1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Endod. Author manuscript; available in PMC 2023 February 13.

-, HHS Public Access
«

Published in final edited form as:
J Endod. 2020 September ; 46(9 Suppl): S90-S100. doi:10.1016/j.joen.2020.06.033.

Progress and challenges in microengineering the dental pulp
vascular microenvironment

Luiz E. Bertassonil:2:34
1 Division of Biomaterials and Biomechanics, Department of Restorative Dentistry, School of
Dentistry, Oregon Health and Science University, Portland, OR, USA.

2 Center for Regenerative Medicine, School of Medicine, Oregon Health and Science University,
Portland, OR, USA.

3 Department of Biomedical Engineering, School of Medicine, Oregon Health and Science
University, Portland, OR, USA.

4 Cancer Early Detection Advanced Research Center (CEDAR), Knight Cancer Institute, Portland,
OR, USA.

Abstract

The dental pulp is highly vascularized and innervated tissue that is uniquely designed, being
highly biologically active, while being enclosed within the calcified structure of the tooth. Is well
established that the dental pulp vasculature is a key requirement for the functional performance
of the tooth. Therefore, controlled regeneration of the dental pulp vasculature is a challenge

that must be met for future regenerative endeavors in endodontics. In this short review, recent
progress and challenges on the use of microengineering methods and biomaterials scaffolds to
fabricate of the dental pulp vascular microenvironment are addressed. The conditions required

to control the growth and differentiation of vascular capillaries are discussed, together with

the conditions required for the formation of mature and stable pericyte-supported microvascular
networks in 3D hydrogels and fabricated microchannels. Recent biofabrication, such as 3D
printing and micromolding are also discussed. Moreover, recent advances in the field of organs-on-
a-chip are discussed regarding their applicability to dental research and endodontic regeneration.
Collectively, this short review offers future directions in the field that are presented with

the objective of pointing towards successful pathways for successful clinical and translational
strategies in regenerative endodontics, with especial emphasis on the dental pulp vasculature.
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Introduction

The dental pulp is a highly specialized tissue, which differs from other craniofacial
structures for being extensively vascularized while being enclosed in a highly calcified
chamber (1). Recent data showing the distribution of the dental pulp vasculature and
innervation in three-dimensions throughout the entire length of a human tooth illustrates
the complexity of the vascular supply of pulp tissue (Figure 1) (2). Therefore, it is
unquestionable that pulp vitality relies on the presence and function of vascular capillaries
that extend coronally from the root apex to provide oxygen, nutrients, and removal of waste
products to all cells throughout the pulp (1). In light of these functional requirements, it

is tangible that the development of strategies that allow for controlled regeneration of the
dental pulp vasculature is a challenge that must be met before the objective of dental pulp
tissue engineering can be reproducibly achieved and translated into clinical use (3).

As the field of regenerative endodontics establishes itself as an emerging reality in

clinical dentistry, various forms of regenerative approaches have been proposed (4-6).

The American Association of Endodontics (AAE) has defined the term ‘Regenerative
Endodontics’ as “biologically-based procedures designed to physiologically replace
damaged tooth structures, including dentin and root structures, as well as cells of the
pulp-dentin complex” (7). The AAE definition considers a multitude of strategies that have
been investigated, including root-canal revascularization (invoked apex bleeding), postnatal
(adult) stem cell therapy, pulp implants, scaffold implants, three-dimensional cell printing,
injectable scaffolds, and gene therapy (8). Invariably, many of these strategies benefit from
the use of cell and biomaterials-based delivery approaches that can replace existing methods
of obturation using inert materials, such as the conventional gutta-percha. Therefore,
microengineering strategies that enable and stimulate the formation of a functional vascular
supply in the dental pulp are highly desirable.

In this short review, recent progress and challenges on the emerging strategies to

fabricate the dental pulp vascular microenvironment are addressed from a biomaterials and
microengineering standpoint. Recent data on the conditions required to control the growth
and differentiation of vascular capillaries are discussed, with a special emphasis on the
conditions necessary for the formation of mature and functional pericyte-supported vessels
in the tooth. Novel hydrogel biofabrication (i.e. 3D printing, microfluidics) methods are
also discussed based upon their ability to replicate some of the complexity of the dental
pulp vasculature. Moreover, recent advances from the field of organs-on-a-chip are discussed
with regards to the ability of these methods to elucidated the influence of dentin and its
embedded matrix molecules on the process of vasculature formation and regeneration in
the tooth. Lastly, future directions in the field are presented with the objective of pointing
towards successful pathways for clinical translation in regenerative endodontic approaches
to re-establish the dental pulp vasculature with desirable functionality.

2. Vasculature formation

The vasculature is formed through a complex set of orchestrated biological events that
involves the morphogenesis of endothelial cells into new hollow capillaries (vasculogenesis),
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the recruitment of perivascular mural cells (pericytes),(9, 10) and remodeling of the existing
networks into a dense vascular plexus via angiogenic sprouting (11). These processes have
been described in detail by our team and others previously, (12, 13) and it is recognized
that both endothelial and perivascular mural cells are a pre-requisite for the formation of

a functional (stable and non-permeable or “non-leaky”) vasculature in engineered tissues.
Perhaps this is a critical discrepancy in much of the early methods of engineering of
vascularized tissues, which focused primarily on the formation of endothelial capillaries
without considering the complexity and need for perivascular mural support. Therefore,
this review will pay particular attention to the conditions that are required to engineer
microenvironments that are conducive to the adequate interaction between endothelial and
perivascular mural cells, especially those from a mesenchymal origin.

In the native pulp, vasculogenic events are regulated by a cascade of paracrine and
angiocrine signaling molecules (vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), platelet-derived growth factor (PDGF), transforming growth factor-
beta (TGF-p), etc.) that are derived from the heterotypic interactions of endothelial cells,
cells from the perivascular niche (smooth muscle cells, pericytes, undifferentiated stem
cells),(14) and the surrounding dentin (15). Several approaches have attempted to mimic the
presentation of growth factors involved in the pulp vascularization as a means to facilitate
the engineering of functional pulp tissue. In an important effort towards engineering
vascularized pulp, Sakai et al (2010) reported that stem cells from exfoliated deciduous
teeth (SHEDs) differentiated into endothelial cell networks in a poly-L-lactic acid scaffold in
the presence of recombinant VEGF /n-vitro, and in untreated scaffolds /n-vivo; although

the specificity of the presence of mural cells and the non-permeable character of the
engineered vessels was not fully described (16). In another key publication, Koike et al
(2004) reported that the co-culture of endothelial cells and mesenchymal progenitor cells
(10T1/2) in 3D fibronectin/type I collagen gels promoted differentiation of the mesenchymal
cells into pericyte-like cells without the need for added growth factors,(17) while supporting
the formation of perfusable and non-permeable blood capillaries that remained stable for

at least one year in-vivo. A series of subsequent reports has demonstrated the feasibility

of engineering functional vascular networks in 3D hydrogels by co-culturing endothelial
cells and stem cells from different sources. This has included bone marrow mesenchymal
stem cells (BM-MSCs), (18-22) dental pulp (SHEDs and dental pulp stem cells (DPSCs))
(23-25) and mesenchymal precursor cell lines (10T1/2), (26, 27) all with significant success.
Yet, to date, the specific conditions required to controllably regenerate the dental pulp
vasculature, while ensuring the functionality of the engineered vasculature in full-length
root canals of mature teeth have remained elusive. Hence the translation of regenerative
endodontics into a viable alternative for conventional root canal treatment of mature adult
teeth has remained distant.

3. Engineering biomaterials to promote vasculature regeneration

A critical factor to regenerate vascularized tissues is to determine the conditions that enable
the process of vascular morphogenesis that is necessary to occur between endothelial and
perivascular mural cells. A large body of literature has demonstrated that the physical,
compositional and mechanical properties of various biomaterial scaffolds play a critical role
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in influencing stem cell fate decisions and overall cell response (28-30). The influence

of these regulatory mechanisms in the context of dental pulp vasculature formation have
been far less investigated. One of the key aspects that for many years may have slowed
down studies on the interface of dental pulp regeneration and the influence of physical
properties, perhaps, was the lack of regenerative dental materials that allowed for direct
control over substrate physical properties and were compatible with dental clinical protocols.
For instance, much of the work performed in dental pulp regeneration to date has been
focused on the use of biomaterial scaffolds that are difficult to have properties such as
stiffness, or degradation carefully controlled. These have included conventional degradable
biomaterials, such as collagen, collagen-like peptides (i.e. puramatrix), PLGA and so on
(32).

Recent work on the development of photocrosslinkable scaffold materials (32, 33), such

as methacrylated gelatin (GelMA) (34), hyaluronic acid (MeHA) (35), and even collagen
(PhotoCol) (32), has opened up new avenues that connect the fields of clinical dentistry with
the possibility of fine tuning the mechanics of the stem cell microenvironment. One example
of this recent focus was the development of methacrylated gelatin hydrogels that can be
photopolymerized using a conventional light-emitting diode (LED) dental curing light in the
root canal space (Figure 2) (36), while allowing for careful control of hydrogel physical
properties, as well as delivery of viable dental pulp cells. Recent data shows that hydrogel
prepolymers encapsulated with odontoblast precursor cell lines (OD21) can be loaded into
the root canal, crosslinked for as little as 3 seconds, and maintain cell viability values of
nearly 90% over time (36). Importantly, the chemistry of these methacrylated materials

is similar to the that used in the far majority of restorative dental materials. As such,

the procedures and armamentarium of dental photopolymerization not only are compatible
with methods of dental pulp regeneration, but also allow for a much more systematic and
controllable manipulation of microenvironment physical properties. This, in turn, enables
more precise mechanistic studies on the influence of physical properties on the engineering
of mature and stable vascular capillaries in the dental pulp.

But why should one worry about these materials related questions when engineering the
dental pulp vasculature? There is an increasing body of evidence that points toward to the
fact that not only the composition of the extracellular matrix will interfere with the process
of vascular morphogenesis (37), but also that matrix mechanical properties will influence
virtually all interactions that are required to happen during the process of vasculogenesis
and angiogenesis (13). Both human umbilical vein endothelial cells (HUVECS) and primary
endothelial colony forming cells (ECFCs) seeded on substrates of increasing stiffness, have
been reported to show a pattern of faster proliferation and a shift from the formation of
vasculogenic ring-like structures, to evenly distributed endothelial monolayers fully covering
the substrate (38) (Figure 3A,B). Counterintuitively, the exact same cells when encapsulated
in 3D hydrogels show an opposite pattern, with lower stiffness enhancing vasculogenesis
(Figure 3C,D). Accordingly, recent data shows that HUVECSs three-dimensionally embedded
in LED-photopolymerized GelMA hydrogels simply do not form vascular capillaries when
the hydrogel stiffness reaches values above ~3 kPa (39). Obviously other conditions, such

as the type of hydrogel, presence of perivascular cells, medium conditions, will play a key
role. But it is evident that microenvironment mechanics significantly affects the process of
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engineered vasculogenesis, and that process is not exclusive to the dental pulp. Moreover,
preliminary data from our group also appears to suggest that while substrates of high
stiffness promote endothelial cell spreading and proliferation, it also prevents cells from
migrating into the matrix to initiate endothelial sprouting.

Similar to the evidence regarding the influence of mechanics on the behavior of endothelial
cells, the process of stem cell differentiation into alpha smooth muscle actin expressing
perivascular mural lineages, which are consistent with pericytes, is also significantly affected
by matrix mechanics. First, it must be highlighted that different populations of dental and
mesenchymal stem cells appear to have a different ability to differentiate into pericyte-like
cells and give rise to stable and functional vascular capillaries. A direct comparison of bone
marrow derived mesenchymal stem cells, dental pulp stem cells and stem cells from the
apical papilla co-cultured with HUVECSs under the exact same conditions show a distinct
pattern of differentiation, where BM-MSCs appear to be more prone to the formation of
stable and well-established vascular capillaries (Figure 4).

When co-cultures of ECs and BM-MSCs are seeded onto 2D microenvironments of
different mechanical properties, stem cells present a contrasting pattern to those observed
in endothelial cells alone. Different from endothelial cells, which proliferate rapidly in
substrates of high stiffness, BM-MSCs have a reduction in differentiation toward a pericyte
lineage. These mechanically-regulated events are corroborated by further experiments
showing that the effects observed due to the stiffness increase are nearly lost when cells
ate treated with blebbistatin, a pharmacological inhibitor of mechanotrasduction pathways
in contractile cells (29) (Figure 5). When these same cells are cultured in 3D, a more
consistent trend is observed between endothelial and mesenchymal cells. A recent report
from our group shows that cells have a greater tendency of differentiating and forming
pericyte-supported endothelial capillaries when hydrogel stiffness is also kept below ~ 3
kPa (Figure 5) (39). Interestingly, it was also reported that vasculature formation is only
observed when cells are culture at a density above 5x10° cells ml of hydrogel (39).

It is also noteworthy that when hydrogels are engineered with adequate vasculature
formation and substantial perivascular support /n-vitro prior to implantation, these human-
cell derived vessels go on to anastomose with the host vasculature and enable blood
transport without apparent leakage for at least 3 weeks /n-vivo after implantation (40).
Recent data from our group shows that vessels expressing human-specific CD31, a marker
for endothelial cell communication in the vasculature, and alpha smooth muscle actin, as
a marker for pericyte-like phenotype, are distributed across the thickness of a cell-laden
hydrogel, and show traces of red blood cells which indicate the anastomosis with the host.
Others have reported similar outcomes in engineered hydrogels (41), so it appears that the
field is moving at a fast pace towards enabling the engineering of fully vascularized tissue
constructs that can exert the required function upon implantation.
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4. Microengineering and 3D printing strategies to fabricate the dental pulp
vasculature

One of the emerging areas in the field of tissue engineering that has gained significant
momentum in the past decade is that of biofabrication. Despite recent controversy

with respect to terminology,(42-44) biofabrication has been defined as “the automated
generation of biologically functional products with structural organization from living

cells, bioactive molecules, biomaterials, cell aggregates such as micro-tissues, or hybrid
cell-material constructs, through bioprinting or bioassembly and subsequent tissue
maturation processes ”'(45). The need to engineer tissues with increasing complexity in 3D,
encompassing multiple cell lineages and functions, has demanded researchers to come up
with an increasing number of strategies to facilitate the engineering of tissue constructs
that are more complex than simple scaffolds loaded with cells and growth factors, which
originally defined the field of tissue engineering nearly 3 decades ago. While many
strategies under the broader umbrella of biofabrication have been explored for engineering
of vascular capillaries,(13) the area that deserves particular attention is that of 3D printing
(46, 47). And while recent examples have not focused the dental pulp vasculature, there has
been examples of pulp regeneration strategies that have benefitted directly from 3D printing
inspired strategies.

3D printing of biomaterials and cellularized tissue constructs on the microscale has had an
immense impact in the field of tissue engineering (33, 48) Three recent reviews authored

by our group discuss specific applications of 3D printing specifically for dental pulp
regeneration (49), the broader scope of regenerative dentistry (50), and the intricacies of

3D printing vascular capillaries (47). The reader is encouraged to refer to these papers for
further details on these respective topics. There is a multitude of variations in existing 3D
printing methods, but the majority of successful 3D printing approaches that have had an
impact in the engineering of vascularized constructs have utilized extrusion processes (46,
47). In these methods, typically a sacrificial template material is dispensed in pre-determined
positions in X-Y-Z using the motorized stages of the printing apparatus. The sacrificial
template material is often composed of a dissolvable or removable material, which can be
extruded and subsequently covered either with a cell-laden hydrogel, or dense aggregate

of cells (51). Miller et al first reported the method to 3D print a sacrificial template

fiber composed of a dissolvable carbohydrate glass that was covered with a variety of
cell-laden hydrogel materials, and subsequently dissolved, giving rise to hollow capillary
like structures that were then loaded with human endothelial cells (52). In a subsequent
report, our group developed a method to 3D print an agarose template fiber which did not
need to be dissolved, and could simply be removed from a cell-laden hydrogel material, also
forming complex 3D branching capillary-like structures populated with human endothelial
cells (53) (Figure 6A,B). Recent efforts from our team have demonstrated the possibility of
3D printing similar channel like structures in combination of other printable bioinks to form
perfusable and pericyte-supported vascular capillaries (Figure 6G).

More recently, two distinct examples of 3D printing have been utilized to regenerate
vessel like structures with remarkable success. Lee et al reported the use of the so-called
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freeform reversible embedding of suspended hydrogels (FRESH) method for the fabrication
of complex vascular-like structures in including a full human neonatal heart (54). In this
method, a high-density collagen hydrogel precursor was dispensed in a bath of gelatin
microparticles, which allow the material to undergo fibrillogenesis overtime, as the setting
material ‘floats” in a liquid-like supporting bath. This method has allowed for significant
developments in printing of large-scale tissues and organs, and is likely to have ramifications
to the field of the dental pulp regeneration where vascular density and branching complexity
increases as they extend upwards from small arterioles in the apical foramen. In another
example, a digital light processing (DLP) 3D printing approach, which differs from the
conventional extrusion method in that it uses light polymerization as the printing mode, was
used to pattern complex vascular systems, including the vasculature in a model of 3D printed
breathing lung (55). In this method, a photocrosslinkable hydrogel pre-polymer loaded onto
a vat is photocrosslinked with light onto a build platform, which is moved upward, as
individual layers of the material are built one after another. Although this method has not
been utilized to regenerate the dental pulp vasculature, it does allow for resolution values
that would be favorable to engineering microscale structures. These advances represent the
emerging solutions that can address the specific challenges associated with recreation of the
microscale morphologies and complex, multilayered cellular structures of the dental pulp
and its vascular supply.

In a direct extension of the above-mentioned 3D printing methods, a recent report by

our team described an adaptation of the 3D printing method that we developed earlier,
which enabled the translation of the technology into the scope of dental pulp vascular
regeneration. Athirasala et al reported the fabrication of agarose hydrogel ‘cones’, which
could be positioned and stabilized inside of an empty root canal, surrounded with an
odontoblast-laden hydrogel biomaterial, photocrosslinked using a dental curing light, and
then sacrificed to form a conduit-like microchannel that traversed the entire length of the
canal space (38) (Figure 6C—F). This strategy for coronal loading of both the hydrogel and
the endothelial cells into the root canal is particularly relevant in a translational context,
however, it requires careful optimization of the hydrogel precursor loading and curing
times to ensure homogenous and complete photopolymerization over the entire length of
the root canal. Still, one would expect that the coronal region of the photocrosslinkable
hydrogel would be more crosslinked than the apical region, which would invariably result
in a gradient in degradation resistance that increases from the apical side to the coronal
side, which is a desirable effect. The report described the optimization of the conditions
that were conducive to the spreading and proliferation of odontoblast cells in the matrix,
as well as the loading of endothelial cells inside the fabricated conduits, thus forming an
endothelialized microchannel in an odontoblast-laden hydrogel in a long root segment. Of
note, these conduits establish the communication between the highly vascularized apex with
the long axis of the engineered pulp tissue throughout the root canal space, and enables the
improved oxygenation of the cells embedded in the construct. Importantly, as we described
above, endothelialized vessel-like structures such as these have been shown to anastomose
with the host vasculature and form chimeric vessels with the host in animal models. (40)
Moreover, preliminary data (data not shown) from our team has shown that much like
engineered conduits that facilitate nerve guidance in regenerated spinal cord injuries and
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other neural regeneration approaches, the dental pulp conduits can also facilitate and guide
the projection of neurites from the apex of a tooth model into the core of the engineered

pulp.

5. The tooth on-a-chip and microdevices to study the dental pulp and

vasculature

While the previous sections described the physical and mechanical considerations that may
promote the regeneration of vascular capillaries in the dental pulp, one important aspect that
remains elusive is the specific participation of dentin in the process of pulp regeneration.
Extensive research, including some of our own (56), has been published demonstrating that
the dentin matrix is rich in molecules that have strong biological activity (57). These include
a multitude of growth factors that are known to play an important role in development

and tooth mineralization, and also molecules with potent angiogenic activity such as VEGF
and TGF beta, which have also been reported in significant concentrations (15). Since

these molecules are diffusible, it is reasonable to hypothesize that their diffusion into the
extracellular matrix may form a gradient of factors that could regulate the formation of

the pulp vasculature. Anatomically, the formation of a well-established odontoblastic layer,
a cell-free zone, and an underlying region rich with a vascular plexus corroborate the
formation of this diffusible zone of factors that may play a role in regulating the regenerative
process in a healthy pulp. The specifics of these interactions, however, have remained poorly
understood.

Understanding the participation of dentin on the formation of the dental pulp vasculature
is an important step to enable the controllable regeneration of a functional tissue. One

of the recent developments that seeks to address this goal, among other objectives, is

the fabrication of a microfluidic device that our team has recently referred to as the
tooth-on-a-chip (58). The tooth on a chip is a controllable model system that enables
investigation of pulp-related mechanisms in-vitro. This recent development has emerged
from the growing field of organs-on-a-chip (59, 60), which seeks to replicate specific
functions of tissues and organs by taking advantage of micro-engineered substrates with
microfluidics technologies that replicate levels of functionality that are difficult to achieve
with conventional 2D or 3D cell culture models (61, 62). These microdevices allow for
straightforward experimental control over multifactorial questions that are too difficult to
systematically study /n-vivo (61, 62), and enable one to systematically and reproducibly
replicate multicellular architectures, cell-cell/cell-matrix interactions, tissue mechanics, and
fluid-flow conditions that are naturally present in complex tissues such as the dental pulp.

Our group has recently described the development and characterization of the first tooth on-
a-chip model in a recent paper (58), and a few characteristics are noteworthy. For instance,
the model can be engineered to enable the formation of a controllable interface between

the tooth and exogenous oral components (i.e. bacteria, dental materials, saliva, oral care
products), just like in a real cavity, where the dental pulp forms a direct interface with the
dentin and indirect contact with the oral cavity via the dentin tubules. These components can
be put in direct contact with the native dentin, which will function as a permeable barrier,
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establishing the indirect interface with the underlying living dental pulp. Granted that many
of these interfaces have been replicated to some extent in existing models of the dental pulp
(63-66). However, the tooth on a chip enables one to assess and quantify the immediate
response of the pulp tissue to exogenous components in real time, continuously, and under
controllable conditions, which is a unique advantage. Moreover, since the device is smaller
than a conventional USB drive, the volumes required to assess a response are very small,
which further reduces the costs of experiments and increases throughput (Figure 7).

In our recent report, we demonstrated the functionality of the tooth-on-a-chip by replicating
the step by step process of a restorative treatment, and show the direct response of
odontoblasts in the pulp to acid etching, different monomer molecules and the whole
process of a 2-step adhesive system (58), some which are illustrated in Figure 7. Results
offer a unique window of the dental pulp response to injury, and show a diverse set of
morphological changes as the materials are interfaced with the tooth, which were previously
unknown. In another interesting example of the applications of the tooth on a chip, we
sought to determine the vasculogenic activity of the diffusible matrix factors that are
embedded in dentin. To that end, we utilized the tooth on-a-chip in an experiment where
the dentin was treated with EDTA for 1 minute using fluid flow directed against the dentin
and into a hydrogel loaded with a co-culture of endothelial and mesenchymal stem cells.
When the data were compared with samples that did not have fluid flow (i.e. where dentin
matrix molecules were not forced through the hydrogel) we observed that the vasculature
formed better and faster in the presence of the matrix molecules (Figure 7D).

Another set of observations that deserves significant attention in the context of vascular
pulp regeneration and repair is the influence of the microbiome in the process of vascular
morphogenesis. It is highly unlikely that any regenerative effort in the dental pulp will

not be influenced by the presence of bacteria or bacterial by-products that are either
abundant within the dental tubules or left behind as trace elements after the root canal is
medicated and instrumented(67). Interesting evidence has emerged using vasculature on-a-
chip microdevices that can be adapted to the tooth on a chip model, showing that even the
presence of bacteria-derived lipopolysaccharide (LPS) or TNF-alpha alone can lead to the
formation of leaky vessels (67). This forms the basis for future experiments. Despite these
interesting observations, the tooth on-a-chip has important limitations. Although relevant
cell components are present in this model, it is very difficult to mimic the multiple biological
phenomena occurring in the native pulp, especially the interface of different tissue types
(i.e. (a) innervation regulating (b) vessel function, which (c) enables flow of inflammatory
cells to a site of injury). Therefore, the tooth on-a-chip remains a reductionist approach with
several desirable features.

6. Conclusion and future directions

The implications of engineering the dental pulp vasculature for the translation of
regenerative endodontics in adult and mature teeth are wide-ranging. Recent progress in
the basic understanding of the conditions that enable controllable formation of vascularized
tissues /n-vitro has been tangible. Biomaterials that allow for controllable behavior

of endothelial and stem cells appear to open up important avenues that will lead to
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more predictable and reproducible clinical outcomes. Of those, photocrosslinkable cell-
laden hydrogels with controllable stiffness appear to play a key role in the process of
vascular morphogenic through mechanotransduction-regulated pathways. Similarly, different
microengineering strategies for dental pulp regeneration, such as 3D bioprinting and
intracanal tissue fabrication, are likely to speed up the process of engineering vascularized
pulp-like tissues. Moreover, controllable and systematic /n-vitro approaches that take
advantage of microscale technologies, such as microfluidics and organs on a chip have
opened up new possibilities to elucidate complex mechanisms linking the dental pulp, the
dentin matrix and the exogenous components interfacing with the tooth. Collectively, these
recent developments and technologies point toward new directions in the field of dental
pulp regeneration that can be accelerated into translation into clinical practices with patient
benefits through fostering active collaborations between research and clinical scientists.
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Clinical relevance:

Regeneration of the dental pulp vasculature is a fundamental part of any strategy aiming
to regenerate the pulp. Here we review recent approaches and relevant criteria that enable
successful engineering of functional vascular capillaries in the context of dental pulp
tissue engineering. Several successful methods may speed up the translation of dental
pulp regeneration beyond what is currently possible, including in fully formed adult
teeth.
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Figure 1.
CLARITY microscopy of vasculature and innervation in the whole human tooth. A)

PGP9.5 (innervation) and CD31 (vasculature) staining for cleared dental pulp, with higher
magnification images of (B) pulp horn, (c) mid-root, and (d) apical sections of a canine. (E-
G) CD31 staining for coronal, mid-root and apical sections, respectively, with (*) emphasis
to the sub-odontoblastic vascular zone in the coronal region. (H) Interface of innervation
and vasculature, where (1) nerve fibers appear to wrap around a vessel. (J) Quantification of
percentage of blood vessels, (K) frequency of distribution in the three thirds of the root and
(M) their diameters. Reproduced from (2).
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Figure 2.
LED-Photocrosslinkable methacrylated gelatin (GelMA) for dental pulp regeneration.

(A) Gelatin is chemically functionalized with methacrylate groups, combined with
photoinitiators that are activated by visible light in the range of 405 nm of wavelength,

such as conventional LED dental light curing units. (B) These hydrogels can be embedded
with cells photopolymerized in as little as 3 seconds with (C) very high cell viability. (SP =
Standard Power mode; HP = High Power mode; XP = Xtra Power mode). Reproduced from
(36).
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Figure 3.
Endothelial cells seeded on 2D substrates of (A) low and (B) high stiffness show a trend

where higher stiffness is conducive to faster endothelial monolayer formation. Reproduced
from (38). (B) Co-cultures of endothelial cells with bone marrow mesenchymal stromal cells
embedded in LED-photopolymerized GelMA hydrogels for (C) lower (1.3 kPa) and higher
(3.4 kPa) of stiffness show an opposing trend, where stiffness values above 3 kPa appear to
inhibit vasculogenesis. Reproduced from (39).

J Endod. Author manuscript; available in PMC 2023 February 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bertassoni

Day 7

Page 18

DPSC-HUVEC BMSC-HUVEC SCAP-HUVEC

GFP*HUVEC

Figure 4.
Vasculogenesis in cell-laden GelMA hydrogels using co-cultures of endothelial cells with

(A,D) dental pulp stem cells (DPSCs), (B,E) bone marrow mesenchymal stromal cells (BM-
MSC), or (C,F) stem cells from the apical papilla (SCAP) in GelMA hydrogels. Results
from day 1 to 7 show the enhanced formation of vascular capillaries when BM-MSCs are
used.

J Endod. Author manuscript; available in PMC 2023 February 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bertassoni Page 19

Cell Monolayer - 2D

Cell Encapsulation - 3D

8 kPa + Blebhistatin 16 kPa + **

Figure 5.
Endothelial cells (HUVECS) co-cultured with bone marrow mesenchymal stromal cells

(BM-MSC) either in 2D or in 3D. A visible increase the expression of the pericyte-related
marker (alpha SMA) is seen in stem cells cultured on hydrogels of (A) low stiffness

versus substrates of (B) higher elastic modulus. The effect is virtually lost when (C and

D) cells are treated with blebbistatin, a pharmacological inhibitor of mechanotransduction
effect. A similar trend of pericyte differentiation potential by stem cells co-cultured with
endothelial cells is seen when cells are cultured in 3D, where (E, G) lower stiffness enhances
cell differentiation in comparison to (F, H) higher stiffness hydrogels. Of note, what is
considered low and high stiffness for 2D and 3D cell culture is visibly different. Reproduced
from (31)
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Figure 6. 3D printing and microengineering of the dental pulp vasculature.
(A) Extrusion 3D printing of sacrificial template fibers embedded in cell-laden hydrogels

followed by (B) template fiber removal resulting in the formation of bifurcating channels

in the range of 100-1000 pm. Reproduced from (53) (C-D) A similar strategy of sacrificial
templating was adapted to microengineer hollow conduits embedded in odontoblast-laden
photocrosslinkable hydrogels loaded into the root canal space of full-length human teeth.
Reproduced from (38). (E) These hydrogel conduits can be loaded with endothelial cells to
form a monolayer that can (F) lead to endothelial sprouting into the hydrogel matrix. (G)
When endothelial cells (HUVECS) are co-cultured with bone marrow mesenchymal stromal
cells in the right conditions, a pericyte-supported vascular channel can also be formed.
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Figure 7. The tooth on-a-chip.

(A) Design and (B) photograph of the tooth on-a-chip microdevice. (C) The device allows
for real-time imaging of cell response to injury, as illustrated by the increase in the apoptotic
response (pink staining) of differentiated odontoblast seeded on a dentin fragment over time.
(D) Conventional staining methods on fixed samples are also possible after several days, and
illustrate the remarkable effect of dental materials on pulp cells even after 7 days from their
application. Reproduced from (58). (E) Endothelial cells cultured on the tooth on-a-chip
microdevice for 24 h, either with (bottom right) or without (bottom left) the perfusion of
EDTA through the dentin tubules for 1 min, showing a clear vasculogenic effect due to the
presence of dentin matrix molecules and flow. PDMS = Polydimethylsiloxane.
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