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Abstract

The goal of this study was to use 3D bioprinting technology to create a bioengineered dental
construct containing human dental pulp stem cells (hDPSCs). To accomplish this, we first
developed a novel bone morphogenetic protein (BMP) peptide-tethering bioink formulation and
examined its rheological properties, its printability, and the structural stability of the bioprinted
construct. Second, we evaluated the survival and differentiation of hDPSCs in the bioprinted
dental construct by measuring cell viability, proliferation, and gene expression, as well as
histological and immunofluorescent analyses. Our results showed that the peptide conjugation into
the gelatin methacrylate (GelMA)-based bioink formulation was successfully performed. We
determined that greater than 50% of the peptides remained in the bioprinted construct after 3
weeks /n vitro cell culture. Human DPSC viability was >90% in the bioprinted constructs
immediately after the printing process. Alizarin Red staining showed that the BMP peptide
construct group exhibited the highest calcification as compared to the growth medium, osteogenic
medium, and non-BMP peptide construct groups. In addition, immunofluorescent and quantitative
reverse transcription-polymerase chain reaction (QRT-PCR) analyses showed robust expression of
dentin sialophosphoprotein (DSPP) and osteocalcin (OCN) in the BMP peptide dental constructs.
Together, these results strongly suggested that BMP peptide-tethering bioink could accelerate the
differentiation of hDPSCs in 3D bioprinted dental constructs.
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Introduction

Craniofacial injuries and associated tooth loss is a significant health issue affecting millions
of people in the US and worldwide (1, 2). Artificial dental implants are the current gold
standard tooth replacement therapy; however, they lack many key properties of natural teeth
and can be associated with complications leading to implant failure (3). Thus, a
bioengineered tooth bud has been proposed as a superior alternative tooth replacement
option (4-7). To facilitate the effort to create bioengineered teeth, great strides have been
made in the fields of tissue engineering and regenerative medicine to create 3D bioprinting
technologies capable of producing tissue constructs using a variety of cell types,
biomaterials, and bioactive molecules (8-10). These technologies are able to deposit living
cells into a desired shape or pattern to produce complex tissue architectures in a layer-by-
layer fashion. Because the anatomical geometries seen in the human body are highly
complex and not easily reproduced by other fabrication methods, 3D bioprinting strategies
have significant potential to improve the efficiency of translating tissue engineering
applications into the clinic.

Among many 3D printing methods, the microextrusion-based method is the most common
for cell-based bioprinting approaches (9, 11). Hydrogels are a major component of bioinks
used for cell-based bioprinting, due to the fact that they can be modified and formulated to
provide optimized printability, structural integrity, and biological properties (12). Several
hydrogels made of natural-derived materials, such as gelatin, collagen, alginate, and fibrin
have been widely used for bioprinting applications (13-17). Gelatin methacrylate (GelMA)
is a hydrogel modified from gelatin, which can be easily synthesized and cured by UV
crosslinking. Due to this easy modification method, GeIMA can be easily extruded by the
bioprinter prior to crosslinking, as well as maintain its structural integrity via UV exposure
after printing (18-22). Currently, a few approaches to developing tissue-specific bioinks to
elicit desired cellular responses have been reported (23, 24). Typically, these approaches
worked to provide significant control of tissue-specific cellular activities by creating 3D
printed hydrogel constructs that closely matched the biomechanical properties of the
targeted tissue and provided the proper cellular interactions (25-27). In addition, the tissue-
specific microenvironment can be provided by these tissue-specific bioinks, where specific
bioactive molecules such as growth factors, cytokines, ligands, and hormones are bound to
the resulting scaffolds, and able to trigger biochemical responses for cellular activities
(28-31).

Bone morphogenetic proteins (BMPs) are the most commonly used growth factors in the
orthopedic field and have been approved by the Food and Drug Administration (FDA).
BMP-2 has been shown to regenerate bone through osteogenic differentiation of
osteoprogenitor cells and stem cells (32). Despite these advantages, a major drawback of
BMP-2 is its relatively short half-life in the body, due to rapid degradation by proteinases.
Therefore, repeated local delivery is required to achieve the biological activity necessary to
reach therapeutic effects in clinical applications (33, 34). To avoid this issue, here we have
used a synthetic BMP-2 mimetic peptide consisting of the amino acid sequence
(KIPKASSVPTELSAISTLYL) (35), present in the native BMP-2, which is highly active
during osteogenic differentiation. The advantages of this BMP-2 mimetic peptide include a
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lower cost compared to the native BMP-2 and easy synthesis with the desired amino acid
sequences that can be further customized as needed. Additionally, the short amino acid
sequence of BMP-2 mimetic peptide makes it more stable and allows for efficient binding
with hydrogels using a chemical reaction (36-38).

Our goal was to create a bioengineered dental construct by bioprinting human dental pulp
stem cells (hDPSCs) and BMP-mimetic peptide tethering bioink. We hypothesized that the
BMP-mimetic peptide tethering bioink could accelerate the differentiation of hDPSCs in the
bioprinted dental constructs. In this study, we used a thiolated BMP-mimetic peptide that
was directly conjugated into a GelMA-based bioink formulation. We examined the
rheological properties, printability, and structural stability of the bioprinted dental
constructs. To evaluate the biological properties and hDPSC differentiation in the bioprinted
dental constructs, we measured cell viability and proliferation, and mineralized tissue matric
production, and analyzed dental pulp stem cell differentiation marker expression by
immunofluorescence and quantitative reverse transcription-polymerase chain reaction (QRT-
PCR).

Materials and Methods

Materials

Type A gelatins derived from porcine skin tissue (~300g bloom and 90~110g bloom),
sodium carbonate, sodium bicarbonate, methacrylate anhydride, hyaluronic acid (HA),
photoinitiator (Irgacure 2959), and glycerol were purchased from Millipore Sigma (St.
Louis, MO, USA). Bone morphogenetic protein (BMP)-mimetic peptide
(KIPKASSVPTELSAISTLYL) with a -SH (cysteamide residue) at the C-terminal end, BMP
mimic peptide conjugated fluorescein isothiocyanate (FITC-BMP), and FITC-BMP-SH was
purchased from Genscript (Piscataway, NJ, USA). Live/Dead Cell Double Staining Kit,
Alexa Fluor 594 and Alexa Fluor 488-conjugated secondary antibodies, Dako Antibody
Diluent solution, and 0.45 um syringe filters were purchased from Thermo Fisher (Waltham,
MA, USA). Dentin sialophosphoprotein (DSPP, LFMb-21) and Osteocalcin (OCN, G-5)
antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Vectashield
Fluorescent mounting medium with DAPI was purchased from Vector Laboratories, Inc.
(Burlingame, CA, USA). Trizol, sybrgreen, quantitative reverse transcriptase-polymerase
chain reaction (qRT-PCR) kit, and primers were purchased from Eurofins Genomics
(Louisville, KY). All cell culture related agents were purchased from HyClone (Logan, UT,
USA) unless noted otherwise.

2.2. Synthesis of gelatin methacrylate (GelMA)

Gelatin methacrylate (GelMA) was synthesized by dissolving 10 g of type A gelatin (~300g
Bloom) in CB buffer (0.25 M buffer comprising 7.95 mg/mL sodium carbonate and 0.73
mg/mL sodium bicarbonate in 1 L distilled water). The CB buffer was ensured to have a pH
of 9.0 by adding either 1 M sodium hydroxide (NaOH) or hydrochloric acid (HCI) dropwise.
Methacrylic anhydride (MAA) was then added in dropwise fashion (0.5 mL/min) to the
gelatin solution using gentle magnetic stirring at 50°C, and the reaction was allowed to
proceed for 3 h. Next, the GelMA solution (20 mL) was added to 80 mL of PBS (5%
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dilution) to stop the reaction, and the solution was then dialyzed in distilled water using
12-14 kDa cutoff dialysis tubing (Spectra Por, Spectrum, NJ, USA) for 1 week at 37°C to
remove salts and unreacted MAA, with daily water changes. Finally, the GelMA solution
was lyophilized for 1 week and stored at —20°C until the use. Methacrylation (%) of the
GelMA with different amounts of MAA was measured by TH NMR spectroscopy.

2.3. Conjugation of BMP-mimetic peptide into GelMA hydrogel

For measuring BMP-peptide conjugation, fluorescein isothiocyanate-labeled BMP-mimetic
peptide (FITC-BMP) was used. FITC-BMP peptide and FITC-thiolated BMP peptide
(FITC-BMP-SH) were mixed with 5 wt% GelMA hydrogel and 0.2 wt% photoinitiator
(Irgacure 2959) in DI water, respectively. The BMP-GelMA solutions were placed in 1-cm
diameter mold and crosslinked by UV exposure for 2 min. The FITC-labeled BMP-GelMA
hydrogels were immersed in 2 mL of PBS in 24-well plates and shaken at 100 rpm and 37°C
for up to 28 days. In each experiment, 1 mL of the solution was extracted from each well in
the 24-well plates at determined time intervals and 1 mL of fresh PBS was immediately
added into each well in the 24-well plates. The amount of FITC-BMP peptide was analyzed
using a microplate reader (SpectraMax M5, 3860 N First Street, San Jose, USA) equipped
with detection at 490 nm for FITC. Three independent experiments were performed on the
GelMA hydrogel mixed with FITC-BMP peptide (nonconjugated BMP-GelMA) and FITC-
BMP peptide-conjugated GelMA hydrogel. The amount of FITC released from the GelMA
hydrogels was calculated and compared to a standard curve made with known
concentrations of FITC.

2.4. Characterization of BMP-mimetic peptide-tethering GelMA hydrogels

GelMA and BMP-GelMA hydrogels were dissolved at 5 wt% with distilled water,
respectively, and a photoinitiator (Irgacure 2959) was added to the hydrogels at 2 mg/mL
and dissolved for 1 h under gentler shaking at 37°C. Before and after UV crosslinking, the
rheological properties of the GelMA and BMP-GelMA hydrogels were compared using a
rheometer (Discovery HR-2, TA Instruments, New Castle, DE, USA) with a temperature-
controlled bottom plate and an 8-mm parallel plate measuring system. All measurements
were conducted at 25°C with a gap distance of 0.3 mm at 1 Hz of oscillating frequency and
0.1% oscillating strain. The compressive mechanical properties of the GeMA and BMP-
GelMA hydrogels were determined using a universal mechanical testing machine INSTRON
5544 (INSTRON 5544, INSTRON, Norwood, MA, USA) under uniaxial compression mode.
The Instron was equipped with a 100 N load cell, and compression was conducted at 0.2
mm/min.

The swelling and degradation of the GeIMA hydrogel and BMP-GelMA hydrogel constructs
were also evaluated. A 0.5 mL volume of each hydrogel per well was placed in a 24-well
plate and then UV crosslinked at 200 mV/cm? for 2 min. Samples were then transferred to
individual wells of 12-well plates and submerged in 2 mL PBS for up to 28 days, with fresh
PBS changed every 3 days. For the swelling test, samples were removed after 24 h, blotted
dry, and weighed. These samples were then lyophilized for a minimum of 48 h and weighed
again. The swelling ratio was calculated as the ratio of (wet weight)/(dry weight). For the
degradation experiment, samples were collected at 0, 1, 3, 7, 14, 21, and 28 days and
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weighed after a minimum of 48 h of lyophilization. All swelling and degradation
experiments were conducted in triplicate.

2.5. Human dental pulp stem cell culture

Human dental pulp stem cells (hDPSCs) were obtained from Tufts University as previously
published (4, 6, 7). Briefly, the dental pulp was harvested from human teeth extracted by
clinicians at the Tufts University School of Dental Medicine for Orthodontic or other
clinically relevant reasons. Dental pulps were minced into small pieces, enzymatically
digested, filtered to single-cell suspensions, and plated in DMEM-F12 media. The cells were
expanded into T175 flasks to passage 3 and cryopreserved until use. Prior to use, the
hDPSCs were thawed, plated, passaged, and expanded in culture to P5 - P7. All primary cell
lines were tested for odontogenic differentiation prior to being used for experiments.

Human DPSCs were cultured in normal growth medium (NGM) consisting of 440 mL
DMEM/F12 medium supplemented by 50 mL FBS (HyClone, Logan, UT, USA), 25 pug/mL
ascorbic acid (Millipore Sigma), 5 mL GlutaMAX™ Supplement (Life Technologies) and
Antibiotic/antimycotic (A/A) (Life Technologies). The media was changed every 3 days.
The cells were passaged after reaching approximately 80% confluence. Human DPSCs were
expanded up to a maximum of passage 7 for all experiments. Alternatively, hDPSCs were
cultured in osteogenic medium (OM) consisting of NGM plus osteogenic supplements (50
pg/mL ascorbic acid, 100 nM dexamethasone, and 10 mM B-glyceraldehyde-3-phosphate) to
confirm their differentiation (Supplementary Figure 1).

2.6. GelMA and BMP-GelMA bioink preparation

The hDPSCs-laden bioink was prepared using 37.5 mg/ml gelatin, 30 mg/ml GelMA, 3.75
mg/ml HA, and 10% (v/v) glycerol. Briefly, HA and glycerol were dissolved in DMEM/high
glucose without phenol red at 37°C with stirring overnight. Gelatin and GelMA were added
to the HA/glycerol solution with a photoinitiator (Irgacure 2959) by gentle shaking at 37°C
for 1 h. After the components were fully dissolved, the solution was sterilized by filtering
through a 0.45 pum syringe filter. Lastly, the cells and 300 pg/mL BMP peptide were mixed
with the bioink by gentle pipetting, using M1000E pipette (Gilson Microman, WI, USA) and
capillary piston tips (Gilson Microman). The concentration of BMP peptide in the constructs
was determined from literature (39-41).

2.7. Printing of hDPSCs-laden GelMA and BMP-GelMA constructs

The DPSC-laden dental constructs using both GelMA and BMP-GelMA bioinks were
fabricated using our integrated tissue-organ printing (ITOP) system that contains an X, Y, Z-
axis stage/controller, and multiple dispensing modules (8). A sterile plastic dispensing
syringe was loaded with the cell-laden bioinks and cooled to 18°C in the cooling jacket
dispenser. Both the GelMA and BMP-GelMA required approximately 130 to 160 kPa air
pressure to extrude through a 330 pm inner diameter plastic nozzle. The bioprinting chamber
was maintained at 22°C throughout the printing process. The dental constructs were printed
in a layer-by-layer manner with a feed rate of 150 mm/min. After printing, the bioprinted
dental constructs were crosslinked by UV exposure at 200 mV/cm? for 2 min. The solid
cuboidal constructs had dimensions of 5 x 5 x 2 mm3, The bioprinted dental constructs were
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first cultured in growth media for 7 days to allow for the cells to proliferate and recover from
the stress of the printing process. Next, the printed constructs were divided into three
different groups - 1) NGM, 2) OM, and 3) OM without dexamethasone (OM-D) - to
investigate the ability of the printed BMP-GelMA constructs to direct osteogenic
differentiation of the embedded hDPSCs. OM was prepared with DMEM/F12 medium
supplemented with 50 mL fetal bovine serum (FBS), 50 pg/mL ascorbic acid, 100 nM
dexamethasone, 10 mM p-glyceraldehyde-3-phosphate, and 5 mL antibiotic/antimycotic
(A/A). The constructs were then cultured for up to an additional 28 days, with media
changes every two days.

In vitro cell viability and proliferation in the bioprinted dental constructs

To assess cell viability, the Live/Dead staining assay was performed on the dental constructs
cultured /n vitrofor 1, 4, 7, and 14 days. First, the constructs were removed from culture
media and washed 2-3 times at room temperature (RT) with PBS. Calcein AM and
propidium iodide were then mixed in a 2:1 ratio in PBS to make the Live/Dead solution that
was added to the constructs (1 mL each in a 24 well plate) and incubated at 37°C for 15 min.
A Leica TCS LSI Macro Confocal microscope (Leica, Wetzlar, Germany) was used to detect
fluorescence at 490 nm and 545 nm excitation for live and dead cells, respectively. The
images were then merged and the ratio of Live to Dead cells was counted using ImageJ
software (Ver. 1.51j). For the quantitative analysis of hDPSC proliferation, an AlamarBlue®
assay was performed. The AlamarBlue® solution was added to cultured constructs
containing cell culture media at a volumetric ratio of 1:9 and incubated at 37°C for 3 h. The
solution was then removed, placed in individual wells of a 96 well-plate, and the absorbance
was read on a microplate reader at 570 nm and 600 nm for reference.

Histological and immunofluorescent analyses

After 2 or 4 weeks of culture, the dental constructs were immediately fixed in 10% neutral
buffered formalin for 24 h, embedded in paraffin, and sectioned into 7-um thick sections.
Mounted sections were deparaffinized by incubation in xylene 3 times for 5 min each,
followed by rinsing in 100% ethanol for 2 min, and two additional rinses for 1 min, to
remove any residual xylene. Sections were placed in 95% ethanol for 1 min for hydration,
followed by rinsing in running tap water for 1 min. For hematoxylin and eosin (H&E)
staining, slides were first stained in Gill’s hematoxylin for 2 min to stain nuclei, and the
excess stain was removed with running tap water for 2.5 min. Sections were then placed in
Scott’s tap water for bluing, the excess dye was removed by running tap water for 2 min,
followed by immersion in 95% ethanol for another 2 min. Sections were then placed in the
Working Eosin for 10 sec for cytoplasmic counterstain, the excess stain was removed by
dipping in 95% ethanol 20 times, 15 sec per dip. An additional 60 dips in 100% ethanol
were performed to dehydrate the sections, followed by alcohol clearing via 3 xylene rinses
for 1 min each.

To measure the calcium production in the bioprinted dental constructs, Alizarin Red S
staining was performed. Briefly, deparaffinized sections were hydrated to 50% ethanol,
rinsed rapidly in deionized water, stained in Alizarin Red S solution for ~5 min, and
removed when orange-red flakes formed indicating calcium phosphate deposition. Sections
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were counterstained with light green for 1 min, dipped in 50:50 acetone:xylene solution for
10 sec, cleared in xylene, and mounted using resinous mounting medium. Calcified areas
were quantified using ImageJ software (\Ver. 1.51j) from three different samples.

For DSPP and OCN immunofluorescent staining, deparaffinized slides were dipped in
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) and heated at
110-120°C for 20 min to allow for antigen retrieval, followed by washing three times with
PBS and blocking with Dako Antibody Diluent solution at room temperature for 1 h. The
slides were subsequently incubated with mouse monoclonal 19G,, DSPP or rabbit
polyclonal 1gG osteocalcin antibodies (1:50 dilutions) at 4°C overnight. Next, slides were
rinsed three times with PBS and incubated with Alexa Fluor 594 or Alexa Fluor 488-
conjugated secondary antibodies (1:100 dilution) for 1 h in a dark humidity chamber.
Finally, cover slides were mounted with Vectashield Fluorescent mounting medium with
DAPI reagent. The stained slides were viewed using a Leica DM 4000 B (Leica, Wetzlar,
Germany) equipped with Olympus cellSens Dimension software (Olympus, 3500 Corporate
Parkway, PA, USA). Antibody staining was quantified using ImageJ software (Ver. 1.51j)
from three different samples.

2.10. RNA isolation and quantitative reverse transcription-polymerase chain reaction

(qQRT-PCR)

Total RNA was extracted and isolated from bioprinted samples by tissue homogenization
followed by treatment with TRIzol RNA isolation reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer's protocol. RNA concentrations and quality were monitored
using a NanoDrop (Thermo Fisher Scientific, Waltham MA). Next, equal quantities of RNA
from each sample were converted to cDNA using the QuantiTect Reverse Transcription Kit
(Qiagen, Hilden, Disseldorf, Germany) as per manufacturer’s protocol. cDNA samples were
used for real-time PCR in triplicate using Power SYBR Green PCR Master Mix (Thermo
Fisher Scientific, Waltham MA) according to the manufacturer’s suggested protocol.
Bioprinted samples collected at time zero (one week after printing, but prior to switching to
differentiation media) were used to determine baseline reads and GAPDH was used as the
housekeeping gene. The relative fold change in mMRNA expression was calculated using the
delta-delta Ct (2-AACt) method. Primer sequences are listed in Table 1.

2.11. Statistical analysis

Swelling, storage modulus, compressive stress, and Young's modulus values of GelMA and
BMP-GelMA hydrogels were recorded in independent experiments for each data point. Cell
viability was determined from Live/Dead images. Calcification area (H&E staining) and
antibody-reactivity via immunofluorescence were obtained from independent experiments at
4 weeks. Results were analyzed with Origin Pro 8.5 (OriginLab Co, Northampton, MA),
GraphPad Prism 8 (GraphPad Software, San Diego, CA), and SPSS software (SPSS, version
19; IBM, Armonk, NY). One-way or two-way analysis of variance (ANOVA), Tukey’s post
hoctests, and Student’s #test were applied to mean comparisons. Variables are expressed as
a mean + standard deviation (SD), and differences between experimental groups were
considered statistically significant at £<0.05. Data (/7=3) presented was duplicated.
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3. Results
3.1. Conjugation of BMP-mimetic peptide into GelMA hydrogel

The thiolated BMP-mimetic peptide was directly conjugated into GelMA hydrogel during
the UV crosslinking process (Figure 1A,B). The methacrylation of the synthesized GelMA
was measured by TH NMR spectroscopy (Figure 1C). The percent methacrylation of GelMA
was dependent on the amount of MAA/gelatin (Figure 1D). In this study, 80% methacrylated
GelMA was used. Additionally, FITC-labeled BMP peptide was used to confirm its
conjugation to and stability in the GeIMA hydrogel over time (Figure 2E). The GelMA
hydrogel with nonconjugated BMP-peptide showed a rapid release of BMP-peptide from the
GelMA hydrogel with more than 50% reduction in fluorescent intensity within 7 days.
However, the BMP-conjugated GelMA hydrogel maintained greater than 40% fluorescent
intensity after 28 days of incubation. This indicates that the BMP-peptide chemically bound
to GelMA hydrogel was effectively conjugated and stabilized in the hydrogel.

3.2. Characterization of BMP-mimetic peptide-tethering GelMA hydrogels

The rheological properties of GelMA and BMP-GelMA hydrogels were analyzed, both
before and after UV crosslinking, with a 1 Hz oscillating frequency and 0.1% oscillating
strain (Figure 2A,B). GeIMA and BMP-GelMA bioinks exhibited a ~2 kPa storage modulus
(G’) before UV crosslinking and exhibited a sharp increase to ~4 kPa after UV crosslinking.
Both before and after crosslinking, the GeIMA group had slightly higher storage modulus
than the BMP-GelMA group. We expect that this is due to the conjugation of BMP-SH
peptide to the double bonds in MA, which minimally, but not statistically significantly,
reduces the number of double bonds available for crosslinking.

The Young's modulus measured after crosslinking showed that the BMP-GelMA group had
a slightly lower Young's modulus than the GelMA without BMP, but the difference was not
statistically significant (Figure 2C). BMP-peptide conjugation also did not impact the
swelling ratio (Figure 2D) or mass loss (Figure 2E) of GelIMA, with similar values obtained
for both GelMA and BMP-GelMA constructs.

In vitro cell viability and proliferation in the bioprinted dental constructs

Based on our previous works, we optimized the printing parameters for the GelMA-based
bioinks, and we were able to print the GelMA-based constructs containing hDPSCs with
lattice and solid cuboidal structures (Figure 3A). The solid cuboidal constructs (5 x 5 x 2
mm?3) were used for further experiments. Cell viability was measured via Live/Dead staining
of hDPSCs in bioprinted GelMA and BMP-GelMA constructs cultured for 1, 4, 7, and 14
days. In all of the groups, most of the hDPSCs were alive (green), with only a few dead cells
detected (red) at each time point (Figure 3B). Analyses of 1-day constructs showed that live
cells were evenly distributed after 3D cell printing in both groups. Over a period of 14 days,
the cells began to exhibit a healthy, spread morphology. To quantify cell viability, the
number of live cells were counted and expressed as a percentage of the total number of cells
(Figure 3C). These results showed cell viability above 90% for all groups at all time points.
Cell proliferation in the bioprinted dental constructs was also measured using AlamarBlue®
assay (Figure 3D). In both GelMA and BMP-GelMA, we observed a 15% increase in the
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O.D. value from 1 to 3 days, a 5% increase from 3 to 7 days, and a 3% increase from 7 to 10
days. These results indicate that the hDPSCs maintained their viability and proliferation
capability in the bioprinted dental constructs in both the GelMA and BMP-GelMA
constructs. Furthermore, there was no significant difference in hDPSC viability or
proliferation between the GelMA and BMP-GelMA constructs, indicating that the BMP-
mimetic peptide did not have an obvious influence on cell viability and proliferation.

3.4. Histological and immunofluorescent analyses of the bioprinted dental constructs

To investigate the effect of BMP-mimetic peptide on hDPSC differentiation, the bioprinted
hDPSCs-laden GelIMA and BMP-GelMA constructs were cultured and analyzed at 2 or 4
weeks in either NGM, OM or OM-D. Cell morphology and ECM production were examined
by H&E staining (Figure 4A). According to the H&E staining results, cells were evenly
distributed at both 2 and 4 weeks, which implies the cells maintained their homogeneous
distribution in the bioink during the culture.

In the Alizarin Red S stained sections (Figure 4B), no calcium deposition in the constructs
was observed at 2 weeks in any of the cultured construct groups. By 4 weeks, weak calcium
deposition was observed in all of the constructs except for those cultured in GelMA without
BMP peptide in NGM. For the 4-week constructs, calcified AR stained areas were 34% for
GelMA without BMP peptide in OM, 12% for BMP-GelMA in NGM, 49% for BMP-
GelMA in OM-D, and 55% for BMP-GelMA in OM (Figure 4C). The BMP-mimetic
peptide conjugation groups exhibited higher AR stained areas as compared to their non-
BMP counterparts, and even induced small amounts of calcified tissue matrix formation in
the NGM group. These results indicated that the BMP-mimetic peptide could promote
hDPSC differentiation in /n vitro cell culture.

Immunofluorescent staining of sectioned GelMA and BMP-GelMA constructs was
performed to investigate DSPP and OCN expression in the 3D bioprinted dental constructs
(Figure 5A). At 2 weeks, only slight positive staining for DSPP and OCN was observed. The
levels of expression remained unchanged at 4 weeks for the GelMA without BMP peptide in
NGM group, while in contrast, the GelMA with OM, and the BMP-GelMA constructs
cultured using all medium conditions, showed strong DSPP (red) and OCN (green)
expression, indicating hDPSC differentiation. DSPP and OCN expressions were quantified
in the 4-week cultured construct groups by measuring red and green stained areas as a
percentage of the total tissue area (Figure 5C,D). Overall, BMP-GelMA groups showed
higher DSPP and OCN expression as compared to GelMA alone groups under similar NGM
conditions. DSPP and OCN expression patterns were similar between GelMA alone
construct cultured in OM, and BMP-GelMA constructs cultured in NGM, suggesting that
BMP conjugation could compensate for the lack of osteogenic factors in the tissue culture
medium. Within the BMP-GelMA group, constructs cultured in OM-D showed increased
DSPP and OCN expression levels as compared to BMP-GelMA constructs cultured in
NGM. Expression levels increased even further in OM cultured BMP-GelMA constructs,
indicating that conjugated BMP has a synergistic effect when used along with osteogenic
differentiation culture medium. These results agree well with the observed Alizarin Red
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staining results, which together, suggest that BMP mimicking peptide can promote
osteogenic gene expression in /n vitro cultured 3D bioprinted dental constructs.

3.5. gRT-PCR analysis

Quantitative RT-PCR analyses were conducted on 3D bioprinted dental constructs (Figure
6). Constructs were assessed for expression of the odontogenic marker DSPP and osteogenic
markers collagen type 1, Runx2, BGLAP (OCN), as compared to the housekeeping gene
GAPDH. Collagen type 1 (COL1A1) and Runx?2 are early markers for osteogenic
differentiation, and are expressed prior to mineralization. After 2 weeks, we observed a
significant increase in the expression of Runx2 in the BMP-GelMA NGM group compared
with GelMA NGM group. Little to no change in gene expression was observed at 2 weeks
for COL1A1, DSPP, and BGLAP. After 4 weeks, the expression of COL1A1 and BGLAP
mRNA increased in all groups. The expression level of COL1A1 mRNA was significantly
higher in the BMP-GelMA groups for all medium conditions, as compared to the GeIMA
OM group. For BLGAP, the BMP OM and BMP OM-D groups exhibited 1.5 to 2 times fold
higher expression levels as compared to the GelMA OM group. In particular, the BMP-
GelMA NGM group exhibited 7-fold higher DSPP and 3-fold higher BGLAP expression
levels as compared to GelMA NGM constructs. The expression level of DSPP was slightly
higher in the BMP-GelMA groups for all medium conditions; however, there were no
significant differences.

4. Discussion

In cases of facial trauma, no two defects are similar in size or shape. In addition, achieving
aesthetic symmetry of repaired craniofacial defects is especially important. As such, 3D
bioprinting is particularly advantageous for manufacturing precise 3D constructs with
regional specificity (28, 42, 43), capabilities that are essential for targeted regeneration of
complex, multi-tissue craniofacial defects such as the jaw bone and tooth interface. For this
purpose, we aimed to develop a BMP-mimetic peptide-conjugated odontogenic-specific
bioink for 3D bioprinting of hDPSCs, to fabricate dental constructs. We hypothesized that
BMP-mimetic peptide could enhance the differentiation of hDPSCs within the bioprinted
dental constructs.

In this study, we used the thiolated BMP peptide that could simply conjugate with the
double bonds in the GeIMA hydrogel during the UV light crosslinking, thereby providing
long-term stability and effectiveness of the BMP peptide in the 3D bioprinted constructs.
The stability experiment of FITC-labeled BMP-SH showed stable conjugation to the GeIMA
up to 3 weeks incubation, with over 40% of BMP-SH remaining in the bioprinted dental
constructs at 4 weeks. Moreover, BMP-conjugation did not significantly affect the bioink’s
degradation profile, swelling ratio, or mechanical properties before or after UV crosslinking.
Cell viability and cell proliferation were high in constructs with and without BMP-
conjugation. Therefore, by simple mixing with the GeIMA, we found that BMP-SH could be
incorporated into the GelMA bioink without impacting the bioink’s basic properties. This is
a significant benefit as it makes the incorporation of BMP-SH into bioinks an easy and
straightforward process. Additionally, these results also suggest that any differences found
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between GelMA and BMP-GelMA groups were caused directly by BMP-SH activity, rather
than indirectly through more broad differences in the bioink’s properties.

We tested the effect of BMP-conjugated GelMA constructs on the differentiation of hDPSCs
using histological, immunofluorescence, and gRT-PCR analyses. H&E staining confirmed
the homogenous distribution of hDPSCs and the elaboration of mineralized tissue matrix
production in all groups. Alizarin Red staining showed higher calcium deposition in the
BMP-GelMA groups as compared OM conditions. A small increase in calcium deposition
was observed in BMP-GelMA constructs were cultured in the NGM, indicating that BMP-
conjugation was at least partially able to drive odontogenic differentiation of hDPSCs
independently of differentiation factors in the OM conditions. A small increase in calcium
deposition was observed in BMP-GelMA constructs were cultured in the NGM, indicating
that BMP-conjugation was at least partially able to drive odontogenic differentiation of
hDPSCs independently of differentiation factors in the media. A modest increase was also
seen in the bioprinted constructs cultured in the OM medium, indicating that the inclusion of
BMP-conjugation could have a synergistic effect when combined with the OM medium.

Similar results were obtained for the immunofluorescence analyses of DSPP and OCN
expression in the bioprinted dental constructs. Expression of both DSPP and OCN were
higher in the BMP-GelMA groups than in the GelMA alone groups. When quantified, these
results tracked very closely with those obtained using Alizarin Red staining. These results
further support the conclusion that the addition of BMP-conjugation to GelMA bioinks can
increase the odontogenic/osteogenic behavior of hDPSCs both independently of, and
synergistically with, the differentiation media. In particular, the DSPP immunostaining
suggests the BMP-conjugation may have potential in dental applications in addition to those
in the bone.

The results of gRT-PCR confirmed that the BMP-GelMA groups expressed more
odontogenic and osteogenic differentiation mRNASs than the GeIMA groups. When
comparing groups with similar media conditions, hDPSCs in BMP-GelMA constructs
showed similar Runx2 expression, slightly more COL1A1 expression, and significantly
more DSPP and OCN expression than their GelMA only counterparts. Comparing within
bioink groups and across different media conditions, expression of all four markers was
increased in the OM condition relative to NGM condition, which is consistent with the
existing body of literature.

We investigated whether the BMP peptide could induce osteogenic differentiation in the
medium lacking dexamethasone. Because dexamethasone among the osteogenic
supplements has been known for its necessity in promoting the osteogenic differentiation of
stem cells cultured /in vitro (44, 45). However, it has been known that the proliferation ability
of stem cells in the dexamethasone decreases during the long-term osteogenic culture (46,
47). Since a limited number of stem cells could be obtained from the donor, it would be
beneficial to culture stem cells /n vitro in the absence of dexamethasone for osteogenic
differentiation (44). In this study, we demonstrated that the OM-D group (absence of
dexamethasone) in the BMP-GelMA showed significantly higher osteogenic capability as
compared to the OM group in the GelMA constructs. Moreover, there was no significant
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difference between the OM-D and OM conditions in the BMP-GelMA constructs, excluding
DSPP expression.

The development of tissue-specific bioinks would be highly beneficial for regenerating 3D
bioprinted multi-dimensional constructs similar to native tissues and organs (48). The results
of this study indicate that this BMP-mimetic peptide, when tethered to GelMA via simple
thiol introduction and UV crosslinking, can provide an odontogenic microenvironment
within the bioprinted constructs. Future work could look to improve upon the long-term
stability of the BMP-mimetic peptide in culture, and in /in vivo implanted constructs, as well
as its odontogenic capabilities. Efforts to continually improve the local odontogenic
microenvironment within the bioprinted dental constructs using complementary strategies
will also likely be necessary to reach the clinical application. Further, in vivo considerations
such as the host immune response, GelMA degradation, and construct vascularization will
need to be taken into account (49). Finally, additional studies will need to be conducted to
investigate whether this strategy can be used to induce regional differences in cell behavior
within constructs.

5. Conclusions

Here we describe the development of a novel BMP-mimetic peptide-tethering bioink for 3D
bioprinted bioengineered dental tissue constructs. This bioink formulation provided proper
printability and dental-specific microenvironment to support hDPSC differentiation. The
results from this study showed that the BMP-GelMA bioink formulation supported high
hDPSC viability and proliferation, and accelerated their odontogenic differentiation in 3D
bioprinted constructs. Together, these results demonstrate that 3D bioprinting strategies,
combined with a novel BMP-peptide-tethered bioink, have great potential to create
bioengineered dental tissue constructs for use in future applications in regenerative medicine
and dentistry.
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Figure 1. Gelatin methacrylation process and conjugation of BMP-mimetic peptide to GeIMA.
(A) Gelatin is methacrylated using methacrylic anhydride (MAA) to create GelMA. GeIMA

is then crosslinked and a synthetic BMP-peptide containing a thiol group (-SH) is bound to
the GelMA in the presence of photoinitiator and UV irradiation. (B) Conceptual design of
the bioprinting process used in this study. Bioinks containing GelMA, hDPSCs, and BMP-
SH were extrusion bioprinted and then UV crosslinked. During in vitro cell culture, hDPSCs
differentiate into odontogenic-like cells. (C) 1H NMR analysis of GelMA synthesis with
different amounts of MAA/gelatin (mL/g). (D) Percent (%) methacrylation of GelMA is
dependent on MAA amount (/=3 per group). (E) Normalized fluorescent intensity of FITC-
BMP-conjugated GelMA constructs (/=3 per group). All data represented as mean + SD.
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Figure 2. Mechanical Properties of GelIMA and BMP-GelMA constructs.
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(A) Storage modulus (G’) and loss modulus (G”) as measured via strain sweep. GelMA was
tested both with and without BMP-conjugation and before and after crosslinking. (B) The
storage modulus of GelIMA with and without BMP-conjugation, before and after
crosslinking (=15 per group). (C) Young’s modulus of crosslinked GelMA with and
without BMP-conjugation measured via compression test (/=3 per group). (D) The swelling
ratio of GelIMA bioink with and without conjugated BMP (/=3 per group). (E) Percent mass
lost over time of GelMA bioink with and without BMP-conjugation (/=3 per group). All
data represented as mean + SD. The p-values by a two-sided Student #test are indicated.

N.S. indicates no significance.
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Figure 3. Human DPSC viability and proliferation in the bioprinted constructs.
(A) Schematic of printing code, photograph of bioprinting set-up, and printed lattice and

solid cuboidal constructs. (B) Live/dead staining of hDPSCs in the bioprinted constructs at
1, 4, 7, and 14 days after printing (/=3 per group). (C) Quantification of percent cell
viability. (D) Cell proliferation of hDPSCs within bioprinted constructs (/7=3 per group). All
data represented as mean + SD.
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Figure 4. Osteogenic differentiation of hDPSCs in 3D dental constructs.
(A) H&E and (B) Alizarin Red staining of 3D bioprinted dental constructs after 2 and 4

weeks under different media /n vitro culture and bioink conditions. (C) Quantification of
Alizarin Red staining assay (/=3 per group). All data represented as mean = SD. The p-
values by two-way ANOVA followed by Turkey’s test are indicated. NGM: normal growth
medium, OM: osteogenic medium, OM-D: OM without dexamethasone.
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Figure 5. Osteogenic differentiation marker expression of in vitro cultured 3D bioprinted dental
constructs.

Immunofluorescent staining of (A) DSPP and (B) OCN expression in bioprinted constructs
after 2 and 4 weeks under different media and bioink conditions. Quantification of (C) DSPP
and (D) OCN expression (/=3 per group). All data represented as mean = SD. The p-values
by two-way ANOVA followed by Turkey’s test are indicated. NGM: normal growth
medium, OM: osteogenic medium, OM-D: OM without dexamethasone.
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Figure 6. qRT-PCR analyses of in vitro cultured 3D printed dental constructs.
Gene expression of DPSCs in bioprinted constructs with and without BMP-conjugation of

(A) RUNX2, (B) COL1AL, (C) BGLAP, and (D) DSPP at 2 and 4 weeks under various
media conditions (/=3 per group). All data represented as mean = SD. The p-values by two-
way ANOVA followed by Turkey’s test are indicated. NGM: normal growth medium, OM:
osteogenic medium, OM-D: OM without dexamethasone.
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Table 1.

Human primer sequences used for RT-PCR of bioprinted constructs

Primer Sequence

Genes

Forward 5'-3' Reverse 5'-3"
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
RUNX2 TGGTTACTGTCATGGCGGGTA  TCTCAGATCGTTGAACCTTGCTA

BGLAP (OCN)
DSPP
COL1A1

CGCTACCTGTATCAATGGCTGG
TTTGGGCAGTAGCATGGGC
GAGGGCCAAGACGAAGACATC

CTCCTGAAAGCCGATGTGGTCA
CCATCTTGGGTATTCTCTTGCCT
CAGATCACGTCATCGCACAAC
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