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Contraction dynamics of dental pulp cell rod microtissues
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Abstract
Objectives The factors that contribute to the morphological changes of dental pulp cell–derived microtissues are unknown. Here,
we investigated the contraction dynamics of rod-shapedmicrotissues derived from dental pulp cells and examined the underlying
cell signaling pathways.
Methods Human dental pulp cells were seeded into agarose molds to assemble into rod-shaped microtissues. Resazurin- and
tetrazolium-based cytotoxicity assays, Live/Dead staining, and hematoxylin and eosin staining for histological evaluation of rods
were performed. Rod contraction was evaluated and measured for a period of 10 days. The role of TGF-β, phosphoinositide 3-
kinase (PI3K)/AKT, and mitogen-activated protein kinase (MAPK) signaling pathway was analyzed.
Results Dental pulp cells readily assembled into rods, maintaining the geometric shape for 48 h. Following this period, they
condensed to form stable spheroidal structures that remained vital for 10 days from seeding. Inhibition of phosphoinositide 3-
kinase signaling pathway by LY294002 significantly prolonged the diminution in the length of rods formed by dental pulp cells.
TGF-β and pharmacological inhibition of TGF-β signaling did not show pronounced effects.
Conclusion Overall, dental pulp cells readily formed rod-shaped patterns of microtissues which, over a period of time, condensed
into more stable spheroidal structures. Hence, technologies like bioprinting, using direct fabrication of microtissues need to
consider the contraction dynamics.
Clinical relevance The field of regenerative endodontology will benefit from our findings as it can be applied as a novel platform
to test the impact of pharmacological agents, biomaterials, and regenerative approaches including bioprinting.
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Introduction

Ameliorating the stability, survival ability, and functionalities
of transplanted cells are the key elements to a successful tissue
regeneration technique [1]. Vast literature exists exemplifying
the approaches employed for dental pulp regeneration, both
in vivo and in vitro [2–4]. Scaffold-free schemes using
microtissues of various cell types in complex shapes such as
spheroids, rods, toroids [5–7], and sheets not only facilitate a
more in vivo–like environment for the transplanted cells but
also avoid issues sprouting from inflammation and slow deg-
radation of the scaffolds [8]. In order to mimic the rod-like
shape of the root canal, attempts have been made to fabricate
the most suitable cell-seeding system including sheets and
spheroids [4, 9]. The rationale behind our research was to
check the feasibility of molding dental pulp cells into rod-
shaped microtissues and to investigate the potential signaling
pathways responsible for regulating their contraction.
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The uniqueness in the design of rod microtissues is that it is
free of size constraints with respect to the length, unlike the
spheroid diameter which is restricted by the diffusion capacity
of the capillary network and thus feasible molds for spheroids
are limited with regard to the dimensions [5]. Rod
microtissues could have the potential to overcome this chal-
lenge owing to the feasibility of increasing the length without
altering the thickness. Moreover, its closely mimicking cylin-
drical shape makes it a desirable endodontic graft for regen-
eration of the dental pulp. Hence, it is imperative to compre-
hend its contraction dynamics and potential mechanisms re-
sponsible for constructing a more stable microtissue model for
dental pulp regeneration in vitro.

Literature has shown that self-assembly of microtissues is
directed not only by cell surface adhesive forces, but also by
cytoskeletal contraction [7]. Transforming growth factor-beta
(TGF-β) is considered to be essential for cell chemotaxis,
proliferation, differentiation [10, 11], and migration [12] in
dental pulp cells (DPC). Based on this, we investigated its
impact on the dimensional regulation of DPC rods. In
transplanted tissues, mitogen-activated protein kinases
(MAPK) and phosphoinositide 3-kinase (PI3K)/AKT cell-
signaling pathways play a vital role [1, 13]. Their properties
and broad range of interaction with the microenvironment in
both dental embryogenesis [14] and in vitro pulp regeneration
significantly regulate the self-assembly of cells [15, 16].
Recent studies have shown that PI3K has a role in the leading
edge of migrating fibroblasts via F-actin filament branching
[17]. There is also evidence that uncoupling of intermediate
filaments from focal adhesions compromises the downstream
MAPK cascades to ERK1/2 and p38 [14, 15]. Thus, cell mi-
gration can be controlled by p38-mediated protrusion and
stress fiber formation. Hence, we investigated the potential
role of these pathways in regulating the spatio-temporal di-
mensional alteration of DPC rod microtissues.

To use DPC rod microtissues as a platform for future ex-
periments for in vivo endodontic regenerative medicine,
in vitro 3D pulp tissue models for testing dental pharmacoki-
netics and direct application of rod-shaped large tissue con-
structs with bioprinting, it is crucial to study its dimensional
stability and the potential factors involved in the regulation of
geometrical alterations in in vivo–like conditions.

Materials and methods

Isolation and culture of dental pulp cells

Human DPC were harvested in a sterile environment from
extracted third molars without pulpitis, with a prior informed
consent [16]. Pulp tissue underwent explant cultures to isolate
DPC through outgrowth. Cells were cultured in alpha-
minimal essential medium (α-MEM, Sigma-Aldrich, St.

Louis,MO, USA) supplemented with 10% fetal bovine serum
(Gibco, Thermo FischerScientific, MA, USA), penicillin G,
streptomycin and amphotericin B (Gibco) at 37 °C, 5% CO2,
and 95% atmospheric moisture. The experiments were per-
formed with three donors to take into consideration the
donor-dependent variability in response and to rule out bias.
The protocol was accepted by the ethics committee of the
Medical University of Vienna (631/2007).

Fabrication of rod microtissues

3D rod-shaped microtissue patterns of DPC were created
using 3D Petri dishes® embracing the manufacturer’s instruc-
tions (Microtissues, Inc., Providence, RI, USA). Nominal di-
mensions of each 3D culture trough are 2200 μm in length ×
800 μm in depth × 400 μm in width. Pouring liquid agarose
into flexible 3D Petri dishes® embodying a trough-shaped
arrangement formed agarose molds with 24 troughs for con-
structing DPC rods. The agarose molds were soaked in cell
culture medium and positioned into 24-well plates, with one
mold per well. Cell suspensions of 480,000 cells in drops of
70 μL were pipetted into each mold as described by the man-
ufacturer instructions. Each well then received 1 mL of cell
culture medium and plates were incubated for 24 h.

MTT staining

Rod microtissues of DPC were incubated with 1 mg/mLMTT
at 37 °C for 30 min in a 24-well plate after the 24-h incubation
period. Formazan formation was observed under light micro-
scope and images were taken [18].

Live/Dead staining

To assess the viability of the self-assembly of the DPC, samples
were stained with the Live/Dead Cell Staining Kit (Enzo Life
Sciences AG, Lausen, TX, USA) embracing themanufacturer’s
guidelines in a 24-well plate following the 24 h incubation
period [19]. The vitality of the rod microtissues was analyzed
using fluorescence microscopy for green and red with a B-2A
filter (excitation filter wavelengths: 450–490 nm), respectively
after 24 and 240 h. Vital cells were detected as green while the
dead cells as red. Images were taken.

Resazurin-based toxicity assay

Resazurin-based toxicity assay was performed according to
the manufacturer’s instructions to assess the cell viability of
DPC rod microtissues. Sixty microliters of resazurin dye
(Merck, Darmstadt, Germany) were added into each well of
the 24-well plate, 24 h after seeding the cells into agarose
molds. Following 8 h of incubation at 37 °C, fluorescence
was evaluated using a Synergy HTX multi-mode reader
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(BioTek, Winooski, VT, USA) at a wavelength of 600 nm,
using an excitation wavelength of 540 nm (Klara Janjić et al.
2018). The data was calculated relative to the control (only the
cell culture medium).

Contraction dynamics of dental pulp cell
rod microtissues

Geometrical and morphological alterations in the length and
width of the rod microtissues of DPC were measured over a
period of 10 days. Cell culture medium was changed every
3 days. Images of the self-assembly of DPC in the agarosemold
troughswere taken at 0, 2, 6, 24, 48, 72, 96, 120, and 240 h after
seeding at fourfold magnification. Length and width were cal-
culated in millimeters using the Call EZ software.

Histological evaluation

Hematoxylin and eosin (H&E) staining of DPC rod
microtissues was performed after a 24-h incubation period
using the following protocol: samples were stained for 7 min
in Mayer’s hematoxylin and rinsed in distilled water for 30 s.
After differentiating with 0.1% HClOH for 20 s, they were
rinsed for 10 min in tap water followed by rinsing in distilled
water for 30 s. Next, theywere stained for 3 min in 0.5%Eosin
G (with two droplets of glacial acetic acid) and rinsed in tap
water for 10 s, followed by dehydration in 70% EtOH, 96%
EtOH, 100% EtOH, and xylene for 2, 2, 10, and 5 min, re-
spectively. Finally, they were permanently embedded.

TGF-β signaling

DPC were incubated with human TGF-β at 5 μg/mL and its
inhibitor SB431542 at 10 mM as described above to examine
the role of TGF-β on the contraction of their rod-shaped
microtissue patterns. The concentration was based on previ-
ous publications [20]. Twenty-four hours after incubation, im-
ages were taken using fourfold objective and OptoCapture
software 2.2. Length and width were calculated in millimeters
using Call EZ software. Data are displayed as compared with
the untreated cells, referred to control.

PI3/AKT and MAPK signaling

DPC were incubated with the pharmacological inhibitors
LY294002 (PI3K-inhibitor; Sigma), SB203580 (p38- inhibi-
tor; Sigma), SP600125 (JNK-inhibitor; Calbiochem, San
Diego, CA, USA), and U0126 (ERK-inhibitor; Cell
Signaling Technology, Beverly, MA, USA), all at 10 μM as
described above, to examine the role of PI3K and MAPK
signaling. The concentration was based on previous reports
[21]. Twenty-four hours after incubation, images were taken
and processed as described above.

Statistical evaluation

Statistical analysis was done with IBM SPSS Statistics
Version 24 (IBM Corporation, Armonk, NY, USA), using
the ANOVA and the post hoc Dunnett’s test. The level of
significance was set at p < 0.05.

Results

Contraction dynamics of dental pulp cell rod
microtissues

Rods from all the DPC donors condensed over time (Fig. 1).
To quantify the dynamics of rod formation over a time period
of 240 h, we measured changes in the length (Fig. 1b) and
width (Fig. 2c) of the rod microtissues. The analysis showed
that the DPC rod length condensed to 62%, 27%, and 11% of
the original length at 6, 24, and 240 h, respectively (p < 0.05).
The compensation in the diminution of length was maintained
by the width which was 70%, 82%, and 55% of the original
width at 6, 24, and 240 h, respectively (p < 0.05). These data
highlight the pronounced dimensional changes in the rod
microtissue within the first 24 h.

Dental pulp cell rod microtissues maintained viability

To assess the viability of the rod microtissues, the Live/Dead
andMTTstaining, and the resazurin-based cytotoxicity assays
were performed (Fig. 2). The self-assembly of DPC, that is,
rods at 24 h, stained with the cell permeable green fluorescent
dye, visible as bright green structures, indicating vitality. It
was observed that the formazan crystals in the MTT assay
could not be dissolved by dimethyl sulfoxide, hence, micro-
scopic images were taken. Staining the cells with tetrazolium
dye made the DPC rods appear as dark blue structures, indi-
cating the conversion of the tetrazolium dye into formazan.

To confirm the viability results from Live/Dead and
MTT staining, the resazurin-based cytotoxicity assay was
performed (Fig. 2a). The data indicated that the DPC rods
were vital after 24 h. To explore the histology of the DPC
rod microtissues, they were stained with H&E dyes (Fig.
2a). They appeared as cylindrical structures with blue-
violet nuclei and red cytoplasm. The resazurin-based cyto-
toxicity assays showed that the microtissues were able to
convert resazurin into resorufin (Fig. 2b). While the rods
showed 7584 ± 2258 relative fluorescence units, 1285 ±
256 relative fluorescence units were found in the blank
group without cells (negative control). Overall, the data
indicate that cells maintained their viability in the rod
microtissue.
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Fig. 1 Contraction dynamics of rod microtissues of dental pulp cells. 3D
rod microtissue cultures were created using 3D Petri dishes® with dental
pulp cells. Images were taken directly after seeding (0 h), at 2 h, 6 h, 24 h,
48 h, 72 h, 96 h, 120 h, and 240 h after seeding. The figure shows

representative images of 3 donors (a). The length (b) and width (c)
were quantified. Experiments were performed 3 times, with 3 donors
and 4 rods per experiment were analyzed. The data points show the
length and width relative to 0 h as mean ± standard deviation. p < 0.05

Fig. 2 Rod microtissues maintain viability based on Live/Dead staining,
MTT staining, histological analysis, and Resazurin-based toxicity assay.
To assess the viability of the rod microtissues, the Live/Dead staining
(LD) was performed after 24 h, the MTT staining and histological

evaluation by hematoxylin and eosin (H&E) staining were performed
with rods after 24 h (a). Resazurin-based toxicity assays were done.
Experiments were performed 3 times with 3 donors per experiment (b).
Bars represent mean ± standard deviation relative to the control
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TGF-β or its inhibitor SB43154 do not prolong
the contraction of dental pulp cell rods

DPC rods were incubated with recombinant human TGF-β
and the inhibitor of TGF-β, SB43154 for 24 h (Fig. 3).
Geometrical measurements and their average displayed that
the length of the rods treated with TGF-β was 108% and the
width was 95.1% of the control; whereas, for the set of rods
treated with SB43154, the length was 96.4% and the width
was 107.5% that of control. This minor alteration in the length
and width of the rods from the images taken after 24 h indi-
cated that neither of the above played a role in the DPC rod
contraction.

Inhibitor of PI3K signaling inhibits dental pulp cell
rod microtissue contraction

DPC were incubated with the pharmacological inhibitors
LY294002 (PI3K-inhibitor), SB203580 (p38-inhibitor),
SP600125 (JNK-inhibitor), and UO126 (ERK-inhibitor), all
at 10 μM for 24 h, to examine their effect on the rod size
diminution (Fig. 4a). It was observed that the inhibitor of
PI3K, LY294002, significantly decreased the contraction in
length, compared with the other pharmacological inhibitors
and control (p < 0.05) (Fig. 4b). The measurements displayed
that the average length of the rods treated with LY294002 was
165.8%, with SB203580 was 108.9%, with SP600125 was
105.9%, and with UO126 was 93.9% of the control after
24 h of incubation period. The alteration in length was com-
pensated by the change in width (Fig. 4c) which was 96.8%
with LY294002, 99.7% with SB203580, 93.8% with
SP600125, and 100.7% with UO126 of the control. The in-
crease in the length and delayed contraction by the influence
of LY294002 was significant as compared with control
(p < 0.05).

Discussion

Building macrotissues from optimally shaped microtissues
with lesser limitations of maintaining vascularity and dimen-
sional stability over time still needs to be addressed [22].
Hence, in the present study, we investigated the contraction
dynamics in the human DPC rod-shaped self-assembly of
microtissues as it can serve as a potential platform for pulp
repair and regeneration. It was observed that DPC have a
potential to self-assemble into rods that condense over a peri-
od of 10 days into spheroid structures but maintain vitality.
Introduction of cytokine TGF-β (and its inhibitor) that is
known for cell differentiation and migration of DPC did not
alter the contraction in these rods, indicating that this autocrine
signaling mechanism does not play a major role in this system.
On the other hand, the pharmacological inhibitor of PI3K
showed a significant delay in the contraction of DPC rod
length, revealing a pivotal role of PI3K/AKT pathway in
DPC microtissue contraction in in vivo–like conditions.

Explicit conceptualization of the stability, functionality,
and survival of the transplanted tissue is indispensable in the
field of tissue regeneration as these traits are attenuated in the
host environment [23]. To optimize their application in vivo, it
is mandatory to look into the dimensional stability of
complex-shaped microtissue constructs. Human-derived peri-
odontal ligament and gingival cells have previously been di-
rected into rod-shaped microtissues [24]. Considering this, it
was interesting to investigate whether DPC self-assembled
into stable rod-shaped terminal structures. Spheroid-shaped
microtissues of DPC have been established as terminal struc-
tures [25, 26] for endodontic regenerative strategies. Their
property of self-aggregation makes intimate cell-cell commu-
nication and cell-extracellular matrix interaction possible by
forming an in vivo–like extracellular matrix [27]. Measures
taken to promote its vascularization in vitro by pre-

Fig. 3 Neither TGF-β nor the TGF-β signaling inhibitor SB43154 has a
pronounced impact on contraction of dental pulp cell rod microtissues. To
investigate the role of TGF-β on the contraction of the rod microtissue
formed by dental pulp cells, the cells were incubated with human TGF-β

or the TGF-β signaling inhibitor SB431542. After 24 h, images were
taken and length (a) and width (b) were calculated. Experiments were
performed 3 times with 3 different donors per experiment. Bars represent
mean ± standard deviation relative to untreated cells (untreated control)
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conditioning with hypoxia is known to promote angiogenesis
[19]. Literature regarding similar aspects of rod-shaped DPC
microtissues is still vacuous.

With our setting, it was possible to fabricate DPC
microtissue rods with an average length of 0.6 mm and
width 0.3 mm after 24 h. Rods of all tested DPC donors
condensed over time into terminal spheroids. These struc-
tures remained vital as displayed MTT staining, resazurin-
based cytotoxicity assays, and Live/Dead imaging (Also
see supplementary fig. 1). Microtissue rods existed as tis-
sue pellets with a cell density of 6857 cells/ μL firmly
adhered to each other in vitro. Thus, it was not possible to
dissolve the formazan crystals with DMSO. Hence, we
could not quantify the formazan formation with photom-
eter rather confirmed the results for viability with
resazurin-based cytotoxicity assays [28]. Our findings
are in line with the kinetics from a related research
employing normal human fibroblasts and H35 cell line
highlighting a steep contraction curve in the length of
microtissue rods in the first 6 h after seeding [5].
Advanced in vivo investigation is indispensable as the
condensation might be influenced once these microtissues
are in contact with dentine and other cells in the
transplanted site.

Cytokines and cell-signaling molecules modulate the
morphology of transplanted cells in vivo by acting on the
cytoskeleton-mediated tension in the 3D tissues [5, 7].
Immense work has been done previously to establish the
role of intercellular signaling molecules in the migration of
DPC microtissues by applying their pharmacological inhib-
itors in vitro for instance, Y-27632, inhibitor to Rho-
associated kinases [27]. Rho-kinase functions by effectuating
cytoskeletal contraction by actomyosin coupling and phos-
phorylation [29]. Similarly, PI3K is known to cause migra-
tion in various mesenchymal stem cells including dental
pulp stem cells [1, 30, 31]. Inhibitor of PI3K, LY294002
is known to attenuate ICAM-1 expression, where ICAM-1
is the cellular adhesion molecule of dental pulp–derived
cells [32]. Studies with smooth muscle cells have shown that
PI3K regulates a protein called PLEKHG3 that selectively
binds to new F-actin at the leading edge of migrating fibro-
blasts [17]. The findings from our experimental set up where
LY294002, the pharmacological inhibitor of PI3K, was ob-
served to significantly delay the contraction in the length of
DPC microtissues as compared with the untreated cells and
other pharmacological inhibitors of MAPK, support the role
of PI3K pathway in controlling the contraction dynamics of
the microtissues in vitro.

Fig. 4 Inhibitor of PI3K signaling affects rod microtissue length. To
investigate the role of PI3K/AKT and MAPK signaling, rod
microtissues of dental pulp cells were incubated with the pharmacological
inhibitors LY294002 (PI3K-inhibitor), SB203580 (p38- inhibitor),
SP600125 (JNK-inhibitor), and U0126 (ERK-inhibitor). Experiments

were performed 3 times with 3 donors per experiment. After 24 h, images
(a) were taken and length (b) and width (c) were calculated. Bars repre-
sent mean ± standard deviation relative to untreated cells (untreated
control)
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Our findings are relevant for research employing
DPC rod microtissues. However, the dental pulp contains a
plethora of cells including endothelial and nerve cells which
interact differently with the signaling molecules used in the
setup. This heterogeneity could lead to variation in repro-
ducibility of therapeutic results. Therefore, further research
is required with single cell populations and co-cultures of
DPC and endothelial cells or vascular endothelial growth
factors to explore their influence on morphogenesis and pro-
liferation of DPC rod microtissues. Design influencing fea-
tures like posts, cones, and plugs that create tension effectu-
ating the change in self-assembly need to be considered in
future experiments [6].

Conclusion

The revelations from our research can be applied in further
experiments using dental pulp cell–based 3Dmicrotissues as a
platform to test the efficacy of dental pharmacological agents,
biomaterials and regenerative approaches, newer assays, and
innovative caries management treatment strategies. It is a sig-
nificant finding for the selection of the correct seeding DPC
microtissue constructs in bioprinters.
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