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Tooth-supporting periodontium forms a complex with multiple tissues, including cementum, periodontal lig-
ament (PDL), and alveolar bone. In this study, we developed multiphase region-specific microscaffolds with
spatiotemporal delivery of bioactive cues for integrated periodontium regeneration. Polycarprolactione-
hydroxylapatite (90:10wt%) scaffolds were fabricated using three-dimensional printing seamlessly in three
phases: 100-mm microchannels in Phase A designed for cementum/dentin interface, 600-mm microchannels in
Phase B designed for the PDL, and 300-mm microchannels in Phase C designed for alveolar bone. Recombinant
human amelogenin, connective tissue growth factor, and bone morphogenetic protein-2 were spatially delivered
and time-released in Phases A, B, and C, respectively. Upon 4-week in vitro incubation separately with dental
pulp stem/progenitor cells (DPSCs), PDL stem/progenitor cells (PDLSCs), or alveolar bone stem/progenitor
cells (ABSCs), distinctive tissue phenotypes were formed with collagen I-rich fibers especially by PDLSCs and
mineralized tissues by DPSCs, PDLSCs, and ABSCs. DPSC-seeded multiphase scaffolds upon in vivo im-
plantation yielded aligned PDL-like collagen fibers that inserted into bone sialoprotein-positive bone-like tissue
and putative cementum matrix protein 1-positive/dentin sialophosphoprotein-positive dentin/cementum tissues.
These findings illustrate a strategy for the regeneration of multiphase periodontal tissues by spatiotemporal
delivery of multiple proteins. A single stem/progenitor cell population appears to differentiate into putative
dentin/cementum, PDL, and alveolar bone complex by scaffold’s biophysical properties and spatially released
bioactive cues.

Introduction

Atooth is a complex organ consisting of hard and soft
tissues, including enamel, dentin, cementum, and vas-

cularized dental pulp. The periodontium refers to tissues
surrounding and supporting the tooth, including cementum,
periodontal ligament (PDL), and alveolar bone. Despite
textbook definition as separate anatomical entities, tooth
root and the periodontium is functionally a single unit.1–3

Approximately 64% of the U.S. population has lost at least
one permanent tooth due to dental caries, periodontal dis-
ease, trauma, or genetic disorders.4–7 The field of tooth re-
generation has grown robustly.8–20 The ambitious goal to
regenerate an entire tooth, including the enamel, has en-
countered several barriers, such as the unavailability of
patient compatible, postnatal stem/progenitor cells, and lack
of strategy to derive functional ameloblasts.12 A less am-
bitious and pragmatic goal to regenerate mineralized tooth
roots has gained substantial momentum.9,17,19 Dentin-like
and cementum/PDL-like tissues were formed in vivo from
dental pulp stem/progenitor cells (DPSCs) and PDL stem/

progenitor cells (PDLSCs), respectively.11,21 A tooth root-
like structure with PDL-like tissue was formed in hydroxy-
apatite (HA)/tricalcium phosphate cylinder that was loaded
with stem cells from apical papilla and PDLSCs.17 PDL cells
were seeded on bioengineered dentin surface to simulate
cementum–PDL complex in vitro.2 Delivery of two growth
factors, Stromal cell-derived factor 1 and bone morphoge-
netic protein-7 (BMP7), induced mineralized tissue formation
along with a PDL-like structure in alveolar bone sockets
following tooth extraction in the rat.9 Transplantation of al-
logeneic dental mesenchymal stem/progenitor cells in HA
scaffold in extraction socket supported the function of a
prosthetic crown.19 Despite the progress in tooth root re-
generation, an existing barrier is to regenerate not only
multiple tissues of an anatomically correct tooth root but also
the supporting PDL and alveolar bone in one integrated
strategy and by using the patient’s endogenous cells.22

Biophysical properties of scaffolds, such as surface tomog-
raphy, internal microstructure, scale and interconnectivity of
pores/channels, and material elasticity, play important roles in
cell adhesion, migration, proliferation, and differentiation.22–28
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Apatite microtopography with 10–400mm pores significantly
promoted PDL reattachment to root and alveolar bone by
PDLSCs in comparison with smooth dentin surface and na-
nostructured HA.22 Nanohybrid matrix scaffolds with micro-
tubular structure were fabricated to mimic dentinal tubules.29

Polycaprolactone (PCL) fibers with perpendicularly oriented
microchannels improved collagen attachment in mineralized
structures.26 These emerging findings suggest that biophysical
properties of material scaffolds may impact on tooth root and/or
periodontium regeneration. However, little is known what de-
sign and biophysical parameters are pivotal for the regeneration
of periodontium complex.

In this report, we created a region-specific scaffold with
three phases of microstructures, preoptimized for the re-
generation of dentin/cementum, PDL, and alveolar bone
from dental stem/progenitor cells. Three-dimensional (3D)
layer-by-layer fabrication enables precise control of the
scaffold’s microarchitecture in different regions, in con-
junction with spatiotemporal delivery of amelogenin as a
stimulant for mineralized dentin/cememtum formation,30

connective tissue growth factor (CTGF) as per our previous
work to stimulate bone marrow stromal/stem cells toward
fibroblasts31 for PDL regeneration, and BMP2 as an os-
teoinductive agent32 to stimulate alveolar bone regeneration.
These three recombinant human proteins were micro-

encapsulated in poly(lactic-co-glycolic acid) (PLGA) mi-
crospheres (mS) and time-released in Phases A, B, and C
with different pore/channel scales of an integrated multi-
phase PCL/HA scaffold. In vitro and in vivo data collec-
tively demonstrated that dental stem/progenitor cells were
stimulated by spatiotemporally delivered bioactive cues and
produced type I collagen (COL-I) fibers that inserted into
dentin sialophosphoprotein-positive (DSPP + )/cementum
matrix protein 1-positive (CEMP1 + ) mineralized matrix on
one side and bone sialoprotein-positive (BSP + ) bone-like
tissue on another side, which together recapitulated a puta-
tive periodontium complex.

Materials and Methods

Fabrication of multiphase scaffolds with spatiotemporal

delivery of bioactive cues

PCL/HA scaffolds were fabricated (5· 5 · 3mm3) by
layer-by-layer deposition using 3D printing (Bioplotter;
EnvisionTec) as per our previous work.33,34 Briefly, PCL
and HA (90:10wt%) was comolten at 120�C and dispensed
through a 28-gauge metal needle (DL Technology) to create
interlaid strands (diameter 100 mm) and interconnected mi-
crochannels (Fig. 1). To construct integrated multiphase
microstructures, dispensing parameters including distance in

FIG. 1. Three-dimensional (3D)
printed seamless scaffold with region-
specific microstructure and spatial
delivery of proteins. The fabricated
scaffolds consisted of three phases:
100-mm microchannels with 2.5mm in
width (A; Phase A), 600-mm micro-
channels with 500mm in width (B;
Phase B), 300-mm microchannels with
2.25mm in width (C; Phase C). (D)
Poly(lactic-co-glycolic acid) micro-
spheres encapsulating amelogenin,
connective tissue growth factor
(CTGF), and bone morphogenetic
protein-2 (BMP2) were spatially teth-
ered to Phases A, B and C, respec-
tively.
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between interlaid microstrands were varied. The fabricated
scaffold consisted of three phases: (A) 100-mm transverse
microchannels with 2.25mm in width designed for cemen-
tum/dentin interface, (B) 600-mm transverse microchannels
with 0.5mm in width designed for the PDL, and (C) 300-mm
transverse microchannels with 2.25mm in width designed
for alveolar bone (Fig. 1A–C). These design parameters
were selected with reference to microscopic scales in the
literature35 and also our prior experience in the regeneration
fibro-osseous tissues.31,36

To direct cell differentiation, PLGA mS encapsulating
recombinant human amelogenin, CTGF, and BMP2 were
incorporated in Phases A, B, and C of the scaffold, re-
spectively (Fig. 1D). Amelogenin is a secreted protein by
ameloblasts and participates in mineralization.37 CTGF was
selected for its potency to stimulate fibroblastic differenti-
ation.31,38 BMP2 was selected for its ability to promote
osteogenesis.32 Natively, amelogenin is expressed by ame-
loblasts and was selected to simulate odontogenesis and/or
cementogenesis, its effect to promote differentiation of
odotoblasts and cementoblasts.30,39,40 Consistently, our pilot
study showed that amelogenin promote DPSC’s differenti-
ation into odontoblast-like cells (data not shown). PLGA
mS-encapsulating these bioactive cues were prepared using
double-emulsion technique as per our previous work.31,38 In
vitro release kinetics showed timed extrusion of the en-
capsulated cues up to the tested 6 weeks (Supplementary
Fig. S1; Supplementary Data are available online at www
.liebertpub.com/tea). Then, a total of 10-mg PLGA mS en-
capsulating recombinant human amelogenin (10mg), CTGF
(5 mg), or BMP2 (2.5 mg) were suspended in 1mL ethanol,
air-dried 1 h for ethanol evaporation, and then delivered into
the scaffold’s microchannels in Phases A, B, and C, re-
spectively. As described in our previous work,31 mS-sus-
pended in ethanol with preoptimized volume was pipetted
through microchannels in each phase of scaffold to achieve
phase-specific mS incorporation. Scaffold’s microstructures
and mS incorporation were imaged with scanning electronic
microscopy (S-4700; Hitachi High Technologies). The
PLGA mS-incorporated scaffolds were sterilized in ethylene
oxide (ETO) for 24 h before cell seeding. Our previous work
showed minimal loss of protein potency following ETO
sterilization in comparison to other methods.31,36 Identical
scaffolds with empty PLGA mS (no proteins) were used as
controls for in vitro and in vivo experiments.

For dentin/cementum formation, a pilot study was con-
ducted to obtain optimal size and/or pattern of micro-
channels that promote the differentiation of dental stem/
progenitor cells into odontoblasts and/or cementoblasts
(Supplementary Fig. S2). Our data showed that 100-mm
channels in 3D-printed scaffolds are superior in promoting
odontoblastic differentiation than other channel sizes tested
(Supplementary Fig. S2).

Cell preparation and delivery

Following IRB approval, human DPSCs, PDLSCs, and
alveolar bone stem/progenitor cells (ABSCs) were isolated
from 18- to 39-year-old patients as per our previous meth-
ods.41–43 Briefly, tooth pulp and PDL samples were minced
and digested with collagenase (3mg/mL) and dispase (4mg/
mL) for 1 h at 37�C for DPSC and PDLSC isolation, re-

spectively. Mononucleated and adherent cells were isolated
by single-cell suspension and passage through a 70-mm
strainer (BD). The isolated cells were cultured in DMEM
supplemented with 10% fetal bovine serum (Atlanta Bio-
logical) and 1% antibiotics at 37�C and 5% CO2 with the
medium change twice a week. To isolate ABSCs, alveolar
bone samples were cultured to allow the migration of
mononucleated and adherent cells out of bone marrow.
Previously, we isolated, expanded, and differentiated
DPSCs, PDLSCs, and ABSCs into osteo-/odontoblasitc,
chondrogenic, and adipogenic lineages.41–45

Passage 2–4 DPSCs, PDLSCs, or ABSCs were suspended
at a density of 1 · 105 cells/scaffold in a neutralized COL-I
solution (2mg/mL). Cell-suspended collagen solution was
then infused into scaffold’s microchannels and incubated for
1 h at 37�C. Cell-seeded multiphase scaffolds were cultured
in 12-well plates for 2 days before in vivo implantation or
cultured for 4 weeks in vitro in chemically defined media, a
1:1 mixture of osteo-/odontogenic supplements and fibro-
blastic differentiation supplements as per our previous
methods.31,34,46 Total 10 samples per group were cultured
for in vivo experiments.

In vivo implantation of cell-delivered scaffolds

Under IACUC approval, 10-week-old immunodeficient
mice (Harlan) were anesthetized with 1–5% isofluorane.
Upon disinfection with 10% povidone iodine and 70%
ethanol, a 15-mm incision was made in the dorsum’s mid-
sagittal plane. Following creation of subcutaneous pouches,
DPSC-seeded multiphase scaffolds with spatiotemporal de-
livery of BMP2, CTGF, and amelogenin were implanted,
followed by wound closure (n= 10). DPSC-seeded scaffolds
with empty mS were implanted as control (n= 10). The ra-
tionale for delivery of DPSCs, as opposed to PDLSCs or
ABSCs, in the present in vivo experiment is that DPSCs
have been more thoroughly characterized41–45 and are
readily available in extracted teeth that are currently dis-
carded as medical waste. Following 6-week in vivo im-
plantation, all constructs were retrieved from mice
following euthanasia by CO2 inhalation.

Gene expression

Total RNA was isolated from each phase of the cultured
scaffolds using Trizol as per our previous work.31,34,46 All
isolated RNA samples were reverse-transcribed using a kit
(Applied Biosystems). For mRNA quantification, real-time
quantitative polymerase chain reaction (PCR) with the
cDNA samples were performed using ViiA� 7 Real-Time
PCR System and TaqMan� gene expression assays (Applied
Biosystems). Commercially available primers and probes
for human COL-I, CEMP1, DSPP, and BSP were used with
GAPDH as a housekeeping gene.

Histomorphometric and immunohistochemical analyses

The harvested samples were embedded in paraffin and
sectioned at 5 mm thickness. Randomly selected sections were
stained with H&E, Masson’s Trichrome, and Alizarin Red
(AR) as per our previous work.31,33,34 Immunofluorescence
for COL-I (ab90395; Abcam), DSPP (ab122321), CEMP1
(ab134231), and BSP (ab52128) was performed as per our
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previous methods.47,48 Confocal microscopy was used to
evaluate multiphase tissue formation in scaffolds without
sectioning.

Data analysis and statistics

Upon confirmation of normal distribution, all quantitative
data of control and treated groups were treated with one-way
ANOVA and post hoc LSD tests at a level of 0.05.

Results

Multiphase tissue formation in cell-seeded scaffolds in vitro

Scaffolds with spatiotemporal delivery of bioactive cues
formed distinctive multiphase tissues consisting of primitive
PDL-like collagen fibers in Phase B that interfaced between
mineralized bone-like tissues of Phases A and C that sim-
ulated dentin/cementum following 4-week in vitro incuba-
tion with DPSCs, PDLSCs, or ABSCs, respectively (Fig. 2).
Remarkably, dense and polarized mineralized tissue was
formed under amelogenin stimulation of DPSCs (Fig. 2A) in
Phase A that was designed to simulate dentin/cementum
formation. Spindle-shaped fibroblast-like cells in a non-
mineralized matrix were present in CTGF-stimulated Phase
B that was designed to simulate the PDL (Fig. 2B, E). Mi-
neralized tissue was also formed in BMP2-stimulated Phase
C that was seeded with DPSCs and designed for alveolar

bone (Fig. 2C, F). Interestingly, scaffolds with empty mS
also showed multiple tissues structures: mineralized tissues
in Phases A and C (Fig. 2J, L) but nonmineralized tissue in
Phase B (Fig. 2K), although mineralized tissue formation
was not as robust as in amelogenin- or BMP2-delivered
samples (Fig. 2D, F). Strikingly, collagen fiber-like struc-
tures were formed by PDLSCs under CTGF stimulation in
Phase B, reminiscent of the native PDL (Fig. 2B1, 2E1).
Dense mineralization was observed in Phase C with BMP2
stimulation of PDLSCs (Fig. 2C1, F1), but not as robust as
in Phase A with amelogenin stimulation (Fig. 2D1). ABSCs
yielded similar multitissue patterns with somewhat modest
mineralization in Phase A (Fig. 2A2, D2) and robust min-
eralization in Phase C (Fig. 2C2, F2). Collagen fiber-like
structures were formed by PDLSCs under CTGF stimulation
in Phase B, reminiscent of the native PDL (Fig. 2B1, 2E1).
Confocal microscopy demonstrated COL-I-rich non-
mineralized soft tissue under CTGF stimulation in Phase B
(Fig. 3B) that interfaced between DSPP + mineralized ma-
trix in Phases A and C under amelogenin and BMP2 stim-
ulations (Fig. 3A, C, respectively) and culture with DPSCs
for 4 weeks. In contrasting, scaffolds with empty mS yielded
scattered mineralization and modest COL-I (Fig. 3D–F).

Samples harvested at multiple time points (1, 2 and 3
weeks) demonstrated different mineralization patterns in
Phase A than those in Phase C. In Phase A, polarized cell
alignment was observed on scaffold’s microstrand surface

FIG. 3. Confocal micros-
copy of DPSC-seeded scaf-
folds. + : with protein
encapsulated microspheres;
- : empty microspheres
without proteins. Following
4-week in vitro incubation,
type I collagen (COL-I)-rich
fibrous matrix in Phase B (B)
interfaced between dentin
sialophosphoprotein-positive
(DSPP + ) mineralized regions
in Phases A and C (A, C).
The right 1/3 of (A) shows
integrated interface between
COL-I-rich fibrous tissue and
mineralized DSPP + matrix in
Phase A. Modest DSPP +

tissue was formed in control
samples with empty micro-
sphere (D–F). Scale bar =
200mm. Color images
available online at www
.liebertpub.com/tea
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by 1 week and mineralized matrix was deposited along with
the aligned cells by 3 weeks to form polarized dense mineral
structures (Fig. 4A, D, H, K, M). In contrast, mineral de-
position in Phase C was relatively scattered and isolated
from 1 to 3 weeks (Fig. 4C, F, J, L, N). Spindle-shaped cells
were observed as early as 2 weeks in Phase B (Fig. 4B, E, I).

Multiphase expression of mRNA markers

Real-time quantitative PCR showed that COL-I mRNA
expression was significantly higher in Phase B than in
Phases A and C (Fig. 5A). COL-I mRNA level was elevated
by the delivery of bioactive cues (Fig. 5A). DSPP and
CEMP1 mRNA expression was significantly higher in Phase
A than in Phases B and C (Fig. 5B, D). BSP mRNA ex-

pression was significantly highly in Phase C than in Phases
A and B (Fig. 5C). The expression of DSPP, CEMP1, and
BSP mRNA was further enhanced in bioactive cues-deliv-
ered group than scaffolds with empty mS (Fig. 5B–D) (n = 5
per group; p < 0.01).

In vivo generation of multiphase tissues mimicking

periodontium complex

After 4-week in vivo implantation, distinctive and yet
integrated multiphase tissues were generated in DPSC-see-
ded scaffolds with spatiotemporal delivery of bioactive cues
(Fig. 6). In Phase A, dense mineralized tissue was formed
(Fig. 6A) and was positive to both AR (Fig. 6D) and DSPP
(Fig. 6G). Unmineralized connective tissue was formed in

FIG. 4. Time line of mineralized tissue formation in vitro following 1, 2, and 3 weeks of culture of DPSCs. Amelogenin
was delivered in Phase A, CTGF in Phase B, and BMP2 in Phase C. Mineral deposition in Phase C was relatively scattered
from 1 to 3 weeks (C, F, I, K, M). Contrastingly, polarized cell alignment was observed by 1 week, and mineralized matrix
was deposited along with the aligned cells by 3 weeks to form polarized dense mineral structures in Phase A (A, D, G, J, L).
Phase B showed formation of spindle-shaped fibroblast-like cells (B, E, H). Scale = 200 mm. Color images available online
at www.liebertpub.com/tea

FIG. 5. mRNA expression of DPSCs cultured in multiphase scaffolds in vitro. + , with protein encapsulated micro-
spheres; - , empty microspheres without proteins. Amelogenin was delivered in Phase A, CTGF in Phase B, and BMP2 in
Phase C. COL-I mRNA was robustly expressed in Phase B and further elevated with CTGF stimulation (A). DSPP and
cementum matrix protein 1 (CEMP1) mRNA expression were significantly higher in Phase A than in Phases C and B and
further elevated upon amelogenin stimulation (B, D). Bone sialoprotein (BSP) mRNA was robustly expressed in Phase C
and further elevated with BMP2 stimulation (C) (n = 5 per group; *p < 0.05 for comparison among Phases A, B, and C;
#p< 0.05 for comparison with or without protein stimulation). Color images available online at www.liebertpub.com/tea
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Phase B not only with fibroblast-like cells and blood vessels
(Fig. 6B) but also inserted into mineralized tissue that was
positive to both AR (Fig. 6D) and CEMP (Fig. 6G), remi-
niscent of dental cementum. Phase C showed mineralized
connective tissue (Fig. 6C), positive to AR (Fig. 6F) and also
BSP (Fig. 6I), indicating mineralized bone-like tissue for-
mation. Strikingly, Phase A seeded with DPSCs and stimu-
lated with amelogenin (Fig. 6A, D, G) showed different tissue
phenotype from that in Phase C containing the same popu-
lation of DPSCs but stimulated with BMP2 (Fig. 6C, F, I),
suggesting that amelogenin and BMP2 have differential ef-
fects on DPSCs. Immunofluorescence demonstrated that
mineralized matrix in Phases A and C are positive for DSPP
and BSP, respectively (Fig. 6G, I). Remarkably, aligned
collagen fiber-like structures inserted into CEMP1+ miner-
alized tissue, reminiscent of Sharpey’s fibers at the interface
between Phases B and C (Fig. 6B, E, H). Similar to our
in vitro finding, scaffolds with empty mS showed similar
tendency with suboptimal tissue formation (6D–F, J–L).

Discussion

Periodontium are complex and integrated anatomical
structures with multiple region-specific tissue phenotypes,
playing important roles in tooth function. The present
findings suggest de novo formation of putative dentin/ce-
mentum-like structures and a PDL-like tissue interface both
in vitro and in vivo by multiphase scaffolds with three dis-
tinctive microstructures and spatiotemporal delivery of
BMP2, CTGF, and amelogenin. Multiple tissues consisting
of BSP + bone-like tissue, Col-I + collagen fibers, and
CEMP1 + /DSPP + dentin/cementum-like structures derive a
single population of dental stem/progenitor cells in vivo.
Previous periodontal tissues regeneration models have pri-
marily adopted the approach of staggering multiple layers of
biomaterials.26,49–51 Although staggering of multiple bio-
material sheets is convenient for cell seeding, potential de-
lamination of multiple layers is a concern. The present work
takes advantage of our existing approach33 of continuous 3D

FIG. 6. Formation of col-
lagen fibers inserting into
mineralized dentin/cemen-
tum-like tissue and bone-like
tissue in vivo. Upon 4-week
in vivo implantation, the
multiphase scaffolds with
bioactive cues successfully
led to the generation of min-
eralized tissues in Phases A
and C (A, C, D, F, G, I) and
aligned fibrous structure in
Phase B (B, E, H). Highly
dense bulk DSPP + mineral-
ized structure was observed
in Phase A (A, D, G),
whereas BSP + alveolar
bone-like mineralized tissue
was formed in Phase C (C, F,
I). Impressively, aligned fi-
brous structure was inserted
in CEMP1+ mineralized
matrix, resembling Sharpe’s
fibers, at Phases B–C inter-
face (B, E, H). Scaffolds
with empty microspheres
showed similar tendency
with suboptimal tissue for-
mation (J–O). Scale bar=
200mm for (A, J, and M),
and 100mm for the others. S:
scaffold. Arrows indicate
mineralized regions. Color
images available online at
www.liebertpub.com/tea
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printing to construct a seamless biomaterial scaffold and yet
with different region-specific pore/channel sizes that are
specifically designed for integrated regeneration of multiple
periodontal tissues. The design of 100-mm transverse mi-
crochannels in Phase A is to serve as a module for cemen-
tum/dentin interface, preoptimized from our pilot study
(Supplementary Fig. S2). The rationale for 600-mm trans-
verse microchannels in Phase B is to simulate the width of
the native PDL in the range of *200 to 700mm.35 Fur-
thermore, the design of 300-mm transverse microchannels in
Phase C with a width of 2.25mm for alveolar bone is to
provide sufficient space in a pore size that is consistent with
osteogenesis.52 Cell seeding is convenient by hydrogel in-
fusion in microchanneled scaffolds as shown in our present
work. Our observation of Sharpey fiber-like structures in-
serting into DSPP + and CEMP1 + mineralized cementum-
like tissue on one side and BSP + bone-like tissue on the
other side in vivo indicates the formation of a putative
periodontium including putative dentin/cementum, PDL,
and alveolar bone. This putative periodontium, in conjunc-
tion with DSPP + mineralized dentin-like tissue in vivo,
arguably serves as a prototype for additional work for or-
thotopic regeneration of tooth root–periodontium com-
plex. The pattern and size of microchannels/microstrands
are readily adjustable while maintaining physical integra-
tion,33,34,52 consequently leading to the generation of inte-
grated multiple tissues.

As an extension of our previous experience in the re-
generation of bone and fibrous defects in vivo,31,33,34,36 we
designed microchannels with biophysical parameters spe-
cifically for the regeneration of multitissue periodontium in
the present study. A distinctive microarchitecture consists of
interconnectivity and surface tomography in layer-deposited
scaffolds and serves as pivotal cues for odontoblastic dif-
ferentiation together with microchannel size. Microstructure
with 100-mm microchannels in layer-deposited scaffolds
appears to provide an appropriate biophysical configuration
to the deposition of polarized dense mineralized structure,
reminiscent of dentin. Our data showed that 100-mm chan-
nels in 3D-printed scaffolds are superior in promoting
odontoblastic differentiation than other channel sizes tested
(Supplementary Fig. S2). Channel sizes bigger than 100mm
(200 * 300mm) failed to yield odontoblastic differentiation
(data not shown). Although microstructure on native dentin
surface consisting with 2–3 mm dentinal tubules is presum-
ably appropriate to induce odontoblastic differentiation of
DPSCs,53 our data indicate that DSPP + tissue formation in
100-mm channels may allow putative odontoblasts to extend
their processes and form multiple units of 2–3mm dentinal
tubules.

Dental stem/progenitor cells from various anatomical
entities have been used for the regeneration of tooth and/or
periodontal tissues. Cotransplantation of embryonic tooth
germ cells in collagen gel in an extraction socket success-
fully leads to tooth morphogenesis, followed by erup-
tion.54,55 However, autologous embryonic tooth germ cells
are not realistic for clinical applications.13,54,55 Xenogenic
or allogeneic embryonic tooth germ cells are not practical
either due to ethical concerns, potential immunorejection
and dismorphogenesis. The present findings show a poten-
tial of postnatal dental stem/progenitor cells, including
DPSCs, PDLSCs, and ABSCs, for regenerating multiple

periodontal tissues. Postnatal dental stem/progenitor cells,
despite their inability to generate complete tooth organs,
may retain the potency to differentiate into fibroblastic lin-
eages31 and into mineralized tissues that express dentin-like
and bone-like markers, as shown in the present study. Some
of dental stem/progenitor cells are present in tooth extrac-
tion sockets (e.g., PDLSCs and ABSCs) or can be readily
isolated from dental tissues without undue trauma to the
patient (e.g., PDLSCs and DPSCs). Host endogenous PDL
cells and/or alveolar bone cells, including PDLSCs and
ABSCs, can be recruited into scaffolds and instructed for
regenerating periodontal tissues, as shown in our previous
work.9 Recruitment and directed differentiation of host en-
dogenous cells may circumvent some of cell delivery-
related translational hurdles.33,56

A limitation of the present de novo formation of putative
periodontium complex upon ectopic implantation can be
addressed by additional experiments to regenerate the per-
iodontium orthotopically in a preclinical large animal
model, as previously attempted for periodontal regeneration
but without tooth roots.57,58 Orthotopic regeneration in the
same biochemical/physical environment as the native tissue
that is to be replaced may further improve the quality and
functionality of regenerating root and periodontal tissues.
Together, multiphase periodontium tissues may regenerate
by spatiotemporal delivery of multiple proteins and multi-
phase microstructure. A single stem/progenitor cell popu-
lation appears to differentiate into putative dentin/
cementum, PDL, and alveolar bone complex by scaffold’s
biophysical properties and specific bioactive cues. Appar-
ently, it is speculated that optimal combination of micro-
structure and bioactive cues in consideration of a target cell
type should be achieved for desirable periodontal tissues
regeneration. Additional studies may further include inves-
tigations on signaling pathways involved in microstructure-/
bioactive cues-induced cell differentiation for periodontium
regeneration.
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