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Abstract: The aim of this study was to analyze the suitability of pluripotent stem cells derived from
the amnion (hAECs) as a potential cell source for revitalization in vitro. hAECs were isolated from
human placentas, and dental pulp stem cells (hDPSCs) and dentin matrix proteins (eDMPs) were
obtained from human teeth. Both hAECs and hDPSCs were cultured with 10% FBS, eDMPs and an
osteogenic differentiation medium (StemPro). Viability was assessed by MTT and cell adherence to
dentin was evaluated by scanning electron microscopy. Furthermore, the expression of mineralization-,
odontogenic differentiation- and epithelial–mesenchymal transition-associated genes was analyzed
by quantitative real-time PCR, and mineralization was evaluated through Alizarin Red staining. The
viability of hAECs was significantly lower compared with hDPSCs in all groups and at all time points.
Both hAECs and hDPSCs adhered to dentin and were homogeneously distributed. The regulation
of odontoblast differentiation- and mineralization-associated genes showed the lack of transition of
hAECs into an odontoblastic phenotype; however, genes associated with epithelial–mesenchymal
transition were significantly upregulated in hAECs. hAECs showed small amounts of calcium
deposition after osteogenic differentiation with StemPro. Pluripotent hAECs adhere on dentin and
possess the capacity to mineralize. However, they presented an unfavorable proliferation behavior
and failed to undergo odontoblastic transition.

Keywords: human amnion epithelial cells; dental pulp stem cells; dentin matrix proteins; odontoblastic
differentiation; revitalization

1. Introduction

Regenerative endodontics refers to biologically based treatment procedures, e.g., revi-
talization, for immature necrotic teeth [1]. It aims at the restoration of the pulp’s physiology,
including its immune, sensory and secretory functions, to improve the long-term prognosis
of the tooth [2]. Over the last two decades, in vivo studies have shown satisfactory clinical
outcomes with healing of periapical lesions [3] and resolution of clinical symptoms [4,5],
as well as root thickening and lengthening [4] or apical closure [6]. However, the newly
formed hard tissue does not resemble dentin but an ectopic tissue similar to cementum [7]
or osteodentin [8], while the soft tissue lacks the pulp’s characteristic organization and cells
with a distinct odontoblast phenotype [9]. The absence of odontoblasts after revitalization
and the formation of a tissue other than dentin might compromise both the capability of
the treated teeth to react to future injuries and also their biomechanical performance [10].

Int. J. Mol. Sci. 2022, 23, 2830. https://doi.org/10.3390/ijms23052830 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23052830
https://doi.org/10.3390/ijms23052830
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-3838-1227
https://orcid.org/0000-0002-6844-528X
https://orcid.org/0000-0002-4585-4953
https://orcid.org/0000-0002-7917-9466
https://doi.org/10.3390/ijms23052830
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23052830?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 2830 2 of 14

Novel and more elaborate approaches are being tested to overcome the lack of re-
generation after the classical approach of revitalization and to achieve more predictable
histological outcomes [11]. In this context, tissue engineering relies on the delivery of stem
cells and/or recombinant growth factors in a scaffold into the root canal to facilitate pulp
regeneration. These methods can be subcategorized into the cell homing approach, which
utilizes signaling molecules to induce the migration, proliferation and differentiation of
stem cells from the periapical tissues [12,13], and the cell transplantation approach [14]. The
latter relies on the delivery of stem cells able to form new pulp tissue in the root canal [15].

To be considered as regenerated dental pulp, the newly formed tissue in the root canal
must be vascularized as well as innervated, contain a similar cell density and microarchi-
tecture to natural pulp and give rise to new odontoblast cells located at the dentin–pulp
interface that are able to secrete tubular dentin in the course of tooth development but
also at later time points [16]. In the context of pulp regeneration, the re-establishment of
an odontoblast layer seems to be crucial due to its central role in tooth physiology and
pathology [17–19]. Located at the dentin–pulp interface, these cells are the first line of
defense against a bacterial invasion [20], they release antimicrobial agents [21] and have an
immunomodulatory potential [22], allowing the tooth to immediately respond to stimuli,
e.g., by secretion of dentin [17]. They also possess sensory functions by transducing pH
changes and pressure as well as other pain-related stimuli [18]. Thus, it is of great interest
for dental pulp tissue engineering to identify cell sources that are capable of differentiating
into odontoblasts.

Recent in vivo studies have shown that pulp regeneration is possible after stem cell
transplantation [23,24]. Histology revealed newly differentiated odontoblast-like mineraliz-
ing cells in contact with dentin. This approach is based on the transplantation of previously
isolated and expanded autologous dental pulp stem cells (hDPSCs) and has proven suc-
cessful in clinical trials [14,25]. In vitro studies also display odontogenic differentiation
and the mineralization potential of hDPSCs when cultured with dentin matrix proteins
(eDMPs) [26]. Dental pulp stem cells express dentin sialoprotein and differentiate into
odontoblast-like cells with cellular processes extending into the dentinal tubules when
seeded into EDTA-conditioned dentin cylinders and transplanted subcutaneously into
immunocompromised mice [27]. However, the cell transplantation approach using hDPSCs
and other tooth-derived cell types is challenging due to the necessity of cell expansion to
obtain a sufficient number of cells, the need for a donor tooth and the limited differentiation
potential of the multipotent stem cells compared to pluripotent stem cells [28].

A potential cell source to overcome those obstacles might be the amnion [29], the inner-
most layer of the human placenta. It contains amniotic epithelial cells (hAECs), which are
formed by day 8 after fertilization and therefore maintain the plasticity of pre-gastrulation
cells. Thus, hAECs are able to differentiate into cells of all three embryological layers [30],
whereas multipotent stem cells, such as hDPSCs, are only capable of differentiating into
cell types of one germ layer [31]. Human AECs showed the expression of human embry-
onic and pluripotent stem cell markers [30], such as stage-specific embryonic antigen-4
(SSEA4), octamer-binding transcription factor 4 (OCT4) and nanog homebox (NANOG) [32].
Moreover, hAECs reportedly have antimicrobial properties [33], immunomodulating poten-
tial [34] and can induce angiogenesis [35], which makes a useful cell type for regenerative
therapies [29]. Up to 300 million hAECs can be obtained from one human placenta by a sim-
ple isolation protocol [29] which may be either expanded, directly applied or cryopreserved,
e.g., in cell banks [29], which would ease the provision of these pluripotent stem cells. They
are already used to treat several medical conditions, e.g., liver diseases and Parkinson’s
disease [36,37]. Moreover, amnion epithelial cells are not tumorigenic [32,38] and do not
elicit an immune response upon heterologous transplantation, since they express very low
levels of leukocyte antigens [30,32].

Although some exceptional studies have tested the transplantation of amnion mem-
brane into the root canal with satisfactory clinical outcomes [39], no study has assessed
the potential of hAECs to be used for endodontic regeneration. Thus, the aim of this study
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was to evaluate hAECs as a potential cell source for dental pulp tissue engineering. It was
hypothesized that both hAECs and hDPSCs provide similar qualities in terms of viability,
dentin adherence, odontoblast-like differentiation and mineralization.

2. Results
2.1. Isolation and Characterization of hAECs

As shown by the histological analysis, the first digestion of the amnion only partially
detached hAECs (Figure 1A,B); however, the second digestion released nearly all cells
(Figure 1C). Interestingly, the flow cytometric analysis of hAECs in culture revealed both
epithelial (CD49f, CD326) and mesenchymal (CD105, CD44) surface antigens (Figure 1D,E).
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Figure 1. Amnion staining and expression profile of hAECs. Amnion before digestion (A) and after
the first (B) and second digestion (C). The hAECs were attached to a collagen membrane forming
a monolayer of columnar/cuboidal cells (hematoxylin and eosin; scale bars: 100 µm). Expression
profile of hAECs determined by flow cytometry analysis (D). The hAECs in culture expressed both
mesenchymal markers (CD44 and CD105) as well as epithelial markers (CD49f and CD326) (D,E).

2.2. Cell Viability

Human amnion epithelial cells showed a reduced viability compared to hDPSCs in all
groups and at all time points (Figure 2A). Neither eDMPs nor StemPro had a significant
impact on the viability of hAECs and hDPSCs at days 2 and 4; however, eDMP revealed a
reduction at day 8 (Figure 2A).

2.3. Fluorescence Microscopy

Morphologically, the primary culture of the hAECs appeared homogenous with
cobblestone-like morphology (Figure 2B–D), whereas hDPSCs were spindle-shaped and
considerably smaller (Figure 2E–G). Overall, no relevant medium-dependent changes in
cellular morphology were displayed by either cell type.

2.4. Cell Adhesion to Dentin

Representative scanning electron microscopic images of hDPSCs and hAECs on dentin
disks are shown in Figure 3. Scanning electron microscope images revealed that hDPSCs
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(Figure 3A,B) and hAECs (Figure 3C,D) were homogeneously distributed on the dentin.
Moreover, both cell types showed adhesion to dentin and spread their processes over
the surface in both EDTA-conditioned (Figure 3B,D) and unconditioned (Figure 3A,C)
dentin. EDTA-conditioned dentin exhibited a clean dentin surface where dentin tubules
were visible, while tubules were covered with a smear layer in unconditioned disks. Both
hDPSCs and hAECs extended processes to form cellular contacts (Figure 3B,D). Whereas
the hDPSCs adhered to dentin appeared spindle-shaped (Figure 3A,B), the hAECs retained
their typical cubic morphology (Figure 3C,D).
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Figure 2. Viability and morphology of hAECs and hDPSCs. Cell viability of hAECs and hDPSCs
cultured with eDMP and StemPro after 2, 4 and 8 days (A). Median values and 25–75% percentiles were
calculated from three independent experiments performed in triplicate (n = 9). Fluorescence microscopy
of hAECs and hDPSCs cultured with different media after 7 days and stained with DAPI and phalloidin
(B–G). Cells were cultured in DMEM with 10% FBS (B,E), with eDMP (C,F) and with StemPro (D,G).
hAECs exhibit a cobblestone-like morphology (B–D) while hDPSCs exhibit a mesenchymal stem cell
phenotype (E–G). (Scale bars: 50 µm).
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Figure 3. Adhesion of hDPSC and hAECs onto dentin surface. Representative SEM images of dentin
surface with hDPSC (A,B) and hAECs (C,D) after 48 h (cells marked by asterisks). Cell adhesion and
spreading on the surface of dentin was evident with (B,D) and without (A,C) EDTA conditioning.
Some cytoplasmic processes (arrowheads) were evident in both cell types. (Scale bars: 20 µm).
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2.5. Gene Expression

Genes associated with odontoblast differentiation and mineralization (collagen type
I alpha 1 chain (COL1A1), bone morphogenetic protein 4 (BMP4), integrin binding sialo-
protein (IBSP), nestin (NES) and bone gamma-carboxyglutamate protein or osteocalcin
(BGLAP)) were either not expressed in hAECs or the expression was significantly down-
regulated in comparison to the hDPSCs (Figure 4A). However, genes associated with
epithelial–mesenchymal transition were upregulated in hAECs compared to hDPSCs.
Specifically, the insulin like growth factor binding protein 2 (IGFBP2) gene was significantly
upregulated in hAECs cultured with StemPro or eDMPs at days 1 and 7, and S100 calcium
binding protein A4 (S100A4) was considerably upregulated in hAECs at all time points
(Figure 4A). Glutathione peroxidase 3 (GPX3), a gene associated with the reduction of
hydrogen peroxide, which arises from oxidative stress, was significantly upregulated in
hAECs in almost all groups and at all time points.
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Figure 4. Expression of odontogenic and mineralization-associated genes. Effect of eDMPs and StemPro
on expression of odontogenic and mineralization-associated marker genes (COL1A1, BMP4, IBSP, IGFBP-
2, NES, TGFB1 and BGLAP) in hAECs and hDPSCs at days 1, 7 and 14 (A). Genes indicative of epithelial–
mesenchymal transition (S100A4) and protection against oxidative damage (GPX3) are also depicted
(A). Target gene expressions are depicted relative to the untreated control (hDPSCs with 10% FBS at
day 1) and median values were calculated from two independent experiments in duplicated samples
(n = 4). Non-significant differences between hAECs and hDPSCs for each medium and follow-up point
are marked with lowercase letters (a, b, c). The effect of eDMPs and StemPro on mineralization of hAECs
(B–D) and hDPSCs (E–G) using Alizarin Red staining assay. Calcium deposits were evident in hAECs
cultured with StemPro (D) and hDPCS cultured with eDMPs (F) and StemPro (G). (Scale bars: 50 µm).
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2.6. Mineralization

Representative images of the mineralization capability of hAECs and hDPSCs after
cultivation with eDMP and StemPro are shown in Figure 4B–G. Calcium deposits were
observed in hAECs and hDPSCs cultured with StemPro at day 21 (Figure 4D,G) and in
hDPSCs cultured with eDMPs (Figure 4F). Mineralization appeared in the form of small
and dense nodules, which were significantly smaller in hAECs. However, no calcium
deposits were observed in either cell type cultured in their respective standard media
(Figure 4B,E) or in hAECs cultured with eDMPs (Figure 4C).

3. Discussion

Revitalization is a promising endodontic therapy for immature necrotic teeth with
excellent clinical results [40]. However, the newly generated tissues are reported to be
reparative tissues, which show microanatomical deficits, such as the lack odontoblast cells
at the dentin–pulp interface [41]. In order to restore the pulp to its original form and
function, numerous tissue-engineering-approaches are currently being investigated based
on the concepts of cell transplantation as well as cell homing. Due to their pluripotency,
hAECs differentiate into various cell types in vivo depending on their local environment.
This has been demonstrated by injection of hAECs into the liver and into bone defects and
heart tissue and observing the adequate differentiation into functional hepatocytes [42],
osteoblasts [43] and cardiomyocytes [44], respectively. To the best of our knowledge, no
study has evaluated the odontogenic differentiation of hAECs so far. The results revealed
that human hAECs can adhere and spread on dentin and that they are able to mineralize;
however, the transition into an odontoblast lineage was not observed.

3.1. Cell Adhesion to Dentin

In the context of pulp regeneration, cell attachment to the dentin walls of the root canal
is essential [45]. Anatomical and functional restoration of the pulp–dentin complex is only
possible with a stable adhesion of the transplanted or recruited stem cells to the collagenous
extracellular matrix of dentin. The establishment of an odontoblast layer [27] is necessary as
an immunological cellular barrier of the pulp [20] and enables a continuous mineralization
in contact with the dentin walls upon the receipt of external stimuli. In the present study,
the dentin disks were conditioned with EDTA prior to cell seeding. As a chelator of calcium,
it removes the smear layer and provides a clean surface with exposed dentin tubules [46].
Furthermore, its demineralizing effect releases bioactive proteins and growth factors from
the dentin extracellular matrix [47] which facilitate stem cell migration, mineralization
and odontogenic differentiation [26]. In the clinical situation, EDTA also reverses the
deleterious effects of the disinfectant sodium hypochlorite on the survival of stem cells [48],
which makes it a crucial irrigation step in the current recommendations for revitalization
procedures [49]. To investigate the interaction of hAECs with dentin, cells were isolated
from human placentas and cultured directly on dentin disks for 48 h. Scanning electron
microscope images revealed that hAECs were able to adhere and spread on dentin in a
similar fashion to the dental pulp stem cells irrespective of EDTA-conditioning. As expected,
the remaining smear layer did not affect the cells’ survival; however, unconditioned dentin
did not provide the necessary access to the tubules.

3.2. Mineralization

After proper adhesion of the cells to the dentin matrix, they are expected to differenti-
ate into an odontogenic or osteogenic phenotype [27] and to start to secrete a mineralized
matrix. While osteogenic differentiation was induced with StemPro as commercial differen-
tiation medium, development into an odontogenic lineage was promoted by the addition of
extracted human eDMPs, as has been carried out and described in previous studies [26,50].
Alizarin Red staining after 21 days revealed that human amnion epithelial cells cultured
with StemPro medium were able to produce calcium deposits, confirming the basic min-
eralization capacity of these cells, as shown previously [43,51]; however, the calcification
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nodules were small and scarce compared to those of hDPSCs. Morphologically, a slight
enlargement of the hAECs was observed after induced osteogenesis, which did not mirror
previous investigations that reported a two-to-three-fold expansion of cell bodies following
osteogenic differentiation [30]. Overall, hAECs appeared not to respond to osteogenic
culture medium as well as was described in other studies [51,52]. Importantly, hAECs
cultured with 500 pg/mL of eDMPs did not reveal any calcium deposits [26], in contrast
to hDPSCs, which allows the conclusion that hAECs are not responsive to eDMPs in the
tested concentrations either.

3.3. Cell Differentiation

StemPro osteogenic differentiation medium and eDMPs induce osteogenic and odon-
togenic differentiation of mesenchymal stem cells, respectively [26]. In previous studies,
hAECs cultured with standard osteogenic medium [43,51], i.e., medium containing β-
glycerophosphate and dexamethasone, showed an increase in alkaline phosphatase activity
as well as the expression of bone-related genes [43,51]. As far as we know, the effect of
eDMPs and StemPro on amniotic epithelial stem cells has not been investigated so far. In
accordance with existing research, hDPSCs were able to differentiate into an odontogenic
cell type [53,54]. This was shown by the upregulation of typical marker genes for both os-
teogenic and odontogenic lineage: COL1A1, IBSP, BGLAP, BMP4 and transforming growth
factor beta 1 (TGF-β1) in qRT-PCR. In this context, COL1A1 is classified as a marker for early
mineralization [55–57]. IBSP is secreted during crystallization [58,59]. BGLAP can actively
bind calcium and is therefore a late marker for mineralization [26,56,58,60,61]. BMP4 is
known to stimulate odontogenesis and bone formation [62–64]. TGF-β1 is expressed by
odontoblasts during maturation and dentinogenesis [65]. Furthermore, the upregulation of
the dental specific marker NES confirms a differentiation of the hDPSCs along the odon-
togenic cell line [59,66]. To evaluate the odontoblastic transition of hAECs cultured with
eDMPs, the expression of genes related to odontoblast differentiation and mineralization,
including COL1A1, BMP4, IBSP, IGFBP2, NES and BGLAP (osteocalcin) [67], was analyzed
and compared with hDPSCs. We expected to see similar results for hAECs in eDMP;
however, the hAECs did not show any significant upregulation of mineralization markers
under odontogenic culture conditions. We therefore conclude that, under the settings of
this study, the hAECs were unable to differentiate into an odontogenic phenotype.

3.4. Epithelial–Mesenchymal Transition

A possible explanation for the compromised differentiation displayed by the otherwise
pluripotent hAECs could be that they underwent epithelial–mesenchymal transition (EMT),
which has been associated with a reduced osteogenic differentiability [68]. During this
process the epithelial cells lose their characteristics, such as polarization or cell–cell connec-
tions, and change their phenotype to that of mesenchymal cells. EMT can be physiological,
e.g., during embryonic development, inflammation, wound healing or fibrosis, but is also
part of pathological processes, such as tumor progression or oncogenesis. Interestingly,
it has even been observed to occur in cell culture [69,70]. Reportedly, freshly isolated
hAECs do not express mesenchymal surface markers, such as CD105 and CD44, but display
primarily epithelial markers, such as CD49f and CD326 [29,71–73]. However, cells in this
study also expressed CD105 and CD44, which is in line with research concerning cultured
and expanded hAECs [74–77]. This increasing change in phenotype over the cultivation
period has previously been described [68] and can also be seen as an indication that the
cells undergo EMT. Furthermore, S100A4, a calcium-binding protein also called fibroblast
specific protein 1, has been described as a marker for this transition [78]. IGFBP2, which
was upregulated by hAECs up to 4000-fold in comparison to the expression in DPSC, can
also be classified as an EMT marker [79]. A way to induce the EMT process in vitro can be
the addition of epidermal growth factor (EGF) and TGF-β, both of which were necessarily
in the media [80]. Autocrine TGF-β production can also stimulate this process [81]. An
additional explanation for why EMT is occurring could be unintentional selection of the
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mesenchymal phenotype by the culture protocol. Cells without CD44 expression are more
likely to detach from the culture flask and thereby be removed during medium change [68].
However, the change from an epithelial to a mesenchymal phenotype is described as being
accompanied by a change in morphology [68], which was not observed in our experiment.
Further research needs to be undertaken comparing the differentiability of freshly isolated
and expanded hAECs.

3.5. Impact of Culture Conditions

Glutathione peroxidase 3 (GPX3) aims at the reduction of hydrogen peroxide, which
may arise from oxidative stress in cell metabolism. In this case, increased GPX3 levels might
accompany stressful culture conditions or trypsination of the cells, which is commonly para-
phrased as “culture shock” [82,83]. Reportedly, hAECs are a highly sensitive cell type and
quite challenging in in vitro culture [84]. Their viability was significantly lower compared
to hDPSCs over all time points and EGF was essential to provide a more physiological
environment; however, analogously to the observations by other research groups, the cells
did not thrive outside their specific stem cell niche [38]. The upregulation of GPX3 by
hAECs, in combination with the reduced metabolic activity in eDMP, as indicated by the
MTT assay, could indicate unfavorable culture conditions that might affect differentiation.
This assumption is to be verified in further experiments by, e.g., determining intracellular
reactive oxygen species (ROS) or antioxidative enzymes.

4. Materials and Methods
4.1. Isolation and Characterization of hAECs

Human placentas were obtained from caesarean deliveries of healthy donors with
informed consent and the approval of the Bioethical Commission of the University of
Barcelona, Spain (No.: IRB00003099). The placentas were transported to the laboratory for
further processing in sterile saline at 4 ◦C. The hAECs were isolated in a laminar flow cabinet
following a previously published protocol [30]. Briefly, the amnion was detached from the
underlying chorion and washed with 200 mL of Ringer’s acetate solution (pH 6.5; Baxter,
Deerfield, MA, USA) for up to 10 min and 200 mL of PBS (PBS, Biochrom, Berlin, Germany)
to remove all blood particles. Subsequently, 2–3 g portions of amnion were digested
in Falcon tubes with 20 mL of 10× TryPLE solution (Life Technologies, Gaithersburg,
USA) on a shaker (35 rpm) at 37 ◦C for 30 min. The membrane underwent a second
digestion step with fresh digestion solution. Cells from both digestions were centrifuged
at 300× g for 10 min and suspended in DMEM (DMEM, high glucose; Life Technologies,
Gaithersburg, MD, USA) with 10% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin,
2 mM L-glutamine, 1 mM sodium pyruvate and 10 ng/mL of epidermal growth factor
(EGF; StemCell Technologies, Vancouver, BC, Canada). This medium containing EGF,
which is an essential supplement for hAEC growth, is referred to as DMEM 10% FBS
in the following text. Cells from passage 2 were used in all experiments and cultured
at 37 ◦C and 5% CO2. To assess the effectiveness of the isolation procedure, amniotic
tissue before digestion as well as after the first and second digestion step was fixed in
formalin for 2 h and processed for histology. Histological processing and HE staining
was performed according to a previously published protocol [85]. Furthermore, flow
cytometry was conducted to evaluate the antigen profile of the isolated cells. Immediately
after isolation, hAECs were seeded in T75 flasks and cultured to 80% confluence with
DMEM 10% FBS. Finally, a suspension of 2 × 105 cells in 81 µL was incubated with 2 µL of
mouse anti-human CD44 (APC; 560890, BD Biosciences, San Jose, CA, USA), 5 µL of mouse
anti-human CD105 (PerCP-CY 5.5; 562245, BD Biosciences, San Jose, CA, USA), 8 µL of
anti-CD326 (FITC; 347197, BD Biosciences, San Jose, CA, USA) and 4 µL of rat anti-human
CD49f (PE; 561894, BD Biosciences, San Jose, CA, USA). Flow cytometry was conducted
with at least 10,000 events per sample (FACSCant, BD Biosciences, San Jose, CA, USA) and
data was analyzed with FlowJo (version 10.8, BD Biosciences, San Jose, CA, USA). Cells
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from two different donors were investigated in triplicate and median values with 25–75%
percentiles were computed (n = 6).

4.2. Isolation and Characterization of hDPSCs

Human dental pulp stem cells were isolated from human third molars and cultured as
described previously [86]. Dental pulp stem cells were maintained in αMEM supplemented
with 100 U/mL penicillin, 100 µg/mL streptomycin and 10% FBS. Finally, to ensure mes-
enchymal stem cell character, the cells were sorted for the surface antigen STRO-1using
the MACS-System (magnetic-activated cell sorting; Miltenyi Biotec, Bergisch Gladbach,
Germany). Furthermore, mesenchymal stem cell antigens, following Dominici et al. [87],
were determined in accordance with a previous work [50].

4.3. Extraction of Dentin Matrix Proteins (eDMPs)

Human caries-free third molars were collected from donors (15–25 years old) after
informed consent and with approval by an appropriate review board at the University of
Regensburg (No.: 19-1327-101; Faculty of Medicine, University of Regensburg, Regensburg,
Germany). eDMPs were extracted from human teeth according to a validated protocol [26].
Briefly, dentin was pulverized (Mixer Mill MM 200, RETSCH, Haan, Germany) after
removal of the enamel, cementum and pulp. Dentin powder was suspended in 10% EDTA
(AppliChem, Darmstadt, Germany) and the solution was purified with syringe filters (1.2,
0.45, and 0.2 µm Acrodisc Syringe Filters with Supor Membrane; Pall Corporation, Port
Washington, WI, USA) and enriched by centrifugal filtration with a molecular weight cut-off
of at 3000 Da (Amicon Ultra-15 3K; Merck Millipore, Billerica, MA, USA). The solvent was
exchanged for phosphate-buffered saline (PBS without Ca2+, Mg2+; Biochrom, Berlin, 137
Germany). Finally, TGF-β1 was quantified as a representative growth factor (Quantikine
138 ELISA Kit; R&D Systems Inc., Minneapolis, MN, USA) to facilitate standardized
supplementation to culture media.

4.4. Cell Viability

To quantify the cell viability, hAECs (3.2× 103 cells/well) and hDPSCs (3.2× 103 cells/well)
were seeded in 96-well plates to reach 80% confluency. The hAECs were exposed to
the following media: (i) DMEM 10% FBS; (ii) DMEM 10% FBS and 500 pg/mL eDMPs;
and (iii) osteogenic differentiation medium with 10 ng/mL EGF (StemPro Osteogenesis
Differentiation Kit; Thermo Fisher Scientific, Waltham, MA, USA). Likewise, hDPSCs were
cultured in (i) α-MEM with 10% FBS, (ii) α-MEM with 10% FBS and 500 pg/mL eDMPs and
(iii) osteogenic differentiation medium (StemPro Osteogenesis Differentiation Kit; Thermo
Fisher Scientific, Waltham, MA, USA). MTT assays were performed after 2, 4 and 8 days.
The cells were incubated with 100 µL/well of a 0.5 mg/mL MTT solution (Thiazolyl Blue
Tetrazolium Bromide; Sigma-Aldrich, Saint Louis, MO, USA) for 60 min at 37 ◦C and 5%
CO2. Subsequently, the dye was dissolved in 200 µL/well of dimethyl sulfoxide (DMSO;
Merck Millipore, Billerica, MA, USA) on a shaker (540 rpm) at room temperature for 10 min.
Optical density readings were performed on a microplate reader at λ = 540 nm (Infinite 200;
Tecan, Männedorf, Switzerland) and the results were summarized as median values with
25–75% percentiles (n = 8).

4.5. Fluorescence Microscopy

To evaluate morphological changes induced by the three different types of media,
hAECs (7.5 × 103 cells/well) and hDPSCs (5 × 103 cells/well) were seeded on coverslips
in 24-well plates and cultured as described above. After 7 days, cells were fixed with
4% formalin (10 min), permeabilized with 0.1% Triton X (5 min) and stained with phal-
loidin (30 min) and DAPI (1 min). Coverslips were mounted on slides (ProLong Glass
Antifade Mountant, Thermo Fisher Scientific, Waltham, USA) and imaged on a ZEISS
microscope (Axio Vert.A1, Carl Zeiss Microscopy, Jena, Germany) with the ZEISS Axiocam
503 color camera (Carl Zeiss Microscopy, Jena, Germany). Images with filters for blue
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(Carl Zeiss Microscopy, Jena, Germany) and red fluorescence (Set 43 and Set 49, Carl Zeiss
Microscopy, Jena, Germany) in place were taken independently and digitally superimposed.
ZEN software was used for microscopy and imaging (version 3.1, Carl Zeiss Microscopy,
Jena, Germany).

4.6. Cell Adhesion to Dentin

The adherence and phenotypic changes of hAECs and hDPSCs seeded on dentin disks
were evaluated by scanning electron microscopy. Dentin disks of 0.2 mm thickness were
obtained from the crown of human molars. They were optionally rinsed in 10% EDTA for
15 min and washed with distilled water afterwards. Subsequently, hAECs and hDPSCs
(3.8 × 104 cells/well) were seeded on the dentin disks in 24-well plates. The hAECs were
cultured in DMEM with 10% FBS and DPSCs in α-MEM with 10% FBS for 48 h (37 ◦C, 5%
CO2). Samples were fixed with 2.5% glutaraldehyde in 0.1 M Sørensen’s phosphate buffer
for 30 min and analyzed on a FEI Quanta 400 environmental scanning electron microscope
(SEM) with a field emitter and an Everhart–Thornley detector at 4.0 kV and high-vacuum
conditions (FEI Europe B.V., Eindhoven, The Netherlands).

4.7. Gene Expression

Cultures were established with hAECs (7.5× 104 cells/well) and hDPSCs (4.9 × 104 cells/
well) in 12-well plates, as described above. After 1, 7 and 14 days, mRNA was extracted us-
ing the RNeasy Mini Kit (Qiagen, Hilden, Germany) and quantified spectrophotometrically
(NanoDrop 2000, Thermo Fisher Scientific, Waltham, USA). Then, 500 ng of nucleic acids
were transcribed into cDNA (Omniscript RT Kit, Qiagen, Hilden, Germany) using oligo-dT
primers (Qiagen, Hilden, Germany). To assess the effect of eDMP and StemPro on gene
expression, qRT-PCR was performed using the TaqMan Fast Advanced Master 188 Mix
(4444557, Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) and probes
for the following genes: collagen type I alpha 1 (COL1A1; Hs00164004_m1), integrin bind-
ing sialoprotein (IBSP; Hs00913377_m1), bone gamma-carboxyglutamate protein (BGLAP;
Hs01587814_g1), bone morphogenic protein 4 (BMP4; Hs00370078_m1), transforming
growth factor beta 1 (TGFB1; Hs00998133_m1), nestin (NES; Hs04187831_g1), insulin-like
growth factor binding protein 2 (IGFBP2; Hs01040719_m1), S100 calcium binding protein
A4 (S100A4; Hs00243202_m1), glutathione peroxidase 3 (GPX3; Hs01078668_m1) and 40S
ribosomal protein S18 (RPS18; Hs99999901_s1) as the housekeeping gene. Finally, measure-
ments for all target genes were normalized to RPS18 and related to hDPSCs cultured in
10% by the comparative CT method (∆∆CT) [88]. Medians with 25–75% percentiles were
calculated on the basis of two experiments with cells from different donors (n = 4).

4.8. Mineralization

To visualize calcium deposition, hAECs (3.7 × 104 cells/well) and hDPSCs (2.4 × 104

cells/well) were seeded in 24-well plates to reach 80% confluency. Both cell types were
cultured according to the previously described groups. After 21 days, cells were fixed
with formalin for 10 min and incubated with 40 mM alizarin (Alizarin Red S, Carl Roth,
Karlsruhe, Germany) at pH 4.2 and room temperature for 30 min. Images were taken with
an inverted microscope (Axio Vert.A1, Carl Zeiss Microscopy GmbH, Jena, Germany).

4.9. Statistical Analysis

Data were treated nonparametrically and pairwise Mann–Whitney U tests were con-
ducted at a significance level of α = 0.05. Statistical analysis was performed, comparing
hAECs and hDPSCs for each medium for each follow-up point. All statistical analyses
were computed with GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA) and non-
statistical significance (p > 0.05) was indicated in the respective figures by lowercase letters.
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5. Conclusions

Human amnion epithelial cells can adhere and spread on dentin and are able to differ-
entiate and mineralize. Nevertheless, hAECs failed to reveal an odontoblastic transition
under in vitro conditions. Even if hAECs show great promise in other regenerative applica-
tions, they do not seem to be a feasible alternative stem cell source for dental pulp tissue
engineering. In addition to the difficult culture behavior, their cellular reactions are difficult
to control by signaling molecules and are not as reliable as, for example, mesenchymal
stem cells from pulp, which was particularly evident in EMT. Thus, the advantages of
hAECs in terms of pluripotency do not come into play and their advantages in terms of
high availability can presumably not be used.
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