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Abstract

Tissue engineering and regenerative medicine technologies offer promising therapies for both 

medicine and dentistry. Our long-term goal is to create functional biomimetic tooth buds for 

eventual tooth replacement in humans. Here, our objective was to create a biomimetic 3D tooth 

bud model consisting of dental epithelial (DE) – dental mesenchymal (DM) cell sheets (CSs) 

combined with biomimetic enamel organ and pulp organ layers created using GelMA hydrogels. 

Pig DE or DM cells seeded on temperature-responsive plates at various cell densities (0.02, 0.114 

and 0.228 cells 106/cm2) and cultured for 7, 14 and 21 days were used to generate DE and DM cell 

sheets, respectively. Dental CSs were combined with GelMA encapsulated DE and DM cell layers 

to form bioengineered 3D tooth buds. Biomimetic 3D tooth bud constructs were cultured in vitro, 

or implanted in vivo for 3 weeks. Analyses were performed using micro-CT, H&E staining, 

polarized light (Pol) microscopy, immunofluorescent (IF) and immunohistochemical (IHC) 

analyses. H&E, IHC and IF analyses showed that in vitro cultured multilayered DE-DM CSs 

expressed appropriate tooth marker expression patterns including SHH, BMP2, RUNX2, tenascin 

and syndecan, which normally direct DE-DM interactions, DM cell condensation, and dental cell 

differentiation. In vivo implanted 3D tooth bud constructs exhibited mineralized tissue formation 

of specified size and shape, and SHH, BMP2 and RUNX2and dental cell differentiation marker 

expression. We propose our biomimetic 3D tooth buds as models to study optimized DE-DM cell 

interactions leading to functional biomimetic replacement tooth formation.
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Introduction

Tooth loss due to genetic disorders or microbial diseases, iatrogenic, traumatic, or 

therapeutic insults, patient negligence and poor oral hygiene continues to affect most adults 

at some point during their lives [3, 4]. It is estimated that approximately 150 million adults 

currently suffer from tooth loss, and that over 10 Million new cases of edentulism will arise 

during this decade [3]. Dental clinical procedures such as root canal treatment and dental 

implants are commonly used as tooth repair/replacement therapies [5, 6]. However, root 

canal therapy results in loss of tooth sensitivity and vitality, hence, the tooth cannot respond 

immunologically to subsequent infections, and also become brittle over time [5]. Dental 

implants, such as titanium implants, are not equivalent to natural teeth, either in function nor 

aesthetics, because they lack periodontal and cementum tissues which function to cushion 

and modulate the mechanical stress of mastication, while at the same time promoting 

healthy alveolar bone turnover [7, 8]. These disadvantages have prompted an ongoing search 

for alternative methods that would avoid the need for root canal and for dental implants. 

Examples of proposed approaches to engineer biological teeth include: tissue engineering 

scaffolds; stimulation of third dentition formation; cell-tissue recombination; chimeric tooth 

tissue engineering; and gene-manipulated tooth regeneration [8–11].

To date, our group has been using tissue engineering approaches to identify optimal scaffold 

materials and designs that promote dental epithelial (DE) and mesenchymal (DM) cell 

interactions leading to replacement tooth formation [4, 12, 13]. For the study presented here, 

we have used DE and DM progenitor cells isolated from un-erupted molar tooth buds 

extracted from 5–6 month old porcine jaws, which consisted of enamel organ, dental papilla, 

and dental follicle tissues and cells. The enamel organ is derived from the ectoderm, while 

the dental papilla and dental follicle are derived from the neural crest (also called 

ectomesenchyme) [14]. Briefly, harvested tooth bud tissues were used to create single cell 

suspensions, which were then cultured in vitro as previously described [4, 15]. Differentiated 

DE and DM cells die during this process, resulting in highly enriched populations of 

undifferentiated DE and DM cells. The rationale for using pig teeth at these developmental 

stages was to obtain sufficient numbers of dental progenitor cell populations, also known as 

dental stem cells (DSCs), that can be used to generate teeth and supporting tissues [16]. The 

progenitor DE cells generated in this manner will differentiate into enamel forming 

ameloblasts, while the DM cells will give rise to odontoblasts, dental pulp stem cells 

(DPSCs), periodontal ligament stem cells (PDLSCs), stem cells from apical papilla (SCAP) 

and dental follicle precursor cells (DFPCs) [17]. In many instances, our prior published 

reports have shown that instead of creating bioengineered teeth that adopted the size and 

shape of the scaffold, we observed that many small tooth crowns formed throughout the 

implant, suggesting that these models lacked the proper ECM molecule gradients present in 

naturally formed teeth, which provide essential cues for proper tooth development, and for 

periodontal tissue and surrounding alveolar bone formation [4, 12, 13, 15].

To address this, we recently established a 3D biomimetic tooth bud model using 

photopolymerizable gelatin methacrylamide (GelMA) hydrogel formulas, designed to 

facilitate DE and DM cell interactions leading to ameloblast and odontoblast differentiation, 

respectively, and the formation of bioengineered teeth of predictable size and shape [18, 19]. 
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GelMA hydrogels exhibit many properties that make it an attractive material for tissue 

engineering applications including [20, 21]: i) it is largely composed of denatured collagen 

and is relatively inexpensive; ii) it retains collagen’s natural RGD adhesive domains and 

MMP sensitive sites which are known to enhance cell binding and cell-mediated matrix 

degradation, respectively; iii) the physical properties of GelMA hydrogels can be tuned by 

varying GelMA and/or photoinitiator (PI) concentrations; and iv) GelMA is suitable for cell 

encapsulation at 37°C, and promotes cell viability and proliferation. In these reports we 

identified GelMA formulas that exhibited elastic moduli similar to those of natural tooth bud 

derived enamel organ and pulp organ tissue, and in addition to DE and DM cells we 

incorporated Human Umbilical Vein Endothelial Cells (HUVECs) to promote neo-

vasculature formation to facilitate in vivo engraftment with host tissues [18, 19]. Our 

published 3D tooth bud model consisted of a biomimetic enamel organ layer (DE-HUVEC 

encapsulated in 3% GelMA) and biomimetic pulp organ (DM-HUVEC encapsulated in 5% 

GelMA). In vitro culture and in vivo implantation studies showed that the 3D GelMA 

biomimetic tooth bud constructs supported DE and DM cell attachment, spreading, 

metabolic activity, neo-vasculature formation, and mineralized tissue formation of specified 

size and shape in vivo [19]. However, limitations to this model included cell mixing between 

GelMA layers, and lack of distinct enamel or dentin layers.

Here, we aimed to improve our 3D tooth bud model, and overcome such limitations by using 

successive photocrosslinking of individual dental cell-seeded GelMA layers, and to increase 

DE-DM cell interactions by introducing DE-DM cell sheet (CSs) layers between the 

biomimetic enamel and pulp organs of our 3D tooth bud model (Figure 1). Our results 

demonstrate the successful creation of multilayered DE-DM cell sheet containing GelMA 

(CSG) 3D biomimetic tooth bud constructs. We also show that in vivo CSG implanted 

constructs exhibited distinct biomimetic enamel and pulp layers, and that DE and DM cells 

express dental cell differentiation marker expression (DSPP, OC, and AM). We propose this 

novel 3D bioengineered tooth bud model as a means to study DE and DM cell interactions 

leading to biomimetic replacement tooth formation.

Materials and methods

Primary dental cell isolation, in vitro culture and expansion

Porcine DE and DM progenitor cells were obtained and cultured as previously published [4, 

15]. Briefly, DE and DM progenitor cells were isolated from un-erupted tooth buds extracted 

from 5 month old porcine jaws. Single cell suspensions of DE and DM tooth bud cells were 

prepared, seeded in T175 cm2 flasks (Corning Inc., Corning, NY, USA), and expanded using 

epithelial medium [LHC-8 (GIBCO), 10 % FBS, 1 % PSA, 0.5 g/mL Epinephrine] or 

mesenchymal medium [Advanced DMEMF12 (GIBCO), 10 % FBS, 25 μg/mL Ascorbic 

Acid, 1 % PSA, 1 % Glutamax], respectively, in 5% CO2 at 37°C. Expanded cells were 

cryopreserved in 10% DMSO in appropriate culture media until use.

Dental cell sheet fabrication

DE and DM tooth bud cells were recovered from cryopreservation and expanded in T175 

cm2 flasks. DE and DM cells were trypsinized and seeded on UpCell thermo-responsive 
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plates (CellSeed, Tokyo, Japan) at densities of 0.02, 0.114 and 0.228 × 106 cells/cm2 for 7, 

14 and 21 days, in 5% CO2 at 37°C. Cell sheets (CSs) were detached from the thermo-

responsive plates by decreasing the temperature to 20ºC and harvested by gentle flushing 

with media. The formation of layered CS was made by careful stacking of the CSs [22].

Creation of 3D tooth bud constructs

Biomimetic 3D tooth bud constructs were fabricated as depicted in Figure 1. DE and DM 

cell sheets were harvested after 14 days at plating cell densities of 0.228 and 0.114 × 106 

cells/cm2, respectively. Lyophilized GelMA was fully dissolved in DMEM/F12 media (w/v), 

and photo-initiator (Irgacure 2959, Sigma, St. Louis, MO) was added to create 3 and 5 

percent GelMA formulations, denoted as 3% GelMA and 5% GelMA. Dental cell containing 

GelMA bilayers were created by sequential photo-crosslinking via exposure to 9.16 W/cm2 

UV light for 20 seconds using an Omnicure S2000 (Lumen Dynamics Group Inc., 

Mississauga (ON) Canada). For in vitro studies, harvested cell sheets were layered over 

dental cell encapsulated and acellular GelMA constructs and cultured in osteogenic media 

(DMEM/F12:LCH8 basal media supplemented with, 1% PSA, 10% FBS, 100 nM 

Dexamethasone, 10mM beta Glycerol Phosphate, 0.05 mM Ascorbic Acid) for 24 hours, 

and for 4, 7 and 12 days, in 5% CO2 at 37°C (Figure 1).

In vivo implantation of biomimetic tooth bud constructs

For in vivo analyses, bioengineered 3D CS-GelMA constructs were cultured in osteogenic 

media for 4 days in 5% CO2 at 37°C, and randomly implanted subcutaneously onto the 

backs of immunocompromised 5 month old female Rowett Nude rats (Charles River 

Laboratories, Willmington, MA). All animal surgeries were performed using Tufts 

University approved Institutional Animal Care and Use Committee (IACUC) protocols and 

Mandatory Animal Care and Use (MACU) regulations. Four replicate bioengineered 3D 

tooth buds and acellular GelMA constructs were implanted and harvested after 3 weeks 

(Figure 1).

Dental Cell sheet 3D tooth bud analyses

Harvested in vitro and in vivo constructs were fixed in 10% formalin overnight and washed 

in Dulbecco’s Phosphate-Buffered Saline (DPBS). In vivo mineralization was quantified via 

micro-CT (SkyScan 1076, Bruker), and bone mineral density was measured using CT-

Analyser software (Version 1.14.4.1, Bruker). Data were statistically analyzed using 

GraphPad Prism software (version 6.01). The parametric t-test with Welch correction was 

applied. P values lower than 0.05 were considered statistically significant in the analysis of 

the results. Following the micro-CT analyses, the mineralized constructs were immersed in 

fresh decalcification solution (22.5% formic acid + 10% sodium citrate) every 3 days until 

fully decalcified. Decalcification was defined by lack of ammonium oxalate-calcium 

precipitate formation after 20 minutes. For paraffin sectioning, the constructs were 

dehydrated through a graded ethanol and xylene series, submerged in molten paraffin for 18 

hours, and then embedded into paraffin blocks and serially sectioned (6 μm thick) as 

previously described [23]. Hematoxylin & Eosin, and Picrosirius Red (Polysciences, 

Warrington, PA) stains were used to analyze selected sections.
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For Immunofluorescent (IF) analyses, paraffin sections were blocked for 20 min in 5% BSA 

and incubated for 1 hour with primary antibodies: rabbit anti-Cytokeratin 18 (CK18, 

SC-28264, 1:25, Santa Cruz Biotechnology), rabbit anti-Ecadherin (ECAD, ABIN1858334, 

1:20, Antibodies Online, Atlanta, GA), rabbit anti-Runt-Related Transcription Factor 2 

(RUNX2, SC-10758, 1:25, Santa Cruz Biotechnology), rabbit anti-Sonic Hedgehog (SHH, 

SC-9024, 1:25, Santa Cruz Biotechnology), rabbit anti- Bone Morphogenetic Protein 2 

(BMP2, AB14933, 1:25, Abcam), rabbit anti-CD31 (CD31, LS-B5577, 1:25, LifeSpan 

BioSciences Inc), and mouse anti-vimentin (VM, BS-0756R, 1:25, Bioss, Woburn, MA). 

Sections were incubated for an additional hour with fluorescent conjugated secondary 

antibodies donkey anti-mouse IgG-Alexa Fluor 488 (515-545-003, Jackson 

ImmunoResearch Laboratories, West Grove, PA) and donkey anti-rabbit IgG-Alexa Fluor 

568 (A11011, 1:50, Invitrogen, Carlsbad, CA). Sections were cover slipped with DAPI 

mounting medium (H-1500, 1: 100, Vector Laboratories, Burlingame, CA).

For immunohistochemical (IHC) analyses, sections were incubated for 1 hour with primary 

antibody: mouse anti-Osteocalcin (OC, ab13418, 1:400, Abcam); rabbit anti-Dentin 

Sailophosphoprotein (DSPP, GTX60194, 1:50, Genetex, Irvine, CA); rabbit anti-focal 

adhesion kinase (FAK, SC-557, 1:400, Santa Cruz Biotechnology); goat anti-syndecan-4 

(SYN4, SC-33912, 1:100, Santa Cruz Biotechnology); rabbit anti-tenascin-C (TEN, 

SC-20932, 1:100, Santa Cruz Biotechnology), goat anti-Amelobastin (AMBN, SC-33102, 

1:100, Santa Cruz Biotechnology); rabbit anti-Amelogenin (AM, ABT260, 1:500, 

Millipore). Sections were incubated for 45 min with Biotin-SP conjugated secondary 

antibody donkey anti-rabbit IgG (711-065-152, 1:500, Jackson ImmunoResearch), donkey 

anti-goat IgG (705-065-147, 1:500, Jackson ImmunoResearch), donkey anti-mouse IgG 

(715-065-1501:500, Jackson ImmunoResearch), 45 min in ABC reagent (PK-4000, Vector 

Laboratories), and 5 min in DAB (D4293, Sigma, St. Louis, MO). All slides were 

counterstained with 0.1% fast green (F7252, Sigma).

Sections were analyzed using a Zeiss Axiophot Imager microscope and digital camera 

(Zeiss, Germany), and images acquired and processed with AxioVision software (Zeiss, 

Germany, V.4.9.1). Collagen deposition was performed using polarized light (Pol) 

microscopy (Zeiss, Germany). Figures were created using Adobe Photoshop.

Results

Optimization of dental cell sheet fabrication

To date, cell sheets have been successfully used to regenerate cornea, heart, skin, bone, 

cartilage, bio-root, dental pulp/dentin complex and periodontal tissues [22, 24–29]. Cell 

sheets fabricated from dental cells such as stem cells from root apical papilla (SCAPs), 

periodontal ligament (PDL), pulp and dental follicle (DFCs) have also been studied [25–28, 

30]. A variety of techniques can be used to detach cell sheets from cell culture plates, 

including the use of temperature responsive polymer coatings, cell scrapers, magnetic force, 

ionic solution, electrochemical polarization, reduced pH, and light [26, 31, 32]. In this study, 

temperature responsive polymer coated Up-Cell plates were used to create multilayered DE 

and DM cell sheets. To accomplish this, DE and DM cells were cultured to confluence on 

thermos-responsive polymer (PIPAAm) immobilized substrate that is hydrophobic at 37ºC, 
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and contiguous cell sheets were harvested at 20ºC, at which temperature the substrate is 

hydrophilic. This technique also allows for the preservation of the extracellular matrix 

formed by the cell sheets, including adhesive proteins such as fibronectin. In addition to the 

obvious advantages of using cell sheet techniques to achieve a highly efficient cell delivery 

system over the traditional cell suspension systems, the layered dental cell sheets are 

anticipated to promote the in vivo organized deposition of matrix formation observed in 

natural tooth development [26].

To define optimized methods to create DE and DM cell sheets, DE and DM cells were 

seeded onto thermos-responsive plates at various cell seeding densities (Figure 2A). DE cells 

exhibited a typical cobble-stone like morphology, and DM cells showed a typical spindle 

shaped fibroblast morphology [23]. As anticipated and as previously published, DM cells 

proliferated faster than the DE cells when cultured at the same cell seeding density, 

0.11×106 cells/cm2, after 7 days. Both types of cells retained their characteristic 

morphologies after achieving one hundred percent confluence. We could observe that as the 

in vitro culture time increased, the cells spontaneously condensed into an aggregate 

indicating deposition of ECM. The abundant ECM secreted during the cell sheet formation 

is anticipated to mimic the microenvironment created by the embryonic basement 

membrane, including inductive signals responsible for directing dentinogenesis and tooth 

morphogenesis [27]. DM cells seeded on thermo-responsive plates at cell seeding densities 

of 0.02×106 and 0.11×106 cells/cm2 both spontaneously detached after 21 and 14 days in 
vitro culture. DE cells seeded at 0.11×106 cells/cm2 did not detach from the plates after 14 

days. However, increasing the cell density to 0.22×106 cells/cm2 resulted in the formation of 

DE CSs that spontaneously detached after 14 days (Figure 2).

Dental cell sheet layers

After detachment of the dental CS from the thermo-responsive plates by decreasing the 

temperature from 37ºC to 20ºC, layered DE-DM CSs were made by carefully stacking the 

CSs [22]. H&E analyses of paraffin embedded and sectioned specimens reveled organized 

two and three multilayered CS formation (Figure 2, B and C). The abundant natural ECM 

secreted by the CSs serves as an endogenous scaffold that not only provides a physical 

support for the cells in adhesion and cell migration, but can also store and release 

endogenous growth factors. However, cell sheets have poor mechanical properties and are 

therefore difficult to maneuver [27]. Therefore, 3D pelleted cell sheets can be created to 

produce dense cellular constructs that exhibit even cell distribution, satisfactory size and 

improved handling properties [27].

3D tooth bud constructs in vitro

Figure 3 shows H&E, Pol and IF of multilayered 3D dental CS GelMA tooth bud constructs 

cultured in osteogenic media for 24 hours, and for 4, 7 and 12 days. H&E-staining revealed 

the morphology of the extracellular matrix formed by the DE and DM cells, between the 

bottom and the top layers of bilayered GelMA construct (Figure 3A, B, D, C, arrows). Based 

on the fabrication process, we could easily identify DM CSs in contact with bottom 5% 

GelMA layer, and DE CSs in contact with the top 3% GelMA layer. The bottom 5% GelMA 

layer also appeared relatively thicker than the 3% GelMA layer, due to the cone shaped 
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falcon tube used in the fabrication process. The ECM of DE CS appeared loose, with open 

spaces apparent between the DE cells, while that of DM CS appeared more compact. We 

also observed close contact between DE and DM CSs, consistent with DE-DM cell layer 

interactions in natural tooth development. IF analyses of VM expressing (green) DM cells 

and CK18 expressing (red) DE cells revealed organization of the bilayered GelMA CS 

constructs, (Figure 3I, J). Polarized light imaging was also used to interrogate collagen 

deposition and organization in CS derived ECM. After culturing for 12 days in osteogenic 

media, the nuclei of the cells within the CSs were no longer visible by H&E staining, 

indicative of cell death (Figure 3D, H, L). Therefore, we chose to limit our in vitro culture of 

the constructs in osteogenic media for 4 days prior to in vivo implantation.

DE and DM cells sheet interactions

It is well known that reciprocal tissue interactions regulate morphogenesis and cell 

differentiation during embryonic development [33, 34]. Tooth development is an excellent 

example of an organ that starts as an epithelial bud surrounded by condensed mesenchyme, 

and subsequently undergoes a complex morphogenetic process that is tightly regulated by 

reciprocal dental epithelial-dental mesenchymal cell interactions. During these interactions, 

cells send and respond to well characterized inductive signals, and differentiate according to 

their developmental history and position [33]. One of the goals of this study was to 

demonstrate that our biomimetic 3D tooth bud model can be used to study DE and DM cell 

interactions both in vitro and in vivo.

We therefore used immunohistochemical analyses to study interactions between in vitro 

cultured and in vivo implanted DE and DM CSs. Figure 4 shows higher magnification H&E 

images and IHC analyses of FAK, TEN and SYN4 expression in multilayered DE DM CSs 

GelMA constructs cultured in osteogenic media for 24 h and 4 days. FAK is a crucial 

signaling component that is activated by numerous stimuli and functions as a biosensor or 

integrator to control cell motility, adhesion and shape [35, 36]. It is a highly phosphorylated 

tyrosine containing protein that is localized at integrin-enriched cell adhesion sites known as 

focal contacts. Focal contacts are formed at ECM–integrin junctions that bring together 

cytoskeletal and signaling proteins during the processes of cell adhesion, spreading and 

migration [35]. Our IHC analyses showed that FAK is expressed when DE and DM CSs are 

in contact and cultured in osteogenic media for 24 hours and 4 days (Figure 4B and F), 

demonstrating DE and DM CSs focal contact formation in our bioengineered 3D tooth bud 

constructs. FAK expression was also observed at sites where DM CSs were attached to the 

DM-cell encapsulated GelMA surface.

Two of the first ECM molecules found to be highly expressed in the condensed dental 

mesenchyme at bud stage are the glycoprotein tenascin (TEN) and the cell membrane 

proteoglycan syndecan (SYN) [33, 34]. TEN functions as a substrate adhesion molecule and 

is involved in regulating numerous developmental processes, such as morphogenetic cell 

migration and organogenesis. IHC analyses of developing in vitro cultured 3D GelMA-CS 

tooth bud constructs showed that TEN is highly expressed by the DM CSs after 24 hours and 

at 4 days in vitro culture, while no TEN expression was observed in DE CSs (Figure 4, C 

and G). SYNs are type I integral membrane proteoglycans that contain both chondroitin 
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sulfate and heparan sulfate groups. They are involved in cell-extracellular matrix adhesion, 

growth factor binding, and are expressed in areas of high morphogenetic activity such as 

epithelial-mesenchymal interfaces and mesenchymal condensations [33, 34]. SYN4 interacts 

with a variety of ligands, including vascular endothelial growth factors (VEGFs), platelet-

derived growth factors (PDGFs) and fibroblast growth factors (FGFs), and stabilizes the 

interactions between ligands and receptors by forming a ternary complex [37]. Our IHC 

analyses showed that SYN4 is expressed by in vitro cultured DM CSs after 24 hours, and 

exhibited decreased expression after 4 days in culture, but was not expressed in DE CSs 

(Figure 4, D and H). The co-localization of TEN and SYN4 in the DM CS may suggest roles 

in regulating changes in cell morphology, growth factor binding, cell adhesion and 

proliferation to promote DE and DM cell interactions and induce dental cell differentiation, 

as observed in natural tooth development.

Activation of signaling pathways in dental CSs in vitro

The process of tooth development is under strict genetic control [14]. Dental epithelial-

mesenchymal cell interactions are mediated by conserved growth factor signaling pathways 

and downstream transcriptional partners [14, 38, 39]. The major signaling pathways 

associated with tooth development include fibroblast growth factor (FGF), bone 

morphogenetic protein (BMP), transforming growth factor-β (TGF-β), Notch, nuclear 

transcription factor kappa-B (NF-κB), runt-related transcription factor 2 (RUNX2), and 

sonic hedgehog (SHH) [14, 38–41]. In this study, we investigated the activation of several 

signaling pathways associated with tooth development including SHH, BMP2, and RUNX2. 

SHH and BMP are expressed in both dental epithelium and mesenchyme during several 

stages of tooth development [38, 42]. In this study, IF analyses of in vitro cultured 

biomimetic tooth buds showed that SHH (Figure 5, Panels B, F) and BMP2 (Figure 5, 

Panels D, H) were expressed in multilayered DE-DM cell sheet - GelMA constructs cultured 

in osteogenic media for 24 h and 4 days. We also investigated the expression of RUNX2, a 

transcription factor that is essential for tooth development, and is intimately involved in the 

development of calcified tooth tissue [40]. In vitro IF analyses of in vitro cultured 

biomimetic tooth bud constructs revealed RUNX2 expression in DE and DM CSs after 24h 

and 4 days (Figure 5C, G).

In vivo implantation of 3D tooth bud constructs

We next characterized in vivo implanted biomimetic 3D tooth bud CSG constructs as 

described in Materials and Methods. After in vitro culture in osteogenic media for 4 days, 

the constructs were subcutaneously implanted on the backs of rats and harvested after 3 

weeks. Harvested in vivo implanted constructs (Figure 6A), and bright field images of the 

explanted constructs after 3 weeks revealed distinct features (Figure 6B, C).

Micro-CT analyses of in vivo grown 3D CS GelMA (CSG) tooth bud constructs

Harvested in vivo grown constructs were fixed in formalin and analyzed using micro-CT for 

mineralized tissue formation. Hard tissue formation was observed in 4/4 (100%) of the CSG 

constructs, while all acellular GelMA (G) constructs appeared negative for hard tissue 

formation (Figure 7A versus 7B). 3D modeling of mineralized tissue formation within the in 
vivo implanted constructs is shown in the Figure 7C. The volume and density of mineralized 
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tissue formed in each construct was then determined using CT-Analyser software (Figure 

7D). CSG constructs displayed significantly higher mineral density than the acellular 

GelMA control constructs (p<0.05). We also compared the mineral density obtained from in 
vivo implanted CSG constructs (mean 0.22±0.02 g/cm3) with those reported for naturally 

formed mineralized tissues (Figure 7E). Mineralized tissue formed by CSG constructs 

implanted in vivo for 3 weeks appeared less dense than pig spine, trabecular bone, cortical 

bone and human enamel. However, small areas within the CSG constructs appeared brighter 

by micro-CT (maximum mineral density of 0.9 g/cm3), but were not reflected in the 

calculated mean mineral densities. We therefore calculated the percent volume of 

mineralized tissue in three ranges of mineral density: 0.0–0.2; 0.2–0.5; and 0.5-max g/cm3 

(Figure 7F). We also calculated the location of mineralized tissues of various densities 

within each construct, where the color white color represents the location of mineralized 

tissue of each density range (Figure 7G). These results showed that the least dense 

mineralized tissue (0.0–0.2 g/cm3) was located around the periphery of the constructs, while 

more highly mineralized tissues with densities in the range of 0.2–0.5 g/cm3 were localized 

toward the center of the constructs. These results suggested that 3D construct mineralization 

may have begun within the center of the constructs, and subsequently expanded to the outer 

edges. The brightest areas of the micro-CT images, representing mineralized tissues in the 

range of 0.5-max g/cm3, (Figure 7F), also appeared to localize to the center of the 

constructs, again consistent with the fact that more mature mineralized tissues were located 

in the center of the constructs, and that longer in vivo implantation times may result in 

increased mineral density of the entire construct over time.

Histological and Immunohistochemical analyses of 3D tooth bud constructs

We next used histological approaches to characterize the cellular nature of the in vivo 
implanted 3D CSG tooth bud constructs. The mineralized constructs were decalcified, 

embedded in paraffin and sectioned. H&E staining and polarized light (Pol) imaging 

confirmed that no tissue formation was observed in acellular GelMA constructs after 3 

weeks in vivo implantation (Figure 8, A and B). In contrast, in vivo grown 3D CSG tooth 

bud constructs exhibited high cellularity, extensive extracellular matrix formation, and 

mineralized osteodentin-like tissue formation, with dashed lines indicating the biomimetic 

enamel organ (on the top) and pulp organ (on the bottom) layers (Figure 8, C and D). These 

analyses showed that the GelMA scaffolds in dental cell-encapsulated GelMA constructs 

were largely biodegraded by the cells over time, only detectable at the edges of the DM cell 

layer and more so in the DE cell encapsulated biomimetic enamel organ layer. We did not 

detect distinct layered DE-DM cell sheets within the CSG constructs.

Polarized light microscopy, a useful technique to study the molecular organization of 

collagens [43], revealed significant organized collagen present within the CSG constructs 

(Figure 8E and F, Pol). The collagen produced in the biomimetic DM-GelMA pulp organ 

GelMA layer appeared more organized than that produced by the DE-GelMA biomimetic 

enamel organ layer. Collagen fiber alignment within the GelMA constructs appeared to be 

oriented perpendicular to the encapsulating host tissue, distinguishing collagen secretion by 

the encapsulated dental cell seeded GelMA constructs as compared to that of the 

surrounding rat host tissue, consistent with our previously published results [19].
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We next used immunofluorescence (IF) to characterize DM and DE cells within the in vivo 
implanted CSG constructs (Figure 8G and H). VM positive DM cells were identified in the 

biomimetic pulp organ layer of the CSG constructs (Figure 8H), and E-cad positive DE cells 

were identified in the biomimetic enamel organ layer. At the interface of the two layers, both 

DE and DM cell populations were identified, consistent with the location of the DE and DM 

cell sheets (Figure 8G, arrows).

IHC was used to examine dental cell differentiation marker expression within harvested in 
vivo CSG constructs (Figure 9). Distinct and robust DSPP expression was detected in the 

biomimetic pulp organ layer of in vivo implanted CSG constructs, indicative of DM cell 

derived odontoblast cell differentiation (Figure 9A). DSPP was also faintly expressed in DE 

cells of the biomimetic enamel organ layer of in vivo implanted CSG constructs (Figure 9B). 

Strong OC expression was localized toward the center of in vivo implanted CSG constructs, 

and at the interface of the DE and DM cell layers, the location of the dental CSs, indicative 

of DM cell derived odontoblast and osteoblast cell differentiation (Figure 9C and D). AM 

was expressed in both biomimetic enamel and pulp organ layers (Figure 9G, H), indicating 

DE cell differentiation toward ameloblast cell fates, and possible mixing of DE and DM 

containing GelMA layers prior to photo-polymerization. However, no AMBN expression 

was observed in in vivo implanted CSG constructs (Figure 9E, F). TEN was detected in both 

biomimetic enamel and pulp organ layers, appearing more highly expressed in the pulp 

organ layer (Figure 9I, J). No SYN4 expression was observed in in vivo implanted CSG 

constructs (data not shown).

IF was used to investigate tooth differentiation signaling pathways, and to detect host blood 

vessel formation within 3 week in vivo grown CSG tooth bud constructs (Figure 10). The 

red staining indicates the VM expressing DM cell biomimetic pulp organ layer, and the 

absence of red staining indicates the biomimetic DE containing enamel organ layer. We 

found that SHH was expressed throughout the CSG constructs in both biomimetic enamel 

and pulp organ layer (Figure 10A, B), however, stronger SHH expression was observed in 

the biomimetic enamel organ layer (Figure 10A, arrows). BMP2 was also expressed 

throughout the CSG constructs, however, stronger BMP2 expression was observed at the 

biomimetic pulp organ layers (Figure 10C, D). RUNX2 was expressed in both biomimetic 

pulp and enamel organ layers (Figure 10E, F), but, stronger RUNX2 expression was 

observed in the biomimetic epithelial organ layer (Figure 10F, arrows). These results are 

consistent with our analyses of natural porcine teeth, and published literature (See 

Supplemental Figure 1).

H&E staining revealed blood vessels at locations adjacent to, but not within, the in vivo 

implanted and grown biomimetic constructs. To better identify host derived endothelial cells 

and neo-vasculature in the in vivo construct, we performed IF analysis using a CD31 

antibody. No CD31 positive expression was detected within the in vivo implanted constructs 

(Figure 10G, H). Indeed, these results were not unexpected, since in this specific study we 

did not include endothelial cells in the biomimetic constructs. Our previously published 

reports have shown that neo-vasculature formation within GelMA constructs was observed 

when human umbilical vein endothelial cells (HUVECs) were included [19].
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Discussion

Bioengineered tooth buds that can develop and remodel in a manner similar to that of natural 

teeth, have the potential to serve as superior living, functional permanent replacement teeth 

as compared to the currently used standard prosthetic teeth, dental implants [8]. Previously, 

we described the design and characterization of dental and endothelial cell encapsulated 

GelMA constructs as 3D biomimetic tooth bud models, consisting of biomimetic enamel and 

pulp organ bilayers [18]. We used in vitro analyses to identify GelMA formulas that 

supported DE and DM cell attachment, spreading, metabolic activity, and neo-vasculature 

formation by co-seeded endothelial cells (HUVECs) [19]. We also demonstrated that 

selected GelMA formulas supported dental cell differentiation, vascularization, and in vivo 
formation of mineralized tissues of specified size and shape. We also identified some 

limitations of our original model, including the fact that extensive DE-DM cell mixing and 

no distinct enamel or dentin layers formation was observed. To address these limitations, 

here we performed successive photo-crosslinking of individual cell-seeded GelMA layers, to 

generate distinct bilayered constructs. Moreover, to create a biomimetic tooth bud, and to 

increase the DM-DM, DE-DE, and DE-DM cell interactions observed in natural tooth bud 

development, DE-DM dental cell sheets were sandwiched between biomimetic 3D GelMA 

enamel and pulp organs. We optimized the cell seeding density and in vitro culture time to 

create DE and DM cell sheets grown on thermo-responsive UpCell plates. DM and DE CSs 

were obtained at cell densities of 0.11×106 cells/cm2 and 0.22×106 cells/cm2, respectively, 

after 14 days (Figure 2A), and organized multilayered CSs were created by stacking layers 

of DM and DE CSs (Figure 2B, C).

The design of our fabricated 3D biomimetic tooth bud constructs was intended to facilitate 

cross-talk between the DE-DM cell sheets, and also with the adjacent biomimetic enamel 

and pulp organ layers. First, we studied the effect of the osteogenic media on multilayered 

3D cell sheets GelMA tooth bud construct differentiation in in vitro culture for 24 hours, 4, 7 

and 12 days (Figure 3). The cell sheets survived in vitro culture at day 7, but distinct cell 

nuclei were not observed after 12 days in culture, suggesting lack of long-term cell survival 

in in vitro culture. A possible explanation for lack of long-term survival is due to oxygen and 

nutrient diffusion limitations through the 3D GelMA constructs. Our previous results 

showed that optimized GelMA formulations supported cell attachment, morphology, and 

metabolic and MMP activities of encapsulated cells after 4 weeks in vitro culture [18, 19].

Our in vitro results also demonstrated that our CSG 3D tooth bud model can be used to 

study DE and DM interactions leading to bioengineered tooth development (Figure 4). High 

resolution H&E and IHC images were used to show that DE and DM CSs were in close 

contact with each other, and expressed focal adhesion molecules including FAK, TEN and 

SYN4, indicative of cellular cross-talk. These results are consistent with DE and DM CS 

interact and focal contacts, and expression of proteins normally expressed during natural 

tooth development [33, 34, 37]. We also demonstrated expression of many of the signaling 

pathways that control tooth development [41]. IF analyses of in vitro cultured biomimetic 

tooth buds revealed that 3D DE and DM CSG constructs expressed SHH, BMP2 and 

RUNX2 (Figure 5), consistent with and providing evidence for DE and DM cell interactions, 

formation, maintenance, homeostasis, and differentiation.
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Our in vivo biomimetic tooth bud constructs formed robust mineralized tissues that adopted 

the size and shape of the original 3D constructs. Micro-CT analysis showed that more dense 

mineralized tissue was located toward the center of the constructs, while less dense 

mineralized tissues were located at the periphery. Our interpretation of these results is that 

mineralized tissue formation may have initiated in the center of the CSG constructs, perhaps 

at the location of the DE-DM dental CS. These results are in contrast to published report that 

bioengineered mineral tissue formation normally progresses from the defect borders toward 

the center, when using an injectable bone substitute in a rabbit distal femoral condyle model 

[44].

The density of the biomimetic CSG mineralized tissue was less than that of a variety of 

natural formed mineralized tissues (Figure 7E). These results indicate that additional 

modifications, such as increasing in vivo implantation time, may result in increased mineral 

density of the bioengineered tooth constructs [1, 2]. In addition, we compared the 

mineralized tissue density of 3D biomimetic tooth bud constructs grown with cell sheets 

(CSG) and without cell sheets (unpublished data), and found no statistically significant 

differences. However, the 3D biomimetic CSG tooth bud constructs exhibited higher 

cellularity and more extensive extracellular matrix formation as compared with the 

biomimetic tooth bud constructs without DE-DM cell sheets.

DE-DM cell interactions regulate all stages of tooth development [34]. The expression of 

several molecules, including TEN and SYNs, are regulated by the epithelium [34, 37]. Our 

results showed that TEN was expressed in both the biomimetic enamel and pulp organs of in 

vivo grown CSG constructs (Figure 9), and that SYN4 expression was not detected in 

biomimetic tooth buds, but was detectable in ameloblasts and odontoblasts of the natural pig 

tooth buds. In contrast, we found that TEN was highly expressed in in vitro cultured DM 

CSs and not in the DE CSs after 24 hours and 4 days in osteogenic media, and that SYN4 

was more highly expressed in the DM CSs after 24 hours (Figure 4). A possible explanation 

for the absence of SYN4 expression in in vitro cultured DE cell sheets could be that DE cells 

had not yet differentiated into ameloblasts after 24 hours. It has been demonstrated that 

SYN4 is mainly expressed in the oral epithelium, the dental epithelial cells of enamel organs 

in the molars, and in the cervical loops in the incisors during the late bell stage of mouse 

development [37]. When the inner enamel epithelial cells gave rise to ameloblasts, the loss 

of SYN4 expression was evident. SYN4 was also expressed in stratum intermedium cells in 

the incisors and in DM cells adjacent to the cervical loops in molars and postnatal incisors 

[37]. Based on these studies, we hypothesize that morphogenetic cell migration and 

organogenesis might be occurring in our in vivo grown biomimetic enamel organ, which 

would explain the expression of TEN in both biomimetic enamel and pulp organ. This result 

is consistent with the expression of TEN in natural tooth buds, in that we observed TEN 

expression at the ameloblast – odontoblast interface, and a gradient of TEN expression in the 

pulp. It has been reported that the expression of TEN is induced in the dental mesenchyme 

in the same area as SYN1, and that TEN and SYN1 expression increased with the duration 

of epithelial-mesenchymal cell contact, and that TEN and SYN1 expression is stage 

dependent [33, 34]. For example, in natural bud stage teeth, the expression of TEN and 

SYN1 showed closely correlated expression in the condensed dental mesenchyme, and that 

cell division was localized to the same area. In contrast, SYN1 expression persists until cap 
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stage in natural tooth buds, then is downregulated as tooth development proceeds. TEN 

expression is downregulated in the DM in natural cap stage teeth, upregulated during bell 

stage, and thereafter persists in the dental pulp, even in mature teeth [33, 34].

Dental pulp cells can contribute to the formation of dentin and bone-like tissue in response 

to external stimuli [45]. However, the molecular mechanisms regulating their induction and 

elaboration of mineralized dentin tissue remain largely unknown. Our results shows that 

GelMA encapsulated DM cells produce dense mineralized tissue in the biomimetic pulp 

organ layer of the CSG constructs, where DSPP was highly expressed. In contrast, DSPP 

was only faintly detected in the biomimetic enamel organ layer of the 3D CSG tooth bud 

constructs. Indeed, DSPP is transiently expressed in the early stage of secretory ameloblasts 

in natural tooth development [46], where the secretion of ameloblast-derived DSPP is short-

lived, and correlates to the establishment of the dentin-enamel junction (DEJ). These 

observations are consistent with roles for DSPP in creating the specialized first-formed 

enamel adjacent to the DEJ. Once DSPP is secreted, it is subjected to proteolytic cleavage 

that results in the formation of two distinct proteins, referred to as dentin sialoprotein (DSP) 

and dentin phosphoprotein (DPP) [46]. It has also been reported that DSPP mRNA and 

protein are detected in odontoblasts and pre-ameloblasts during tooth development [47]. OC 

expression is reduced as compared to DSPP, indicative of DM cell derived odontoblast cell 

differentiation and dentin-like matrix formation, rather than osteoblast derived bone matrix 

formation. Interestingly, in our bioengineered 3D tooth bud constructs, we detected OC 

expression at the interface between the biomimetic enamel and pulp organs, where the DE 

and DM cell sheets were originally located, but which were not distinctly observed as 

discrete structures in either the in vitro cultured or in vivo grown tooth bud constructs. 

Possible explanations for the lack of discrete cell sheet structures in harvested constructs 

could be that the cell sheet layers reorganized and remodeled over time [48]. One of the 

major functions of the ECM is to provide structural support to cells and tissues, and cells 

respond differently to ECM proteins when they are cultured in 2D as compared to 3D cell 

culture, and also depending on the rigidity of the matrix [48]. Several studies using dynamic 

imaging approaches with fluorescently tagged ECM molecules have demonstrated that ECM 

networks are highly dynamic structures that are subjected to constant stretching and 

contracting as well as reorganization mediated by cell and tissue movements [48]. It was 

reported that enamel matrix derivative (EMD) containing AM had a stimulatory effect on 

mesenchymal cells and tissues in the context of alveolar bone regeneration [49]. EMD had a 

positive effect on mineralization, inducing increased alkaline phosphatase activity, and 

osteocalcin and collagen type I expression [49]. Therefore, it is important to understand the 

mechanisms of assembly and reorganization of ECM proteins from a 3D perspective in cell 

and organ systems. For example, our results show that collagen fiber alignment within the 

biomimetic constructs appeared to be oriented perpendicular to that of the encapsulating 

host tissue (Figure 8E and F). During tooth development, cell differentiation and ECM 

secretion occur initially as DM cells differentiate into odontoblasts producing dentin, and 

secondly as DE cells differentiate into ameloblasts producing enamel. DE cells interact with 

extracellular matrix components including the basement membrane, which plays a crucial 

role in maintaining ameloblast differentiation, expression of enamel matrix proteins AMBN, 

AM and enamelin, and subsequent enamel formation [50, 51]. In natural early tooth 
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development, AMBN is expressed before AM, both proteins are expressed in later staged of 

tooth development, while even later AMBN is downregulated while AM expression is 

maintained [52]. AM is detectable in both dental epithelial and dental mesenchymal cells 

and tissues at the epithelial-mesenchymal cell interface at early stages of tooth development 

[53]. Our results show that AM was expressed in both biomimetic enamel and pulp organ 

layers (Figure 9), while AMBN was not detected. We also demonstrated that mineralized 

dentin-like tissue formed initially at the interface of the biomimetic pulp and enamel organs, 

at the location of the DE and DM CSs, while enamel-like tissue formation was not observed 

in the biomimetic enamel organ after 3 weeks in vivo growth. We hypothesize that the 

encapsulated dental cells may be recapitulating their natural developmental process by 

upregulating AM and downregulating AMBN, forming dentin-like tissue, and perhaps if 

grown for longer periods of time ultimately would form enamel-like tissue.

During the past years, researchers have extensively studied signaling networks regulating 

tooth development [38–42, 54]. These studies have shown exquisitely regulated temporal 

expression of growth factors and their downstream transcription factors, in dental epithelial 

and mesenchymal tissues throughout tooth development [38]. In many instances, reiterative 

growth factor expression is observed during successive stages of tooth morphogenesis, to 

promote signaling in both directions between DE and DM tissues. Our results show that 

SHH, BMP2 and RUNX2 were expressed in in vivo cultured biomimetic tooth buds in both 

enamel organ and pulp organ layers (Figure 10), and that in general, expression in in vivo 

cultured constructs appeared stronger than in in vitro cultured constructs (Figure 5). SHH 

and RUNX2 were highly expressed in biomimetic epithelial organ layers (Figure 10A and 

F), while BMP2 was highly expressed at the interface of the biomimetic epithelial organ and 

pulp organ layers (Figure 10D). In natural tooth development, SHH is involved in the 

proliferation and differentiation of both DE and DM stem cells, while SHH expression is 

limited to the dental epithelium, suggesting that SHH functions as an autocrine signal in 

dental epithelium and as a paracrine signal in dental mesenchyme [41, 42]. Thus, SHH 

exerts crucial functions in tooth germ growth, morphogenesis, and tissue-tissue interactions. 

In natural teeth, BMP2 is expressed during embryonic and post-natal tooth development 

during odontoblast and ameloblast differentiation [41]. The differential fate of dental 

epithelial stem cells is controlled by BMP/SHH signaling network, which partially accounts 

for the different postnatal growth potential of teeth [54]. Therefore, the crosstalk between the 

two signaling pathways, BMP and SHH, is very important in regulating the fate of epithelial 

stem cells during organogenesis. RUNX2 is also essential for the later stages of tooth 

formation during development of calcified tooth tissue (enamel organ and dentin organ 

formation) [40]. Moreover, RUNX2 regulates the alveolar remodeling process essential for 

tooth eruption and may play a role in the maintenance of the periodontal ligament [40]. 

Although enamel-like tissue formation was not observed in our biomimetic enamel organ 

tissues after 3 weeks in vivo growth, the dental epithelial cells were actively expressing 

SHH, BMP2 and RUNX2 similar to expression patterns observed in naturally developing 

teeth. Future studies that include increased in vivo implantation times are needed to better 

understand the behavior and fate of the DE cells in the enamel organ of our biomimetic 3D 

tooth bud constructs.
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Future improvements to our model include methods to fabricate biomimetic tooth roots that 

can maintain viability and support tooth functions, as an important contribution to the field 

of regenerative dentistry [25]. We previously demonstrated that our bioengineered 3D 

biomimetic tooth bud constructs containing HUVECs exhibited functional vascularization 

resembling natural neovasculature organization, which is very important to maintain tooth 

functions [19]. Future implantation of bioengineered 3D biomimetic GelMA-CS-HUVEC 

tooth buds in a jaw bone socket may facilitate periodontal tissue formation [26]. Together, 

these approaches suggest the potential to create biomimetic living, functional bioengineered 

tooth replacements.

Conclusions

Natural tooth formation is a highly complex process where the tightly controlled 

spatiotemporal expression and interactions of growth factors, cytokines, and transcription 

factors direct macro-morphological and micro-morphological aspects of tooth development. 

Proper control of these interactions is essential in order to generate bioengineered teeth of 

specified size and shape. In this study we demonstrate, for the first time, the successful 

creation of multilayered DE-DM cell sheets that express proteins involved in the DE-DM 

interactions, condensation and differentiation. The combined use of DE-DM cell sheets with 

dental cell encapsulated 3D GelMA constructs significantly increased dental ECM formation 

in both of the biomimetic enamel and pulp organ layers, and upregulated dental cell 

differentiation marker expression. Future studies will focus on increasing in vivo 
implantation duration in order to better understand the behavior and fate of DE and DM cells 

in the respective biomimetic enamel organ and pulp organs, for eventual enamel and dentin 

formation. Moreover, 3D in vitro culture conditions that include mechanical stimulation 

could be used study how these forces contribute to natural tooth development, and influence 

dental cell differentiation. We conclude that dental cell sheets provide a new and useful tool 

to study DE and DM cell interactions leading to ameloblast and odontoblast cell 

differentiation, respectively, and that biomimetic 3D GelMA-CS tooth bud constructs 

provide a novel and promising model for the development of functional, bioengineered 

replacement teeth of specified size and shape.
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Figure 1. Experimental design and culture of 3D GelMA-CS tooth buds
A. DE and DM cells were seeded on thermo-responsive plates and cultured in normal DE 

and DM media, respectively, for 14 days. DE and DM CSs were detached by temperature 

reduction (20ºC) and layered over GelMA constructs to create experimental 3D tooth bud 

constructs (CSG = DE and DM CSs layered over dental cells encapsulated in GelMA; G = 

GelMA alone). For in vivo analyses, replicate constructs were cultured in osteogenic media 

for 4 days and implanted subcutaneously onto the backs of the rats. B. Bioengineered 3D CS 

- GelMA tooth bud model. The bottom layer mimics the pulp organ (5% GelMA 

encapsulating DM cells) and the top layer mimics the enamel organ (3% GelMA 

encapsulating DE cells). The DE and DM CS layers mimic polarized DE-DM cell layers 

normally observed in developing teeth. C. Steps used to prepare the constructs. DM cells 

(3×107 cells/ml) were re-suspended in 100 μL of 5% GelMA and photo-crosslinked. DM 

and DE cell sheets were layered over the polymerized DM 5% GelMA. DE cells (3×107 

cells/ml) re-suspended in 100 μL 3% GelMA and 100 μL, layered over construct and photo-

crosslinked.
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Figure 2. DM and DE cell sheet formation at indicated cell-seeding densities and in vitro culture 
times, and formation of multilayered dental cell sheets constructs
A. Optimized cell-seeding densities for CS formation was 0.11 × 106 cells/cm2 for DM cells 

and 0.22 × 106 cells/cm2 for DE cells (scale bar 200μm). B. Two layered DM CSs. C. Three 

layered DE CSs.
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Figure 3. 3D GelMA-CS constructs cultured in osteogenic media for 24 h, 4, 7 and 12 days
H&E images (A, B, C, D) revealed extracellular matrix formation and the morphology of the 

DE and DM cell sheets within the bilayer GelMA constructs. The arrows indicate the DE 

and the DM CSs. Pol images (E, F, G, H) show the organized collagen in the extracellular 

matrix. IF imaging (I, J, K, L) showed the expression of VM (green) by DM cells and CK18 

(red) by the DE cells.
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Figure 4. Dental CSs interaction in in vitro cultured GelMA constructs
High magnification H&E images and IHC analyses of multilayered DE DM CSs GelMA 

constructs cultured in osteogenic media for 24 h and 4 days, stained with FAK, TEN and 

SYN4. Arrows indicate expression. Cell sheets are identified as epithelial (DE) and 

mesenchymal (DM). A. H&E stained DE DM CSs GelMA constructs cultured in osteogenic 

media for 24 h. FAK, TEN and SYN4 staining (B, C and D) were detected in the DM CSs 

cultured in osteogenic media for 24 h. E. H&E image of DE DM CSs GelMA constructs 

cultured in osteogenic media for 4 days. F. FAK staining was detected in DE and DM CSs 

cultured in osteogenic media for 4 days. G. TEN was detected in the DM CSs cultured in 

osteogenic media for 4 days. H. Faint SYN4 staining was detected in DM CSs cultured in 

osteogenic media for 4 days. I. No staining was detected in the negative controls. Specific 

staining was detected on the natural tooth bud (J. FAK, K. TEN and L. SYN4).
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Figure 5. Activation of signaling pathways in dental CSs in vitro
H&E images and IF analyses of multilayered DE DM CSs GelMA constructs cultured in 

osteogenic media for 24 h and 4 days, stained with SHH, RUNX2 and BMP2 in green, and 

VM positive DM cells in red. The red staining identifies the DM CSs, while, the absence of 

red staining identifies the DE cells. Arrows indicate expression. H&E stained DE DM CSs 

GelMA constructs cultured in osteogenic media for 24 h (A) and 4 days (E). SHH staining 

was detected in DE and DM CSs after 24 h (B) and 4 days (F). RUNX2 staining was faintly 

detected at the interface of DE and DM CSs (C), but strongly detected at the second layer of 

DE CSs after 24 h (inset in the image C), and detected in DE and DM CSs after 4 days (G). 

BMP2 staining was detected in DE and DM CSs after 24 h (D) and 4 days (H). No staining 

was detected in the negative controls (I, J and K).
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Figure 6. In vivo implanted bioengineered 3D CSG tooth bud constructs
A. In vivo implanted 3 week constructs at harvest (G is acellular GelMA, CSG is biomimetic 

3D CSs GelMA construct). B. Bright field images of an in vivo CSG construct. C. Bright 

field image of an in vivo acellular GelMA constructs.
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Figure 7. MicroCT analyses of in vivo bioengineered CSG constructs
A. No mineralized tissue formation was observed in the acellular GelMA constructs (G). B. 

Mineralized tissue formation was observed in the CSG constructs. C. 3D model of the 

mineralized tissue. D. Quantification of mineral density (g/cm3) of the CSG constructs. E. 

Comparison of mineral densities from engineered and natural mineralized tissues (pig spine, 

trabecular bone, cortical bone and human enamel) [1, 2]. F. Percent volume of mineralized 

tissue within ranges of mineral density (ROI – region of interest corresponds to the whole 

mineralized tissue). G. Representation of areas of mineralized tissue within the ranges of 

mineral densities (white color represents areas within the range). Abbreviations: MD, 

mineral density.
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Figure 8. In vivo implanted bioengineered 3D CSG tooth bud constructs exhibited elaborate 
extracellular matrix formation after 3 weeks
No tissue formation was observed in the acellular GelMA constructs, H&E (A) and Pol (B) 

images. H&E stained embedded paraffin and sectioned constructs exhibited high cellularity 

(C, D), extensive extracellular matrix and dentin/bone-like tissue formation at the DM 

GelMA layer. The dashed line separates the biomimetic pulp organ (DM in the bottom layer) 

from the biomimetic enamel organ (DE in the top layer). Pol images (E, F) revealed 

organized collagen formation within the CSG constructs. IF images (G, H) show the 

expression of VM (green) by DM cells in the biomimetic pulp organ layer, and ECAD (red) 

by the DE cells in the biomimetic enamel organ of the CSG constructs.
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Figure 9. Dental cell differentiation within in vivo grown CSG tooth bud constructs after 3 weeks
IHC analyses of dentin, enamel and bone specific markers. The odontoblast differentiation 

marker DSPP was highly expressed throughout the biomimetic pulp organ layer (A, B). 

Odontoblast/Osteoblast differentiation marker OC was expressed in the centers of the CSG 

constructs (C, D). Ameloblast differentiation marker AM was expressed throughout the CSG 

constructs in both biomimetic pulp and enamel organ layer (G, H), while AMBN was not 

detected in the CSG constructs (E, F). TEN was detected in the both biomimetic pulp and 

enamel organ layers of the CSG constructs (I, J).
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Figure 10. Activation of signaling pathways and host blood vessel detection within in vivo grown 
CSG tooth bud constructs after 3 weeks
IF analyses of SHH, RUNX2, BMP2 and CD31 in green and VM positive DM cells in red. 

The red staining identifies the biomimetic pulp organ layer where the DM cells are localized, 

while, the absence of red staining identifies the biomimetic enamel organ layer where the 

DE cells are localized. SHH was expressed throughout the CSG constructs in both 

biomimetic enamel and pulp organ layer (A, B). BMP2 was also expressed throughout the 

CSG constructs, but stronger BMP2 expression was observed in biomimetic pulp organ 

layers (C, D). RUNX2 was expressed in both biomimetic enamel and pulp organ layer (E, 

F), however, stronger RUNX2 expression was observed in the biomimetic epithelial organ 

layer (E, arrows). No CD31 positive staining was detected in the constructs (G, H). No 

positive staining was detected in the negative controls (I).
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