMP1 were expressed
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in the connective tissues produced in the cell printing group
(G3, G4). But in negative control staining any of them were not
expressed. According to this study, fgf—2 did not play a role in
the regeneration of periodontal ligaments with bioprinting (Fig.

15).
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IV. Discussion

The PDL is the fibrous connective tissue between the
cementum, covering the root of the tooth, and the alveolar bone

1.2* The PDL protects against infection

that forms the socket wal
and protect against bone resorption associated with mechanical
stress, such as traumatic occlusal force and orthodontic tooth
movement.” 'Y The presence of a PDL can permit dynamic role
even in a functionally ankyloses osseointegrated implant.?®
PDL —derived cells have stem cell—like characteristics and are
regarded as versatile sources for periodontal reconstruction.?*
Many studies have demonstrated that periodontal ligament stem
cells (PDLSCs) have ability of self—renewal and differentiation,
clonogenicity, and capacity to produce connective tissue
between cementum and bone.'® '® Multi—lineage differentiation

capacity of hPDLSCs i/n wvitro with osteogenic, chondrogenic,

and adipogenic medium was demonstrated in this study.

The problem that is expected when reconstructing jaws with 3D
printed porous titanium is oral side exposure. For example, if
the patient is to be reconstructed with a titanium 3D printing
implant because of large segmental mandibular defect, the
effectiveness of the specific mesh structure and surface

treatment technology that promotes bone and adhesion to
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enable immediate functioning should be confirmed. And the
periodontal ligament regeneration technology at the implant
interface near the oral mucosa so that the reconstructed implant
can resist infection during oral exposure. To solve the problem,
3D printed hybrid artificial organ was fabricated by combining
EBM technology and bioprinting of periodontal ligament in this

study.

Osseointegrated dental implants have been regarded as being
very reliable and having long—term predictability. However,
host defense mechanisms against infection have been known to
be impaired around a dental implant because of the lack of a
periodontal ligament (PDL).% ® To solve the problem, various
bio—engineering methods for regenerating periodontal ligament
around dental implant have been studied. Nyman et al. showed
connective tissue attachment to teeth could be established
using PDL cells in the monkey.?® Several studies have proven
that PDL tissue with cementum and fiber attachment to dental
implant can be regenerated.?” " Lin ef al. demonstrated three —
dimensional biomatrix scaffold facilitated organized rat PDL
regeneration at the interface between titanium implant and
alveolar bone.”! Recently, a method of regenerating periodontal
ligament on the surface of titanium implant using PDL cell

sheets has been widely used. PDL with cementum layer and
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Sharpey’ s fibers were regenerated using PDL cell sheets
transplantation.®” Another study showed that cell sheets from
canine PDL stem cells with platelet—rich fibrin granules
promotes periodontal regeneration in re—implanted avulsed
tooth surface in a canine model.*® Embryonic dental follicle
tissue enclosed on the titanium implant, bio—hybrid implant was
reported.*® Another bio—hybrid implant encircled with PDL cell

sheets trial, implanted in living bone tissue was tried”.

No studies have attempted to regenerate periodontal ligament
by printing periodontal ligament cells on the surface of titanium
implants. Currently 3D cell—printing technique has been utilized
as new biofabrication platform because of its ability to locate
living cells in pre—defined spatial locations with scaffold and
various growth factors.!” Three dimensional (3D) bioprinting is
the utilization of 3D printing and 3D printing-like techniques to
combine cells, growth factors, and biomaterials to fabricate
biomedical parts that maximally imitate natural tissue
characteristics.® 3D bioprinted skin patch mixed with adipose —
derived stem cells enhanced wound closure, re—epithelization,
and neovascularization.'” Implanted bioprinted neural stem cells
in adult zebra fish accelerated repair of traumatic brain injury
and restore of function.”® In 2016 Kang et al reported that

implanted bioprinted various cell types including human
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amniotic—derived stem cells, rabbit ear chondrocytes, and
rabbit myoblasts produced newly formed vascularized bone
tissue, cartilage, and muscle with physiologically relevant

mechanical properties.®’

Generally, 3D bioprinting utilizes the additive manufacturing
which deposit materials known as bioinks to create tissue —like
structures that are later used in medical and tissue engineering
fields.!” Bioprinting covers a broad range of biomaterials. In this
study bio—ink was mixture of a commercial 4 % atelo—collagen
(MS collagen, MSBIO Inc. Republic of Korea), recombinant
human fibroblast growth factor basic—2 (FGF—2, ProSpec,
Israel), and hPDLSCs with cell concentration in the bio—ink was

1x107 cells/ml.

FGF—2 facilitates various cellular functions.”® FGF2 promoted
significant periodontal tissue repair with alveolar bone and
cementum formation in beagle dog and non—human primates.*~
1 In vitro studies have shown that FGF—2 enhanced potent
cellular proliferation and cell migration and regulated
extracellular matrix formation by PDL cells.** ** But according
to this study, fgf—2 did not play a role in the regeneration of

periodontal ligaments with bioprinting.
Various experiments were carried out to confirm that bio—
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printing of periodontal ligaments is an effective method for
regenerating periodontal ligament on 3D printing titanium. SEM
showed that in the seeding groups (G1l, G2), PDL cells had no
direction and were not well organized, but in the printing groups
(G3, G4), PDL cells were well aligned and had direction.
Live/dead cell assay demonstrated that in cell seeding (G1, G2),
the cell distribution was uneven and cell aggregation was
observed. In the cell printing group (G3, G4), the cell
distribution was homogeneous and confirmed to consist of

single cells without cell aggregation (Fig. 9).

PDL-derived cells possess ability of periodontal regeneration
including cementum formation.?* CEMP-1 was known as one of
the cementum marker genes found to be expressed In
cementoblasts, PDL cells, and cells around vascular networks.**
¥ At Day 7 of culture, the expression of CEMP1 in the cell
printing group (G3, G4) was significantly higher than in the cell
seeding group (G1, G2) (Fig. 11). This finding suggests that
the printed PDL cells have the capacity for cementogenesis
induction. At 6 weeks after transplantation, the 3D printed
titanium scaffolds were covered with connective tissue between
the rat calvaria and scaffold in cell printing group (G3, G4) (Fig.
12, 13, and 14). In decalcified tissue specimen, organized

connective tissue was not observed in the seeding group (G1,
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G2) (Fig.12). On the contrary well organized connective tissue
was apparent in the cell printing group (G3, G4) (Fig. 12). In
undecalcified tissue specimen with H&E stain and basic fuchsin
stain, new bone formation into porous scaffold was evident in
seeding groups but in printing group, well organized connective
tissue was obvious between the rat calvaria and scaffold (Fig.
13, 14). Based on the results of this study, we conclude that
PDL bioprinting technology is reliable method for regeneration
of PDL on titanium 3D printed scaffold. Because the athymic rat
model 1s versatile for wvalidity assessment of human cell
regeneration, we chose 1t to assess periodontal tissue
regeneration induced by human PDL cell printing on 3D printed
titanium scaffold. It was also required to confirm that newly
formed PDL fibers are interconnected between the titanium and
the bone, with a structure similar to that seen with natural
periodontal tissue, and the rat calvaria is appropriate for the
observation of PDL formation because of its profound blood
supply.® Immunohistochemical staining revealed that periostin,
VWEF, HLA, and CEMP1 were expressed in the connective
tissues produced in the cell printing group (G3, G4) (Fig. 15).
Taken together, these results suggested that newly produced
connective tissue between 3D printed implant and calvaria bone

has PDL characteristics and originated from hPDLSCs.
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3D printed hybrid artificial organ can also be applied to dental
implants. 3D printed hybrid dental implant could establish
physiological tooth functions, including the ability to react to
mechanical stimulus and the ability to resist to infection. In
order to apply bioprinting to a dental implant, techniques for
bioprinting a spiral around the dental implant should be
developed. In part I, SEM images demonstrate that 3D printed
titanium samples’ surface is entirely covered by globular
micro-particles with different sizes arbitrarily disseminated on
the surface. SEM is shown in Figure 11 (Part I). At 7 days,
cellular extensions were observed between micro-particles that
enhance strong anchoring of the hBMSCs. These findings
implies that even without cementum on the surface of the
implant, 3D printed titanium implants are likely to attach to the
periodontal ligaments. Using 3D printed titanium as a scaffold
for bioprinting other organs may help to organize the bioprinted

cells.
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V. Conclusion

Cell printing technology, rather than seeding periodontal
ligament cells, has produced periostin positive —connective
tissue interface between 3D printed titanium scaffold and the
bone. Reconstruction with 3D printed hybrid artificial organ
using bioprinting can be performed to prevent infection if the
fibrous connective tissue, such as periodontal ligament 1is
interposed between the titanium implant and the bone in the
area close to oral mucosa. This study shows the potential for a
next generation bio—implant coated with printed periodontal
ligament resembling natural tooth using titanium 3D printing and

PDL bioprinting for treating tooth loss.
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Figure Legends and Figures

Cell Printing Before gelation After gelation
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Figure 1. Bioprinting process for periodontal ligament
regeneration

A commercial 4 % atelo—collagen (MS collagen, MSBIO Inc.
Republic of Korea) and recombinant human fibroblast growth
factor basic—2 (FGF—2, ProSpec, Israel) were prepared. After
that, periodontal ligament stem cells were seeded on the printed
bioink without cells (group 1: titanium scaffold/collagen/cell
seeding, group 2! titanium scaffold/collagen+FGF—2/cell
seeding). In the cell printing group, the bioinks with cells
(group 3: titanium scaffold/collagen/cell printing, group 4:
titanium scaffold/collagen+FGF—2/cell printing) were printed
one layer on a 3D printed titanium scaffold surface and stored

for 30 min at 37C for gelation.
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Figure 2. Bioprinter.

For precise cell printing experiment, bioprinter (3DX Printer,

T&R Biofab Co., Ltd., Republic of Korea) was utilized.

Figure 3. Animal experiments in athymic rat

Using 8 mm trephine bur, 2 circular shaped bone ditches were
made not penetrated into dura with a diameter of 8 mm on
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rat’ s calvaria. And using round bur, a bony pit with a depth of
1.5 mm inside the circle was made on calvaria. 4 groups of
samples were transplanted after 2 days of incubation with

bioprinted PDL cell layer in contact with the calvarial bone.

Figure 4. Harvested samples

Six weeks after transplantation, the rats were euthanized, and

the calvaria with implanted specimens were harvested.
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Figure 5. Fluorescence—activated cell sorting analysis of
hPDLSCs using mesenchymal stem cell markers, including

CD13, CD34, CD90, and CD146

Flow cytometric analysis showed that approximately 92.6% of
the hPDLSCs expressed CD13, 94.52% expressed CD90, 80.71%

expressed CD146, and 37.49% expressed CD34.

Osteogenesis Chondrogenesis Adipogenesis

#

Figure 6. Multilineage differentiation capacity of hPDLSC in
vitro with osteogenic, chondrogenic, and adipogenic medium
After 3 weeks of osteogenic and chondrogenic induction,
hPDLSCs formed extensive Alizarin red S—positive mineral
deposits and Oil Red O—positive lipid droplets throughout the
adherent layers. Furthermore, hPDLSCs also formed Alcian
Blue—positive nodules after incubation in chondrogenic

induction medium.
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Figure 7. Scanning Electron Microscopy

SEM showed that in the seeding groups (G1, G2), PDL cells
had no direction and were not well organized, but in the printing

groups (G3, G4), PDL cells were well aligned and had direction.
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Figure 8. The gelled bioink did not collapse but remained in its

originally printed forms in all groups till 21 days.
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Figure 9. Live/dead cell assay

Live/dead cell assay showed that in cell seeding (G1 & G2),
the cell distribution was uneven and cell aggregation was
observed. In the cell printing group (G3 & G4), the cell
distribution was homogeneous and confirmed to consist of

single cells without cell aggregation. * p<0.05
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Figure 10. Proliferation assay

In the CCK—8 assay, shear stress occurred during printing and
cell viability was lower than that of cell seeding group (G1, G2).
Proliferation of cell printing group (G3 & G4) has occurred well

at day 7. *p<0.05
7days
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Figure 11. Real—time PCR

At Day 7 of culture, the expression of CEMP1 in the cell
printing group (G3, G4) was significantly higher than in the cell

seeding group (G1, G2) with real—time PCR.
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Figure 12. Decalcified cross—section of the samples (G1—-G4),
H&E stain

In decalicified tissue specimen, fibrous connective tissue was
not observed in the seeding group (G1,G2). On the contrary
well organized fibrous connective tissue was apparent in the

cell printing group (G3, G4).
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Figure 13. Undecalcified cross—section of the samples (G1—

G4), H&E stain

In undecalcified tissue specimen with H&E stain, new bone
formation into porous scaffold was evident in seeding groups
(G1,G2), but in printing group (G3, G4), well organized fibrous
connective tissue (arrow) was obvious between the rat calvaria

and scaffold.
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Figure 14. Decalcified cross—section of the samples (G1—-G4),

basic fuchsin stain

In undecalcified tissue specimen with basic fuchsin stain, new
bone formation into porous scaffold was evident in seeding
groups (G1, G2) but in printing group (G3, G4), well organized
fibrous connective tissue (arrow) was observed between the

rat calvaria and scaffold.
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Figure 15A—H. Immunohistochemical staining

Immunohistochemical staining revealed that Periostin, vWF,
HLA, and CEMP 1 were expressed in the tissues produced in
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the cell printing group (G3, G4). But in negative control staining

any of them were not expressed.
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Tables

Target Forward Primer sequence Reverse Primer sequence
cDNA (B =3 ) B -3 )

TAAGGACATCGCCTACCAG TCTTCCAGGTGTCAACGAG
ALP

CTC GT

AACATGGAGACTGGTGAG CGCCATACTCGAACTGGAA
COL1

ACCT TC

TCAAGGCAGAGGTGGGTA GGAAATGTCTCCAGGTCCA
CEMP1

TC A

CTTTGGTATCGTGGAAGG GTAGAGGCAGGGATGATGT
GAPDH

ACTC TCT

Table 1. Primer sequences
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