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Abstract While periodontal (PD) disease is among principal causes of tooth loss worldwide,
regulation of concomitant soft and mineralized PD tissues, and PD pathogenesis have not been
completely clarified yet. Besides, relevant pre-clinical models and in vitro platforms have lim-
itations in simulating human physiology. Here, we have harnessed three-dimensional bio-
printing (3DBP) technology for developing a multi-cellular microtissue model resembling PD
ligament-alveolar bone (PDL-AB) biointerface for the first time. 3DBP parameters were opti-
mized; the physical, chemical, rheological, mechanical, and thermal properties of the con-
structs were assessed. Constructs containing gelatin methacryloyl (Gel-MA) and
hydroxyapatite-magnetic iron oxide nanoparticles showed higher level of compressive strength
when compared with that of Gel-MA constructs. Bioprinted self-supporting microtissue was
cultured under flow in a microfluidic platform for >10 days without significant loss of shape
fidelity. Confocal microscopy analysis indicated that encapsulated cells were homogenously
distributed inside the matrix and preserved their viability for >7 days under microfluidic con-
ditions. Immunofluorescence analysis showed the cohesion of stromal cell surface marker-1þ
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human PDL fibroblasts containing PDL layer with the osteocalcinþ human osteoblasts contain-
ing mineralized layer in time, demonstrating some permeability of the printed constructs to
cell migration. Preliminary tetracycline interaction study indicated the uptake of model drug
by the cells inside the 3D-microtissue. Also, the non-toxic levels of tetracycline were deter-
mined for the encapsulated cells. Thus, the effects of tetracyclines on PDL-AB have clinical
significance for treating PD diseases. This 3D-bioprinted multi-cellular periodontal/osteo-
blastic microtissue model has potential as an in vitro platform for studying processes of the
human PDL.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

The periodontal ligament (PDL) is a unique specialised
fibrous network connecting the mineralized surfaces, i.e.,
alveolar bone (AB) and tooth root. PDL, AB and the
cementum are intimately related structures which form the
periodontium. These structures play an important role in
orthodontic tooth movement, homeostatic maintenance of
tooth supporting apparatus and can be adversely affected
by periodontal diseases.1 PDL consists of numerous cell
types, including PDL fibroblasts (PDLFs), osteoblasts (OBs),
cementoblasts, progenitor cells, etc. With its array of ori-
ented fibres, PDL supports the periodontium as a shock
absorber. It also functions as a barrier for pathogens and
provides sensory input for the mastication system. PDL also
functions as a renovator for the destructed tissue caused by
periodontal disease or mechanical trauma, acting as a pool
of adult stem cells for regenerating periodontal tissues.2

Periodontal (gum) disease involving inflammatory
response is one of the principal causes of tooth loss
worldwide.3 Periodontitis, the advanced stage of peri-
odontal disease has major effects on public health, with
almost 10% of the global population affected.4 This preva-
lent condition affects both the soft and mineralized peri-
odontal tissues concomitantly and results with the
formation of periodontal pockets harbouring periodontal
pathogenic microorganisms that perpetuate the inflamma-
tory destructive disease. A great number of studies have
evaluated the cell types, cellular interactions, and major
biological processes between the PDL and AB.5 For
example, the osteogenic differentiation of human PDLFs
(hPDLFs) have been evaluated in two- (2D) and three-
dimensional (3D) culture systems.6 hPDLFs encapsulated
in chitosan-hydroxyapatite (HAp) microspheres were tested
as a mineralized 3D culture platform.7 hPDLF progenitors
seeded on nanofibrous polymeric substrates have been
proposed as a model culture system.8 3D-PDLF spheroids
have been used to investigate the osteogenic and cemen-
togenic potential of these progenitors.9 However, devel-
opment and regulation of the PDL lineage, the periodontal
pathogenesis and AB remodeling have not been completely
clarified yet.

Some advances have been made in pre-clinical models
for studying periodontal pathogenesis.10,11 However, there
is a consensus that animal models, while informative, are
inadequate to accurately simulate human physiology, both
in health and disease.12,13 This is an essential issue in most
drug development processes encountering high failure rate
in clinical trials.14 Besides, in vitro modeling of human
physiology is another challenging objective with conven-
tional 2D or 3D cell culture platforms. Thus, there is a ne-
cessity to develop biomimetic and reliable platforms which
can complement the current approaches based on cell
cultures and experimental animal models.15

Multi-cellular 3D tissue models have emerged with the
aim to emulate cellular systems or processes in micro scale,
usually involving microfluidic and microfabrication tech-
niques.16,17 They have the potential to overcome significant
shortcomings of the current in vitro and in vivo testing
platforms by aid of tissue engineering.18 Already, a number
of tissues and organs have been developed as multi-cellular
models for healthy or disease conditions with unprece-
dented success, for example the heart, skin and
intestine.19e21 In addition, platforms simulating functional
biological systems and conditions, such as the female
reproductive system, bloodebrain-barrier, and a variety of
cancers have also been successfully developed.22e24 How-
ever, a 3D multi-cellular tissue model emulating the peri-
odontal ligament-alveolar bone biointerface (Fig. S1) has
not been developed to date.

3D-Bioprinting (3DBP) permits the fabrication of bio-
mimetic tissue microarchitectures by using viable cells and
biological molecules by aid of an ECM-analogue bioink in gel
form.25e29 Initially, the driving force of this technology has
been to develop tissues or organs for transplantation, later
on it has also been utilized for building 3D complex
microtissues with high spatial and temporal resolution.30e32

Raveendran et al33 have evaluated gelatin methacryloyl
(Gel-MA) as a bioink for the bioprinting of PDL cells, how-
ever they have not attempted to juxtapose PDL and AB
structures.

Tetracyclines are a class of the antibiotics that are used
as adjuncts to periodontal debridement and surgical
treatments due to their antimicrobial spectrum and high
affinity binding to the mineralized tissues such as bone.34 It
has also been demonstrated that subantimicrobial low dose
of doxycycline inhibits the inflammatory response and
prevents the exacerbation of the inflammation-mediated
periodontal tissue destruction.35 Thus, the effects of the
tetracyclines on periodontal ligament and alveolar bone-
derived cells has a prominent clinical significance for the
treatment of periodontal diseases.
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This study combines the use of 3D-bioprinting technol-
ogy for developing a human 3D periodontal/osteoblastic
microfluidic tissue model for the first time. Periodontal
ligament layer has been modelled by using Gel-MA bioink
for bioprinting the hPDLFs. On the other hand, the alveolar
bone layer has been modelled by using a composite bioink
comprised of Gel-MA and HAp-magnetic iron oxide nano-
particles (Gel-MA/HAp-MNPs) for bioprinting the human
OBs. HAp has been included to Gel-MA to simulate the bone
inorganic composition, whereas MNPs have been incorpo-
rated for obtaining magnetic properties for use in pro-
spective mechanotransductive studies simulating
orthodontic movement. The 3DBP parameters were opti-
mized; then the physical, chemical, rheological, mechani-
cal, and thermal properties of the microtissue constructs
were assessed. Finally, preliminary evaluation of the up-
take and toxicity of the model drug tetracycline on human
periodontal/osteoblastic tissue model was performed using
a microfluidic circulation system.

Materials and methods

Synthesis of MNPs and HAp-MNPs

Magnetic nanoparticles (MNPs) were synthesized by
following the co-precipitation method.36 For this purpose,
aqueous solutions of 2 mmol FeCl3.6H2O and 1 mmol
FeCl2.4H2O were mechanically mixed under nitrogen at-
mosphere. A 25% solution of NH4OH was added dropwise to
the solution until pH reached a value of 11. The obtained
MNPs were then magnetically separated from the solution
and washed several times with deionized water and
ethanol, respectively. MNPs were dried overnight at 40 �C
and subsequently stored at room temperature.37

To obtain the composite nanostructures, the MNPs were
suspended in 1 M Ca(NO3)2 solution and added dropwise into
a solution of 0.6 M (NH4)2HPO4. pH was adjusted to 11 by
adding 25% solution of NH4OH. The mixture was stirred at
room temperature for 5 h, and then kept still for about
24 h at room temperature.38 HAp-coated MNPs were sepa-
rated from non-magnetic HAp by magnetic decantation and
then dried at 40 �C for 24 h. All chemicals were purchased
from SigmaeAldrich (St. Louis, MO, USA), unless otherwise
stated.

Synthesis of Gel-MA and preparation of the bioinks

Methacrylated gelatin (Gel-MA) was synthesized by reaction
of gelatin (type A, from porcine skin; gel strength 300,
Sigma) with methacrylic anhydride (94% from Sigma) as
previously described.39 Briefly, 5 g of gelatin was dissolved
in 50 mL Dulbecco’s phosphate-buffered saline (DPBS; pH
7.4) at 50 �C until completely dissolved. 8 mL of meth-
acrylic anhydride was added to the gelatin solution under
constant stirring at a rate of 0.5 mL/min and allowed to
react for 3 h. Later, the mixture was diluted (1:5) by adding
warm DPBS at 40 �C to stop the reaction. The solution was
then dialyzed against distilled water using a dialysis tubing
(12e14 kDa cut-off) at 40 �C for 5 days to remove unreacted
residues. The product was freeze-dried for 1 week and
stored at �80 �C until further use.
Gel-MA bioink (12.5 wt-%) was prepared by dissolving the
lyophilized Gel-MA macromer in PBS (pH:7.4) containing
0.5 wt-% of radical photoinitiator (2-hydroxy-40-(2-
hydroxyethoxy)-2-methylpropiophenone; Irgacure 2959,
Sigma) at 60 �C and passing through sterile syringe filter
(0.2 mm pore size). The composite Gel-MA/HAp-MNP bioink
was obtained by incorporating 0.1% of UV-sterilized HAp-
MNPs in the 12.5% Gel-MA solution, and mixing until a
completely homogeneous blend was formed. Increasing
amounts of HAp-MNPs caused clogging of the nozzle during
the bioprinting process as a result of agglomeration of
nanoparticles. Therefore, the concentration of HAp-MNPs
was set to 0.1%, which was found suitable. The air bubbles
were removed by sonication before loading the sterile
bioinks into the syringes for bioprinting.
Characterization of MNPs and HAp-MNPs

TEM
The size, coating efficiency, nanoparticle distribution and
morphological features of both MNPs and HAp-MNPs were
evaluated by using a FEI Tecnai G2 Spirit Biotwin model
transmission electron microscope (TEM; Hillsboro, OR,
USA). Nanoparticle powders were sonicated in ethanol and
5e10 mL of the suspension was dropped onto carbon-coated
copper grids. All samples were air-dried before analysis.

FTIR
ATR-FTIR spectroscopy analysis was performed to identify
the functional groups related to iron oxide and HAp, in the
spectral range of 600e4000 cm�1 by using a Shimadzu
IRAffinity system (Kyoto, Japan).

VSM
The magnetic properties of MNPs and HAp-MNPs were
measured using the vibrating sample magnetometry (VSM),
after drying the MNPs and HAp-MNP powders at 40 �C and
analyzing at room temperature using a Cryogenic Limited
PPMS device (London, UK).
Optimization of 3D-bioprinting with the bioinks

Two layered grid model was designed by using Computer-
Aided Design (CAD) software and slicing process was per-
formed using Slic3r software (version 1.2.9). A commercial
pneumatic extrusion bioprinter (Inkredibleþ, Cellink,
Gothenburg, Sweden) was used for the 3D-bioprinting of
Gel-MA and Gel-MA/HAp-MNP bioinks on the designed 3D
model. All printings were performed at room temperature
using 27G sterile polypropylene high-precision conical
nozzles. During the entire process, the nozzle movement
speed was set to 5 mm.s�1, the extrusion pressure was
manually controlled and set to w55 kPa and infill density
was set to 100%. The optimal parameters for the 3D-bio-
printing process are listed in Table S1.

The designed and produced microfluidic chips were
placed at the appropriate coordinates on the bioprinter
platform and in situ 3DBP was performed on chip reser-
voirs. The printed Gel-MA and Gel-MA/HAp-MNP composite
model constructs were exposed to UV light (365 nm) at a
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distance of 10 cm for 120 s for photo-crosslinking right after
the 3D-bioprinting process.
Characterization of Gel-MA and Gel-MA/HAp-MNP
bioinks

Rheology
The rheological properties of Gel-MA and Gel-MA/HAp-MNP
bioinks were evaluated by an Anton Paar Rheoplus32 model
rheometer (Graz, Austria), after placing the samples be-
tween parallel plates of the device. The measurements of
the storage modulus (G0) and the loss modulus (G00) were
performed with a temperature scan ranging from 40 �C to
10 �C at a cooling rate of 1

�
C/min.

FTIR
ATR-FTIR analysis was performed to investigate the chem-
ical composition of photo-cross-linked cell-free constructs
using the IRAffinity system (Shimadzu). The specimens were
frozen at �80 �C, and lyophilized. Spectral findings were
collected in the range of 4000 cm�1 and 600 cm�1 wave-
length, with a resolution of 16 cm�1 at 64 scans.

Thermogravimetric analysis
The thermal stability of the two-layer photo-crosslinked
cell-free constructs was investigated by using a DTG-60/60
model thermogravimetric analyzer (Shimadzu). Lyophilized
specimens were analyzed in the temperature range from 30
to 600 �C at a heating rate of 25 �C/min under dynamic
nitrogen atmosphere.

Mechanical analysis
The mechanical properties of photo-cross-linked cell-free
constructs were investigated by a compression test using an
AGS-X model universal test machine with 500 N load ca-
pacities (Shimadzu). The tests were carried out at a strain
of 50% and the drawing speed was set to 1 mm/min. The
assay was performed at room temperature and on four
replicates for each sample tested. The averages of ob-
tained data were given as the stressestrain curve.

SEM
The surface morphology of the two-layered (Gel-MA on Gel-
MA/HAp-MNPs), photo-cross-linked constructs was evalu-
ated by using a Quanta 400F model scanning electron mi-
croscope (FEI Instruments, Hillsboro, OR, USA). The
samples were lyophilized, then were sputter-coated with
gold using an automatic sputter coater for 60 s to form a
conductive film layer, and were imaged at different mag-
nifications, at 10 kV accelerating voltage.

Swelling testing
Swelling test was performed to evaluate the buffer reten-
tion capacity and dissolution properties of photo-cross-
linked cell-free Gel-MA or Gel-MA/HAp-MNP comprising
different concentrations (0.1, 0.25, 0.5% w/v) of
photoinitiator. These also were the photoinitiator
concentrations evaluated during the optimization of 3DP
(not given). Measurements were done by the weighing
method using disk-shaped samples (h:2 mm, Ø:15 mm). At
first, the initial dry weights (W1) were determined; then the
samples were inserted into tubes containing 15 mL of PBS
(pH 7.4) at 37 �C for 48 h to reach equilibrium swelling. The
disks were removed at defined time points, excess buffer
on the surfaces were gently blotted, and swollen weights
(W2) were determined. Buffer retention capacity (BRC %)
was calculated by weight gain caused by fluid retention as
given in Eq. (1).

BRC%Z ½ðW2�W1Þ=W1�x100 Eq:1

Chips and microfluidic system
Microfluidic chip system was designed as two separate
layers with inlet, outlet and reservoir components. The
layers were made up of polydimethylsiloxane (PDMS; Syl-
gard 184 and curing agent, Dow Corning, Midland, MI, USA),
and were produced by using the soft lithography method.
Two layers were immobilized with a special cover platform
and stainless steel screws to avoid leakage. While the
reservoir and microchannels were located in the bottom
layer of the chip, inlet and outlet holes were located in the
top layer. Sterile silicone tubing with an inner diameter of
1 mm was used for medium flow. Connectors suitable for
the silicone tubing were produced by 3D-printing to fit
perfectly, and were used at the inlet and outlet holes of the
chip. All components of the microfluidic system were
resistant to steam sterilization for at least 10 cycles, and
were autoclaved prior to the microfluidic culture stage. The
circular reservoir had a depth of 1.5 mm and a surface area
of w176.6 mm2 (with a total working volume of
w265 mm3). The chamber had rounded corners and
tapered edges to reduce both stagnation and turbulent
zones. This feature is also known to minimize bubble
formations.

Culture of hPDLFs and hOBs
Human PDLFs were obtained from Lonza (CC-7049,
Clonetics�, Basel, Switzerland). hPDLFs were cultured in
DMEM-F12 (Dulbecco’s modified Eagle’s medium Ham’s F12;
Lonza) supplemented with 10% fetal bovine serum (FBS),
2 mM L-glutamine (Gibco, ThermoFisher, Waltham, MA,
USA), 100 mL/mL penicillin-streptomycin (Lonza) inside a
CO2 incubator adjusted to 37 �C, 5% CO2 and 95%
humidity.40

Human osteoblasts (hOBs) were obtained from American
Type Culture Collection (hFOB 1.19; ATCC� CRL11372�,
Manassas, VA, USA). hOBs were cultured in DMEM-F12 (1:1)
supplemented with 10% FBS, 2 mM L-glutamine, 100 mL/mL
penicillin-streptomycin in the CO2 incubator at 37 �C.

The media of both cell cultures were changed every 2e3
days with fresh medium. Cell morphologies were monitored
under an inverted microscope (Primo Vert, Zeiss, Ger-
many). After the cells reachedw80% confluence, they were
passaged as required to reach the needed cell numbers for
the subsequent experiments.

3D-bioprinting with cells
The main stages of 3D-bioprinting cells with the relevant
bioinks are shown in Figure 1. A final density of
4.0 � 106 cells/mL gel was chosen for bioprinting both of
the cell types according to previous studies.29 hPDLFs were
mixed with the Gel-MA bioink for bioprinting the



Figure 1 Schematic showing the 3D bioprinting of cells with the relevant bioinks. hPDLFs suspended in Gel-MA were bioprinted as
the top periodontal layer, whereas hOBs suspended in Gel-MA/HAp-MNP were bioprinted as the bottom alveolar bone layer. The
hybrid hydrogels contained the radical photoinitiator and were stabilized by UV light at a wavelength of 365 nm to form the 3D-
bioprinted periodontal/osteoblastic microtissue construct within the microfluidic chip.
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periodontal layer (simulating periodontal ligament), on the
other hand hOBs were mixed with the Gel-MA/HAp-MNP
bioink for bioprinting the osteogenic layer (simulating
alveolar bone). Briefly, cells suspended in 200 mL of medium
were mixed with the relevant bioink using the cellmixer
device (Cellink) and loaded into the filling cartridges
simultaneously. Cell-laden bioinks were placed alongside in
the pneumatic extrusion bioprinter (Inkredibleþ, Cellink)
located inside a sterile cabinet for implementing the 3D-
bioprinting process. 27G (ø: 0.2 mm) polypropylene conical
nozzles (Cellink) were used for the 3DP of the bioinks. The
cell-laden bioinks were in situ bioprinted inside the reser-
voir of the sterilized chip placed at the appropriate co-
ordinates on the bioprinter platform, starting with the
osteogenic layer and continuing with the periodontal layer.
The composite gels were photo-cross-linked (by exposure to
UV light at 365 nm) in between and at the end of the two
printings (120 s each at a distance of 10 cm) to generate the
microtissue constructs.

Microfluidic culture of the constructs
The scheme of the microfluidic chip and the culture me-
dium circulation system used in the study is presented in
Figure 2. The chip housing the 3D-bioprinted microtissue
(microbioreactor) was immobilized with the PDMS cover
and tightened by a set of screws and bolts to seal the de-
vice, and connected through silicone tubings to the inte-
grated circulation system, consisting of a peristaltic pump,
silicone tubing with an inner diameter of 1 mm, and sepa-
rate bottles containing the fresh and used culture media.
The flow rate of the medium was set at 300 mL/min, taking
into consideration the reservoir volume (w265 mm3) and
the mechanically dynamic nature of the tissue. This flow
rate is towards the upper limit of applied flow rates (usually
w10e500 mL/min) in comparable studies. The circulation
system was placed inside an incubator adjusted to 37 �C, 5%
CO2-95% air and 95% humidity. The cultured microtissues
and/or the waste medium were retrieved at set time points
for analyses.
Characterization of microtissue constructs

Alamar blue assay
Cell viability was measured by the Alamar blue assay.
Hybrid microtissue cultured in the microfluidic system were
taken from the reservoir of the chip at predetermined time
points (1, 3 and 7 days) and placed in a 24-well plate. After
washing with PBS, the samples were incubated with Alamar
blue reagent (1/10) in serum-free medium for 4 h at 37 �C in
dark. Cell-free hybrid microtissues were used as control. At
the end of the incubation period, 200 mL of samples were
transferred to a 96-well plate. Fluorescent intensities (Ex:
570 nm, Em: 585 nm) were measured using a SpectraMax�

M5 model microplate reader (Molecular Devices, San Jose,
CA, USA). The groups were compared with time change
using the two-way ANOVA and Bonferroni post-hoc test
(*P < 0.05) for n � 3 individual repeats.

Live/dead cell staining
Live/dead staining was performed on the cultured micro-
tissues inside the microfluidic chip after 12 h, 3 and 7 days
of cell seeding. After the washing process, microtissues
were incubated with staining solution prepared in PBS
containing 4 mM ethidiumhomodimer-1 and 2 mM calcein AM
(Live/Dead� Viability/Cytotoxicity kit; Invitrogen) for
45 min in dark at room temperature. At the end of the in-
cubation, the samples were analysed by a LSM 880 inverted
laser scanning confocal microscope (Carl Zeiss, Germany)
and cell viability and distribution were monitored.

Immunofluorescence analysis
Immunofluorescence (IF) analysis was carried out to
determine the distribution and characteristic expressions of



Figure 2 Schematic demonstration of the microfluidic chip and the culture medium circulation system used in the study.
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the cells in the perio/osteo microtissue cultured in the
microfluidic system. Microtissues were retrieved from the
reservoir at determined time points (after 1, 3 and 7 days)
and fixed in a 10% formaldehyde solution. Then, the sam-
ples were processed for cryosection as described above.
The sections were stained with immunofluorescent
markers, STRO-1 for hPDLFs and osteocalcin (OC) for hOBs.
Sections were washed in PBS for 5 min and immersed in a
blocking solution containing 0.1% Triton X-100 and 1%
bovine serum albumin. Thereafter, the sections were
incubated with primary antibody solution. After washing
with PBS, they were incubated with a secondary antibody
solution at room temperature. Finally, the stained sections
were imaged using an Axio Vert A1 model fluorescence
microscope (Carl Zeiss, Germany).

Tetracycline interactions
Human periodontal/osteoblastic microtissue exposed to
tetracycline in microfluidic culture was evaluated by using
the Alamar blue cell viability assay, histochemical (PAS)
staining, tetracycline absorption and CLM (live/dead) ana-
lyses. Microtissues were exposed to different doses of
tetracycline for toxicity evaluation, within the commonly
used range of 0e1.0 mg/mL in microfluidic culture.41

Another reason for selecting this dose range was that the
plasma peak concentration of tetracycline is known to be
around 1 mg/mL after systemic administration of the usual
therapeutic doses.42

Histochemical analyses were carried out to evaluate the
distribution of cells and the encapsulation matrix in the 3D-
bioprinted microtissues cultured inside the microfluidic
chip. For that, cell-laden hybrid microtissues were removed
from the chip reservoir at determined time points (days 3
and 7), and fixed in 2.5% glutaraldehyde. After the fixation
process, the samples were immersed in 15% sucrose solu-
tion for 30 min, embedded in optimal cutting temperature
compound (Tissue-Tek, Sakura, Zuid-Holland, Netherlands)
and stored at �80 �C. Then, 4e5 mm frozen sections were
cut using a Leica cryostat (CM 1900, Nussloch, Germany).
The sections were stained with Periodic Acid Schiff (PAS)
staining and visualized by a light microscope (Leica, Wet-
zlar, Germany).

The determination of drug absorption was conducted
using the waste medium of the cultured periodontal/
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osteoblastic microtissue in the presence of 0.1 mg/mL of
tetracycline. Cell-devoid gels served as control. The media
were collected at predetermined time intervals and stored
�80 �C until use. The drug absorption levels of the hybrid
microtissues were determined by using the tetracycline
ELISA kit (BioVision) in accordance with the standard kit
protocol.

Subcutaneous implantation of acellular constructs
The in vivo histocompatibility and degradation properties
of the 3D-bioprinted acellular constructs were evaluated
subcutaneously at the epigastric groin fascia of adult
Wistar rats (weighing 275 � 50 g; nZ 4) in accordance with
the international guidelines and institutional approval
(2016-12-133). The surgical procedures43 were performed
in aseptic conditions under anesthesia by intraperitoneal
injection with ketamine hydrochloride (60 mg/kg) and
xylazine (10 mg/kg). The sites were shaved, disinfected
with iodine and isopropyl alcohol, and incisions were made
at the right and left groins. Sterile acellular constructs
were then placed in the formed flaps and the incisions
were closed by sutures. The subjects were sacrificed after
15 and 30 days post-implantations, then routine histology
Figure 3 Characterization of MNPs and HAp-MNPs. (A) TEM micr
arrow marks. (B) FTIR analysis. Indicated peaks: a: OH� ion stre
PO4

3�(1045 and 1087 cm�1, and PeO bending at 550-650 cm�1); d:
was performed on hematoxylin-eosin (H&E)-stained spec-
imens, and the sections were evaluated by a light
microscope.

Statistical analysis

All experiments were performed in triplicate, unless
otherwise stated. The data were presented as
mean � standard deviation. In statistical analyses, Graph-
Pad Prism5 (GraphPad Software, La Jolla, CA, USA) was
used for one-way ANOVA and two-way ANOVA tests.

Results and discussion

Characterization of MNPs and HAp-MNPs

TEM micrographs of MNPs and HAp-MNPs are shown in
Figure 3A. It is clear from the figure that the MNPs have a
spherical shape with an average size of w15 nm. Magnetic
nanoparticles tend to agglomerate due to the magnetic
forces and their size in nanoscale (left image). It is also
observed that the needle-shaped HAp nanorods are formed
ographs. MNPs are indicated with arrowheads, and HAps with
tching (3500-3100 cm�1); b: CO3

2� (1350 and 1650 cm�1); c:
FeeO vibration (570 cm�1). (C) Magnetization curves.
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on the surface of the MNPs (right image). The average size
of the HAp nanorods was found to be w35 nm in length and
w10 nm in width (Fig. 3A).

FTIR analyses of MNPs and HAp-MNPs are shown in
Figure 3B. The FTIR spectrum of the MNPs confirms
the iron oxide specific peak at 570 cm�1 and the broad
peak of OH� ion stretching at 3500-3100 cm�1. The FTIR
spectrum of HAp-MNPs show the characteristic bands of
PO4

3� groups at 1045 and 1087 cm�1, and the CO3
2� groups

at 1350 and 1650 cm�1. In addition, the broad peak
observed in the range of 550e650 cm�1 shows the PeO
bending vibration that overlaps with the FeeO vibration
peak.44e46

Hysteresis curves of MNPs and HAp-MNPs are shown in
Figure 3C. MNPs exhibit strong saturation magnetisation of
64 emu/g. However, HAp-MNPs have a lower saturation
magnetisation of 22 emu/g. As a result of the interaction
Figure 4 Characterization of Gel-MA and Gel-MA/HAp-MNP bio
modulus (G0) and loss modulus (G00). (C) Thermogravimetric analysi
with hydroxyapatite, the magnetization value of MNPs has
decreased by w65%. This decrease in magnetization was
expected due to the non-magnetic hydroxyapatite
component surrounding the magnetic iron oxide nano-
particles and blocking the magnetic effect. The synthesis
methods and the ratios of the components used during the
synthesis define the magnetization value of magnetic HAp
nanostructures.47,48 As a result, the magnetization of HAp-
MNPs is sufficient for use in biological applications and
higher compared to other studies in the literature in which
HAp/MNPs are used as biomaterials.49
Characterization of bioinks

FTIR spectra obtained for Gel-MA and Gel-MA/HAp-MNP
bioinks are presented in Figure 4A. Gel-MA spectrum
inks. (A) FTIR analysis. (B) Effect of temperature on storage
s.



1016 M.T. Vurat et al.
showed the following specific vibrations: a broad peak with
a peak position at 3300 cm�1 (common signal for OeH and
NeH stretching), 3070 cm�1 (NeH), 2940 cm�1 (saturated
CeH stretch), a strong peak appears at 1650 cm�1 (Amide I)
and 1550 cm�1 (Amide II).50,51 The FTIR spectra of the Gel-
MA/HAp-MNP bioink showed characteristic absorption
peaks of the Gel-MA and HAp-MNP functional groups. Peaks
at 3300 cm�1, 3070 cm�1, 2940 cm�1, 1650 cm�1 and
1550 cm�1 are related to Gel-MA. Also the characteristic
peaks for PO4

3� at 605 cm�1, 633 cm�1, 970 cm�1,
1030 cm�1 and 1090 cm�1 are due to the presence of hy-
droxyapatite component of HAp-MNPs. The sharp peak at
605 cm�1 and medium sharp peak at 633 cm�1 correspond
to the bending vibrations of PO4

3� in HAp and the peaks at
1030 and 1090 cm�1 correspond to n3 (asymmetric
stretching mode) vibrations of the PO4

3� group.52,53 Results
of the FTIR analysis confirmed the successful chemical
modification of gelatin to Gel-MA, and the presence of HAp-
MNPs in the composite bioink.

The rheological properties of Gel-MA (12.5%) and Gel-
MA/HAp-MNP (12.5%/0.1%) bioinks were measured by
cooling the temperature from 40 �C to 10 �C, with 1 �C/min
increments. As seen in the Figure 4B, G00 was higher than G0

at 40 �C for both Gel-MA and Gel-MA/HAp-MNP bioinks. By
the cooling, G0 and G00 increased and crossed over. This
crossover temperature is the gelling point (solegel transi-
tion temperature) and explains the transition from solution
state to the gel state as the temperature decreases. Find-
ings show that the rheological properties of Gel-MA differ
with temperature change, as a thermo-sensitive material.
While the temperature is just above the gelling points of
the bioinks, the storage modulus is at very low values due to
the breakdown of the physical networks. While the gelling
point of Gel-MA was around 26.5 �C, it was found to be
w27 �C for Gel-MA/HAp-MNPs (Fig. 4B). This shows that
w0.5 �C rise in the gelling point of Gel-MA was observed, by
the addition of HAp-MNP (0.1%) to the bioink. Rheology
results indicate that, above 27 �C both of the bioinks
were in liquid form, where the viscosity is too low for
accomplishing 3DP. On the other side, below 26 �C both
bioinks were in gel form and their viscosity was suitable
for performing 3D bioprinting.

The thermal degradation properties of Gel-MA and Gel-
MA/HAp-MNP bioinks were evaluated by thermogravi-
metric analysis, as presented in Figure 4C. Thermograms
showed weight loss with rising temperatures and one
distinct weight loss stage for both of the bioinks. For Gel-
MA, the main stage of weight loss started at w320 �C and
continued up to 450 �C due to the decomposition of the
material,54 with a calculated weight loss of 56.19%
(Fig. 4C). For the Gel-MA/HAp-MNPs, the weight loss
started at w320 �C and continued up to w500 �C, with a
lesser amount of weight loss (44.67%), demonstrating sig-
nificant increase in thermal stability by the incorporation
of HAp-MNPs to the Gel-MA bioink. Typically, thermograms
of the hydrogels usually show two or three actual losses
related to the loss of water molecules, decomposition of
the material and burning of organic components.55,56 On
the other hand, the initial stage weight losses of the
samples were very low, since they were freeze-dried
before the analysis.
Characterization of 3D-printed constructs

Mechanical and swelling properties, and surface morphol-
ogies of the 3D-printed Gel-MA and Gel-MA/HAp-MNP con-
structs were evaluated. The 3D-printings were performed
according to the optimal process parameters given in Table
S1. A mechanical compression test was performed to
investigate the mechanical properties of 3D printed (cell-
devoid) Gel-MA gel, as well as the impact of incorporating
HAp-MNPs into Gel-MA constructs. Figure 5A shows the
stressestrain curves of 3D printed Gel-MA and Gel-MA/HAp-
MNP constructs and their maximum stress (kPa) values.
Although both of the groups follow quite a similar path, the
maximum values of stress appear to be quite different from
each other. Eventually, 3D printed Gel-MA/HAp-MNP
construct showed a higher level of compressive strength
when compared with that of Gel-MA. The maximum
strength value of 3D printed Gel-MA/HAp-MNP (w20 kPa)
was twice as much of the 3D printed Gel-MA construct
(9.3 kPa) (Fig. 5A). In other studies, quite analogous
changes in mechanical properties are observed by the
addition of compositing materials into Gel-MA hydrogels as
well.57,58 Thus, it is anticipated that the chemical in-
teractions between the functional groups of Gel-MA
hydrogel and HAp-MNPs could be the cause of improve-
ment in the mechanical compression properties of the gels.

The swelling properties of the hydrogels are mainly
dependent on their chemical composition and concentra-
tion.59 The findings from the equilibrium swelling analysis
of Gel-MA, Gel-MA/HAp-MNP and Gel-MA þ Gel-MA/HAp-
MNP specimens crosslinked using three different concen-
trations of the photoinitiator, Irgacure 2959 (0.1%, 0.25%
and 0.5%) are presented in Figure 5B. It is evident from the
figure that the swelling ratios of the Gel-MA constructs
decreased by the increase in crosslinker concentration from
0.1 to 0.5%, perhaps due to the decrease in mesh size of the
GelMA hydrogel network, which may have decreased the
diffusion of water into GelMA.60

Representative SEM micrographs of the 3D bioprinted and
freeze-dried cell-free Gel-MA and Gel-MA/HAp-MNP con-
structs are demonstrated in Figure 5C and D. The struts
(0.5e0.6 mm fiber diameter) of the 3D printed constructs
are evident from the images in different magnifications. The
3D printed design model is still preserved, however with
some shrinkage and surface deformations due to the freeze-
drying step and preparation of specimens prior to SEM
analysis. It is also evident that Gel-MA/HAp-MNP constructs
have a more textured and dense form, compared with that
of Gel-MA constructs (Fig. 5C,D), related to its inorganic
content. On the other hand, phase-contrast images (Fig. 6A)
confirm that 3D printed constructs preserve their shape
without shrinkage or deformation in aqueous conditions.
Characterization of 3D-bioprinted constructs
(shape-fidelity and distribution of cells)

The process parameters were optimized carefully for bio-
printing the desired cell-laden microtissue constructs. Gel-
MA hydrogels of �10% concentration permitted bio-
printing,61,62 whereas <10% Gel-MA hydrogels were not



Figure 5 Mechanical and swelling properties of 3D-printed cell-free Gel-MA and Gel-MA/HAp-MNP constructs. (A) Compression
strength analysis. (B) Equilibrium swelling properties of the hydrogels (n Z 3) (a,a; b,b; c,c; d,d P < 0.05). (C, D) Scanning electron
micrographs of 3DP Gel-MA and Gel-MA/HAp-MNP.
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suitable for 3D-bioprinting at 25 �C related to their low
viscosity. Similar to a previous study,33 the Gel-MA con-
centration of 12.5% was found optimal for bioprinting
thinner strands with shape fidelity (Fig. 6A,B). It was
possible to bioprint mechanically more stable, higher-
resolution constructs with hydrogel concentrations
>12.5%, however this would require much higher extrusion
pressure known to cause cellular damage. Also, high
crosslinking of hydrogels could be an obstacle for the
migration, proliferation and nutrient transfer of the
encapsulated cells.63 However, precisely homogenous
struts of the microtissues possessing viable cells could be
fabricated by using the optimized 3D-bioprinting parame-
ters, including the printing speed, extrusion pressure, car-
tridge temperature, nozzle diameter, radical photoinitiator
concentration, and UV exposure time. It was also found
that the 3D-bioprinted constructs were mechanically stable
to the applied microfluidic culture conditions for at least
two weeks (not shown).

CLM analysis evidently demonstrated that the bioprinted
cells (hPDLFs and hOBs) were highly viable and were ho-
mogeneously distributed throughout the bioprinted gel
construct (Fig. 6C). The distribution and localization of
both cell types inside the hybrid periodontal/osteoblastic
microtissue were evaluated by using IF microscopy
(Fig. 6D). Stromal cell surface marker-1 (STRO-1) is positive
for human PDLFs cells found in the periodontal layer,64

whereas osteocalcin (OSC) is positive for osteoblastic cells
located in the osteoblastic layer of the hybrid bilayer
construct.65 It was observed that STRO-1þ cells (hPDLFs)
and OSCþ cells (hOBs) were localized in their own layers at
the early stage of culture (Fig. 6D(a)). Subsequently, hOBs
and hPDLFs were intertwined in some regions of the
construct (Fig. 6D(b),(c)) which could be explained by the



Figure 6 Morphology of 3D-bioprinted, layered human periodontal/osteoblastic microtissue in microfluidic culture. (A) Phase-
contrast, and (B) SEM images confirm the shape retention of the constructs. (C) CLM shows the homogenous distribution of the
viable cells throughout the construct (after 12 h). (D) Immunofluorescence micrographs demonstrating the localization of peri-
odontal and osteoblastic layers, and their gradual intervention after 1 day (a), 3 days (b), and 7 days (c) of microfluidic culture (top
view). The blue-stained layer (containing STRO-1þ hPDLFs, simulating the periodontal ligament), and the red-stained layer
(containing OSCþ hOBs, simulating the alveolar bone) are in close vicinity, and have merged in some locations. Cell densities:
hPDLF-laden Gel-MA layer (4.0 � 106 hPDLFs/mL gel); hOB-laden Gel-MA/HAp-MNP layer (4.0 � 106 hOBs/mL gel). Scale
bars Z 100 mm. Separate images are given in Figure S2.
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permeability (consistency) of the bioprinted constructs
allowing migration or proliferation of the cells, and/or by
the degradation of the gels to some extent under the
microfluidic culture conditions. It was observed that mostly
the STRO-1þ (blue) hPDLFs migrated to the OSCþ (red)
osteoblastic bottom layer (Fig. S2).

Histologic evaluation of implanted constructs

While the main aim of this study was to develop a multi-
cellular 3D-bioprinted in vitro microtissue model of human
periodontal ligament-alveolar bone biointerface, the
approach incorporates potential in vivo implications (i.e.,
periodontal tissue engineering). For that reason, a pre-
liminary histologic analysis was performed as a first attempt
to evaluate the histocompatibility of the 3D-bioprinted
acellular constructs. Representative light microscopy im-
ages retrieved at 15 and 30 days post-implantations are
given in Figure S3. Findings indicated that the constructs
subcutaneously implanted into the epigastric groin fascia of
Wistar rats demonstrated a moderate level of inflammatory
process leading to substantial degradation within the
duration of the study without any remarkable sign of fibrous
tissue formations. After 15 days of implantation, the host
cell infiltration was evident inside the 3DP-construct
accompanied by a gradual degradation from the periphery
where capillaries and small blood vessels could be preva-
lently observed. The remnants of the 3D-bioprinted acel-
lular construct were distinguished after 30 days of
implantation; thus this microenvironment could be
described as a suitable medium for remodeling (Fig. S3).
Prospective studies involving the orthotopic transplantation
of 3D-bioprinted cell-laden constructs could perhaps indi-
cate the potential of the designed microtissue for tissue
engineering applications.

Tetracycline interactions in microfluidic culture

Alamar blue assay
The results of the Alamar blue assay of 3D-bioprinted hybrid
microtissue cultured in the presence or absence of the
tetracycline are presented in Figure 7A. Similar to CLM
findings (Fig. 6C), Alamar blue results confirmed the cyto-
compatibility of the bioinks under standard culture not
containing tetracycline. Secondly, results indicated that
tetracycline concentrations used in the study did not show



Figure 7 Human periodontal/osteoblastic microtissue exposed to tetracycline in microfluidic culture. (A) Cell viability of the
constructs exposed to different doses of tetracycline (0e1.0 mg/mL) was measured by Alamar blue assay, and the groups were
compared with time change using the two-way ANOVA and Bonferroni post-hoc test (*P < 0.05) for n � 3 individual repeats. (B)
Representative histology images of the layered microtissues exposed to 1.0 mg/mL tetracycline in microfluidic culture for 3 and 7
days. Micrographs demonstrate homogeneous distribution of cells encapsulated inside the bioprinted constructs. PAS-stained
(magenta-coloured) denser matrix with lesser empty spaces in the sections at day 7 (compared with day 3) resembles the pro-
duction of glycosaminoglycans. (C) Tetracycline absorption levels of the perio/osteo microtissues inside microfluidic chip. The data
was normalized to cell-devoid 3D-printed gels. Groups were compared using the one-way ANOVA and Bonferroni post-hoc tests
(*P < 0.05). (D) CLM images of the periodontal/osteoblastic microtissues retrieved after 1, 3 and 7 days of microfluidic culture
containing tetracycline, indicating the viability of cells at all time-points. Green staining apparently shows the uptake of the
calcein reagent by the living cells. Dead cells stained in red color (ethidium homodimer labelling) are rarely observed even after 7
days.
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remarkable toxic effect on the periodontal/osteoblastic
microtissue. In general, there was no significant difference
between the fluorescence intensity of the groups at time
points. The fluorescence intensity for each group at day 3
was found to be the highest, whereas a dose-dependent,
but insignificant decrease in cell viability was also
observed at day 3. This perhaps could be explained by the
proliferation of cells between day 1 and 3 inside the bio-
printed constructs to a certain extent. On the other side,
the observed decrease in fluorescence intensity from day 3
to day 7 (P > 0.05) could be due to the formed hypoxic
conditions caused by the proliferated cells.66,67 Therefore,
it is possible to suggest for further studies that the optimal
culture time frame could be roughly around three days with
the developed multi-cellular microtissue.

Histochemistry analysis
Periodic acideSchiff (PAS) staining was performed to eval-
uate the density and distribution of cells, as well as the
polysaccharides in the hydrogel microtissue. As known, PAS
stains carbohydrate-rich macromolecules, including chon-
droitin sulfate which is a prevalent glycosaminoglycan
contributing to the adhesion of periodontal ligament to the
alveolar bone.68 Figure 7B shows histology images of the
two-layered microtissues exposed to 1.0 mg/mL tetracy-
cline in microfluidic culture for 3 and 7 days. A homogenous
distribution of cells encapsulated within the 3D-bioprinted
Gel-MA-based constructs can be observed from the micro-
graphs. Secondly, compared with day 3, the PAS-stained
(magenta-coloured) denser matrix with lesser empty
spaces at day 7 may suggest the preliminary production of
glycosaminoglycans (Fig. 7B).

As known, collagen fibers of the PDL undergo partial
intrafibrillar mineralization inside the alveolar bone form-
ing a continuous non-mineralized/mineralized structure
(the Sharpey’s fibers) (Fig. S1).1,2 Histological evaluations
did not demonstrate collagenous fiber insertions between
the two bioprinted tissue layers. As a matter of fact, we did
not expect such formations within such a relatively short
period of culture time.

Tetracycline absorption
Drug absorption is among the analysis performed on
microfluidic tissue systems.69e71 The percentage of drug
absorption was calculated using the cell culture superna-
tant retrieved from the waste medium at predetermined
time intervals. The results given in Figure 7C indicated that
tetracycline absorption was w78% and w75% at day 1 and
7, respectively. Even though these preliminary results are
consistent with the in vivo tetracycline absorption data,72

further studies are needed to confirm such results. The
tetracycline absorption on day 3 (w43%) was found to be
lower than that of day 1 and 7 (P < 0.05), which may be
explained by several events. Tetracycline-metal complex-
ation,73 such as chelation with Ca2þ and Fe3þ cations
(contained respectively in HAp and MNPs in the cell
encapsulation matrix) may not be a strong possibility, since
the data was normalized to cell-devoid 3D-printed gels.
Binding of tetracycline to proteins or nucleic acids accu-
mulated as cellular waste metabolites could have impaired
drug absorption for a certain period of culture time,74
which in due course have disappeared (by discharge)
through swelling of the composite bioprinting matrix.

In principle, the efficacy of a drug candidate developed
for the treatment of any infection can be evaluated using a
3D microtissue infection model. For example, Ortega-Prieto
et al75 have developed a 3D-microfluidic liver culture sys-
tem infected with Hepatitis B virus (HBV) to evaluate
curative therapies for HBV infection. Molecular and meta-
bolic changes in 3D-microfluidic liver cultures were inves-
tigated. In another study, the airway microfluidic culture
system as influenza A infection model was created by Si
et al.76 Analyses of various cytokines and chemokines
associated with influenza in the presence of nafamostat
drug were performed. To our knowledge, a 3DBP multi-
cellular microtissue model resembling human periodontal
ligament-alveolar bone biointerface has not been devel-
oped to date. The presented microtissue model can be
advanced as an infection model, which may provide a
platform for the evaluation of interactive effects of drugs
on cells in the context of a bioartificial periodontal/oste-
oblastic tissue microenvironment in the future.

CLM analysis
The viability and distribution of the cells in the three-
dimensional bioprinted structure cultured in the presence
of tetracycline were visualized using CLM at the pre-
determined time intervals. Confocal microscopy images of
the periodontal/osteoblastic microtissue at day 1, day 3
and day 7 are presented in Figure 7D. Live cells stain green
while dead cells stain red color. The results show that the
cells at all time points were homogeneously distributed in
the bioprinted gel structure. In addition, it is clearly seen
that green staining showing calcein reagent taken by living
cells was highly intense at all time points. On the other
hand, the small amount of red-stained cells that indicate
the ethidium homodimer labeling of the dead cells were
observed on day 3 and 7 (Fig. 7D). These results were found
to be compatible with the Alamar blue cell viability data
(Fig. 7A). The results indicated that a viable human peri-
odontal/osteoblastic microtissue could be fabricated by
using 3D-bioprinting which was exposed to relatively high
flow-rate culture conditions.
Conclusions

In conclusion, we have attempted to develop a 3D-bio-
printed microtissue model of periodontal ligament-
alveolar bone biointerface for the first time. The peri-
odontal ligament layer was generated by bioprinting
hPDLFs laden Gel-MA bioink, whereas the alveolar bone
layer was formed by bioprinting hOBs laden Gel-MA/HAp-
MNP composite bioink. The double-layered microtissue
construct was cultured under flow in a microfluidic
platform for over ten days without significant loss of
shape fidelity. IF analysis showed the cohesion of STRO-
1þ hPDLFs containing PDL layer with the OSCþ hOBs
containing mineralized layer in time, demonstrating
some permeability of the printed constructs to cell
migration. Preliminary evaluation of model drug in-
teractions indicated that tetracycline concentrations
used in the study did not show remarkable toxic effect
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on the microtissue construct. Prospective culture studies
to be performed under the magnetic field could reveal to
what extent magnetically sensitive Gel-MA/HAp-MNP
composite tissue layer will direct cell behavior (i.e.,
orthodontic movements experienced by the PDL). By
assembling other components of the microenvironment
(e.g., other cell types, vascularization, innervation and
immune system) onto the developed PDL-AB bio-
interface could possibly lead to a preclinical platform for
the evaluation of interactive effects of drugs on cells in
the context of an emulated bioartificial periodontal/
osteoblastic tissue microenvironment.
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concept and design, experimental studies, data acquisition,
data analysis, manuscript preparation. Mahmut Parmaksiz:
concept and design, literature search, data acquisition, data
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