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Polarized, Amelogenin Expressing Ameloblast-Like Cells
from Cervical Loop/Dental Pulp Cocultures in Bioreactors

Mirali Pandya,1 Huling Lyu,1,2 Xianghong Luan,1 and Thomas G.H. Diekwisch1,i

The growth of long and polarized ameloblast-like cells has long been heralded as a major prerequisite for
enamel tissue engineering. In this study, we have designed three-dimensional bioreactor/scaffold microen-
vironments to propagate and assess the ability of cervical loop derivatives to become long and polarized
ameloblast-like cells. Our studies demonstrated that cervical loop/periodontal progenitor coculture in a growth-
factor-enriched medium resulted in the formation of ameloblast-like cells expressing high levels of amelogenin
and ameloblastin. Coculture of cervical loop cells with dental pulp cells on tailored collagen scaffolds enriched
with leucine-rich amelogenin peptide (LRAP) and early enamel matrix resulted in singular, elongated, and
polarized ameloblast-like cells that expressed and secreted ameloblastin and amelogenin enamel proteins.
Bioreactor microenvironments enriched with enamel matrix and LRAP also proved advantageous for the prop-
agation of HAT-7 cells, resulting in a *20-fold higher expression of amelogenin and ameloblastin enamel
proteins compared with controls growing on plain scaffolds. Together, studies presented here highlight the ben-
efits of microgravity culture systems combined with ameloblast-specific microenvironments and tailored scaf-
folds for the growth of ameloblast-like cells.
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Introduction

In their natural environment, cells receive nutrients
and structural support from all three dimensions, stretch

and contract within the limits of surrounding tissues, and
respond to signals and spatial feedback from all sides, top and
bottom [1]. As part of a multicellular organism, cells expe-
rience gravity in varying angles and orientations with every
turn and movement of the animal they live in [2]. In mam-
mals, cells have evolved to thrive in three-dimensional (3D)
surroundings for *65 million years [3]. For any living cell,
the sudden switch from such a rich organismal microenvi-
ronment to the confined terrain of a two-dimensional (2D)
culture dish must present a radical change in living condi-
tions. At the bottom of a 2D dish, the effects of gravity are
strictly unidimensional, signals are depleted within a limited
time span, and the supply in nutrients and oxygen and the
removal of waste remain static until the next change of
medium occurs. Considering this elemental change in living
conditions, the predominance of in vitro cell culture as a
means of biomedical inquiry has been remarkable, including
the prominent role of 2D culture systems in cell biological

research. The success of many cell culture protocols is tightly
linked to established cell lines, such as NIH 3T3 fibroblasts,
keratinocytes, and >2,000 human cell lines from the Ameri-
can Type Culture Collection (ATCC). However, some cell
types are less amenable to 2D culture conditions, including
many differentiated epithelial cells such as ameloblasts.

Ameloblasts are the principal cell type responsible for the
secretion of tooth enamel extracellular matrix and enamel
ion mineral transport [4]. Perhaps due to their high level of
specialization and interdependency, ameloblast cell culture
models have proven to be challenging [5,6]. So far, five dif-
ferent ameloblast-like cell lines have been reported in the
literature, in addition to various protocols for the culture
of primary ameloblast-like cells. Primary enamel organ cells
grown on feeder cell layers express amelogenin, ameloblas-
tin, MMP20, kallikrein 4, and other enamel-related proteins
[7]. In addition to enamel organ primary cell culture pro-
tocols, three of the five known enamel organ-derived cell
lines have been reported to mimic ameloblast-like qualities,
the mouse ameloblast-lineage cell line (ALC), the rat dental
epithelial cell line (HAT-7), and the mouse LS8 cell line
[8]. Two other cell lines have been established but not used
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frequently: the porcine PABSo-E cell line [9] and the rat
SF2-24 cell line [10]. However, the majority of these cells
have lost their distinctive polarized cell shape in culture.

In recent years, technologies originally developed by
the National Aviation and Space Administration (NASA) to
study the effects of microgravity on cultured cells have been
applied to solve many of the problems of traditional 3D cell
culture as they relate to transport and fluid exchange [11,12].
These bioreactor technologies have resulted in the develop-
ment of a rotating wall vessel as a single axis clinostat con-
sisting of a fluid-filled, cylindrical, horizontally rotating
culture vessel [13,14]. Cells placed in these environments
assemble into tissue-like aggregates with high mass trans-
port of nutrients, oxygen, and wastes [14]. As a result, bio-
reactor technologies have been frequently employed to culture
cells that are incompatible with other culture technologies [14].

In this study, we have successfully generated a 3D
bioreactor-based ameloblast-like cell culture model based on
mouse incisor cervical loop enamel organ cells. We have used
this model to examine some of the scaffolds, microenviron-
ments, and coculture conditions necessary to facilitate the dif-
ferentiation of polarized, elongating, and enamel protein
secreting ameloblast-like cells, and we have compared
bioreactor-grown ameloblast-like cells with established
ameloblast-like cell lines such as HAT-7 cells. The results of
our study provide new insights into the microenvironments
necessary to support successful growth of ameloblast-like cells.

Materials and Methods

Bioreactor

Cells were cultured in a rotatory cell culture system or
Rotary Cell Culture System (RCCS)-4 from Synthecon, Inc.
(Houston, TX). This system contains four high-aspect ratio
vessels (HARVs) with disk-shaped oxygenator membranes
in the vessel wall used in conjunction with a RCCS rotator
base (Fig. 1). The RCCS generates a 3D in vitro microgravity
environment as a result of low shear force and high mass
transfer.

Cervical loop preparation and 3D bioreactor
cell culture

All animal procedures were performed in accordance with
TAMU College of Dentistry IACUC 2019-0237 CD regula-
tions. Cervical loop cells were dissected from ten 6 days post-
natal (DPN) C57/BL-6J wild-type mouse mandibular incisors.
Cells were pooled and digested using collagenase/dispase
(Roche, Basel, Switzerland) at 37�C for 30 min to obtain a
single cell suspension. This suspension was then passed through
a 70mm cell strainer and centrifuged. After washing with
phosphate buffered saline (PBS), cells were counted using a
hemocytometer. Cells were then aliquoted for culture in
our four 10 mL HARV vessels, representative of the following
groups: (1) keratinocyte medium serum-free medium with
growth factor supplements (Gibco, Maryland) and additional
10% fetal bovine serum, 1% penicillin/streptomycin and
100mg/mL ascorbic acid as control group and (2) addition of
growth factors and extracellular matrix proteins, including
0.03mg/mL BMP 2 (R&D systems, MN), 0.03mg/mL BMP-
4 (R&D systems), 10 ng/mL human recombinant FGF
(Peprotech, Cranbury, NJ) and 15 ng/mL hEGF (Gibco),

200 mg/mL Matrigel (Corning Life Sciences, New York), 5mg/
mL Laminin (Corning) and 5mg/mL Fibronectin (Corning) to
the control medium for the experimental group.

Coculture studies

The four cervical loop cell suspensions described above
provided the basis for our coculture studies using either
human periodontal progenitors (passage 4) or human dental
pulp progenitors (passage 3). For coculture studies, 1 · 104

cells were added to the bioreactor coculture group. Cervical
loop cell monolayers seeded onto scaffolds in the bioreac-
tor without the presence of any mesenchymal support cells
served as the control group. The experimental group com-
prised of cervical loop cells cocultured with either periodon-
tal progenitors or dental pulp progenitors. Immortalized
HAT-7 cells originating from a cervical loop epithelium of
a rat incisor were used in place of cervical loop cells and
cocultured with dental pulp progenitors to determine the
feasibility of maintaining an established ameloblast-like cell
line in a 3D culture system. All culture experiments were
conducted for 10 days, and the samples were harvested for
further molecular analysis and histology.

Scaffolds

Multiple experiments were carried out to determine scaf-
fold viability. The majority of data in this study were ob-
tained using either a polyglycolic acid (PGA)-based scaffold
or a collagen-based scaffold, both of which yielded valuable
data. In a first set of experiments (Fig. 2), six BIOST-Disks
biostructure-matrix PGA scaffolds with 5 mm diameter (Syn-
thecon, Inc.) were added to each vessel to provide support
for cell attachment and growth. Cells were cultured in the
bioreactor for 10 days with a medium change after every
48 h. After extensive testing of various scaffolds, a scaffold
termed SpongeCol (Advanced Biomatrix) was chosen as the
most compatible scaffold suitable for our experiments (data
shown in Figs. 2 and 3). A second strategy entailed a prep-
aration of 500 mL of Fibricol gel enriched with 1 mg of
leucine-rich amelogenin peptide (LRAP) (Peptide 2.0, Chan-
tilly, VA), 1 mg of lyophilized early-stage enamel matrix
prepared from porcine teeth [15], 5 mg/mL laminin, and
5 mg/mL of fibronectin. These additional components were
added separately and together to the SpongeCol scaffold,
and placed in the bioreactor together with our cells imme-
diately upon coating. For a third set of studies, we used a
combination of LRAP, matrix, and 10mL special AT-rich
sequence-binding protein-1 (SATB1) (Origene, MD) toge-
ther with the SpongeCol scaffold coated with a collagen I
based gel (FibriCol, Advanced Biomatrix). After 10 days
of culture, scaffolds were harvested, fixed, and processed for
paraffin embedding. Alternatively, samples were frozen for
molecular analysis using liquid nitrogen.

Viability assay

Scaffolds cultured with cervical loop and dental pulp cells
cultured with LRAP, early enamel matrix, and a combina-
tion thereof were harvested after 10 days of culture. These
scaffolds were incubated with live/dead stain (Live dead
stain kit; Invitrogen, Carlsbad, CA) for 30 min before im-
aging with a Leica DMR light microscope (Nuhsbaum, IL).
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Immunofluorescence and immunohistochemistry

For immunohistochemistry, paraffin slides were depar-
affinized and rehydrated. Antigen retrieval was performed
by incubating the paraffin-fixed samples in 10 mM sodium
citrate buffer (pH 6) for 30 min at 60�C. After antigen re-
trieval, samples were blocked for 10 min with a blocking
buffer supplied with the kit, incubated using mouse mono-
clonal antiamelogenin antibody (F-11: sc-365284; Santa-
Cruz, Dallas, TX) for 2 h at room temperature (RT) and
washed with a phosphate-buffered saline TRIS (PBST)
washing buffer. After washing, the samples were incubated
with a broad spectrum secondary antibody for 40 min, fol-
lowed by another wash. Samples were further treated
with a horseradish peroxidase substrate for 40 min. Im-
munohistochemistry was performed using a broad spectrum
immunohistochemistry staining kit and an AEC substrate kit
(Life Technologies, CA), and stained sections were ana-

lyzed using a Leica DMR light microscope (Nuhsbaum). For
immunofluorescence, paraffin sections were deparaffinized
and rehydrated, permeabilized with 0.1% Triton X for 10 min
and incubated with 1% bovine serum albumin (BSA)/PBS
for 30 min at 37�C. Samples were incubated in primary an-
tibody against amelogenin (mouse, 1:500; Santa Cruz Bio-
technology) for 2 h followed by a wash in PBST buffer. The
samples were further incubated in AlexaFluor 488 goat
antimouse (A-11029; Invitrogen) for 30 min and mounted
with 4¢,6-diamidino-2-phenylindole (DAPI) antifade mount-
ing medium (Invitrogen). All stained sections were analyzed
using a Leica DMR light microscope (Nuhsbaum).

Protein extraction and western blot analysis

After 10 days culture, cells assembled on scaffolds were
subjected to protein extraction in radioimmunoprecipita-
tion assay (RIPA) buffer. The Pierce BCA protein assay kit

FIG. 1. 3D bioreactor culture
model (A) with four vessel capac-
ity. Each vessel (B) holds 10 mL of
media. (C) Example of one of the
PGA scaffolds that were used in
this study. Cells for bioreactor
studies were harvested from the
cervical loop area of a mouse in-
cisor. The position of the cervical
loop relative to the mouse mandi-
ble is illustrated in (D). The mi-
crograph in (E) illustrates some of
the cervical loop cells cultured with
scaffold and matrix but without
coculture cell populations. (F) RT-
PCR and western blot analysis dem-
onstrated significantly increased
amelogenin and ameloblastin ex-
pression and elevated amelogenin
protein levels in the coculture
group as compared with the control
and the matrix-enriched groups.
(G) Is a cross-section through an
ameloblast-like cell body reveal-
ing extracellular enamel matrix
deposits and intracellular
amelogenin-stained vesicles using
immunohistochemistry. Note the
unique cross-section microanatomy
of a paraffin-sectioned cell grown
in a 3D culture environment.
*P £ 0.05. 3D, three dimensional;
PGA, polyglycolic acid; RT-PCR,
reverse transcriptase polymerase
chain reaction.
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(ThermoScientific, Waltham, MA) was used to determine the
protein concentration for different groups. Protein samples
were loaded with 10mg protein per well on 4% to 20% sodium
dodecyl sulfate–polyacrylamide gels and were subjected to gel
electrophoresis at 150 V for 58 min. A semidry transfer system
was used to transfer proteins from the gel to a polyvinylidene
difluoride (PVDF) membrane at 18 V for 40 min. The PVDF
membrane was further blocked for 1 h with 5% nonfat dry

milk in Tris buffered saline with Tween-20 (TBST), incubated
with mouse monoclonal antiamelogenin primary antibody
(1:500; Santa Cruz) overnight at 4�C, followed by washing in
TBST thrice for 15 min at RT and incubated with antimouse
IgG horseraddish peroxidase (HRP)-conjugated secondary
antibody (1:2,000; Cell Signaling) for 1 h. After the final wash
in TBST thrice for 15 min, the HRP signal was detected using
a chemiluminescent substrate (Thermo Scientific).

FIG. 2. Differentiation of ameloblast-like cells from cervical loop stem cells cocultured with dental pulp progenitors after
addition of LRAP and early-stage enamel matrix. (A–C) Are differentiated ameloblast-like cells (ambl) as evidenced by
their elongated and polarized cell shape and their positive immunoreactivity for amelogenin. Note the conical cell process
resembling Tomes’ process (proc) and the vesicular intracellular structures resembling secretory vesicles (ves). (D) Re-
presents a control for the immunoreaction. (E) Is an RT-PCR gene expression analysis demonstrating elevation of enamel-
related gene products amelogenin, ameloblastin, MMP20, and kallikrein 4, when comparing treatment with the LRAP/
matrix/SATB1-coated collagen scaffold (MicroE) to a nontreated control group (Con). This differentiating microenvi-
ronment resulted in the formation of two distinct cell populations attached to the scaffold surfaces, with the majority of
cells exhibiting ameloblast-like shapes (ambl) (F), while another cell type contained small and rounded cells (sc) that did
not stain for amelogenin (G). (I, J) Illustrates the cytoskeleton of the elongated (I) versus the rounded ( J) cell popu-
lations through phalloidin staining. (H, K) Are control cervical loop cocultured cells that were not subjected to dif-
ferentiation conditions. These cultures lacked ameloblast-like elongated cells and instead featured small, rounded cells
(c) as predominant cell population. *P £ 0.05; **P £ 0.01. LRAP, leucine-rich amelogenin peptide; SATB1, special AT-
rich sequence-binding protein-1.
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Paraffin embedding and hematoxylin and eosin
staining

Scaffolds with cells harvested after 10 days of culture
in the bioreactor were fixed in 10% formalin for 1 day, and
processed for regular paraffin sectioning after dehydrating
through a graded series of ethanol and xylene. The samples
were further embedded in paraffin and sectioned into 5mm
thin paraffin sections using a microtome. For hematoxylin
and eosin (H&E) staining, deparaffinized and rehydrated
sections were dipped in hematoxylin for 20 s, followed by a
gentle wash with running water for 10 min, and dipped in
eosin for 2 min. These sections were further placed under
gently running water for 10 min, dehydrated again by quick

dips in a series of ethanol solutions (50% for 5 min, 70% for
5 min, 80% for 5 min, 90% for 5 min, and 100% 2 · 5 min),
and cleared in xylene before mounting with cover slips us-
ing a toluene-based mounting solution, Permount (Fisher
Scientific, Hampton, NH).

Actin staining

Paraffin sections were deparaffinized, rehydrated, and
permeabilized with 0.1% Triton-100. Sections were further
stained with rhodamine-conjugated phalloidin (Invitrogen)
for 20 min and mounted with antifade DAPI mounting me-
dium. Phalloidin-stabilized microfilaments were then captured
under a Leica DMRX fluorescent microscope (Nuhsbaum).

FIG. 3. Viability assay and par-
affin sections of ameloblast-like
cells differentiated from cervical
loop stem cells cocultured with
dental pulp cells using a collagen-
based scaffold coated with LRAP,
early enamel matrix protein, and
with a combination of differentia-
tion factors. (A–C) Are cervical
loop cells cocultured with dental
pulp cells visualized through live/
dead stain where red represents
dead cells and green represents live
cells after 10 days of culture. (A)
Cocultured cells on a SpongeCol
scaffold coated with LRAP, (B)
Cells cocultured on a SpongeCol
scaffold coated with early enamel
matrix (matrix), and (C) Cells
grown on the SpongeCol scaffold
coated with a combination of
LRAP, early matrix, and SATB1
(combined). The elongated and
polarized structures constitute the
architectural framework of the
scaffold environment. (D–F) H&E-
stained paraffin sections of elon-
gated and polarized cells indicative
of polarized ameloblasts in all three
scaffold coating groups, LRAP,
enamel matrix, and a combination
thereof (D–F). Note the parallel
organization and tight packing of
ameloblast-like cells in (D, E). (G)
Is a graph representing the total
number of live/dead cells in each of
the three coating groups based on
the Life/Dead viability assay. (H)
Is a micrograph of the highly suc-
cessful SpongeCol scaffold used
for the coculture resulting in elon-
gated and polarized ameloblast-like
cells. H&E, hematoxylin and eosin.
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RNA extraction and real-time polymerase
chain reaction

Total RNAs were extracted from the cells cultured with the
scaffolds using the MicroRNA Easy kit (Qiagene, MD). Re-
lative mRNA levels of amelogenin (Amel), ameloblas-
tin (Ambn), matrix metalloproteinase 20 (MMP20), and
kallikrein-related peptidase 4 (KLK4) were examined using a
quantitative 2-step reverse transcriptase polymerase chain
reaction (RT-PCR) assay and a SYBR green master mix.
Sequence-specific primers were designed for this study (Ta-
ble 1) and applied to a CFX96 Real Time system (Bio-Rad,
Hercules, CA). The reaction conditions were as follows:
2 min at 50�C (1 cycle), 10 min at 95�C (1 cycle), 15 s at
95�C, and 1 min at 60�C (40 cycles). Samples were normal-
ized against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The relative expression level was computed using
the 2-DDCt analysis method, where GAPDH was used as an
internal reference [16]. The relative expression changes were
expressed in the form of bar graphs as shown in Figs. 2–4.

Statistical analysis

To determine whether the relative gene expression levels
were significantly different, one-way analysis of variance
was conducted using the SPSS software, and data were ex-
pressed as mean – standard deviation. The significance lev-
els were set as P < 0.05, and all experiments were repeated
thrice to ensure reproducibility. To analyze the data for vi-
ability assay, a Live dead quantification macro was applied
as part of the ImageJ software package.

Results

Three-dimensional growth of cervical loop cells
on BIOST PGA scaffolds cocultured with periodontal
ligament progenitors in a growth-factor-enriched
medium resulted in the formation of ameloblast-like
cells expressing and secreting amelogenin

There are no functioning ameloblasts associated with
fully erupted molar teeth of adult mice or rats. However, the
continuously erupting rodent incisor generates ameloblast
progenitor cells from cervical loop cells throughout the life
of the animal [17]. In this study, we have prepared cervical
loop cells from 6 days postnatal mouse incisors as a source
for ameloblast progenitors in bioreactor culture environ-

ments. After 10 days of culture, cervical loop cells differ-
entiated into a conglomerate of cells and secreted matrix
on scaffold surfaces (Fig. 1), establishing the feasibility of
growing ameloblast progenitors in bioreactors. Coculture of
cervical loop cells with periodontal ligament (PDL) progen-
itors resulted in cell assemblies that reacted positively for
amelogenin in immunoreactions and western blot (Fig. 1F, G).
The cocultured cells also reacted positively for amelogenin
and ameloblastin through RT-PCR, and a western blot dem-
onstrated that amelogenin was significantly elevated only
in the coculture experiment (Fig. 1), demonstrating that in
addition to cervical loop cells, mesenchymal coculture pop-
ulations such as periodontal progenitors are necessary for
amelogenin expression or secretion.

Cervical loop/dental pulp coculture grown on a
scaffold enriched with enamel matrix and LRAP
resulted in the formation of singular, elongated, and
polarized ameloblast-like cells expressing and
secreting ameloblastin and amelogenin enamel
proteins

Previous attempts to grow ameloblasts in vitro have not
resulted in cells that morphologically resemble the typical
ameloblast cell shape consisting of elongated and polarized
cell bodies featuring amelogenin-rich secretory vesicles [4].
To differentiate cervical loop cells into ameloblast-like cells,
we have pursued a three-pronged strategy, including (1) scaf-
fold coating with SATB1 protein, a known regulator of
ameloblast polarization [18]; (2) addition of LRAP pep-
tide based on the role of LRAP in ameloblast differentiation
[19]; and (3) addition of lyophilized early-stage enamel
matrix as the initial matrix secreted by Tomes’ processes
[15]. Among these strategies, only the addition of LRAP
(1 mg/mL) and/or early-stage enamel matrix (1 mg/mL)
resulted in the differentiation of polarized, elongated, and
amelogenin secreting ameloblasts (Fig. 2A–C), while
SATB1 alone did not result in ameloblast-like morphologies
(data not shown). The enamel matrix and LRAP-enriched
microenvironment resulted in the differentiation of two
different cell populations attached to the scaffold surfaces,
with the majority of cells exhibiting ameloblast-like polar-
ized cell shapes (Fig. 2A–D, F) that immunoreacted with
amelogenin (Fig. 2A–C), while a second cell population
contained small and rounded cells that did not stain for
amelogenin (Fig. 2G). The ameloblast-like cell population
was distinguished through conical cell processes resembling
Tomes’ processes and intracellular vesicles similar to se-
cretory vesicles (Fig. 2A–C). RT-PCR analysis confirmed a
significant 3-fold increase in the expression of amelogenin,
a 14-fold increase in ameloblastin expression, a 3.5-fold
increase in the expression of MMP-20, and a 2-fold increase
in KLK4 expression in the differentiating microenvironment
group versus a control group lacking differentiation condi-
tions (Fig. 2E). The elongated and polarized ameloblast-like
cells exhibited distinct actin/phalloidin cytoskeletal staining,
especially when compared with the rounded cell populations
from the cervical loop cocultured cells that were not sub-
jected to differentiation conditions (Fig. 2I vs. J). Illustrating
the essential role of scaffold coating for ameloblast-like
cell differentiation, only the LRAP/matrix-coated scaffolds
resulted in the differentiation of elongated, polarized, and

Table 1. Ameloblast-Like Cells Grown

in Three-Dimensional Bioreactors: Reverse

Transcriptase Polymerase Chain Reaction

Primers Used

RT PCR mouse
primer name Primer sequence

Amel F CTCTGCCTCCACTGTTCTCC
Amel R ACTTCTTCCCGCTTGGTCTT
Ambn F GTCCAGAAGGCTCTCCACTG
Ambn R GTCATTGGGGAAAGCAAGAA
MMP20 F AGGGACGAAGAGAGCTGTGA
MMP20 R AACCTTCAATCACCCTCACG
Klk4 F GCCTGGCATACCAAGTGTCT
Klk4 R TCATGTGGGCCTTGTAGTCA
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amelogenin secreting cells, while noncoated scaffolds yielded
a population of small and rounded cells (Fig. 2H, K).
In addition, the only scaffold successful in supporting
ameloblast-like cell shapes was a prefabricated scaffold
termed ‘‘SpongeCol,’’ while other scaffolds such as the
PGA bioreactor scaffold (Synthecon), gelatin disks, or gra-
phene sheet bioreactor scaffolds (Advanced Biomatrix) did
not yield ameloblast-like cells (not shown).

Effect of LRAP, early enamel matrix protein, and a
combination thereof confirmed the role of LRAP
and early enamel matrix in the elongation and
polarization of cocultured cervical loop/dental pulp cells

To understand the stand-alone effect of each component,
SpongeCol scaffolds were prepared using LRAP coating, early
enamel matrix coating, and a coating with LRAP, enamel ma-
trix, and SATB1 combined. Elongated cells with nuclei in a
polarized position were observed when cervical loop and dental
pulp cells were cocultured with a collagen-based scaffold coated

with either LRAP, early enamel matrix protein, or a combination
of differentiating factors LRAP, matrix, and SATB1 (Fig. 3D–
F). A viability assay (Fig. 3A–C) revealed the highest percentage
of live versus dead cells in the LRAP/enamel matrix combina-
tion group (86.85%), compared with 74.82% in the enamel
matrix-coated group and 58.82% in the LRAP group alone,
demonstrating that scaffold treatment with a combination of
LRAP, matrix, and SATB1 was most effective in ensuring
ameloblast survival (Fig. 3G). In addition to maintaining cell
survival, all three scaffolds resulted in the formation and dif-
ferentiation of elongated and polarized ameloblast-like cells
(Fig. 3D–F), which were parallelly aligned (Figs. 3D, E).

HAT-7 cells cultured in a scaffold enriched
with enamel matrix, LRAP, and SATB1 formed
aggregates of cuboidal cells that secreted
amelogenin and ameloblastin

To verify the applicability of 3D bioreactor culture
strategies for established enamel cell lines, HAT-7 cells

FIG. 4. Immortalized HAT-7 cells cocultured with dental pulp progenitors in a 3D bioreactor. Addition of differentiation
conditions (LRAP, early-stage enamel matrix) yielded cuboidal cells with an augmented cytoplasm (B–D vs. A). The
cytoplasm of differentiated cuboidal cells reacted with amelogenin antibodies (D vs. C) and stained for actin/phalloidin
(B vs. A). RT-PCR demonstrated a significant 16-fold increased expression of amelogenin and ameloblastin in the coculture
group compared with the control (E). **P £ 0.01.
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were treated in an identical manner to cervical loop cells and
cultured for 10 days. Cultured HAT-7 cells demonstrated
positive immunoreactivity of actin and the enamel protein
amelogenin but were neither elongated nor polarized (Fig. 4).

Discussion

The present set of studies was conducted to achieve a
seemingly daunting task: the growth of ameloblast-like cells
in vitro. In this set of studies, ameloblast-like cells were
defined as polarized, elongated, and enamel protein secret-
ing cells. Here, we report the results of four different types
of 3D bioreactor-based experiments: (1) to grow cervical
loop cells in a bioreactor, (2) to coculture cervical loop cells
with PDL progenitors in a growth-factor-enriched matrix,
(3) to coculture cervical loop/dental pulp cells on a scaffold
enriched with enamel matrix and LRAP, and (4) to deter-
mine the feasibility of HAT-7 enamel organ cell culture in
a bioreactor environment. In general, all four approaches
accomplished cervical loop/dental epithelium-derived cell
growth, with only one group (group iii) resulting in the for-
mation of ameloblast-like cells. Together, these studies high-
light the suitability of 3D bioreactor environments for the
propagation and in vitro culture of cervical loop/enamel
organ epithelial cells.

In our studies, a commercially available collagen sponge
scaffold termed SpongeCol with an interpenetrating colum-
nar porous architecture (Advanced Biomatrix) proved su-
perior over other scaffold compositions or designs for the
growth of polarized and elongated ameloblast-like cells. In
recent years, scaffolds have become increasingly important
as an integral part of strategies to control the microenvi-
ronment inside of bioreactors [20,21]. Specifically, chemical
composition and physical factors such as surface topog-
raphy, spatial configuration, and mechanical behavior are
known factors that promote stem cell survival, function, and
proliferation, and these factors can be influenced through
manufacturing design controls, such as porosity, pore size
control, composition, and biodegradability [20–22]. Our
present studies have identified Advanced Biomatrix Spon-
geCol as the most favorable scaffold design for the growth
of ameloblast-like cells. However, it still needs to be de-
termined whether these advantageous properties are due to
the biophysical properties of the scaffold, or its biochemical
composition containing collagens or both.

During our initial studies, some of our combinations of
cervical loop cells with mesenchymal cells resulted in the
formation of multinucleated cells. When cocultured, these
cell populations secreted enamel proteins such as amelo-
genin or ameloblastin, but their morphology was distinctly
tube shaped. The formation of multinucleated syncytia is a
frequent effect of microgravity culture systems and ideal for
the study of muscle physiology, including studies of bio-
engineered heart and skeletal muscle [23,24]. It has been
demonstrated that microgravity increases polyploidy, perhaps
through nuclear localization of Yes-Associated protein 1 [25].
While amelogenesis bioreactor systems featuring multinucle-
ated cells are entirely permissive for enamel protein synthesis or
matrix secretion, cellular properties need to be improved for
advanced tissue engineering strategies. The hallmark of this
study is the fabrication of mononuclear, polarized, and elongated
ameloblast-like cells as achieved by adding tailored differenti-

ation inducing agents and a suitable scaffold. This accomplish-
ment proved to be a major step toward the engineering of
secretory enamel organ-derived environments with cell shapes
and function resembling those of natural ameloblasts.

The formation of polarized, elongated, and amelogenin
secreting ameloblasts in our cervical loop/dental pulp co-
culture models on SpongeCol scaffolds became the high-
light of the studies presented here. Neither the cervical loop
cells alone nor their combination with mesenchymal cells
nor the addition of SATB1 resulted in fully differentiated
cells. Only LRAP and other components of the early-stage
enamel matrix in combination with dental pulp cell cocul-
ture and sponge-gel scaffolds were effective in promoting
the growth of polarized and elongated ameloblast-like cells.
The importance of the alternatively spliced amelogenin
isoform LRAP on ameloblast differentiation, cell polarity,
Tomes’ process formation, and amelogenin secretion has
been established in previous studies [26]. In this study, we
are harnessing this knowledge for the engineering of
ameloblast-like cells. Another trigger for ameloblast polari-
zation was the early-stage enamel matrix, which is intimately
associated with Tomes’ process and contains other differentia-
tion signals or protein fragments in addition to LRAP [15].
Other factors contributing to the success of our ameloblast
differentiation approach might include dental pulp cells as
coculture cells and the collagen scaffold, both of which mimic
components of the natural tooth composite environment [4].
However, one of the candidate factors presumed to trigger
ameloblast cell polarity and directional amelogenin secretion,
SATB1, did not cause ameloblast-like cell polarity and elon-
gation in our bioreactor studies, vouching for the unique role
of LRAP and the early enamel matrix as engineering tools for
ameloblast-like cell polarization.

The bioreactor environment also proved advantageous for
the culture of an already established cell line, the HAT-7
dental epithelial cell line [7,27]. Our studies demonstrated
that LRAP and enamel matrix induction on SpongeCol
scaffolds signaled HAT-7 cells to form cuboidal cells with
occasionally small processes visible. In this environment,
HAT-7 cells displayed amelogenin and actin immunoreac-
tivity, with a highly significant 16- to 18-fold higher level of
amelogenin and ameloblastin compared with controls grown
on plain scaffolds. This was a remarkable outcome estab-
lishing HAT-7 as a superior mammalian cell line for the ex-
pression of major enamel proteins. Yet, HAT-7 cells shape
did not polarize significantly, suggesting that polarized and
elongated cell shapes are not necessary for enamel protein
secretion per se, even though they may be important for
directional tissue growth and protein deposition.
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