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Abstract

Dental caries is a biofilm-mediated, diet-modulated, multifactorial and dynamic disease that
affects more than 90% of adults in Western countries. The current treatment for decayed tissue

is based on using materials to replace the lost enamel or dentin. More than 500 million dental
restorations are placed annually worldwide, and materials used for these purposes either directly or
indirectly interact with dentin and pulp tissues. The development and understanding of the effects
of restorative dental materials are based on different /n-vitroand in-vivo tests, which have been
evolving with time. In this review, we first discuss the characteristics of the tooth and the dentin-
pulp interface that are unique for materials testing. Subsequently, we discuss frequently used
in-vitro tests to evaluate the biocompatibility of dental materials commonly used for restorative
procedures. Finally, we present our perspective on the future directions for biological research on
dental materials using tissue engineering and organs on-a-chip approaches.
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1. Introduction

Dental tissues comprise a combination of mineralized and non-mineralized tissues that
present long-term durability under cyclic loading, temperature fluctuations, pH changes
and microbiological challenges over time [1]. Dentin and pulp form a complex where
mineralized and soft tissues communicate through an interface formed between dentinal
tubules and odontoblastic processes, which protrude into the tubules such that the function
of these tissues is interdependent [2]. The most common dental disease is dental caries.
The standard strategy to treat caries is based on necrotic tissue removal and subsequent
replacement with different restorative materials [3]. More than 500 million direct dental
restorations are placed globally every year [4], resulting in a dental materials market valued
at 1.5 billion USD with projections to reach 2 billion USD by 2026 [5]. Those restorative
materials are used for various applications, which entail direct or indirect contact with

the dental pulp and oral mucosa for up to several years [5]. Therefore, biocompatibility
assessment of such dental materials is mandatory to assure patient’s safety. To that end, a
stepwise process of /in-vitro, in-vivo, and clinical testing is utilized to assess those materials’
clinical and biological safety [6,7].

Different approaches attempting to mimic the interactions in the material-dentin-pulp
interface have been designed to address the complexity of dentin-pulp interface and the
variety of materials used in different treatments. However, despite the remarkable progress
achieved over the last decades, pre-clinical tests are still evolving to allow for a more
reproducible and accurate estimate of the material behavior under the challenging conditions
of the oral and dental environment [6,8] (Fig. 1). Therefore, the goals of the current

review are to (i) examine the most critical aspects related to the biocompatibility of dental
materials that are applied at the dental-pulp interface, (ii) critically discuss current /n-vitro
tests commonly used to evaluate a material’s biocompatibility in dental pulp research, and
finally, (iii) present our perspective on the future directions for research and development of
biocompatible restorative materials.

2. Biocompatibility of restorative dental materials and biological
interfaces

The essential characteristic that distinguishes a biomaterial from any other material is

its ability to subsist in contact with tissues of the human body without causing an
unacceptable degree of injury to that host [9]. The initial definition of biocompatibility

as a lack of adverse reactions and material with inert properties, such as nontoxic, non-
immunogenic, non-mutagenic, etc., has been gradually substituted by the understanding that
biocompatibility is the ability of a material to perform with an appropriate host response in a
specific situation [6,9]. The core principles of biocompatibility assessment were thoroughly
discussed elsewhere Williams (2008) [9], Wataha (2012) [6], Schmalz & Galler (2017) [7],
and Cieplik (2022) [10]. Briefly,(i) /nteractions at the material-tissue interface are dynamic
and occur for both— the material elicits a response from the body and vice-versa, (ii) a//
materials will be changed at some level by their introduction into a biological environment,
and as the material and biological tissue are modified by each other, the changes themselves
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may trigger other changes, (iii) the reactions at the material-tissue interface are a function of
the tissue where the interface is created, i.e., implantation of material next to dentin creates

a unique interface, distinct from the one created in bone or connective tissue, and (iv) 7t

1s possible to customize the interactions at the material-tissue interface by modifying the
biological properties of the material [6].

The currently accepted paradigm of biocompatibility comprises the evaluation of

distinct and interdependent responses of two or more interfaces within the biomaterial-
tissue complex and an understanding of the biological phenomena that occur in

short, medium, and long term [9]. To that end, the oral cavity can be divided into

complex microenvironments and interfaces: enamel-dentin-pulp interface, biofilm-enamel-
dentin-pulp interface, biomaterial-dentin-pulp interface, biofilm-dental material-dentin-pulp
interface, etc. (Fig. 1). Different from most other organs and tissues, a unique aspect of
dental interfaces is that most of them combine mineralized and soft tissues, such as dentin
(mineralized), enamel (mineralized), and the dental pulp (soft), and periodontal ligament
(soft). This combination poses challenges for microscopic visualization of the system

and difficulties in simultaneously analyzing the outcomes for both soft and hard tissue.
Furthermore, many restorative materials, especially uncured monomers from polymeric
materials [11] and corrosion products from alloys [12], are known to promote pulp tissue
response with short- and long-term effects. In addition, postoperative sensitivity is related
to biocompatibility issues in the dentin-pulp complex [11]. When dentin damage is more
pronounced, pulp capping strategies may be used, and materials are placed over a thin layer
of dentin (0.5 mm-1 mm) in indirect strategies or directly placed over the pulp in direct
pulp capping treatments. However, microleakage of bacteria, food debris, or saliva into the
material-dentin-pulp interface may promote material degradation and the release of bacterial
byproducts, causing or increasing injury to the dental pulp [13-15]. Thus, overall tests are
designed to study either the mineralized tissue, or to determine soft tissue responses, unable
to predict materials’ behavior on enamel, dentin and pulp concomitantly [7, 16].

3. 2D models for dental pulp studies

In vitro models to study the dental pulp have evolved from 2D cell cultures to complex
organs on-a-chip. Each model has been designed to answer specific research questions (Fig.
2). Therefore, a head-to-head comparison of the pros and cons is perhaps less relevant

than an understanding of the evolution of these methods over time, since it is unfair to
assert disadvantages to methods and materials developed in the late 1960s versus methods
developed in the late 2000s when biomedical technologies have evolved considerably.

Two-dimensional cell cultures have been used since the late 1960s to test the cytotoxicity
of dental materials [17]. They represent the most used methods to test biocompatibility,
and a general guide for /n-vitro cytotoxicity testing is presented in 1ISO 10,9931 [18] and
ISO 7405 [19]. In addition, a separate standard (ISO 3990) is being established to test the
antibacterial properties of restorative dental materials. For further details, this topic was
recently revised by Cieplik et al. [10] and Kreth et al. [14].
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Cell culture models in 2D are diverse, being generally divided into direct and indirect
models. Briefly, in the direct model, cells are seeded directly in contact with the material,
while in the indirect model, barriers are used between materials and cells (Fig. 3). The
main advantages of 2D in vitro tests are the capability to isolate variables, such as control
of the environment (cell medium composition, growth factors concentration, cell type,
etc.). Also, compared to other methods, 2D cultures allow a detailed, straight-forward and
precise measurement of cellular and sub-cellular responses at a low cost. For instance,
dose-response curves can be determined within days in an easy and relatively inexpensive
approach for highly reproducible quantitative results [6,20]. On the other hand, limitations
inherent to 2D models are the lack of most environmental cues present in native tissues,
such as the absence of three-dimensionality (3D) of the natural tissues [21] or multitype
cell-cell interactions [22,23], lack of a circulatory system and immune response [24,25], all
of which eventually result in compromising the clinical relevance of the findings [26]. In
addition, direct contact of materials or leachates with 2D cultures is known to overestimate
cell reactions to material products, leading to higher levels of cytotoxicity [20,27].

4. Barrier models for dental pulp studies

Extensive research has demonstrated that dentin can act as a protective barrier against

the cytotoxic effects of dental materials [6,7,28]. Dentin is the largest structure in the
tooth and is composed of hydroxyapatite mineral crystallites, collagen fibrils (primarily
type 1), and non-collagenous molecules [1, 29]. Besides the presence of dentin tubules,
which give essential topographical cues for cell differentiation [1, 30], dentin has in its
composition non-collagenous proteins, proteoglycans, and growth factors, known as dentin
matrix molecules (DMM), which are fossilized within the mineralized matrix [31, 32].
Once released, these DMM coordinate a sequence of events that modulate pulp responses
to injuries. During the carious process, fossilized biomolecules within the dentin matrix
are solubilized upon demineralization or matrix degradation of dentin, allowing them to
diffuse down the dentinal tubules to the pulp tissue and recruit stem cells [33]. In addition,
many dental materials, such as calcium hydroxide and calcium silicate-based materials,
have sought to leverage the ability of the dental pulp to ‘protect itself’ by inducing the
solubilization of these molecules into the pulp [34-36].

Since 2D models cannot best reproduce the processes mentioned above that occur /n-vivo,
and the direct or indirect (through the tubules) contact of dental materials with cells may
lead to erroneous indications of enhanced toxicity, different strategies have been proposed to
separate the cells and the material, as typically happens in the restored tooth. Millipore®
filter barriers or Transwell® assays are proposed to mimic a clinical setting in which

most materials are placed onto the dentin and not directly onto the dental pulp (Fig.

3) [19,37,38]. While direct contact is avoided, a synthetic membrane fails to mimic the
biological composition, thickness, and complexity of the dentin’s organic-inorganic tubular
structure, resulting in oversimplified modeling of the dentin-pulp interface.

The concept of a “dentin barrier test” was introduced in the early 1970s to provide more
organotypic models for mimicking the dentin-pulp complex [39]. Approaches ranged from
the use of dentin slices [40] to the development of ‘pulp chambers’ as proposed by Hume
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[41] and Hanks [42] (Fig. 2), successfully showing that the release of products from the
material structure is modified by the presence of dentin barriers allowing a more realistic
approach for the biocompatibility analysis. The incorporation of cell monolayers further
improved these devices to simulate a biological interface for biomaterial screening [43,44].
Similar to the “in-vitro pulp chamber model’, a device for dentin barrier tests was developed
by Schmalz et al. [45] in the 1990s. In this setup, fibroblasts were seeded directly on

bovine dentin slices supported by plastic holders. The chamber was then sealed with an
O-ring, which significantly improved the standardization of cytotoxicity tests. Subsequently,
several studies used the dentin barrier device to test the effect of different materials on

cell behavior [28,46-49]. The system evolved to allow the simulation of pulp pressure

[47]. 1SO 7405 standards recommend this method for testing dental materials (Fig. 2)
[19,50]. The dentin barrier cytotoxicity test is applied to evaluate different concentrations of
material components or extracts of polymerized or set materials when placed on one side

of dentin and allowed to diffuse to the opposite side. Perfusion chambers are recommended
with the dentin barrier device allowing an influx of culture media during the test. The
perfusion of material products may be measured by colorimetry, spectrophotometry, and
chromatography. Also, cell activity can be measured by scores of cell damage and

by another cytotoxicity, immunogenicity, mutagenicity, and molecular tests. Positive and
negative controls are recommended in the standard. While the negative control should not
affect cell viability, components such as camphoroquinone and hydroxyethyl methacrylate
(HEMA\) are proposed as positive controls that should reduce cell viability by approximately
50% after 24 h exposure. The pulp-related response is also considered on ISO 7405

through the pulp and dentin usage tests, pulp capping tests, and endodontic usage tests via
animal models. Although animal models were recommended, the standardization guidelines
highlight that it is essential to consider them only after a full and careful review of the
evidence indicating that a similar outcome cannot be achieved by other tests [19,50].

5. 3D models - ex-vivo, engineering tissue constructs, organoids, and

organs on-a-chip

Despite all the possibilities of 2D and barrier models, these systems have limited ability
to answer important questions related to the effect of biomaterials on both the dentin and
pulp cells, as well as the interplay among biofilm, dentin, biomaterials, and pulp cells in
near-physiologic conditions. To overcome this issue, an ex-vivo model was developed to
simulate clinical conditions in extracted teeth [51,52].

Migration and reorganization of pulp cells have been investigated using the thick-sliced
human teeth model [51] and human tooth culture [52] (Fig. 2). The thick-sliced human

teeth model successfully showed that an injury in the dentin-pulp interface elicited migration
and proliferation of cells nearby the injury site. Moreover, there was evidence of cell
differentiation and pulp tissue revascularization near the thick-sliced dentin after 30 days in
cell culture [51]. In the early 2000s Técles et al. developed an entire tooth culture model to
study the migration of stem cells from the dental pulp to the injured site (Fig. 2) [52,53].

In this method, immature third molars are cultured in well plates with cell medium for up

to 4 weeks. The system allows the preparation of a tooth cavity and evaluation of some
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pulp cell responses, including early steps of dentin regeneration. The teeth can be fixed,
stained, and imaged at pre-determined time points. This method showed the effect of pulp
capping materials on dental pulp healing after an injury. Furthermore, this model enabled
the understanding of some mechanisms for perivascular progenitor/stem cells proliferation,
migration, differentiation and mineral secretion in response to odontoblast injury [52,53].
The static conditions of tooth culture regarding to pH and O, and CO, exchange are
limitations in the current model as these conditions have great influence on the tissue
response [52].

To mimic the complexity of the tooth interfaces, it is necessary to associate dental
mineralized tissue with cells cultured in a 3D environment akin to the dental pulp. The
advances in tissue engineering techniques enabled a deeper understanding and optimization
of the conditions necessary to emulate the dental pulp environment. The most used
hydrogels for 3D dental pulp studies are Matrigel [54,55], GelMA [56], decellularized

pulp extracellular matrix (ECM) [57], Puramatrix [58], fibrin [59], collagen [60], pegylated
fibrinogen [61] and polyethylene glycol [62]. These cell-loaded 3D matrices have been used
as improved alternatives for the 2D cell monolayers [63]. However, the primary use of those
matrices is targeted at dental pulp regeneration, with fewer studies focused on platforms for
dental materials biocompatibility testing [63].

The current knowledge of the conditions necessary to emulate a dental pulp environment has
culminated in the development of a tissue-engineered dentin/pulp analog, the DentCytoTool
[63]. This system was developed to recapitulate the main components of the dentin-

pulp complex and incorporate 3D microenvironmental cues. It is comprised of two
compartments: the upper chamber, representing the dentin component with a layer of dental
pulp stem cells cultured onto a membrane of a cell culture insert (Millicell) and covered by
a disk-shaped human dentin matrix previously treated with an EDTA solution. The lower
chamber emulates the pulp component consisting of a co-culture of endothelial cells and
stem cells encapsulated in a collagen I/fibrin hydrogel (Fig. 4A-F) [63,64]. The authors
tested the effect of lipopolysaccharide and resin monomers simultaneously in odontogenic
and endothelial cells, in a 3D environment representative of the dentin-pulp complex. Their
results showed that the in vitro model could emulate the tissue organization observed

in clinical situations where bacteria products and resin monomers affect the dentin/pulp
interface (Fig. 4 1,J). This tissue-engineered platform provides an important evolution

in how dental materials are tested because it enables the evaluation of the mechanistic
aspects of interactions between the dentin/pulp complex and dental materials, allowing for
a systematic assessment of the interplay of vasculature, odontoblast-like cells, dentin, and
dental materials.

Human 3D dental pulp organoid models were developed to screen dental materials’
biocompatibility and drugs on dental pulp cells [66]. The authors co-cultured human dental
pulp cells with endothelial cells with and without human pulp-derived extracellular matrix,
so organoids were assembled within two days. The organoids responded similarly to the
pulp tissue by increasing the levels of interleukin 6 after exposure to LPS and showing
calcium deposit formation in response to a calcium silicate cement (iRoot BP plus) [66].
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Although this model does not emulate biophysical cues of the dentin-pulp interface, it is a
promising platform for drug screening and developing restorative materials.

A promising approach to studying the various interfaces of the tooth with unprecedented
access to real-time information is using tissue chips. Organs on-a-chip are microfluidic cell
culture devices fabricated with microchip manufacturing methods that contain continuously
perfused chambers inhabited by living cells arranged to simulate tissue- and organ-

level physiology [67]. These devices model multicellular tissue architecture, tissue-tissue
interfaces, physicochemical microenvironments, and liquid perfusion, replicating different
levels of organ functionality that have not been possible with conventional 2D or 3D culture
systems so far. Microfluidic devices also enable high-resolution, real-time imaging and in
vitro analysis of living cells” biochemical, genetic, and metabolic activities in a functional
tissue and organ context, making them a handy platform to test drugs and other materials.
The first organ-on-a-chip was a lung mimicking device published in 2010 [68]. Over the past
decade, these devices have evolved to emulate several other organs, becoming a potentially
transformational scientific paradigm. The impact of organs on-a-chip on drug discovery

and development offers new perspectives for understanding and modeling different diseases
and predicting the toxicity and efficacy of new compounds [69]. Also, there is a large

body of evidence that this technology may provide more accurate, rapid, and cost-effective
knowledge of tissue behavior [70-74], which was not previously possible with other in vitro
models [75].

As for the development of on-chip platforms to test dental materials, Niu et al., 2019
developed a device to model the growth of odontoblast processes from a cell body

in vitro using a microfluidic chip via soft lithography [76]. The device was made of
poly-dimethylsiloxane (PDMS) and had 2-um microchannels to mimic dentin tubules.
Furthermore, the authors optimized the proper size of the microchannels and hydrostatic
pressure to provide the optimal environment for the growth of odontoblastic processes[76].
This is a valuable platform for investigating odontoblast biology, dentin repair, and dental
diseases (Fig. 4 G-J).

The first organ-on-a-chip designed to emulate the dentin-pulp interface was also referred
to as the “Tooth-on-a-chip’ [77]. Briefly, this device is roughly the size of a USB stick.

It is made of a transparent biocompatible material, molded to have parallel channels and
chambers separated by a dentin fragment allowing the formation of a layer of odontoblast-
like cells on one side of the dentin. In addition, exogenous components, such as dental
materials, bacteria, and saliva, can be tested simultaneously on the other side of the

dentin (Fig. 5 A-F). This spatial design mimics an actual tooth cavity, where the dental
pulp interfaces directly with the dentin and indirectly with the oral cavity via dentin
tubules. Besides the possibility to visualize cell responses in real-time, with inline assays
and conventional microscope, the Tooth-on-a-chip enables the quantification of immediate
responses of pulp cells to exogenous components, such as dental materials’ leachates, DMM
extraction, and bacterial products [77-79].

This device advances the possibilities for testing dental materials since it allows for precise
experimental control over multifactorial questions that are too challenging to study in vivo
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systematically (79). For example, the Tooth-on-a-chip was used to test the hypothesis that
cells participated in the enzymatic degradation of the hybrid layer (Fig. 5 B-E) [77]. To that
end, stem cells of odontogenic origin were seeded on-chip (Fig. 5 B), and devices without
cells were used as controls. Next, the dentin was acid-etched (Fig. 5 C), dried, and had a
multipurpose adhesive inserted to form a hybrid layer on the dentin (Fig. 5 D). After 24

h, all devices were tested for gelatinase activity. The results showed that chips with cells
presented more gelatinolytic activity within the dentin tubules, at the hybrid layer and in
the layer of odontoblast-like cells adjacent to the dentin (Fig. 5 D, E) compared to controls.
This suggests that cell-derived proteases may have a greater impact on the degradation of
the hybrid layer than dentin endogenous proteases. The real-time evaluation of both hard and
soft tissues was not previously achievable with other platforms.

The dental pulp is highly vascularized, and most of its biological responses are related

to some degree of modification in vascular biology. Thus, mature blood vessels were
engineered in the Tooth-on-a-chip to determine the angiogenic activity of the diffusible
dentin matrix molecules. To that end, a collagen/fibrin hydrogel laden with mesenchymal
stem cells (MSCs) and GFP-expressing human umbilical vein endothelial cells (GFP-
HUVECSs) was placed in the device to engineer pericyte-supported blood vessels at
controlled distances from the dentin. Dentin was then acid-etched with EDTA for 45 s

to extract DMM, and subsequently, angiogenic sprouting was evaluated as a function of the
distance from the dentin (Fig. 5 G-I). Enhanced angiogenesis was observed when vessels
were distant around 900 um from the dentin, but not when cells were closer to it (Fig. 5 H,I).
These findings pave the way to test not only the odontoblast responses to dental materials
but also the vasculature, innervation, and immune responses emulating more closely an
actual tooth cavity.

Since restorative dental materials can eventually leach to adjacent tissues, organotypic
models such as organ-on-a-chip platforms have evolved from hamster-based oral mucosal
irritation tests. Currently, oral mucosa on a chip platforms [80-83] and periodontal
epithelium on a chip [84] have been designed to test some dental monomers potentially
harmful to tissues. For example, an oral mucosa was engineered on a chip to investigate the
effect of HEMA [82,83] and S. mutans [83] on oral epithelial and submucosa integrity. Each
chip contained sets of three microchannels separated by PDMS posts designed to intercalate
square pores. Culture chambers consisted of a main channel and two parallel side channels.
Oral keratinocytes were seeded in the pores between the posts, and the middle chamber

was seeded with human gingival fibroblasts encapsulated in type I collagen. After 24 h of
exposure to 25 mM of HEMA, significant cell death was observed in both keratinocytes and
fibroblasts. Moreover, infiltration of the keratinocyte layer by S. mutans resulted in a 64%
decrease in transepithelial electrical resistance (TEER) [83].

Similarly, full-thickness gingival equivalents were engineered on a chip to test the effect of
silver diamine fluoride (SDF) on the oral mucosa [80]. This study showed that exposing
oral keratinocytes to SDF for only 3 min is enough to induce detachment of the corneal
layer, loss of intercellular cohesion, and a 50% decrease in cell viability, suggesting
corrosive properties of the SDF [80]. The main advantage of both systems over conventional
cell culture systems is the ability to simultaneously perform inline experiments tracking
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multitypic cell responses in the epithelial layer and submucosal fibroblast in real-time using
super-resolution microscopy as needed [81].

6. Perspectives

How dental materials are being developed and tested has drastically changed recently

[69]. Understanding a material’s interaction with tissues and organisms at the cellular and
molecular levels and within different size scales is critical for advancing the development

of a new generation of materials and enhancing existing biomaterials [85]. In addition, the
demand for more ethical ways to test materials that spare animal lives and minimize the
costs of in vivo pre-clinical studies [86] has pushed forward the development of microfluidic
devices and organs on-a-chip. The dental field is aligned with this trend but faces challenges
due to the complexity of dental tissues.

An important consideration for studies with organs on-a-chip is ‘how simple is complex
enough?’, for example, to determine the effect of dental materials on dental pulp cells,

a Tooth-on-a-chip model with a cell layer and dentin is enough. However, if the purpose

is to investigate the effect of biomaterials or biofilm on inflammatory responses of the
dental pulp, then it would be beneficial to use a model with vasculature incorporated into
the system. The same principle is valid for studies evaluating materials’ effect on pulp
innervation and immune responses. Therefore, organ on-a-chip applications for dental pulp
research still present tremendous possibilities for growth. Particularly the combination of
microfluidic devices with other biofabrication technologies is needed to allow the precise
level of complexity necessary to answer unaddressed questions related to biofilm-dental
materials and dentin-pulp complex interactions. To that end, coupling organs on-a-chip with
other technologies, such as bioprinting and gene editing, offers a powerful way to deepen
our understanding of pulp responses to biofilm and biomaterials, increasing the predictive
power of tissue chips for assessing the biocompatibility of restorative materials.

Besides questions related to the development and testing of new materials, which are mostly
restricted to academia and industry, we envision possibilities for personalized approaches

in the choice of materials that will be placed in the patient as currently happens for drug
testing in other fields [87,88]. Such personalized approaches are being implemented in other
areas [89,90], and we envision that it is only a matter of time to have them adapted to the
dental practice. For example, there proof of evidence for a personalized airway-on-a-chip

to evaluate human lung inflammation and drug responses [72], blood vessel-on-chip models
indicate the best drug combination for vascular tumors and thrombosis [91], and gut-on-a-
chip predict personalized responses to dietary, prebiotic and probiotic interventions [92]. In
addition, this assessment could help choose restorative material according to the patient’s
specific saliva and biofilm [93].

As a caveat, although organs on-a-chip for lung, gut, heart, and skin continue along a path
towards widespread commercialization, a challenge with models related to dental research
is the relatively small market compared to medical devices. This poses a critical economic
barrier to scaling up the manufacture and commercialization of dental-related devices to
an industrial pace. To address this issue, funding agencies, such as the National Institutes
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of Health and the organs on-a-chip community, are coordinating global efforts to help this
technology become widespread and ultimately help transform science and how drugs and
materials are tested, signaling this is the way forward.

7. Conclusion

Tissue engineering models and organs on-a-chip present innovative ways to effectively
model the dentin-pulp interface in physiological and diseased states, which is critical for a
deeper understanding of the interplay of biomaterials and biofilm in the context of the dental
pulp. Miniaturization of devices providing more capabilities within less space is currently
possible, enabling inline tests to track cell-dentin-material-biofilm responses in real-time.
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Statement of significance

Dental caries is still the most prevalent infectious disease globally, requiring more

than 500 million restorations to be placed every year. Regrettably, the failure rates

of such restorations are still high. Those rates are partially based on the fact that

current platforms to test dental materials are somewhat inaccurate in reproducing critical
components of the complex oral microenvironment. Thus, there is a collective effort to
develop new materials while evolving the platforms to test them. In this context, the
present review critically discusses in-vitro models used to evaluate the biocompatibility
of restorative dental materials and brings a perspective on future directions for tissue-
engineered and organs-on-a-chip platforms for testing new dental materials.
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Fig. 1.
Key biological interfaces present in the dentin-pulp complex in physiologic and disease
states to be considered in different study models.
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Timeline showing the evolution of /n-vitro models used for dental-pulp-related studies.
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Fig. 3.

Direct and indirect cell culture models to test dental materials.
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Fig. 4.

(A) DentCytotool is a 3D dentin/pulp tissue analogue comprised of upper and lower
compartments, representing the dentin and pulp components respectively. The upper
compartment consists of a layer odontoblast-like cells derived from dental pulp stem cells
and a disk of human treated dentin matrix (nTDM), while the lower compartment consists
of endothelial cells and stem cells from apical papillae (SCAP) encapsulated in hydrogel.
(B-F) Live/dead fluorescent staining with Calcein AM and EthD-1, depicting cytotoxic
effects of control-LPS (B), control + LPS (C), C1 + LPS (E) and C2 + LPS (F), on

the of the HUVEC/SCAP co-cultures of the lower compartment (D). The green and red
percentages below the scale bar of each image represent the live and dead cells respectively.
Reproduced with permission [64]. (G) Schematic microfluidic chip for odontoblastic process
growth. (H-J) Characterization of the odontoblast marker protein aquaporin 4 (AQP4).

(H) Immunofluorescence image of odontoblasts on a Petri dish after staining with AQP4
(green) and DAPI (blue). () Brightfield microscope image of odontoblasts layer on the
upper chamber of the chip. (J) Odontoblast-like cells on-chip stained with AQP4 and DAPI
showing cytoplasmic extensions across the microchannels. Reproduced with permission
[65].
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Fig. 5.
Applications of the Tooth on-a-chip to test dental materials. (A) Microfluidic device

comprised of two parallel chambers separated by a fragment of native dentin. (B) Stem cell
from apical papilla (SCAPs) seeded on-chip after 7 days protrude cytoplasmic processes into
the dentin tubules akin to odontoblasts. (C) Interaction of phosphoric acid and native dentin
recorded in real-time. (D) Tooth-on-a-chip devices were seeded with cells, and after 48 h,
fluorescein-conjugated gelatin showed gelatinolytic activity in the hybrid layer and dentin
tubules. (E) The gelatinolytic activity was co-localized with cell cytoplasm suggesting a
role for cells in the enzymatic degradation of the hybrid layer. Reproduced with permission
[77] (F). Streptococcus mutans seeded on-chip to evaluate real-time biofilm formation and
interactions with pulp cells. (G) Tooth-on-a-chip for vasculature studies. (H) The device
has a chamber on the “‘pulp side’ filled with collagen, seeded with mesenchymal stem cells
and GFP-HUVECSs. After 24 h, a pericyte-supported blood vessel is engineered with a
controllable distance from the dentin. (1) Angiogenic sprouts toward the dentin on-chip.
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