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Abstract

ABSTRACT
Introduction
Regenerative endodontic procedures have been practiced approximately over the
past twenty years. These regenerate pulp-like tissue within the root canals of
immature permanent teeth with pulpal necrosis which may also have periapical
disease. The procedure involves disinfecting the root canal first, followed by
conditioning the root surface dentine before a scaffold (such as a blood clot) is
introduced into the canal space, along with mesenchymal stem cells (MSCs). Removal
of the smear layer is usually undertaken with ethylenediaminetetraacetic acid
(EDTA), which is also able to liberate extracellular matrix proteins embedded within
dentine that help support the differentiation of MSCs. Maleic acid (MA) is another
chelator which has been introduced to endodontics approximately ten years ago. It’s
ability to extract dentine matrix proteins (DMP) and their subsequent influence on
MSCs is unknown.
Aims
Characterise the DMP extracted by EDTA (EDMP) or MA (MDMP) from dentine and
evaluate their effects on odontoblastic differentiation of dental pulp stem cells
(DPSC).
Methods
Dentine powder was prepared from human healthy caries-free third molar teeth and
exposed to EDTA or MA and total soluble proteins recovered were measured. The
constituent proteins in each sample were also analysed using mass spectrometry
(MS) & transforming growth factor b1 (TGFb1) concentration was estimated using
Enzyme-linked immunosorbent assay (ELISA). The proteins were then added to
culture medium and exposed to DPSC which had also been characterised. DPSC
grown in osteogenic medium (OM) served as the positive control & MDMP+OM and

X

Abstract

EDMP+OM as additional experimental groups. The influence of DMPs on
odontoblastic differentiation of DPSCs was evaluated by using reverse transcriptionquantitative polymerase chain reaction assessing relative gene expression of
COL1A1, RUNX2, MSX2, DLX5, NAT10, OCN, OPN, DMP1 and DSPP and Alizarin red
assay to quantify mineralisation.
Results & Conclusions
Even though the total protein quantified in MDMP was lower than EDMP, proteomic
profiles differed, with more proteins predicted in MDMP. TGFb1 as a fraction of the
total protein quantum was about 2-3 times higher in MDMP than EDMP. These
findings may indicate that while dentine structure may be better preserved with
MDMP, biologically relevant proteins may be extracted better by MA than EDTA. The
DPSCs were not true stem cells, but were at least unipotent and displayed all
canonical stem cell markers. DPSCs exposed to both MDMP and EDMP did not
differentiate into odontoblasts and genes associated with mineralisation were
generally suppressed. This may have relevance in formulating novel pulp
regeneration strategies
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LAY SUMMARY
The root of a tooth continues to develop and grow in the bone of the jaw for
approximately two years after the tooth grows down into the mouth. If teeth develop
decay or suffer a severe injury during this stage of root development, the blood
vessels and nerves in the centre of the tooth (called dental pulp) can get infected and
die. Should this happen, the root development stops, leaving a shorter stunted root
with a wide, open root-end that leaves the contents of the root open to the
surrounding bone. An infection within the root can also cause bone destruction
around the root-end. This condition has traditionally been treated with root canal
treatment using a safe, non-toxic cement to block-off the wide root end. Over the
past two decades, attempts have been made to regrow the dental pulp back into the
root canal for such teeth, using a technique called a ‘Regenerative Endodontic
Procedure’ (REP). During a REP, bleeding is induced in the root from the tissue at the
open end of the root. Specialised cells from the patient (called stem cells) that are
able to regrow parts of teeth are also introduced into the root from the surrounding
bone through the root tip or as donor cells. As a result, the blood vessels and nerves
re-organise in the centre of the root to form the new dental pulp, the root increases
in length as new dentine is laid down and the previously open root-end also closesoff to a conical point. This process is regulated by proteins known as growth factors
which are embedded in the parts of the root that have already formed. These growth
factors need to be released from the existing tooth tissue and this project is about
the chemicals used to stimulate protein release.
The chemicals that are used to release the growth factors are all mild acids. The
normal approach has been to use ethylenediaminetetraacetic acid (EDTA). Our study
looks at Maleic Acid (MA) as an alternative to try to limit the amount of damage the
acid does to the tooth tissue. We looked at which growth factors were released from
tooth tissue and how much was released during our studies. In addition, we exposed
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human dental pulp stem cells (DPSCs) to the growth factors in a cell culture system
to see their effectiveness.
We found that MA treatment resulted in a wider range of growth factors being
released by MA compared with EDTA and a higher percentage of one key growth
factor called transforming growth factor beta-1 (TGFb1) was seen.
The DPSCs used in this study could transform into bone-producing cells, but were less
good at changing into fat-producing cells, indicating that they may not be true stem
cells. However, they did possess other features on their surfaces which were
characteristic of stem cells. When these cells were exposed to the growth factors we
extracted from teeth at a pre-determined concentration, they did not transform into
dentine-forming cells. Rather, the proteins prevented the cells from expressing genes
that assisted dentine formation. This information is useful for future tissue
engineering strategies to help maintain a dentine-free dental pulp within the centre
of the root.
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Chapter 1: INTRODUCTION
Of all human diseases, oral diseases have the highest age-standardised prevalence
amongst both men and women (James et al. 2018). Over 2.3 billion people suffer
from carious permanent teeth and approximately 531 million children have carious
teeth (James et al. 2018). Progression of caries is one of the foremost causes of both
pulpal (Scavo et al. 2011) and periapical disease (Tibúrcio-Machado et al. 2020) which
can be treated by root canal treatment (RCT). The provision of RCT, and indeed root
canal retreatment for teeth with failure of the primary treatment, still follow the
conventional tenets of endodontic philosophy which includes the removal of the
irreversibly inflamed, infected and necrotic tissue and debris from within the complex
root canal system. The recognition of the microbial etiology of periapical disease as
still being largely present within the root canal system (Kakehashi et al. 1965) remains
the central philosophy driving endodontic treatment, albeit, in the past two decades,
there is increasing recognition of the possibility of a few extraradicular causes that
may lead to the persistence or development of post-treatment disease (Nair 2006).
The disinfection strategies are therefore confined to the root canal system and utilise
a variety of root canal irrigants and intra-canal medicaments. Amongst the irrigating
solutions, sodium hypochlorite (NaOCl) remains the mainstay of the dentist’s and the
endodontist’s armamentarium and is able to clean areas of the root canal such as
isthmii, fins and cul de sacs, which as such, will remain un-instrumented and harbour
the etiological microbes. The cleaned root canal system has subsequently been
conventionally filled with a gutta-percha-based material.
Within the healthcare sphere, the ambition of being able to recoup lost tissues and
organs has been a long-held goal. Work in this regard has taken many forms; from
the transplantation of a variety of organs to cell-based therapies, research has now
focused on the development of organs in the laboratory in an advanced form of
personalised medicine, leading to the implantation of this newly grown organ into
the human body. The science and clinical practice of endodontology has also seen
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significant developments in the fields of biological, technological and material
science. RCT and related endodontic procedures have therefore evolved over time,
and the predictability and ease of providing treatment to patients for a range of
presentations has included the application of regenerative therapies. The
reformation of cementum and periodontal ligament apically following periradciular
surgery when mineral trioxide aggregate (MTA) was used as the root-end filling
material has been shown through the animal model (Torabinejad et al. 1997). This
demonstrated the regeneration of apical periodontal tissues in response to a
bioactive material.
Regeneration of the pulpal tissue has posed a much more challenging paradigm. This
has, in part, been influenced by the composite nature of the tooth structure which is
comprised of both soft and hard tissues. The tooth structure that is lost due to caries
or trauma is difficult to regenerate clinically. Strategies for management of deep
carious lesions and the exposed dental pulp have focused on a repair-based approach
which help promote dentine formation to protect the remainder dental pulp. The
tooth is then restored using direct restorative materials such as amalgam and
composite resin or indirect restorations like onlays and crowns. If the pulp within
both the coronal and radicular spaces is diagnosed with irreversible pulpitis or pulpal
necrosis, the tooth has received RCT as pulpal regeneration was traditionally not
thought possible. The immature permanent tooth has been the focus of attention
where regeneration strategies have been developed. Such teeth belong to the adult
dentition but have erupted in the mouth whilst the development of the tooth root is
still ongoing, leaving a wide, open root-end which communicates with the periapical
tissues.
The RCT of the immature permanent tooth with pulpal necrosis and apical
periodontitis itself has been challenging owing to the lack of a closed root-end against
which traditional root filling materials such as gutta percha can be compacted. The
conventional techniques to treat such teeth have used a long-term dressing of
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calcium hydroxide within the root canal over several months (Frank 1966) to induce
the formation of a hard tissue barrier at the root-end (Ghose et al. 1987), against
which the remainder root canal space can be safely filled. Such procedures are
termed apexification but have the disadvantage of a lengthy treatment period over
several months that may require multiple visits to the dentist. Additionally, they can
also result in weakening the root structure because of the collagenolytic effect of the
calcium hydroxide intracanal medicament on root dentine, which may lead to
catastrophic fractures of the tooth root (Cvek 1992).
The invention of a biocompatible and bioactive class of dental materials which can
set in the presence of moisture has made apexification a much quicker process. Such
dental materials are termed calcium silicate cements and MTA is the forerunner of
this material group. Contrary to calcium hydroxide-based apexification, after
disinfection of the pulp space, MTA is placed at the end of the root canal as an apical
plug to seal the open apex of the immature tooth (Giuliani et al. 2002). This procedure
is commonly termed ‘one-step apexification’ (Witherspoon et al. 2001) which
facilitates root filling within a very short time period (days rather than months)
(Steinig et al. 2003), and has successful outcomes (Mente et al. 2013; Torabinejad et
al. 2017; Pereira et al. 2021). However, the root canal walls still remain thin (Lin et al.
2017), leaving the tooth root at-risk of fracture (Silujjai et al. 2017).
Procedures to help regenerate the entire dentine-pulp complex have therefore
received attention, especially over the past two decades. These procedures are
recommended in the immature permanent tooth with necrotic pulp which
correspond to the early stages of root development, namely stage 1 (less than half
root formation with an open apex), stage 2 (half root formation with an open apex)
and stage 3 (two-thirds root development with an open apex) (Cvek 1992). Such
techniques have been found suitable for treatment of the younger patient in the age
range 9-18 years (Estefan et al. 2016). The case selection criteria have also evolved
with time, and more recent literature suggests that teeth with apical sizes of even
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0.5-1mm are suitable for achieving desired results (Laureys et al. 2013; Estefan et al.
2016; Fang et al. 2018).
These procedures were initially termed ‘revascularisation’ which was reported as a
successful technique for the treatment of immature teeth with incompletely formed
roots and pulpal necrosis (Iwaya et al. 2001). The philosophy behind the treatment is
to introduce the stem cells of the apical papilla (SCAP) into the pulp space by
provoking bleeding into the disinfected root canal (Banchs et al. 2004). These cells
are then expected to recreate a pulp-like connective tissue. Owing to the immaturity
of the root and an open apex at the root end, the blood clot formed within the root
canal will act as a scaffold to support the nutrition and survival of the SCAP. Along
with the regeneration of vital tissue within the root canal, the procedure is also
expected to help promote continued root development in terms of further dentinal
deposition within the root canal which helps reduce root canal diameter and results
in the decrease of the apical width at the root end. Concomitantly, the procedure
should also result in elongation of the root to its natural length. Such regeneration
can therefore be described as occurring along the dentine-pulp-periradicular
continuum. The lost coronal tooth structure will be restored using more conventional
restorative strategies, with a subjacent layer of hydraulic calcium silicate cement over
the newly regenerated pulp-like tissue.
Owing to the formation of not only blood vessels within the pulp space but also
dental hard tissues such as dentine, cementum and even bone, the more appropriate
terminology that was subsequently proposed for the procedure was ‘revitalization’
(Huang et al. 2008) which has also been supported by the European Society of
Endodontology (Galler et al. 2016). The American Association of Endodontists
proposed the terminology ‘regenerative endodontics’ and variations such as
regenerative endodontic procedure (REP) or regenerative endodontic technique
have also been used. Such difference in terminology is recognised in literature and
represents an evolution in the understanding of the tissues that are formed within
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the pulp space, but the terms revascularization, revitalization and REP are used
synonymously (Kim et al. 2018). The procedure has conventionally utilised SCAP,
which are the endogenous cells from the perirapical tissues. Such REPs have
therefore been termed ‘cell-free’, indicating that no exogenous stem cells were
introduced in to the root canal space (Lin et al. 2021).
The sequence of treatment has been classically described over at least 2
appointments, with the use of low concentration NaOCl during the first visit followed
by intracanal medication to disinfect the wide root canals (Galler et al. 2016). During
the second visit, the root canal is irrigated with ethylenediaminetetraacetic acid
(EDTA) as a penultimate rinse before saline (Law 2013; Galler et al. 2016). EDTA has
been traditionally used as an agent to remove the smear layer (consisting of dentine,
remnants of odontoblastic processes, pulp tissue and bacteria) (McComb et al. 1975)
which forms after instrumentation of the dentinal surface (Baumgartner et al. 1987).
The use of a chelator agent has additional beneficial properties. In this context, not
only does the solution remove inorganic components of the smear layer, but also
mineralised constituents of the superficial layer of dentine. This exposes the
proteinaceous components of dentine. Several biomolecules, including growth
factors and cytokines, are sequestered within the dentine matrix during
dentinogenesis and are released by EDTA solution (Tomson et al. 2007; Zhang et al.
2011; Tomson et al. 2013). This part of the irrigation regime is therefore the antithesis of the dentine formation, and the extraction of extracellular dentine matrix
proteins has been demonstrated (Sadaghiani et al. 2016). These newly released
proteins possess the ability of influencing the outcome of modern conservative and
biologically-oriented endodontic treatment approaches that are based on the
recruitment of either endogenous SCAP (Sonoyama et al. 2008) or implanted dental
pulp stem cells during REP (Widbiller et al. 2018a; Xuan et al. 2018).
The potential of other irrigants that have been used for the removal of smear layer
in root canal treatment has not been further investigated for their role in REP. Maleic
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acid (MA) is a relatively new endodontic irrigant that has been reported in literature
in the past twelve years. It’s application within the root canal are also based on
chelation. Several properties of the irrigant have been studied in comparison with
EDTA but the ability of MA to extract dentine matrix proteins remains to be
investigated.
Within the REP protocol, modifications have been made over the past decade since
cell-free REP have not truly led to regeneration of the dentine-pulp complex. The
recent changes to the REP protocol have included the use of autologous (Ulusoy et
al. 2019; Araújo et al. 2022) as well as exogenous scaffolds (Torabinejad et al. 2015;
Devillard et al. 2017) to help improve the nature of regenerated tissue within the
pulp space. This has further developed into the use of scaffolds that are seeded with
dental pulp stem cells (DPSC) producing a functionalised matrix which can then be
implanted within the root canal space (Ducret et al. 2019). These DPSC-seeded
scaffolds represent a group of procedures that are classed as ‘cell-based REP’ (Lin et
al. 2021).
As differentiation of DPSC is determined by the type of surface on which they grow,
the use of a soft tissue-based scaffold at the core and the presence of a chelatormodified, growth factor rich-dentinal matrix surface at the periphery will help the
DPSC-seeded scaffold regenerate into a well- structured connective tissue that more
closely resembles native dental pulp. The determination of the influence of growth
factors released by different chelators on DPSCs is important as it helps direct
differentiation of the DPSCs. This study therefore aimed to establish the nature of
MA-extracted dentine matrix proteins and their effects on DPSCs in vitro.
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Chapter 2: REVIEW OF LITERATURE
2.1: The Regenerative potential within the tooth
The development of human teeth starts during foetal life, and by the fourth to sixth
week of intra-uterine development, cells of neural crest origin in the first branchial
arch migrate to the region of the oral placode which eventually develops in to the
oral cavity. These cells are derived from the ectomesenchyme. Thickened horse-shoe
shaped epithelial bands derived from the ectoderm are formed both in the region of
the future maxillary and mandibular arches and are responsible for the formation of
the dental lamina and vestibular lamina.
The dental lamina invaginates into the surrounding neural-crest derived
mesenchyme and is responsible for the formation of part of the tooth germ for both
the primary and permanent dentitions. The tooth germ itself transitions through
several stages of development giving rise to the composite structure of the tooth
comprising enamel, dentine, cementum (over the root surface) and an inner core of
specialised connective tissue, the dental pulp.
The development of enamel is attributed to the ameloblast which has a finite life
span. The cell is lost once the formation of enamel is completed. Dentine formation
is attributed to the odontoblast, which develops an elongated process as incremental
layers of the tissue are laid down.
Dentine formation starts with the expression of an extracellular protein matrix
formed by the odontoblast which is subsequently mineralised (Boskey 1991; Gericke
et al. 2010; Caruso et al. 2016). The extracellular matrix of dentine comprises both
collagen and other non-collagenous proteins (Butler et al. 1977; Embery et al. 2001).
The non-collagenous proteins comprise a diverse group that are shown to have a
biologically active function within dentine. These proteins include dentine
phosphoprotein (DPP) (Butler et al. 1995), dentine sialoprotein (DSP) (Clarkson et al.
1998), osteopontin (OPN) (Chen et al. 1993), osteonectin (Chen et al. 1993),
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osteocalcin (OCN) (Butler & Ritchie 1995), dentine matrix protein-1 (DMP1) (Sun et
al. 2011b), transforming growth factor b (TGFb) (Bègue-Kirn et al. 1992) and bone
morphogenetic protein (BMP) (Casagrande et al. 2010) amongst others. As the
mineralisation front moves pulpally from the amelo-dentinal (dentino-enamel)
junction (DEJ), the proteins are sequestered within the newly formed dentine and are
an integral part of the structure of dentine. Such proteins can play an important role
during regenerative endodontics (Smith et al. 2012).
The dental pulp itself is formed from the dental papilla during tooth development.
When the first calcific layer is laid down during tooth formation, the region of the
dental papilla is referred to as the dental pulp. This develops into a well organised
structure which consists of a layer of odontoblastic cells that palisade at the periphery
of the pulp abutting dentine, with an extension of the odontoblastic processes into
the dentinal tubules. More centrally in the pulp, the cell rich zone comprises a distinct
population of undifferentiated ectomesenchymal stem cells which have been termed
the dental pulp stem cells (DPSC).
These cells have neural crest origin and are thought to possess the ability to
differentiate into a range of cell types. Such cells can also be harvested from the
wisdom teeth of young adult patients which makes them potential candidate cells for
use in a variety of clinical applications such as corneal regeneration (Patil et al. 2019),
neural regeneration (Bonaventura et al. 2020), bone replacement and regeneration
(Turgeman et al. 2001; Pedroni et al. 2019) amongst others.
The dentine-pulpal complex is considered to be a contiguous organ with both
components of this ‘organ’ displaying the ability to aid regeneration:
•

the proteins embedded within the dentine extracellular matrix and

•

the mesenchymal stem cells (MSC) within the dental pulp (i.e. DPSCs)
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2.2: DENTINE & ITS MATRIX PROTEINS
The formation of dentine occurs during tooth development (known as primary
dentine) (Fig. 2.1) and subsequently continues during the lifetime of the individual.
Dentine is laid down by the odontoblast which is a post-mitotic cell and persists
within the pulp of the tooth where it borders dentine. The cell is unique since it is
able to alter its transcriptomic profile once dentine has been laid down during tooth
formation (Simon et al. 2009), following which it enters a relative stage of quiescence
with regard to its secretory function. Even though it persists within the dental pulp
throughout life, the total number of odontoblasts decrease as the person ages.
However, this cell still carries out several different functions. It continues to maintain
dentine, acts as a mechano-sensory cell (Bleicher 2014) that can transduce an
electrical cell signal (Allard et al. 2000), produces reactionary dentine (Smith et al.
1995a; Magloire et al. 2001), possesses an immune surveillance and immunemodulatory function (Keller et al. 2010) and may be associated with nociception
(Allard et al. 2006).

2.2.1: Structure of dentine
The formation of dentine by the odontoblast occurs in distinct stages which influence
the types of dentine that can be found in the human tooth. Differences in dentine
structure are also noted over different periods of time over the lifetime of the tooth,
especially in relation to environmental changes around dentine, such as ageing,
caries or traumatic impacts. From the moment a tooth starts occluding with the
opposing dentition, the odontoblast starts laying down dentine at a very slow rate in
order to maintain dentinal structure. The dentine thus formed is known as secondary
dentine. When dentine is laid down in response to noxious stimuli, the odontoblasts
form ‘reactionary’ or ‘reparative’ dentine, collectively known as tertiary dentine (Fig.
2.1).
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Fig. 2.1: Longitudinal section of the tooth showing the location of different types of dentine.
The predentine lines the pulp whereas mantle dentine abuts the amelodentinal junction. The primary
dentine is formed before the tooth erupts whereas secondary dentine forms after tooth eruption.
Tertiary dentine is formed in response to noxious stimuli such as dental caries. When formed in
response to rapidly progressing caries, this is known as reparative dentine (Nakano et al. 2021)

Reactionary dentine is known to form as a result of mild environmental stimulation,
such as via a slowly progressing carious lesion. The carious process itself may cause
dentinal demineralisation leading to liberation of growth factors which were
previously embedded within the dentinal matrix (Charadram et al. 2012). These in
turn are able to bring about trans-dentinal stimulation of the odontoblasts present
within the pulp (Smith et al. 1994; Smith et al. 1995a; Smith et al. 2001b) that lie
underneath the area of infected and carious tooth structure, which then lay down
dentine. Structurally, reactionary dentine is contiguous with secondary dentine, and
both share a similar tubular structure, though the former have narrower dentinal
tubules (Charadram et al. 2013).
In contrast to reactionary dentine, reparative dentine is formed in response to a
rapidly progressing carious lesion. Due to the inflammatory and immune responses,
the odontoblasts that border the lesion die. With suitable endodontic and restorative
intervention, the progression of caries can be controlled. At this stage,
undifferentiated DPSCs from the cell-rich zone of the dental pulp migrate to the
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region of inflammation and injury where the primary odontoblasts have perished.
These differentiate into odontoblast-like cells and are responsible for laying down
reparative dentine (Smith et al. 1990a, b; Tziafas 1995). Reparative dentine may
sometimes lack tubular structure and display cellular remnants, thus also being called
osteodentine (Goldberg et al. 2011). Both forms of tertiary dentine (reactionary and
reparative) show reduced permeability which may help protect the pulp from the
carious onslaught (Couve et al. 2014).
Structurally, dentine can be viewed as having an ‘outermost layer’ which is in contact
with enamel at the amelodentinal junction, a ‘middle’ layer which is organised into a
tubular structure, and an ‘inner layer’ which surrounds the dental pulp (Fig. 2.2).

Fig. 2.2: Structural organisation of primary dentine
The figure shows the odontoblasts lying within the dental pulp, being bordered by a less well
mineralised predentine. The odontoblastic process passes through dentine within dentinal tubules.
Each tubule is lined by peritubular dentine and intertubular dentine is found in between dentinal
tubules. Close to the dentino-enamel, mantle dentine is found, which is also less-well mineralised
with areas known as interglobular dentine. (Ravi Prakash 2015)
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The outermost layer in the coronal portion of the tooth has been termed mantle
dentine and has an atubular structure, which is less mineralised. Owing to decreased
calcification in this outermost layer, and inclusion of other less-well mineralised areas
such as inter-globular dentine, it is thought to promote resiliency in dentine against
biting forces. This layer has also been developmentally termed predentine.

Fig. 2.3: Electron microscopy showing tubular structure of dentine in cross section;
pd- peritubular dentine, id- inter-tubular dentine (Goldberg et al. 2011)

The ‘middle’ layer demonstrates a tubular structure, with a more well-mineralised
periphery, known as peritubular dentine, and a less well mineralised region between
tubules known as intertubular dentine (Fig. 2.3). Collagen fibrils are abundant in the
latter, whereas these are absent in the former, though glycoproteins and
phospholipids have been demonstrated. This layer forms the bulk of dentine, and has
been termed circumpulpal dentine (Fig. 2.1). Differences in the composition of the
non-collagenous proteins (NCP) have also been reported between intertubular and
peritubular dentine. Intertubular dentine forms the bulk of circumpulpal dentine,
whereas peritubular dentine accounts for about 10-20% of the dentine.
The inner most layer of dentine which is closest to the pulp is again less well
mineralised and has been termed predentine. Therefore, the first (mantle dentine;
which is formatively also predentine) and last layers (predentine) of dentine that are
formed are both less-mineralised, which relate to the secretion of the extracellular
matrix (ECM) by the odontoblast. Mineralisation starts after the initial ECM
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deposition, leaving a zone at the beginning (mantle dentine) and the end
(predentine) of dentine formation that does not mineralise well.
Mineralisation occurs by hydroxyapatite crystal nucleation at the predentine-dentine
border along collagen fibrils through matrix vesicles which are secreted by the
odontoblast (Beniash et al. 2000). Mineralisation of the inter-tubular dentine can be
explained by this mechanism. However, mineralisation of the peritubular dentine
primarily occurs by accretion of mineral deposits from the serous dentinal fluid which
is present within the dentinal tubule.
This sequence of developmental events results in a composite mineralised dentinal
tissue which is largely composed of mineralised hydroxyapatite crystals (70% by
weight), the organic matrix (20%), and the remainder weight being made up by water
(10%). The organic matrix in turn is largely constituted of collagen (90%) along with
other NCPs (10%).

2.2.2: Collagen as a constituent of the organic matrix of Dentine
Several different types of collagen have been identified within dentine, but collagen
type I predominates although collagen type II, V and XI are also present (Chun et al.
2011). Changes within collagen fibrillar arrangements have been noted within the
dentinal structure, which usually occur at the predentine-dentine border. The
collagen fibrils have a smaller diameter when they are initially secreted proximal to
the odontoblast. The diameter of the fibrils increases in size as they migrate within
predentine away from the odontoblast (Goldberg et al. 1987). This is associated with
maturation of the dentinal matrix when mineralisation occurs within periodic gaps of
the collagen fibres.
Genetic factors can influence the expression of collagen. For example, in
dentinogenesis imperfecta, the collagen-related gene, COL1A1 expression is altered.
The resultant dentine is therefore less mineralised than normal dentine (Kinney et al.
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2001; Kim et al. 2007). Mineralisation is also controlled by other factors such as the
expression of several non-collagenous dentine matrix proteins (DMPs) which are
present within the extracellular organic matrix, and constitute a much smaller, but
biologically significant component of dentine.

2.2.3: Non-Collagenous Dentine Matrix Proteins
Several types of NCPs constitute the DMPs (Fig. 2.4).

Fig. 2.4: Non-collagenous proteins in dentine
Adapted from (Goldberg et al. 2011). Legend: Fmod- fibromodulin; FGF- fibroblast growth factor;
TGF- transforming growth factor; BMP- bone morphogenetic protein; PDGF- platelet derived growth
factor, MMP- matrix metalloproteinases

As dentine formation progresses, many types of NCPs are formed and laid down
differentially in predentine and dentine in order to produce either a promineralisation effect or an inhibitory effect on calcification.
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2.2.3.1: Proteoglycans
Proteoglycans (PG) are a prominent constituent of the NCPs. They have a protein core
which is surrounded by glycosaminoglycans (GAG) such as chondroitin sulphate,
dermatan sulphate, heparan sulphate, keratan sulphate and hyaluronic acid. Broadly,
the PGs are classified as aggregating PGs, small leucine-rich peptides (SLRP), cell
surface PGs, and orphans (those which do not fall into any other category [reviewed
in (Embery et al. 2001)].
One of the main representatives of the aggregating PGs (APG) is versican. It is
thought that versican may be expressed in the predentine region, and in association
with hyaluronic acid, it retains space for the subsequent deposition of mineral
crystals. As mineralisation starts, versican is thought to break down (Waddington et
al. 2003). The odontoblast itself also produces an enzyme, A-disintegrin and
metalloprotease with thrombospondin type 1 motifs which is known to cleave
several aggregating PGs such as versican. This is a situation where the odontoblast
both forms and then degrades the aggregating PGs (Sone et al. 2005).
The SLRPs play an important role in the fibrillar organisation of the collagenous
dentine matrix and also participate in mineralisation, since their GAG chains can bind
calcium. Decorin has been found in both predentine and dentine, while biglycan is
largely found in dentine (Cam et al. 1997). These are able to interact with soluble
growth factors such as transforming growth factor b1 (TGFb1), which is known to
cause differentiation of DPSCs into odontoblasts (Sloan et al. 1999). Work with both
decorin and biglycan knockout mice has shown that the resultant dentine phenotype
was hypomineralised for both genes, but the effect was more profound in the
absence of decorin (Goldberg et al. 2005). Both these SLRPs play a role in influencing
the expression of other small integrin-binding ligand N-linked glycoproteins (SIBLING)
such as dentine sailophosphoprotein (DSPP) and DMP1 which influence
dentinogenesis. Other members of the SLRP family include a set of PGs that are rich
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in keratan sulphate. Fibromodulin and lumican are prominent members of this group
and are involved with the organisation of collagen fibrils.
While PGs like decorin, biglycan, lumican and fibromodulin are secreted along with
collagen type I in the distal part of predentine (Randilini et al. 2020), the
phosphoproteins like DSPP are detected closer to the mineralisation front. It has
been postulated that degradation of the ECM components by enzymes such as matrix
metalloprotease (MMP)-3 in different areas of predentin and dentine may result in
the differential gradients of various proteins present in these areas of dentine (Hall
et al. 1999). For instance, lumican is present in higher concentrations toward the
mineralisation front, whereas decorin and biglycan are concentrated toward the
distal part of predentine (Lormée et al. 1996). This differential gradient has been
detected via immunohistochemistry experiments. The historic view that the presence
of PG always acted as an inhibitor of mineralisation has therefore been challenged.
The expression of a relevant type of PG in a certain area, and its subsequent fate (for
e.g. by enzymatic degradation) may dictate mineralisation-related events (Lormée et
al. 1996; Baker et al. 2009).
Several cell-surface proteoglycans have also been identified within the dentine
matrix. These interact with growth factors that are able to help trigger intra-cellular
pathways. One of the major groups of the cell surface proteins in dentine is
represented by the syndecans, which are able to bind to the collagen, laminin and
fibronectin in the ECM. Another example includes CD44 which is known to be present
in dentine (Widbiller et al. 2019) and mediates cellular attachments to the ECM. It
binds to hyaluron (Aruffo et al. 1990) and influences cell migration by interacting with
osteopontin (OPN) (Zohar et al. 2000). CD44 has been found to be highly expressed
in the odontoblastic cell and the odontoblastic process, the latter being embedded
within dentine itself (Felszeghy et al. 2001). Glypican-1 is also present in the dentine
ECM. It is associated with the differentiation of odontoblast-like cells and the
expression of TGFb1 (Murakami Masuda et al. 2010). However, its expression levels
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were reduced during the secretory and maturation phases of the odontoblast, and it
is therefore thought to participate only indirectly during dentine formation.

2.2.3.2: Small integrin-binding Ligand N-linked Glycoproteins (SIBLING)
SIBLINGs are phosphoglycoproteins that constitute a diverse group including DSPP,
DMP1, OPN, bone sialoprotein (BSP) and matrix extracellular phosphoglycoprotein
(MEPE) (Fisher et al. 2003). Even though the same gene does not code for the family
members in this group, the gene cluster for the SIBLING is situated at 4q21 site on
human chromosome 4. This group represents a highly acidic group of proteins which
have several sites that are capable of phosphorylation. Of the SIBLINGs, DMP1 and
DSPP have both been identified for their role in mineralisation. Apatite nucleation
has been shown to occur for intrafibrillar collagen mineralisation in response to DSPP
and mineral deposition occurs along the collagen fibrillar axis in response to DMP1
(Beniash et al. 2011; Deshpande et al. 2011). These two proteins are also known to
be dentine-specific, although the expression of DMP1 is also seen in bone, whereas
the expression of DSPP has only minimally been identified in bone (Qin et al. 2002;
Qin et al. 2003). Other members of the SIBLNG family like OPN and BSP also play a
role in mineralisation by possessing affinity for collagen fibrils, and helping
mineralisation, but are unable to initiate hydroxyapatite nucleation (Zurick et al.
2013). The roles of each member of this family are therefore thought to influence
mineralisation in different ways.

2.2.3.2.1: Dentine Sialophosphoprotein
DSPP is expressed transiently by the odontoblasts, and has frequently been
associated with the terminal differentiation of the MSCs into odontoblasts. It is the
most abundant NCP in dentine. Soon after being formed, DSPP is cleaved into DSP
and DPP (MacDougall et al. 1992; MacDougall et al. 1997) which are essential for
dentinogenesis (Zhu et al. 2012). A third component of DSPP has also been shown,
the dentine glycoprotein (DGP), but only in the swine model. Biological functions vary
for different components of DSPP.

18

Review of Literature

DPP, also known as phosphophoryn, is the carboxylic acid bearing moiety of DSPP
and has been associated with mineralisation-related events (DiMuzio et al. 1985) by
helping link collagen fibrils to mineral. However, the matrix vesicles which are
thought to be associated with mineralisation are negative for DPP, indicating that it
is not associated with matrix vesicle-associated nucleation of mineralisation. DPP is
able to influence mineralisation by activating the Smad pathway via integrins (Eapen
et al. 2013) which is independent of BMPs and also by the mitogen-activated protein
kinase (MAPK) pathway (Jadlowiec et al. 2004; Jadlowiec et al. 2006). While DSP may
initiate mineralisation, DPP is thought to cause maturation of the mineralised matrix
(Suzuki et al. 2009).
The second component of DSPP, the DSP has a -NH2 terminal fragment. It’s effect on
mineralisation are controlled by its concentration during in vitro experiments. At
lower concentrations, it acts to promote mineralisation, but at higher concentrations,
it acts as an inhibitor of mineralisation (Boskey et al. 2000). It counters mineralisation
by decelerating the action of DPP, and therefore delays the rapid mineralisation of
predentine (Gibson et al. 2013). The role of DSP has been elucidated via the murine
model with conditional knockout of DSPP which retained DSP expression, while DPP
was completely knocked out. DSP was able to partially rescue dentine formation by
increasing the width of dentine being laid, but with poor mineralisation (Suzuki et al.
2009). Alterations in the expression of DSPP are known to result in inherited dentinal
diseases, such as dentinogenesis imperfecta, dentine dysplasia (Dong et al. 2005; Lee
et al. 2013) and X-linked hypophosphatemia (Qin et al. 2004).

2.2.3.2.2: Dentine Matrix Protein-1
DMP1 is another dentine-specific ECM which has also been reported in bone
(Toyosawa et al. 2001). It is a highly acidic glycoprotein, which was initially identified
as AG-1. This protein has been expressed by mature odontoblasts (George et al.
1995). DMP1 is known to have an intra-nuclear location (Siyam et al. 2012), where it
acts on the DSPP promoter, thus regulating its downstream transcription (Rangiani et
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al. 2012). Immunohistochemical analysis has shown weak presence of DMP1 in
predentine and intense labelling around peritubular dentine. Moderate, diffuse
staining was seen in the intertubular dentine region (Orsini et al. 2008). Its presence
in peritubular dentine is thought to help maintain the dentinal tubule space.
Moreover, it is also thought to be significant in causing the mineralisation of the
peritubular dentine (Beniash et al. 2011).
DMP1 can be cleaved into three fragments, and in this way, it is similar to DSPP. Work
has shown that the three fragments could be present with either a N-terminal, Cterminal or a proteoglycan with chondroitin-sulphate and a N-linked terminal
fragment (DMP1-PG) (Gericke et al. 2010). The role of each fragment has been
elucidated with respect to mineralisation. While DMP1-PG acts as an inhibitor of
mineralisation, the other two fragments of DMP1 are promoters of hydroxyapatite
crystal formation and growth. The glycosylation of the N-terminal fragment can yield
DMP1-PG, which is an essential post-translational modification that plays a role in
osteogenesis. During dentine formation, DMP1 has the ability of binding calcium, and
may therefore be important in initiating or nucleating the formation of
hydroxyapatite crystals (He et al. 2003). The failure of DMP1 expression leads to
developmental disturbances in dentine formation that include lack of predentinal
maturation into dentine, wider zone of predentine, reduced mineralisation in dentine
and enlarged pulp chambers (Ye et al. 2004). Concomitantly, this study also showed
a reduced expression of DSPP, which reinforces Rangiani et al.’s (2012) view that
DSPP expression is controlled upstream by DMP1.

2.2.3.2.3: Osteopontin
OPN is a SIBLING protein which affects mineralisation of dentine (McKee et al. 1996)
and bone. It is known to have a polyaspartate sequence, and its effects on
mineralisation are determined by the phosphorylation status of the protein (Boskey
1995). Within dentine, OPN is an inhibitor of mineralisation (Boskey 1995) in its
phosphorylated form (Wang et al. 2008). In OPN knockout mice, increased mineral
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deposition has been observed within dentine and consequently, a reduced pulp
chamber space has been found, demonstrating the importance of its inhibitory effect
in ‘balancing’ mineralisation (Foster et al. 2018). This is especially important in soft
tissues, where in conjunction with inorganic pyrophosphates (iPP), it helps prevent
mineralisation (Addison et al. 2007), though the tissue-nonspecific alkaline
phosphate (ALP) (which breaks down pyrophosphatases, thereby enhancing
mineralisation) is partly able to reverse the inhibitory effects of OPN
phosphorylation. Within dentine, OPN regulated the expression of collagen type I
from differentiating odontoblasts at the calcification front. In OPN knock out mice,
collagen type I deposition was not seen and consequently dentine formation was
affected, highlighting its role in laying down dentine (Saito et al. 2016).

2.2.3.2.4: Bone Sialoprotein
BSP is a 75kDa protein which is widely found in mineralised tissues such as dentine,
bone and cementum (Bianco et al. 1991). It is thought to constitute approximately
1% of NCP in dentine, and has a higher representation in other tissues such as bone
and cementum (approximately 8-12%) (Ganss et al. 1999). The protein is able to
undergo post-translation glycosylation and phosphorylation. Its main role in the
mineralised tissues is thought to be related to its ability to act as a nucleator for
mineralisation within the extracellular matrix (Fujisawa et al. 1991; Baht et al. 2008).
This can subsequently help with the growth of hydroxyapatite crystals, and such
effects are seen even at very low concentrations of BSP (as little as 9nM). The
influence of BSP on mineralisation via in vitro research has revealed that in the
presence of this SIBLING protein, calcium and phosphorous can be precipitated as
hydroxyapatite (Hunter et al. 1993).

2.2.3.2.5: Matrix Extracellular Phosphoglycoprotein
MEPE is another member of the SIBLING family which was identified approximately
two decades ago in bone and subsequently shown to be expressed during
odontogenesis as well (MacDougall et al. 2002). This is a known inhibitor of
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mineralisation and is thought to influence the development of dentine by
maintaining the non-mineralised matrix (Gullard et al. 2016). Like other SIBLING
proteins, its biological effects are influenced by its post-translational phosphorylation
status (Boskey et al. 2010). MEPE has different segments which can influence its
properties and these include a central portion (Dentonin), a calcium binding motif
and a section for glycosaminoglycan attachment. A peptide sequence in MEPE that
has been extensively studied is the acidic, serine and aspartate-rich motif peptide
which is able to inhibit odontoblastic differentiation and also matrix mineralisation in
MSCs related to the dental pulp (Salmon et al. 2013). As the DPSCs differentiate, the
expression of MEPE is downregulated (Liu et al. 2005a), which again is suggestive that
MEPE acts as an inhibitor of mineralisation.

2.2.3.3: Other Non-Collagenous proteins
Apart from the proteoglycan and SIBLING families, several other groups constitute
the NCPs. One of the prominent non-phosphorylated protein that is present within
the dentinal matrix is Osteocalcin (OCN) and another biologically important group is
constituted by the growth factors.

2.2.3.3.1: Osteocalcin
OCN is a gamma carboxyglutamic acid containing protein that is present in the ECM
of calcified tissues such as bone and dentine. Its presence has been shown in
abundance within the predentine, and mantle dentine stains higher levels of OCN as
compared with circumpulpal dentine (Gorter de Vries et al. 1987). These findings
suggest that OCN has a role in early dentinogenesis. OCN has also been found in the
cytoplasm of the odontoblasts but not in the nucleus (Bronckers et al. 1987). Further
work has confirmed that OCN is produced by the odontoblast and subsequently
secreted into the extracellular matrix by the odontoblastic process (Papagerakis et
al. 2002). While OCN is shown to influence the maturation of the mineral phase in
bone (Boskey et al. 1998), its effects on dentinogenesis are not as profound, since a
normal dentine layer was found in OCN null mice (Bronckers et al. 1998). The pattern
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of OCN expression during dentinogenesis has also been related to the expression of
Msh homeobox 2 (MSX2) upstream. OCN has not been demonstrated during the early
appositional phases of tooth formation, but once dentinogenesis commenced, and
the tooth was in the bell stage, MSX2 expression could be seen in the predentinal
layer by the pre-odontoblast. This preceded the terminal differentiation of the
odontoblast which was responsible for the expression of OCN (Bidder et al. 1998).

2.2.3.3.2: Growth factors, cytokines & enzymes
Several growth factors are secreted during the formation of dentine and are known
to direct different aspects of odontogenesis. Once secreted into the ECM, these
growth factors and cytokines become sequestered within the dentine matrix as it
mineralises (Smith et al. 2001a). It is thought that such proteins are released in
response to dental conditions such as caries or trauma, and can once again stimulate
cellular responses from the dental pulp which may be inflammatory and reparative
in nature (Cooper et al. 2014). A number of growth factors and cytokines have been
identified in DMPs and include TGFb1 (Zhao et al. 2000; Sloan et al. 2001; Duncan et
al. 2017; Widbiller et al. 2018b), proangiogenic growth factors [such as
vasculoendothelial growth factor (VEGF), platelet-derived growth factor (PDGF),
placenta growth factor, fibroblast growth factor (FGF)] (Roberts-Clark et al. 2000),
neurotrophic factors [e.g. glial cell-derived neurotrophic factor & nerve growth
factor], stem cell factor, insulin-like growth factor-binding protein, insulin-like growth
factor (IGF)-I & II (Tomson et al. 2017), BMP-2 (Widbiller et al. 2018b), S100 protein
(Komichi et al. 2019) , hepatocyte growth factor (HGF) (Tomson et al. 2013), MMP-2
(Mazzoni et al. 2007), MMP-9 (Mazzoni et al. 2007; Duncan et al. 2017), MMP-20
(Sulkala et al. 2002) and adrenomedullin (Tomson et al. 2007). This diversity in growth
factors can invoke multiple biological pathways. While some cytokines may be
viewed as being pro-inflammatory, at lower concentrations, it is possible that the
same cytokine may also stimulate repair (Cooper et al. 2010). An important growth
factor in DMP that has influenced dentine formation is TGFb1 (Sloan & Smith 1999).
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2.2.3.3.2.1: Transforming growth factor b
TGFb1 is known for its role in various biological models as a growth factor which is
capable of acting as an immunosuppressant and also as an initiator for the formation
of the extracellular matrix. This has been shown using TGFb1 null-mice which
consequently demonstrated activation of the immune system and death of the
animals (D'Souza et al. 1998). The dentine in these mice underwent tooth wear very
rapidly, indicating disturbances in tooth development. Other studies have also found
an important role for TGFb1 in odontogenesis (Oka et al. 2007) and its influence on
pulpal cells during the formation of reactionary and reparative dentine has been
reported (Bègue-Kirn et al. 1992; Smith et al. 1995a). Apart from TGFb1, the growth
factor is present in other isoforms as well which include TGFb2 and TGFb3 (Cassidy
et al. 1997), but dentine formation has been reported mainly in response to TGFb1
(Sloan & Smith 1999; Nie et al. 2006; He et al. 2008; Li et al. 2011). Additionally, the
presence of TGFb1 has been shown in EDTA demineralised sections of dentine,
whereas the other two isoforms have not been detected in dentine (Zhao et al. 2000).
Since the initial reports, the role of TGFb1 has been investigated to help direct MSC
responses from the injured dental pulp. This was demonstrated in the dog model,
where TGFb1 was applied onto the exposed dental pulps which resulted in the
formation of thick tubular dentine, whereas in the control group using native dentine,
only the formation of fibrodentine was seen over the exposed pulp (Tziafas et al.
1998b).
The repair-related effects of TGFb1 are controlled by its availability within dentine.
About half of the TGFb1 in dentine is present in an active form which is able to exert
its biological influence. However, the remainder half of the growth factor is bound to
three different proteins which include the latency-associated peptide (LAP),
betaglycan and decorin (Smith et al. 1998). Such TGFb1 bound to LAP is known to
form the small latency complex (SLC). SLC can be further bound to the latent TGFbbinding protein (Cam et al. 1997) in the ECM to form the large latency complex (LLC).
The entrapped or immobilized forms of TGFb1 are unable to exert biological effects.
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Therefore, to release TGFb1 from dentine, degradation of the ECM matrix is
frequently required. During the carious process, this can naturally happen due to the
acidic environment of the plaque biofilm which subsequently establishes a gradient
of growth factor release from the site of caries toward the pulp, stimulating the
extant odontoblasts to form reactionary dentine or helping recruit DPSCs to
differentiate into odontoblast-like cells to form reparative dentine.

2.2.4: Release of DMPs from the dentine matrix
The DMPs in dentine require liberation in order to influence and direct DPSC fate,
and reparative or inflammatory responses from the dental pulp or regenerative
responses during REP from MSCs. Much of the early work in this regard was related
to dental caries and vital pulp therapy procedures (which aim to preserve the
integrity of the dental pulp). These focused on assessing the formation of reparative
or reactionary dentine in order to protect the remainder pulp tissue. Such early work
investigated the liberation of DMPs with EDTA which is a well-known chelator that is
used in endodontics as well as in the laboratory. The research was able to isolate
DMPs which were studied both in vitro (Lesot et al. 1986; Bègue-Kirn et al. 1992; Liu
et al. 2005b) and in the animal model (Smith et al. 1990a, b; Smith et al. 1994; Smith
et al. 1995a; Smith et al. 2001b; Duque et al. 2006). This showed that DMPs had the
ability to induce mineralisation and dentine formation in the dental pulp. The
beneficial regenerative effects that resided within such an EDTA-extracted protein
matrix was realised and acids were recognised for their ability to free DMPs from the
mineralised dentine matrix. Apart from EDTA, other acids which are used in
restorative dentistry such as phosphoric acid and citric acid have also been reported
in this context, though differences in DMP fractions could be ascertained between
the different acids (Ferracane et al. 2013; Sadaghiani et al. 2016; Salehi et al. 2016).
The focus on vital pulp therapy has helped investigate various pulp capping materials
such as calcium hydroxide (Graham et al. 2006) and MTA (Tomson et al. 2007) which
are highly alkaline but were also able to help release DMPs. Therefore, DMPs can be
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released from dentine by different agents, irrespective of their pH (including
solutions at neutral pH) which are then able to influence the fate of different cells
(Goldberg et al. 2004; Smith et al. 2012).
Clinical translational research in the context of vital pulp therapy has shown the
success of full pulpotomy procedures in carious adult molar teeth which received
phosphoric acid priming at the root canal orifices prior to the placement of MTA
(Simon et al. 2013). However, in this small case series, it was difficult to establish
whether the beneficial effects were attributable to MTA or to the DMPs that would
have been released by phosphoric acid. Further clarity has been provided through a
more recently conducted study in the canine model in this regard (Liu et al. 2021).
Pulps were exposed in beagle dog teeth and capped with MTA, but in the first group,
the dentine surrounding the exposure was treated with EDTA for 5 minutes, whereas
in the second group, the dentine was only rinsed with saline. Histological examination
of the extracted teeth three months after the procedures showed that higher
quantities of dentine were formed in the EDTA-treated group than in the salinetreated group. Fewer tunnel defects were also noted in the former as compared with
the latter. This study has indicated the beneficial action of the chelator clinically.
In the REP paradigm, the chelator is used as an irrigant within the root canal and also
helps liberate DMPs from the root canal walls. The cell-free REPs use a blood clot in
the root canal which is thought to contain MSCs. The use of a chelator at the end of
the REP may help liberate important growth factors like TGFb1 from dentine which
may further determine the fate of the MSC and thereby influence the outcome of the
procedure (Galler et al. 2011; Galler et al. 2015). Such research has helped establish
guidelines which recommend that EDTA should be used as a final or penultimate
irrigant during REP (Galler et al. 2016). The DMPs thus liberated form an important
part of the clinical procedure. MSCs also play a significant role in REP, and as cellbased REPs develop, there is resurgent interest in investigating the role of DPSCs in
REP, since they are the natural resident MSC of the root canal and the pulp space.
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2.3: MESENCHYMAL STEM CELLS & DENTAL PULP STEM CELLS
Apart from DPSCs, there are several other niches of MSC present within the oral
cavity which include the SCAP, inflamed periapical progenitor cells, stem cells from
human exfoliated deciduous teeth (SHED), periodontal ligament stem cells, oral
epithelial stem cells, periosteal stem cells and bone marrow stromal cells (Hargreaves
et al. 2013). Such MSCs retain the ability of self-renewal & multipotential
differentiation which is thought to be similar to the pre-migratory and post-migratory
neural crest cells (Baggiolini et al. 2015; Dupin et al. 2018).

2.3.1: An historical perspective
Early work on the identification and properties of these cells was carried out on the
bone marrow niche. The research on these cells, initially termed the osteogenic stem
cells (Friedenstein et al. 1987), and later stromal cells (Owen et al. 1987; Owen et al.
1988), was able to demonstrate that they were distinct from cells of the
haematopoietic lineage and were able to organise into fibroblast-like cellular
colonies that were adherent to the culture flasks with the ability to form osteoblasts
in vitro (Friedenstein et al. 1966; Friedenstein et al. 1970; Friedenstein et al. 1982;
Friedenstein et al. 1987). These post-natal cells were found to be elongated, spindleshaped, and the clonogenic cell that helped form each colony was termed the colony
forming unit-fibroblast (CFU-f). Interest in this field arose because of the ability of
haematopoietic stem cells (HSC) to be transplanted into patients who had suffered
from lymphoproliferative cancers and had received chemotherapy and radiotherapy.
The HSCs were able to repopulate the bone marrow niche with a new colony of cells.
The discovery of an additional niche of cells within the bone marrow, albeit far fewer
in number, that could give rise to mesenchymal connective tissues within the animal
model, helped establish the stem-cell nature of this cell type. The application of these
cells for regenerative therapies of a variety of organs and connective tissues has
therefore been investigated, especially in the past two decades via several clinical
trials.
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The term ‘mesenchymal stem cell’ was first coined by (Caplan 1991) who also
recognised their multipotent nature. MSCs are highly proliferative with self-renewal
capacity. Initial attempts at identification and characterisation of MSCs was also very
variable and several cell surface markers were employed, either in isolation or
combination. Whilst multipotent, with the ability of trilineage differentiation into
osteoblasts, chondroblasts and adipocytes, studies have shown that expansion and
subsequent differentiation of individual colonies may give rise to a variant population
in culture that may not fully retain the ability for trilineage differentiation (Pittenger
et al. 1999). Attempts at precisely defining a mesenchymal stem cell have therefore
been challenging.

2.3.2: Defining MSCs & DPSCs
2.3.2.1: The variability in definitions- Early work
Up until the end of the twentieth century, the work on MSCs had concentrated on
cells derived from the bone marrow which were characterised by different cell
surface proteins such as CD105, CD73, CD29, CD44, CD71, CD90, CD106, CD120a,
CD124, amongst several others. The cells should also have the ability of trilineage
differentiation (Pittenger et al. 1999). Subsequently, researchers had started to use
other mesenchymal tissues such as dental pulp, fat (Gronthos et al. 2001), umbilical
cord and muscle. MSCs from the dental pulp (DPSCs) were isolated and were able to
differentiate in to mineral-producing cells. DPSCs also formed dentine-like structures
when implanted subcutaneously onto the dorsal surface of 10-week old
immunocompromised beige mice (Harlan-Sprague-Dawley) (Gronthos et al. 2000). In
this experiment, the DPSCs were transplanted with hydroxyapatite-tricalcium
phosphate ceramic and recovered six weeks after the procedure. Histological
examination showed dentine-like structures which displayed a well organised
collagen layer oriented perpendicular to the odontoblast-like layer. However, there
was little concordance in criteria that could be used to define MSCs (and DPSCs) at
this stage between different research groups.
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2.3.2.2: Characterisation of MSCs & DPSCs: ISCT Criteria
Such variations in the techniques, identification criteria and biological properties
used to define MSCs led to lack of clarity on what cell would ‘qualify’ to be termed
MSC. This lack of certainty in definition made comparison between the results of
laboratory work between different groups difficult. In order to standardize the
definition of MSC, certain basic minimum criteria were proposed in 2006 by the
International Society for Cellular Therapy (ISCT) (Dominici et al. 2006). These criteria
identified that the MSC was a multipotent cell, and that the most appropriate
terminology would be the multipotent mesenchymal stem cell. DPSC characterisation
also followed the same criteria.

2.3.2.2.1: Adhesion to plastic surfaces:
One of the basic criteria that was proposed was the ability of the MSC to adhere onto
the plastic surface of the tissue culture flasks under standard conditions [for example
37°C, 5% carbon dioxide, using culture media such as Dulbecco’s modified Eagle’s
medium with foetal calf serum (FCS) supplementation].

2.3.2.2.2: Immunophenotype of the MSC & DPSC
As regards the cell surface antigen profile, the ISCT proposed that the cells would
display strong expression of the CD73, CD90 and CD105 surface markers. The cell
surface markers would be detected by flow cytometry where more than 95% of the
cell population would demonstrate the presence of all three markers. Many studies
show that the canonical markers proposed by the ISCT are highly expressed on DPSCs
(Ferro et al. 2012; Ferro et al. 2014; Hadaegh et al. 2014; Dong et al. 2019; Kobayashi
et al. 2020).
Given the original focus was on cells derived from the bone marrow, the ISCT also
proposed that it was important to distinguish the MSC population from other cells
with haematopoietic lineage. The MSC population was not expected to demonstrate
the presence of surface antigens such as CD45, CD34, CD14, CD11b, CD79a, CD19
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and human leucocyte antigen -DR isotype (HLA-DR). Should these be detected, their
positivity rate should be less than or equal to 2% of the cell population examined by
flow cytometry. While CD45 acts as a marker for all leucocytes, CD34 is found to be
present on endothelial cells and also on primitive haematopoietic cells. Macrophages
and monocytes express CD14 and CD11b while B cells demonstrate the presence of
CD79a and CD19.

2.3.2.2.3: Trilineage differentiation:
The hallmark feature of MSC definition by the ISCT also included the ability of the
cells to undergo trilineage differentiation. This would mean that under the
appropriate stimulatory conditions, namely by modifying the culture media with the
addition of factors that could promote lineage commitment, MSCs would
differentiate into osteoblasts, adipocytes or chondroblasts. The resultant in vitro
differentiation could then be demonstrated with the help of various laboratory
staining techniques. The demonstration of differentiation into osteoblasts was
shown with Von Kossa staining (detecting calcium deposits), as also the Alizarin Red
stain (detecting calcium-laden osteocytes). Differentiation in to adipocytes was
demonstrated by the Oil Red O staining technique (detecting neutral triglycerides and
lipids) and into chondroblasts by the Alcian Blue stain (detecting acid mucins), or
alternatively by the presence of collagen type II, by specific immunohistochemical
staining techniques.
The trilineage differentiation of DPSCs has been demonstrated by some authors
(Gronthos et al. 2002; Jo et al. 2007; Son et al. 2021). However, this aspect has not
been universally observed with respect to adipocytic differentiation (Gronthos et al.
2000; Fracaro et al. 2020). One possible explanation for these contrary findings in
literature relate to the heterogeneity of the DPSC population. Single colony-derived
cells may retain characteristics that help with the differentiation of DPSCs into
adipocytes (Gronthos et al. 2002), but generally the genes associated with such
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differentiation are found to be suppressed in the dental pulp (Fracaro et al. 2020),
perhaps since adipose tissue is generally not present in the dental pulp.

2.3.2.2.4: Changes in MSC when expanded in culture
The ISCT position statement also mentions the importance of karyotyping cells (not
an essential criteria) as they are cultured. It is recognised that MSCs comprise a
heterogenous population of cells that require several passages to expand in culture
to be able to generate sufficient numbers of cells that could then be utilised for
clinical applications. During this phase of expansion, there are some changes that
have been noted (Digirolamo et al. 1999).
Firstly, more rapidly proliferating cells within the heterogenous population (from an
unfractionated, total cell suspension) will come to dominate the cultured population.
With further repeated passaging, only a few clones will tend to dominate the entire
in vitro culture (Selich et al. 2016).
Secondly, as the cells are passaged in order to expand the overall numbers of
available cells, the proliferation rate of the cells will be altered. The proliferation
rates, described in terms of population-doubling times, has been shown to be
reduced with increasing age of the cells and repeated passaging (Bonab et al. 2006;
Yang et al. 2018). As cells are repeatedly passaged, the ‘stemness’ of the cells is lost
and they reach senescence (Digirolamo et al. 1999; Banfi et al. 2002) which has
variably been reported between 15 and 40 passages (Bruder et al. 1997; Digirolamo
et al. 1999), and would be consistent with the Hayflick limit (aging as it relates to
telomere length decreasing as the cell repeatedly divides, which has been described
at between 40-70 cell divisions) (Hayflick et al. 1961). Such changes are also seen in
the DPSCs, and senescence has been reported between 40-80 population doubling
(Alraies et al. 2017), or alternatively reported at about the 20th passage (Wang et al.
2018). The stemness of bone marrow-derived MSCs has been shown till about the 6th
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passage (Horwitz et al. 2002; Bakopoulou et al. 2017), which has been adopted for
experiments for MSCs derived from several other tissues as well.
Thirdly, the immunophenotype of the cell can also be altered (Cameron 2013). For
example, the expression of CD146 cell surface marker is decreased with increasing
number of passages in DPSCs (Yang et al. 2018; Ma et al. 2021).
Fourthly, the important ability of the cells to undergo trilineage differentiation can
also be lost. For example, the ability of the cells to differentiate into osteoblasts can
be lost when used from a higher cell passage (Zhou et al. 2008; Yang et al. 2018).
All of these findings indicate that as the cells are expanded in vitro, their properties
are altered, and in effect, both genetic and phenotypic changes have been reported
(Baxter et al. 2004). Owing to such changes, the ISCT recommended investigating the
karyotype of the cell for changes over passaging, though this was not a mandatory
requirement to characterise stem cells. With research that has taken place since, the
ability of the MSCs to be utilised for research purposes is usually recommended
within the first six passages (Baxter et al. 2004), preferably in the third and fourth
passages, which are usually able to yield sufficient cell numbers for a variety of
experiments. This has indirectly led to the use of other MSC sources, like adipose
tissue, which can yield high numbers of cells and thus require lesser passaging.

2.3.3: Induction media for MSC/DPSC in vitro- role in differentiation
Researchers have the ability of inducing the formation of different types of cell
lineages from MSCs, a process that has also been termed mesengenesis (Caplan
1994). Such differentiation is influenced by the addition of specific factors and drugs
to culture media which helps commit the cells to a particular cell type (Table 2.1).
MSCs can be differentiated into osteoblasts by the addition of dexamethasone, b
glycerophosphate and ascorbic acid. Differentiation in to adipocytes is promoted by
the addition of dexamethasone, indomethacin, insulin and iso-butyl-methyl-xanthine
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(IBMX); the use of a higher initial cell seeding density has been reported as compared
with osteoblastic differentiation (Pittenger et al. 1999). The use of culture medium
containing dexamethasone, ascorbate-2-phosphate, selenious acid, sodium
pyruvate, transferrin, insulin and TGFb will promote the differentiation of MSCs in to
a chondroblastic lineage (Mackay et al. 1998; Pittenger et al. 1999; Solchaga et al.
2011). The use of fibroblast growth factor-enriched medium during the first medium
change, and even during further changes of media, when chondrogenic
differentiation is desired, has been proposed to help enhance cell proliferation
(Solchaga et al. 2011)
Osteogenic medium

Adipogenic medium

Chondrogenic medium

Dexamethasone

Insulin

Dexamethasone

Ascorbic Acid

Dexamethasone

TGFb

b glycerophosphate

Indomethacin

Insulin

IBMX

Ascorbate-2-phosphate
Selenious acid
Transferring
Sodium pyruvate
Fibroblast growth factor

Table 2.1: Additional components added to culture medium to differentiate MSC
into osteogenic, adipocytic and chondrogenic lineages

2.3.3.1: Osteogenic medium: constituents and their roles in promoting differentiation
The role of each constituent of the additive mixture has also been studied. Each
component is able to exert it’s influence on genetic expression, and subsequently on
biochemical processes that are involved with the mineralisation process during
osteoblastic differentiation.
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2.3.3.1.1: Dexamethasone
The forerunning work for establishing that a concentration of 100nM dexamethasone
was required for inducing differentiation of periosteal cells (Tenenbaum et al. 1985)
in the chick model has remained unchallenged. Dexamethasone is able to enhance
the expression of runt-related transcription factor-2 (RUNX2) (the master controller
of mineralisation) and collagen 1 type 1 (COL1A1) genes, both of which help with
mineralisation.

2.3.3.1.2: Ascorbic acid
The use of ascorbic acid also plays a pivotal role during osteoblastic differentiation.
Ascorbate is able to upregulate the expression of COL1A1 gene, which in turn
promotes the formation of type 1 collagen. The formation of Collagen type 1 and its
liberation into the extracellular matrix triggers the MAPK pathway by integrin ligands
(Xiao et al. 2002). Ascorbate-2-phosphate is a more stable form of ascorbic acid, and
its usage at a concentration of 50µM has been proposed for in vitro studies (Jaiswal
et al. 1997).

2.3.3.1.3: b glycerophosphate
The third component of the culture medium is b glycerophosphate. This serves as the
source of inorganic phosphates, which contribute to the formation of the
hydroxyapatite crystals. The inorganic phosphate is able to promote intracellular
signalling that leads to the expression of secreted phophoprotein-1 (SPP1) (Foster et
al. 2006; Fatherazi et al. 2009) and BMP2 genes (Tada et al. 2011), consequently
resulting in the formation of BSP, bone phosphoprotein and bone matrix protein 2,
all of which are involved in the osteogenic process.

2.3.3.2: Adipogenic medium: constituents & their role in promoting differentiation
2.3.3.2.1: Insulin
For adipogenic differentiation, insulin is one of the main factors present within the
culture media that is able to drive the process in MSCs, in vitro. Insulin is able to
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activate a serine-threonine kinase enzyme that has been termed Akt (Shearin et al.
2016). This enzyme is able to stimulate the formation of peroxisome proliferatoractivated receptor g (PPAR g) which is the master molecule that drives adipogenesis.

2.3.3.2.2: IBMX
IBMX is a second constituent of the adipogenic differentiation medium. This
constituent is known to suppress the expression of distal-less homeobox 5 (DLX5)
which is a known inhibitor of adipogenesis (Lee et al. 2018).

2.3.3.2.3: Indomethacin
Indomethacin enhances the formation of CCAT enhancer-binding protein beta (CEBP
b) and induces PPAR g2 (Styner et al. 2010). This process was also demonstrated to
be independent of the formation of prostaglandin E2, which is a metabolic by product
of cyclooxygenase 2 enzyme.

2.3.3.2.4: Dexamethasone
Dexamethasone is not critical to the differentiation of MSCs to adipocytes, but rather,
its presence accelerates the formation of the adipocytes by upregulating several
adipogenic genes (Park et al. 2017).

2.3.3.3: Chondrogenic media: Composition and role of constituents
The modification to culture media required for chondroblastic differentiation have
been described with several components (Johnstone et al. 1998), as also using a
pelleted micromass of cells. The use of dexamethasone increases the formation of
ECM components associated with chondrocytes which include collagen type XI,
aggrecan and dermatopontin. TGFb itself is able to stimulate the formation of
collagen Type II, aggrecan and cartilage extracellular matrix proteins with sulphated
proteoglycans (Derfoul et al. 2006; Buxton et al. 2011). Insulin, selenious acid and
transferrin (ITS) are very frequently available together as a premixed solution for
addition to culture media. Insulin is known to promote chondrogenesis, and higher
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fractions of glycosaminoglycans are recovered in media with insulin (Mueller et al.
2013). This has been attributed to the binding of insulin to the IGF-1 receptor (Kellner
et al. 2001). The combination of ITS promotes cell proliferation in culture (Gökçe et
al. 2014). Ascorbates are known to support the formation of different types of
collagen, especially upregulating COL2A1 gene that is associated with the formation
of type II collagen which is characteristic of cartilage. Pyruvates which are also added
are a known intermediate in Kreb’s cycle.
As a result of the differentiation process, MSCs develop a multi-layered cell structure
with ECM which can be stained by toluidine blue/Alcian blue that have an affinity for
the glycosaminoglycans in the matrix.

2.3.4: Limitations of the ISCT definition of MSC &DPSC
The ISCT had provided a very basic definition of the characteristics that are required
for the identification of MSCs. As the clinical use of MSCs has now been attempted
for a variety of conditions, the understanding of the original definition has been
adapted, especially with further developments in this field of research over the past
fifteen years.

2.3.4.1: The influence of the tissue source
MSCs harvested and cultured from different tissues may not demonstrate all the
properties that have been classically described in the ISCT definition. An example is
trilineage differentiation. Whilst ISCT proposed that all MSC should demonstrate this
property, recognition of epigenetic influence of the native tissue from which the MSC
has been harvested tends to play a significant role on the ability of the cell to undergo
lineage commitment.
In this context, the differentiation potential of DPSCs has been compared with
adipose tissue-derived stem cells (ADMSC). DPSC showed limited ability to form
adipocytes but differentiated well into osteogenic and chondrogenic cells (Fracaro et
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al. 2020). Yet another study compared the mineralisation ability of ADMSC, DPSC and
bone marrow mesenchymal stem cells (BMMSC) and demonstrated maximum
calcification with DPSC and only little mineralisation with osteogenic differentiation
of ADMSC (Davies et al. 2015; Xu et al. 2017). Similar results have also been reported
for SCAP (Sonoyama et al. 2008). This can be attributed to the differential genetic
expression profile between the groups of cells.
Thus, even though trilineage differentiation was proposed as an essential-criteria for
the definition of the MSC, research now reveals that perhaps not all MSCs behave
‘equally’, and that a future definition of MSC may need to reconsider this tenet,
recognise the influence of the resident native tissue or niche from which the MSC has
been cultured.

2.3.4.2: Immunophenotype
Since the 2006 position statement, there has been extensive research on the cell
surface marker characterisation of the MSC. This has been summarised in a
systematic review (Mafi et al. 2011) which demonstrates the diversity in the numbers
and types of cell surface markers that have been tested on MSCs over a period of
time. There appears to be little consensus amongst different studies on the markers
that may characterise different types of MSCs. Different combinations of positive cell
surface markers have been tested even after the ISCT definition was proposed.

2.3.4.2.1: Positive markers
Whilst some studies on DPSCs identified the three positive markers, i.e. CD73, CD90
& CD105 previously mentioned as a minimum (Kyurkchiev et al. 2010; Inostroza et al.
2020; Kobayashi et al. 2020), other studies that have been published after 2006
evaluated a different set of markers (Kim et al. 2009; Karbanová et al. 2011), albeit,
such a combination of markers, coupled with additional differentiation experiments
was considered sufficient to identify MSCs. Such markers have included STRO-1,
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CD44, CD29, CD146, CD164 and CD13 (Table 2.2). The general trend in most studies
was to test CD73, CD90 and CD105 as a bare minimum.
Criteria

Positive
markers
International Society for CD73
Cellular

cell

surface Negative
markers
CD45

Therapy CD90

(Dominici et al. 2006)

CD105

cell

surface

CD34
CD14 OR CD11b
CD79a or CD19
HLA-DR

Other studies

STRO-1 (Lin et al. 2011)

CD31 (Vezzani et al. 2018)

CD44 (Beeravolu et al. CD45 (Rojewski et al.
2017; Estrela et al. 2019)

2008; Fracaro et al. 2020)

CD29 (Gronthos et al.
2001; Bühring et al. 2009;
Beeravolu et al. 2017)
CD146 (Crisan et al. 2008;
Corselli et al. 2013)
CD13 (Gronthos et al.
2001; Bühring et al. 2007)
CD164 (Bühring et al.
2009)
Table 2.2: Positive and negative cell surface markers for MSC

2.3.4.2.2: Negative markers
Even negative markers for cell surface characterisation of MSC and DPSC have seen
variation (Bühring et al. 2009; Eslaminejad et al. 2010; Iwata et al. 2010; Yu et al.
2010a). Amongst these studies, the use of CD34 and CD45 was frequently reported
as a negative marker (Table 2.2). Other negative markers that the ISCT had
recommended for macrophages and B cells are seldom used in studies, for example
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CD11b (Orciani et al. 2010). The likely explanation from this pattern could be
explained by the nature of tissue that is under investigation (which is frequently not
bone marrow) and also since CD34 and CD45 serve as endothelial cell markers and
pan-leucocytic markers respectively, thereby excluding cells of haematopoietic
lineage.
However, this also poses a conundrum in itself, as ADMSCs were shown to become
CD34 positive on repeated passaging (Yu et al. 2010a), which is contrary to the
expected behaviour of MSCs. The influence of CD34 expression in human DPSCs has
been further investigated, along with the co-expression of other markers (Pisciotta
et al. 2015) and shown to influence the behaviour of the MSC cells. CD34+ DPSCs had
a slow proliferation rate, lost stem cell properties, showed early ageing and
developed apoptosis sooner than a CD34 negative subpopulation of cells. Whilst both
lineages showed trilineage differentiation, only the latter could differentiate into
neural cells. The role of CD34 negativity in MSC identification is therefore not very
clear (Lin et al. 2012) and other authors report CD34+ CD146- to represent adventitial
cells (Corselli et al. 2012). Thus, surface characterisation has shown that MSC from
even a single tissue source can exhibit diversity in the types of the MSCs incorporated
within.

2.3.4.3: Cellular heterogeneity
MSC tend to exist as unique subpopulations within the same tissue niche, and may
have the ability to be characterised by differences in immunophenotyping. Such
unique characteristics may also bear an influence of the ability of the MSC subpopulation to behave in a particular manner. An illustrative example is the
characterisation of MSC sub-populations that express CD146 (melanoma cell
adhesion molecule) (Sorrentino et al. 2008). CD146+ DPSCs showed a slower
proliferation rate than CD146- cells, but had an enhanced ability for osteogenic
differentiation (Matsui et al. 2018). When transplanted into the animal model,
CD146+ cells resulted in the formation of dentine-like structures along with the
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expression of DSP. MSCs that are CD146+ have been considered to represent
pericytes, which are located in a perivascular niche, and maybe more primitive than
other MSCs (Crisan et al. 2008; Askarinam et al. 2013).
There are several other such instances that support the contention of a heterogenous
MSC resident population. The clinical application for MSC may therefore require to
be aligned with the ability of the cells to perform certain functions, which may in turn
be very specific to a subpopulation, or a particular characteristic of the cell.

2.3.4.4: Stromal vs Stem
The debate about the nomenclature of the unfractionated portion of plasticadherent cells that have been demonstrated by in vitro culture is not new (Horwitz
et al. 2005). The acronym MSC has been used to describe both, Mesenchymal Stem
Cells, and also the Mesenchymal Stromal Cell in literature. There is agreement that
given the widespread usage of the acronym MSC, its validity to describe both cell
populations is acceptable. It was also proposed that until the ‘stemness’ of the
plastic-adherent cells could be demonstrated, it would be preferable to report these
as stromal cells, rather than stem cells. These plastic-adherent stromal cells may be
capable of multilineage differential potential, and thus it would be justifiable to term
this group of cells as being multipotent. The multipotent stromal cell would be akin
to Friedenstein’s original description of cells from the bone marrow with spindle
shaped morphology and ability to form colonies in culture.
The mesenchymal stem cell is thought to represent a rarer progenitor cell recovered
from tissues. Rigorous in vitro clonogenic experiments have been recommended to
identify stem cells (Viswanathan et al. 2019), since clonal heterogeneity influences
the potential of cells for trilineage differentiation (Russell et al. 2010). While in vitro
trilineage differentiation may be some evidence of progenitor status, it does not
automatically indicate in vivo self-renewal capability, which is also a characteristic of
the stem cell.

40

Review of Literature

While the 2006 ISCT definition provided an initial starting point, the distinction
between the bulk stromal cell population and the progenitor stem cell must be made
based on a functional definition characterising the epigenomic behaviour,
immunomodulation, transcriptome and proteomic expression (Krampera et al. 2013;
Galipeau et al. 2016)

2.3.4.5: Multilineage differentiation: the ‘expanded’ perspective
Apart from trilineage differentiation, there has been extensive interest in the
differential potential of MSCs into other types of tissues (Pittenger et al. 1999). Cells
with a neural crest origin, such as the DPSCs, may have the capability of undergoing
neural differentiation (Arthur et al. 2008; Hsiao et al. 2020). For example, the
implantation of DPSC into the chick embryo model demonstrated the development
and growth of avian trigeminal ganglionic axons towards the grafted cells due to
chemoattraction (Arthur et al. 2009).
The ability of DPSCs to differentiate into other types of mesenchymal cells has also
been demonstrated, such as smooth muscle cells (Jiang et al. 2019), pancreatic cells
(Ishkitiev et al. 2013) and hepatic cells (Ishkitiev et al. 2010).
In light of these extended attributes of the MSC, whilst trilineage differentiation may
be an essential pre-requisite, further research is required to characterise particular
cell populations that are able to differentiate into other types of cells as well. Whilst
tissue-specific epigenetic factors influence the development of directed
differentiation pre-potential within MSC, additional features of the cells that enable
such specific differentiation, will also need to be elucidated and described for a
subpopulation of the heterogenous MSC colony.
In the context of the DPSCs, the ability of the cells to differentiate into odontoblasts
has been extensively studied over the past two decades (Gronthos et al. 2000;
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Gronthos et al. 2002; Shi et al. 2003). Such differentiation is key to dentine formation,
which is an essential requirement during REP.

2.3.5: DPSC Culture- Method of recovery from the dental pulp
Human dental pulp has been obtained by ‘drilling’ through the hard tissue surface
layers of enamel and dentine to expose the pulp tissue, which is subsequently
recovered for further processing in the laboratory. The DPSCs are embedded within
the ECM of the dental pulp, and the technique presented by Gronthos et al. (2000)
required the enzymatic digestion of the pulp using collagenase I and dispase to
release DPSCs in order to expand them in culture. The enzymatic digestion of the
dental pulp has been reported by several groups with good success for recovering
DPSCs (Gronthos et al. 2002; Patel et al. 2009; Gronthos et al. 2011; Tomson et al.
2013; Fracaro et al. 2020). There is variability in the enzymes that have been
reported. The combined use of collagenase I and dispase was thought to release the
more primitive cells, the pericytes, from their perivascular niche, especially when the
latter enzyme was used (Shi & Gronthos 2003). At least one study compared the
influence of collagenase type I and dispase combination with the use of collagenase
type I alone for enzymatic dissociation (Ebrahimi Dastgurdi et al. 2018). The enzyme
combination helped release more CD146+ DPSCs which showed better osteogenic
and chondrogenic potential than those digested with collagenase type I alone. Other
groups have reported using a combination of trypsin and EDTA on pulpal
microfragments (Tomson et al. 2013), which helped promote maximal cell growth
and expansion as compared with other enzymes such as collagenase type XI and
hyaluronidase.
The use of DPSCs for clinical application require good manufacturing practices. The
use of enzymatic digestion of tissues may alter the properties of the cells. Therefore,
several authors have proposed either mincing the pulp and subsequently culturing
the fragments (Raoof et al. 2014; Petridis et al. 2015; Liang et al. 2018) or placing the
undisturbed pulp into culture (Grottkau et al. 2010; Bakopoulou et al. 2011b; Ferro
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et al. 2014) and allowing the cells to grow out onto the plastic surfaces. This method
can be termed the ‘explant’ or ‘outgrowth’ method. Differences in the properties of
the cells were noted between the enzymatic digestion and outgrowth methods with
respect to proliferation rates, senescence, cell population heterogeneity and
mineralisation ability. Such characterisation is useful so that the regenerative abilities
of the minimally-manipulated cells can be applied appropriately to the clinical
context.

2.3.6: Clinical applications of MSC & method of delivery
MSC cells have been reported for their possible widespread application in literature,
spanning several different organs. The premise that allows the use of stem cells for
these applications is based on their potential to differentiate into a cell type that is a
part of the stromal composition. The cells would have already been characterised,
and undergone several rigorous tests and if required, priming before they are
licensed as a product for human use. The purpose of such therapeutic doses for the
cells is to initiate or enhance the repair responses in the resident tissues. The process
is complex and requires the integration of the transplanted cells into the host tissue,
exert paracrine action to direct the regeneration, proliferate and repopulate the
parenchyma, while also being in turn influenced by the local tissue conditions
involving natural signalling pathways and also modifying the host immune responses.
Examples of some cell-based products that are available include Prochymal (Kebriaei
et al. 2009), Ixmyelocel-T (Bajestan et al. 2017), Stempeucel (Gupta et al. 2016), ReJoin

(Qiao

et

al.

2020)

and

Alofisel

(https://www.ema.europa.eu/en/medicines/human/EPAR/alofisel) amongst others.
In endodontology, REP has been reported using umbilical cord MSC (Brizuela et al.
2020) and DPSCs (Xuan et al. 2018). This is an evolving field for research and clinical
translational approaches aim to recreate formation of pulpal tissue within the root
canal space surrounded by new dentine.
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2.4: Effects of DMPs on DPSCs
The fate of DPSC can be determined with the help of DMPs during REP. DMPs include
growth factors amongst other proteins. The influence of growth factors on the
differentiation of odontoblasts has been investigated by various studies (Lesot et al.
2001). Amongst these, the role of TGFb1, BMP2, BMP4 and BM6, IGF1 and FGF has
been recognised in promoting the cytological and functional differentiation of the
odontoblast (Bègue-Kirn et al. 1992; Tziafas et al. 1998a; Tziafas & Papadimitriou
1998b). Their influence on the differentiation of the odontoblasts has been studied
in various models over the past three decades.
In some of the early studies, the EDTA-soluble DMPs have been placed on Millipore
filters which were in contact with the developing tooth germ and the dental papilla
(Lesot et al. 1986; Bègue-Kirn et al. 1992). In response to the DMPs which
corresponded with the proteoglycan fraction of the DMPs, the developing tooth
germ showed differentiation of the MSCs of the dental papilla. This in vitro study
reinforced the interest on mimicking tooth development phenomena with respect to
formation of dentine via interactions between DPSCs and the surrounding matrix.
Further work in this regard was also carried out using the animal model where EDTAsoluble DMPs were implanted over the exposed pulp of canine teeth in ferrets (Smith
et al. 1990a, b). The formation of reparative dentine with tubular dentine structure
and a subjacent lining of odontoblast cells was demonstrated, which is suggestive
that DPSCs differentiated into the odontoblast-like cells.
Work was also done to show that even when the dental pulp was not exposed, DMPs
could exert their influence by stimulating dentine formation when placed at the base
of a cavity and sealed therein for a period of time (Smith et al. 1994; Smith et al.
1995a).The favourable effects of DMPs on inducing odontoblastic differentiation on
embryonic stem cells from the first branchial arch in three-dimensional cell culture
experiments has also been shown by evaluating cytological characteristics,
evaluation of DSPP expression and mineralisation ability (Deng et al. 2005). Even with
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BMMSC, DMPs were able to induce mineralisation by activating the extracellular
protein kinases-p38-MAPK pathway (Yu et al. 2014).
Other experiments have more specifically isolated human DPSCs and then evaluated
the effects of DMPs in the cell culture model. Only few such studies have been
performed using this model. DPSCs differentiated into odontoblast-like cells in
response to EDTA-soluble DMPs that were supplemented by ascorbic acid and bglycerophosphate over a 28-day period with evidence of mineralisation by 14 days
(Liu et al. 2005b). Such differentiation was accompanied by a change in the
expression of various genes, assessed by real-time polymerase chain reaction (PCR).
The expression of various genes such as COL1A1, TGFb & ALP were increased during
the initial differentiation. As differentiation progressed, the expression of DSP was
enhanced but MEPE was found to be down regulated (Liu et al. 2005a). The results
suggest that DPSCs are able to differentiate into odontoblast-like cells upon exposure
to DMPs. These have been further corroborated by other research as well (Sadaghiani
et al. 2016; Widbiller et al. 2018b) which showed mineralisation and upregulation of
mineralisation-related gene expression.
Such studies have helped establish the role of DPSCs & DMPs in dentine formation.
This paradigm has usually been applied to clinical procedures related to vital pulp
therapy. However, in recent years, as the predictability of REP has been
demonstrated (Jeeruphan et al. 2012), it is plausible to consider the role of DPSC in
this procedure, while DMPs from the root canal wall may help direct their
differentiation into odontoblast-like cells adjacent to the dentinal surface.
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2.5: Regenerative Endodontic Procedures
The ability to regenerate the dentine-pulpal complex in an immature tooth with
pulpal necrosis and periapical disease has now been reproduced across several
centres in the world. The original philosophy advocates cleaning the infected pulp
space, followed by provocation of bleeding from the periapical tissues into the root
canal, which would also carry MSCs back in to the tooth root. The tooth would
subsequently be sealed with a hydraulic calcium silicate cement followed by
restoration of the remainder coronal tooth structure (Galler et al. 2016).

2.5.1: Aims of REP
The treatment of apical periodontitis is the main goal of REP. Additionally, the newly
introduced MSC population within the root canal helps create a layer of odontoblastlike cells which will then complete root formation by laying down dentine. The root
canal space therefore narrows, the tooth root elongates, both of which aid in closure
of the immature root-end. Simultaneously, due to the contiguous nature of the
dentine-pulpal complex, the REP should also result in the formation of the highly
organised pulpal connective tissue more centrally within the root canal.

2.5.2: REP or revascularisation or revitalisation?
There is little consensus that the conventional REP protocols truly result in pulpal
regeneration within the coronal and radicular pulp spaces. Dental pulp is a specialised
connective tissue that has a well organised structure. The reformation and
regeneration of the complex pulpal structure has been seldom reported for
conventional REP techniques. Even though an initial case report did show promising
results with the recovery of pulp-like tissue following REP upon histological
examination (Torabinejad et al. 2012), other studies have generally reported the
presence of a much less well-organised tissue within the root canal after REP, which
has islands of intra-canal bone and cementum-like tissue (Torabinejad et al. 2014;
Torabinejad et al. 2015). Such mineralised constituents have been characterised as
being along the cementoid-dentinoid- and osteoid- cementoid pattern (Martin et al.
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2013; Saoud et al. 2015; Torabinejad et al. 2018). Many studies also report continued
calcification with complete obliteration of the pulp canal space, which is a type of
revascularization-associated intracanal calcification (Song et al. 2017; Kahler et al.
2018). The problem in evaluating histological outcomes is that the teeth must be
extracted, which would defeat the purpose of regeneration in the human model.
Thus, the parameters to measure success use surrogate markers that may indicate
pulpal regeneration.
The debate has therefore ensued whether the classical technique for REP should
indeed be termed regeneration at all. In this context, several authors believe that
revascularization should be the more appropriate term for these clinical procedures.
This view has also been challenged (Huang & Lin 2008) since the healing processes
within the root canal space lead to angiogenesis and repair with connective tissue of
periodontal/periapical origin, along with dentine. The term ‘revitalization’ has
therefore been proposed and is considered appropriate for use in this scenario
(Galler et al. 2016).

2.5.3: REP evolution
Within the REP protocol, modifications have been made over the past decade that
have included the use of autologous (endogenous) as well as exogenous scaffolds to
help improve the nature of regenerated tissue within the pulp space. The placement
of such a scaffold is additional to the blood clot which can be formed within the root
canal by provoking bleeding from the periapical tissues.
Examples of endogenous scaffolds include platelet rich fibrin or autologous platelet
rich plasma (Ulusoy et al. 2019) and exogenous scaffolds include collagen-based
scaffolds, hyaluronic acid derivatives, polycaprolactone & chitosan-based
derivatives) (Coyac et al. 2013; D'Antò et al. 2016; Silva et al. 2018; Ducret et al. 2019;
Nosrat et al. 2019) . Additionally, REP will be associated with MSCs during the REP,
which may be endogenous, and introduced as a part of the blood clot from the
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periradicular tissues into the root canal space (e.g. SCAP) (Jeeruphan et al. 2012)
[which are covered under the umbrella term ‘cell-free REP approaches’] or seeded
exogenously onto the scaffold (e.g. encapsulated human umbilical cord MSC in a
plasma-derived biomaterial) (Brizuela et al. 2020) or alternatively injected into the
root canal space [both the latter are termed ‘cell-based REP approaches’]. As cellbased REP approaches become increasingly viable, the role of DPSCs in this context
will require further investigation. However, the use of all such advanced techniques
is predicated on the cleanliness of the root canal system and requires preparatory
procedures.

2.5.4: Role of Irrigation in REP
The preparation of the root canal prior to regeneration in terms of disinfection is
paramount. The most commonly used irrigation regimen is the sequential use of
sodium hypochlorite (NaOCl) followed by EDTA as a final rinse during root canal
treatment (RCT). However, several variables of this regimen are not universally
standardized and studies vary on the sequence, concentration, time and volume of
irrigation.
Irrespective of this general disagreement in literature regarding irrigation protocols
for RCT, during REP, final irrigation of the root canal with a chelator agent such as
EDTA releases growth factors from the root canal dentine (Zhao et al. 2000; Graham
et al. 2006; Tomson et al. 2007; Simon et al. 2010; Galler et al. 2011; Zhang et al.
2011; Tomson et al. 2013; Tomson et al. 2017). These growth factors and cytokines
can help channel the differentiation of MSCs that have been introduced into the root
canal into odontoblasts which are then capable of laying down dentine (Galler et al.
2015).
However, the capacity of EDTA to cause radicular dentinal corrosion, more commonly
known as erosion in endodontic literature, has also been demonstrated (Calt et al.
2002; Niu et al. 2002; Torabinejad et al. 2003; Sen et al. 2009). The use of NaOCl is
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not recommended as the final irrigant during REP since NaOCl treated surfaces will
impair the regenerative potential of cells (Galler et al. 2011; Galler et al. 2015) and
destroy any growth factors liberated from the dentine matrix. Whilst lesser dentinal
damage occurs when 17% EDTA is used as the final irrigant as compared with NaOCl,
the dentinal structure is still eroded in this protocol (Qian et al. 2011). Therefore, an
alternative chelator that is also able to liberate DMPs is required. MA is a chelator
that was introduced about a decade ago and may fulfil this role.

2.6: Maleic Acid in Endodontics
MA is a bidentate chelator irrigant. Several properties of the irrigant have been
studied validating its use as an endodontic irrigant. The safety profile of MA has been
investigated. Its cytotoxic effects were found significantly less than EDTA using Pratt
Willis test, 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide assay and
clonogenic assay (Ballal et al. 2009b). Even though both irrigants do not possess
genotoxic properties, MA has been demonstrated to induce lesser apoptosis than
EDTA (Ballal et al. 2013), which would be a beneficial property in the REP context.
During the root canal disinfection procedure in REP, NaOCl remains the principally
used agent intra-operatively, and the use of EDTA is not recommended at this stage,
since the chemical reaction between the two irrigants on mixing results in the loss of
available chlorine content from NaOCl (which is responsible for its antimicrobial and
pulp tissue-dissolving action). Similarly, MA also interacts with NaOCl to reduce the
available chlorine content (Ballal et al. 2011b) and its use in REP should mirror that
of EDTA as a final irrigant.
Necrotic debris and pulpal remnants should be removed from the root canal during
REP. In this context, MA has minimal pulp tissue dissolution ability which is similar to
EDTA, but significantly less than NaOCl (Ballal et al. 2011a). During REP, low
concentration NaOCl is used throughout the procedure as it is known to have
excellent tissue dissolution properties, and the chelator solution has never been
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relied upon for its role in tissue dissolution. Therefore, the lack of tissue dissolution
for both EDTA and MA is clinically acceptable.
REP protocols do not recommend the use of chlorhexidine gluconate for disinfection
though some authors use this bisbiguanide at 2% concentration for its antimicrobial
ability. Even in such instances, more than 90% free MA remains available in the
mixture (Ballal et al. 2011b) to exert its own action.
Disinfection of the root canal system is paramount, and forms the key to success of
the endodontic procedure. The antimicrobial properties of MA have been studied
against pathogens associated with root canal infections and compared with EDTA.
7% MA was found to display antimicrobial activity equivalent to 17% EDTA against E.
faecalis, C. albicans and S. aureus (Ballal et al. 2011c), though a 99.99% kill percentage
was reported against a three week E. faecalis biofilm on dentine blocks treated by 7%
maleic acid with only 44% antimicrobial efficacy when 17% EDTA was used (Baca et
al. 2011). But, MA failed to kill biofilms developed on intraorally infected dentine
(Ordinola-Zapata et al. 2013). However, both chelator solutions, EDTA and MA are
not the principal disinfecting solution during root canal irrigation, a role that is
fulfilled by NaOCl.
Supplementally, an intracanal inter-appointment medication such as calcium
hydroxide is placed inside the root canal to help disinfect the pulp space further.
EDTA has been used a chelator to remove the calcium hydroxide dressing during the
subsequent visit. In this regard, removal of calcium hydroxide intracanal medicament
has been successfully reported using MA as well (Ballal et al. 2012; Nainan et al. 2013;
Arslan et al. 2014).
In terms of the effects on dentine, 7% MA reduced the microhardness of root
dentine, and in this respect, it was similar to 17% EDTA solution over a one-minute
exposure (Ballal et al. 2010). The assessment of microhardness is important in terms
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of REP, since only thin dentinal walls remain at the beginning of the procedure, which
may affect the load capacity, and hence propensity for fracture of the tooth.
The root canal wall is generally coated with a smear layer following root canal
instrumentation and comprises dentinal debris and bacteria. During RCT, before
filling the root canal, the smear layer is removed. Regarding smear layer removal, MA
was found to leave cleaner root canal walls in the apical third as compared with other
chelator irrigants that have been investigated (Ballal et al. 2009a; Ulusoy et al. 2013),
though a 5% MA solution was found to be no different than a 17% EDTA irrigant by
other authors (Hasheminia et al. 2012). It could be postulated that in REP, smear layer
is unlikely to form as dentinal surfaces will not be instrumented, but removal of debris
will undoubtedly be facilitated by the chelator, in addition to release of growth
factors.
The reports for the use of MA during RCT indicate that it is suitable for use as an
endodontic irrigant, owing to its chelation properties. However, the effects of MA on
dissolution of bio-active dentine matrix components has not been investigated as yet
and was studied through this project for the first time. The effects of DMPs extracted
by MA were also compared with the effects of DMPs extracted by EDTA on DPSCs.
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Chapter 3: HYPOTHESES
The underlying hypothesis is that the dentine matrix provides a microenvironment
that directs the differentiation of DPSCs into odontoblast-like lineage, and that
proteins extracted from the dentine matrix mediate this biological activity. To test
this hypothesis, the broad research approach was to quantify and characterise the
DMPs extracted by using either EDTA or MA chelator irrigants, specifically measuring
the concentration of TGFb1 and subsequently evaluating the effects of the DMPs on
odontoblastic differentiation of DPSCs.
The null hypotheses (H0) were:
a. There were no differences in detection of EDTA-derived DMPs (EDMP) and
MA-derived DMPs (MDMP) from dentine samples of extracted adult third
molar teeth.
b. EDMP or MDMP have no effect on odontoblastic differentiation and
mineralisation-related gene expression of DPSCs.

The specific steps that were planned to test these are outlined below and described
in detail in the following chapters:
A.

Characterisation of Soluble Dentine Matrix Proteins

A1. Aims: Dentine Matrix Protein Extraction & Total Protein Concentration
1.

Collect freshly extracted human permanent third molar teeth from patients age < 40 years &
recover dentine samples for further processing into powder.

2.

Expose the dentine powder to 17% EDTA or 7% MA and recover EDMP or MDMP by centrifuge
filtration

3.

Record the volume and then detect the total protein concentration of pooled-EDMP and pooledMDMP samples by using the BCA.

53

Hypotheses

A.

Characterisation of Soluble Dentine Matrix Proteins

A2. Aims: Mass Spectrometry for Protein analysis
1.

Using mass spectrometry, detect the peptides present in the pooled-EDMP and pooled-MDMP
samples.

2.

Using MaxQuant software, based on the data acquired through mass spectrometry, identify &
quantify the proteins that maybe likely present in the pooled-EDMP and pooled-MDMP samples,
using the UniProt Fasta database.

3.

Using the Protein Annotation through Evolutionary Relationships (PANTHER) database, analyse the
PANTHER protein classes and biological functions detected in the pooled-EDMP and pooled-MDMP
samples.
A3. Aims: TGFb1 concentration in EDMP and MDMP

1.

Using ELISA, detect the concentration of TGFb1 in the pooled-EDMP and pooled-MDMP sample and
calculate the total mass of TGFb1 per microgram of pooled-EDMP or pooled-MDMP total protein.

B. Aims: Dental Pulp Stem Cell (DPSC) Culture and Characterisation
1.

Harvest & culture DPSCs from freshly extracted human permanent third molar teeth of patients age
< 40 years from three patient samples (A32, A34, A36).

2.

Characterise the DPSCs by:
a.

Differentiation into osteogenic and adipogenic cells

b.

Immunocytochemistry with CD90

c.

Immunophenotyping with flow cytometry by using a multicolour panel of antibodies
comprising CD31, CD45, CD34, CD90, CD105, CD73, CD146, CD44, NG2.

C.

Influence of Dentine Matrix Proteins on Dental Pulp Stem Cells
C1. Objectives: Alizarin red quantification assay

1.

Assess the osteoblastic/odontoblastic differentiation of the DPSCs from A32, A34 & A36 when
exposed to the following groups of culture media:

2.

a.

Osteogenic medium (OM) as the positive control.

b.

Plain growth medium (FCS) as the negative control.

c.

FCS supplemented with EDMP

d.

FCS supplemented with MDMP

e.

FCS supplemented with EDMP and OM [EDMPOM]

f.

FCS supplemented with MDMP and OM [MDMPOM]

Stain DPSC from each group above with Alizarin red and quantify the stain uptake using a
colorimetric assay and evaluate the differences between the various experimental groups over
time.
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C.

Influence of Dentine Matrix Proteins on Dental Pulp Stem Cells

C2. Aims: Gene expression assessed with Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR)
1.

Assess the gene expression of the DPSCs from A32, A34 & A36 when exposed to the experimental
supplemented growth media (OM, EDMP or MDMP or EDMPOM or MDMPOM) for:

2.

a.

COL1A1

b.

RUNX2

c.

MSX2

d.

DLX5

e.

NAT10

f.

OCN

g.

OPN

h.

DSPP

i.

DMP1

Compare the relative gene expression of the experimental groups using FCS as the reference with
the 2-DDCt method
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Chapter 4: MATERIALS AND METHODS
This study was undertaken at the Edinburgh Dental Institute and the Centre for
Regenerative Medicine, University of Edinburgh. This was an observational in vitro
study.

Ethical approval
Permission to gather tissue samples was sought from the South East Scotland Scottish
Academic Health Sciences Collaboration (SAHSC) Human Annotated Bioresource
tissue bank. The Bioresource itself had ethical approval under Research Ethics
Committee reference number 13/ES/016 (10/S1402/33). Permission for collection of
dentine samples was obtained first (reference number SR348). Adult patients under
the age of 40 years who were due to have intact, caries-free wisdom teeth extracted,
usually owing to their impaction, were provided with a participant information sheet,
and subsequently consented to participate in the study. Only teeth that were
recovered completely without fracture or division were included in the study.
Permission from the Bioresource tissue bank was obtained for the collection of dental
pulp with the purpose of using the stem cells from the dental pulp for in vitro
experiments (Reference number SR673, under Research Ethics Committee approval
number 15/ES/0094). Patients were provided with the participant information sheet
and consented for the use of dental pulp samples for in vitro use. Dental pulp tissue
was harvested from intact third molar teeth in adult patients under the age of 40
years that were due to be extracted.
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Dentine Matrix Proteins
Processing extracted teeth to recover dentine
A total of fifty caries-free human third molar teeth were collected immediately after
extraction at the department of Oral Surgery, Edinburgh Dental Institute. The teeth
were stored in a -80°C freezer to preserve the protein structure of the dentine until
sufficient teeth were collected for further processing. The teeth were thawed
naturally to room temperature once they were recovered from the freezer and were
then handled using an aseptic technique with sterile gloves. The soft tissues attached
to the root surface were manually removed using a scalpel blade (No. 15, Swann
Morton, Sheffield, UK) and Gracey curettes (LM Dental, Parainen, Finland). The
cementum covering the root surface was also partly removed using this technique.
Remainder cemental areas, as also the enamel from the crown of the tooth, were
removed using a high-speed dental handpiece (KaVo, Germany) and a diamond bur
(630 medium, ISO 174-022M, Dentsply, Weybridge, UK) with constant multidirectional water coolant.
The teeth were subsequently sectioned longitudinally using a needle diamond bur
(173-012M, Dr. Friendly’s, Micro Diamond Technologies, Israel) and split using a No.
1 Coupland’s elevator. The dental pulp was recovered from the pulp chamber and
root canal space, and discarded. The remainder dentine samples were then frozen at
-20°C until further use.
Intact wisdom teeth were also used for recovering tooth pulps to harvest dental pulp
stem cells (see section 4.3.1). The dentine from these teeth were also harvested using
the protocol described above, save that the teeth were processed as soon as they
were extracted, rather than being frozen first.

Preparation of dentine powder
Training in the safe use of liquid nitrogen (LN2) was received from the Scottish Centre
for Regenerative Medicine, University of Edinburgh. In pilot studies, the dentine
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recovered from previously processed teeth was immersed in LN2 contained within a
marble stone mortar and pestle. LN2 was added to the mortar until the latter was
sufficiently cooled. LN2 was topped up into the mortar (which also held the pestle)
until such time that it did not vaporize completely and was also maintained in a liquid
state within the mortar. At this stage, the dentine samples (weighing approximately
5gms) were introduced into the mortar, and pounded with the LN2 cooled pestle
while using gloves safe for handling LN2. The procedure was carried out over 45
minutes, with LN2 being added frequently to maintain the cooled state. The dentine
samples were reduced to much smaller fragments, though very little fine dentine
dust was obtained.
The use of a LN2-cooled cryomill for reducing dentine fragments to powder has been
previously reported (Widbiller et al. 2018b). Therefore, to assess this technique for
its suitability for generating a fine dentine powder, the samples were then prepared
for a second pilot experiment. The dentine samples were transported to the
University of Strathclyde, Glasgow, on dry ice. The CryoMill (Retsch, Haan, Germany)
was used with the samples being supercooled by liquid nitrogen at a temperature of
-196°C. The cryogenically-cooled ball mill was used over a variable time period,
ranging from 15- 60 minutes (inclusive of cooling and grinding times) to assess the
effects of the crushing action on the dentine samples. A fine powder could not be
obtained after any length of time, with only gross fragments of dentine being
recovered.

Initially, dentine samples more than 8mm in size were tried, but

subsequently, dentine fragments that were even smaller than 8mm did not yield the
desired result. This pilot experimental method for crushing dentine samples was also
therefore abandoned.
The third pilot was successful in obtaining dentine in powdered form. The dentine
samples were cooled and processed as in the first pilot experiment in a LN2 cooled
mortar and pestle. Subsequently, the dentine fragments were added to an electrical
bladed grinder (Tefal, China) which was also cooled with LN2. This resulted in a finer
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dentine powder, albeit not completely homogenous. Following this successful pilot
experiment, further dentine samples were processed into dentine powder using this
technique. Once the dentine samples had been crushed and powdered, they were
stored at -80° C until further use.

Extraction of dentine matrix proteins
4.2.3.1: Exposure of prepared dentine sample to chelator
The crushed dentine powder was weighed (M-Power, Sartorius, Gottingen, Germany)
and 5g of the powder was placed in a 50mL sterile centrifuge tube (Corning, Mexico)
and exposed to 15mL of commercially available 17% EDTA endodontic irrigant
solution (Cerkamed, Poland) with a pH measurement of 7.68. The centrifuge tube
was then placed on a mini orbital shaker (SSM1, Stuart, Stone, United Kingdom) at a
speed of 300 rpm for 120 minutes in the cold room at 4°C. The samples received
constant agitation to improve and refresh contact between the extraction solution
and the dentine powder. Eight such increments were processed for extraction of the
DMP by EDTA.
MA [Sigma Aldrich, St. Louis, MO, USA] 7g powder was dissolved in 80mL distilled
water to make a 7% solution with the addition of sodium hydroxide (Fischer Scientific,
Fair Lawn, NJ, USA) to neutralise the pH to 7. The final volume of 100mL was made
up by using distilled water. A magnetic stirrer (Sartorius, Gottingen, Germany) was
used during the process to help dissolve the salt into solution.
Fifteen millilitres of the MA solution was transferred to a 50mL centrifuge tube and
5g of crushed dentine powder was added. Seven such increments were processed,
with exposure times and experimental conditions being the same as those for the
EDTA group.
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4.2.3.2: Centrifuge filtration
Once the extraction procedure was complete, the tubes were centrifuged at 4°C for
10 minutes at a speed of 15000 revolutions per minute (rpm) (Rotina 380R, Andreas
Hettich GmbH, Tuttlingen, Germany). The supernatants from the EDTA and MA
groups were retrieved from the centrifuge tubes using disposable pipettes (CoStar,
Corning Inc, Mexico) and the demineralised dentine matrix (DDM) was left behind in
the centrifuge tube. The supernatant liquid was transferred to a 20mL sterile syringe
(BD Plastipak, Becton Dickinson, Drogheda, Ireland) which was aseptically attached
to a sterile 0.45µm Millipore filter (MillexÒHP, Carrigtwohill, Ireland) followed by a
second filtration through a 0.22µm Millipore filter (MillexÒHP, Carrigtwohill,
Ireland), both having polyether sulfone membranes. The supernatant was filtered in
order to remove microbial contamination, and therefore this procedure was carried
out in a laminar flow hood. The filtrate was collected in another 50mL sterile
centrifuge tube.
The liquid containing the soluble DMP extract was then transferred to centrifuge
filtration tubes (AmiconÒ Ultra-15, Merck Millipore Ltd, Carrigtwohill, Ireland) for
concentrating the EDTA- or MA-soluble components recovered from the ground
dentine powder. During a pilot study, the initial filter pore size in the centrifuge tubes
that would capture proteins <3kDa nominal molecular weight cut-off (NMWCO) was
used at 4°C with a speed of 15000 rpm in a centrifuge machine (Rotina 380R, Andreas
Hettich GmbH, Tuttlingen, Germany). The centrifugal time was found to be 3.5 hours
with incomplete protein concentration. It was likely that the cellulose membrane of
the centrifuge tube was being blocked by the fine dentine dust that still remained
suspended in the extraction solution. To overcome this issue, centrifuge filtration
tubes with a <10kDa NMWCO were used. Complete concentration of the protein was
achieved after four hours of centrifugation for each 15 mL increment of extraction
solution.

61

Materials & Methods

4.2.3.3: Protein recovery and wash with saline
The centrifuge protein concentrator tubes were opened in a laminar flow hood, and
the soluble protein component of the tube was retrieved under sterile conditions.
The excess filtered EDTA solution (without the protein) collected outside the filter
(but still present within the base of the tube) was discarded by suction (Aspiration
Pipette, Sarstedt, Newton, NC, USA). The filter unit was replaced within the
centrifuge tube with the soluble DMPs and 10mL of Dulbecco’s phosphate buffered
saline solution, modified, without calcium chloride and magnesium chloride (Sigma
Aldrich, St. Louis, MO, USA) was added and the protein sample was washed by further
centrifugation to exchange the EDTA in the soluble DMP for saline.
Each aliquot of washed protein concentrate was subsequently stored at -20°C until
all the dentine sample increments had been fully processed.
The procedure of dentine matrix protein extraction and concentration was repeated
a second time with both solutions using the previously used dentine powder
employing the same methodology for both EDTA- and MA- groups. This helped
improve the yield of EDMP & MDMP. The DDM powder was then returned to the
minus 80°C freezer.

Quantification of total protein concentration of the samples
The total protein concentration in each concentrated sample was detected by using
the Bicinchoninic Acid (BCA) Protein Assay Kit II (BioVision, Milpitas, CA, USA). The
BCA test was performed for each increment of protein sample that was recovered
after concentration from the extraction process. The BCA test was also done after all
the protein samples had been combined to obtain the aggregate protein
concentration that had been recovered from the entire group of the extracting
agents, EDTA or MA, respectively.
The BCA assay allowed colorimetric detection of total protein, which is based on the
chelation of BCA with cuprous ion (Cu+). The Cu+ ion is generated by the reduction of
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the cupric (Cu++) ion in the presence of protein in an alkaline solution. The interaction
of BCA- Cu+ ion results in the formation of a purple complex which can be optically
read at 562nm, and is able to detect protein concentrations from 25µg/mL2000µg/mL. The kit was provided with a bovine serum albumin (BSA) standard at a
concentration of 2mg/mL. The kit was also supplied with two reagents [Reagent A
(sodium bicinchoninate solution) & Reagent B (cupric sulphate solution)].

4.2.4.1: BSA standard samples
A 96-well plate was used for the experiments, and samples were plated in a laminar
flow hood (since aseptic conditions were required for handling the protein samples,
which were subsequently intended for use in cell-culture experiments). The dilutions
for the BSA standard (0-2µg/µL in 0.2µg/µL increments) were prepared and placed
as duplicates in to the wells of the plate.
Sterile distilled water was used as the diluent for the assay. Sterile filter tips were
used during the experiments (Filter tips GilsonÒ style, Greiner Bio-one, Austria)

4.2.4.2: Protein samples
The protein samples were stored in sterile Eppendorf tubes (Thermo Fischer
Scientific, Roskilde, Denmark) on ice in the laminar flow hood during the experiment.
Two dilutions of each protein sample were used for the experiments: 10x and 20x in
duplicate.

4.2.4.3: BCA working reagent
The BCA working reagent was prepared just before plating by mixing Reagent A with
Reagent B from the kit in the ratio of 50:1. The resultant solution was turbid green in
colour. Upon mixing, the turbidity was lost and a clear solution was obtained. This
was light sensitive, and the tube was therefore covered in aluminium foil. Each well
received 200µL of the working reagent (both BSA standards and experimental protein
groups). The plate was then covered with aluminium foil, the samples mixed on a
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plate shaker for a minute (Titramax 100, Heidolph Instruments GmbH, Schwabach,
Germany) and incubated at 37°C for 30 minutes. The plate was then cooled to room
temperature.

4.2.4.4: Absorption wavelength measurements
The absorption wavelength of the microplate reader (Serial no. 415-1461, FLUOstar
Omega, BMG Labtech, USA) was set at 562nm and the optical density (OD562) of the
standards and protein samples was read. The software on the machine was Omega
version 3.00R2 and the firmware version was 1.43. The computer output of OD562
readings from the software was provided as a worksheet [Microsoft Excel,
Washington DC, WA, USA], where each reading in a cell corresponded to the sample
in the corresponding well.

4.2.4.5: Calculation of protein concentrations:
The OD562 of the standard blank (10µL distilled water+ 0µL BSA) was subtracted from
each of the other standard BSA and its dilutions, as also from the experimental
protein samples. A standard curve was then plotted with the OD562 on the Y-axis and
the BSA standard concentrations on the X-axis. Excel was used to make this graph,
and a ‘best-fit’ line was plotted. Regression analysis was used to assess the linearity
of the best fit line. If the coefficient of determination (R2) was found to be greater
than 0.9, then linearity was indicated.
The protein concentration of the experimental protein samples was calculated by
using the equation:
! = #$%&'$() +,-'(. ´ [

012
3

] µg/µL

where,
Y= OD562 of the protein sample
X= concentration of the protein sample
a= slope of the BSA standard curve
b= Y-intercept of the standard curve
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An example of a standard curve that was used is presented in Fig. 4.1.

Fig. 4.1:Standard curve- BCA experiment 1

4.2.4.6: Statistical analysis
The means were calculated for each extraction batch and tested for normal
distribution using the Kolmogorov-Smirnov (K-S) test. The differences in total
proteins extracted by EDTA and MA over the first and second extractions, as also the
differences between the various batches for both EDTA and MA protein yield were
compared with the two-way ANOVA test and pairwise comparisons being undertaken
by using the post hoc Tukey HSD test with Bonferroni correction for multiple
comparisons (SPSS 27.0.1.0, IBM Corporation, Armonk, NY, USA). The overall
differences in the total proteins detected by the BCA between EDTA and MA were
analysed by the student’s t-test with significance levels set at P£ 0.05.

Mass Spectrometry for detection of protein composition
The experimental work on Mass Spectrometry (MS) was conducted by the Institute
of Genetics and Molecular Medicine (now re-christened the Institute of Genetics &
Cancer, Western General Hospital, University of Edinburgh). Filter-Aided Sample
Preparation (FASP) was undertaken for Liquid Chromatography (LC)- MS experiment.
The protocol was based on previously published work (Coleman et al. 2017). The
reagents used were from Sigma Aldrich (Minneapolis, MN, USA) unless otherwise
stated.
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4.2.5.1: FASP
Samples were reduced by boiling with 10 mM dithothreitol (DTT), and then cleared
by centrifugation.
FASP was performed by first combining each sample with 200µL of 8M Urea in 100
mM tromethane hydrochloride (UA). This was transferred to a 10kDa centrifuge filter
unit (Microcon, Merck Millipore, Darmstadt, Germany) and centrifuged in a Vivacon
500 (Sartorius, Fisher Scientific, Loughborough, UK) at 20°C for forty minutes at
14,000g. The filter was then washed twice with 200µL UA. 100µL of 50 mM
iodoacetamide in UA was applied to the sample and incubated in the dark for 30
minutes to alkylate. After centrifuging, the filter was washed twice with UA followed
by another two washes with 50 mM ammonium bicarbonate. 100µg trypsin (Pierceä
Trypsin Protease, MS grade, Life Technologies Limited, Paisley, UK) in 2 mL 50 mM
ammonium bicarbonate was prepared on ice and 40µL was added to each
filter. After overnight incubation in a humid 37°C chamber, samples were acidified
by addition of 5µL 10 % trifluoroacetic acid (TFA) and pH checked by spotting onto
pH paper.
10µg of the resulting peptide solution was loaded onto an activated (20µL methanol),
equilibrated (100µL 0.1% TFA) C18 Stop-and-Go-Extraction (StAGE) tip (100µL,
PierceÒ, Thermo Fisher Scientific, Rockford IL, USA), and washed with 100µL 0.1%
TFA. The bound peptides were eluted into a Protein LoBind 1.5mL tube (Eppendorf,
Sigma Aldrich, USA) with 20µL 80% acetonitrile + 0.1% TFA and concentrated to less
than 4µL in a vacuum concentrator. The final volume was adjusted to 6µL with 0.1%
TFA.

4.2.5.2: Mass Spectrometry- data acquisition
The experiment was conducted with two technical replicates for MDMP and EDMP.
Online LC was performed using a Dionex Ultimate RSLCnano (Thermo Fisher
Scientific, Rockford, IL, USA). Following the C18 StAGE clean-up, 5 µg of peptides

66

Materials & Methods

were injected onto a C18 packed emitter and eluted over a gradient of 2%-80% ACN
in 120 minutes, using 0.1% TFA throughout. Eluting peptides were ionised at +2kV
before data-dependent analysis on a Thermo Q-Exactive Plus (Thermo Fisher
Scientific, Rockford, IL, USA). MS1 was acquired with mass by charge (m/z) range
300-1650 and resolution 70,000, and top 12 ions were selected for fragmentation
with normalised collision energy of 26, and an exclusion window of 30 seconds. MS2
were collected with resolution 17,500. The AGC targets for MS1 and MS2 were 3e6
and 5e4 respectively, and all spectra were acquired with 1 microscan and without
lockmass.

4.2.5.3: Analysis of data
Finally, the data were analysed using MaxQuant (v1.5.5.1, available from
www.maxquant.org) in conjunction with UniProt Fasta database (v2018-12,
Cambridge, UK), with match between runs (MS/MS not required) and label free
quantification (LFQ) with one peptide required. The list of isolated proteins and their
concentrations was exported to an Excel worksheet and analyzed qualitatively.
The proteins predicted by LC-MS/MS were subsequently analysed using the Protein
Annotation

through

Evolutionary

Relationship

(PANTHER)

database

(http://www.pantherdb.org) to classify the proteins according to PANTHER protein
classification and also according to their biological function.

Quantification of TGFb1 concentration in the MDMP and EDMP samples using
Enzyme Linked Immunosorbent Assay (ELISA)
The concentration of TGFb1 was determined in the EDTA- and MA-extracted protein
samples with the help of a commercially available quantitative sandwich ELISA kit
(QuantikineÒ Human TGFb1 Immunoassay, R & D Systems, Minneapolis, MN, USA).
Manufacturer’s

instructions

were

followed

to

conduct

this

experiment

(https://www.rndsystems.com/products/human-mouse-rat-porcine-canine-tgfbeta-1-quantikine-elisa_db100b). The kit was able to detect TGFb1 concentration
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between 30pg/mL-2000pg/mL. The concentrations of the protein samples that were
previously determined by the BCA assay for the EDTA and MA groups were utilised
to estimate the TGFb1 concentration a priori based on previously reported
concentrations of 15pg/µg of total protein concentration (Widbiller et al. 2018b). This
helped establish the protocol for the dilution factor of the protein samples to be used
in the ELISA experiment (so that they were within the detectable range of the kit).
Therefore, based on the BCA assay and work from Widbiller et al. (2018), it was
estimated that the EDTA-extracted protein sample would have a predictive TGFb1
concentration of 132,000pg/mL and the MA-extracted protein sample would have a
predictive concentration of 25,650pg/mL. As both these predictive concentrations
exceeded the detection limits of the commercial kit, the protein samples were
diluted, so that the TGFb1 concentration would be detectable.

4.2.6.1: Activation of the experimental protein extracts
A commercially available kit was used for the acid activation and neutralisation of the
experimental protein samples (Sample Activation Kit 1, R & D Systems, Minneapolis,
MN, USA).
One hundred millilitres of the previously diluted protein solution was mixed with
20µL of 1N hydrochloric acid & allowed to remain for 10 minutes at room
temperature. The sample was neutralized by the addition of 20µL of 1.2N sodium
hydroxide/0.5M HEPES solution. The manufacturer’s instructions were followed to
further dilute the samples and the overall dilutions that were achieved for the EDTAand MA-extracted proteins were as follows (Table 4.1):
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SAMPLE

DILUTION
FACTORS

EDTA-

TOTAL DILUTION

DILUTION

FACTOR

FACTORS

EDTA-

TOTAL DILUTION
MA-

FACTOR

MA-

extracted protein

extracted protein

extracted protein

extracted protein

CONCN1

100 x 1.4 x 2

280

40 x 1.4 x 2

112

CONCN2

100 x 1.4 x 2 x 2

560

40 x 1.4 x 2 x 2

224

Table 4.1: Dilutions used for the EDTA- and MA-extracted proteins

Serial dilutions were also made for the TGFb1 standard at different concentrations
ranging from 31.3pg/mL-1000pg/mL.
4.2.6.2: Assay procedure
The experimental groups were analysed in triplicate at each concentration. The
standard solutions were processed as duplicates. The assay was performed as per the
manufacturer’s instructions. In brief, TGFb1 standard or samples to be tested were
added to individual wells in a 96-well plate format. After adsorption to the plate for
2 hours at room temperature, excess sample was removed by aspiration and the
wells were washed twice. Horseradish peroxidase (HRP)-conjugated anti- TGFb1 was
added to each well and incubated for 2 hours, then removed and the wells were again
washed twice. HRP substrate was added to each well and incubated in the dark for
30 minutes before final colour development with 100µL stop solution. The final
absorption for each well was calculated as (OD450-OD570) (FLUOstar Omega).

4.2.6.3: Calculation of TGFb1 concentration
A standard curve was then plotted with a ‘best-fit’ line (e.g. Fig. 4.2). Regression
analysis was used to assess the linearity of the best fit line.
The protein concentration of the experimental protein samples was calculated by
using the equation:

! = #$%&'$() +,-'(. ´ [

012
3

]

pg/mL

where,
Y= net absorption of the TGFb1 in the protein sample
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X= concentration of TGFb1 in the sample
a= slope of the TGFb1 standard curve
b= Y-intercept of the standard curve

Fig. 4.2: Standard curve for ELISA

The levels of TGFb1 extracted by the two chelators were further calculated as a
fraction of the total protein concentration extracted by EDTA and MA (expressed as
pg/µg).

4.2.6.4: Statistical analysis
The differences in TGFb1 extracted by EDTA and MA were analysed by the student’s
t-test (SPSS 27.0.1.0, IBM Corporation, Armonk, NY, USA), with significance levels set
at P£ 0.05.
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Dental Pulp Stem isolation and characterisation
Dental Pulp recovery
Patients were consented as per ethical approval under SAHSC BioResource study
reference number SR673. The protocol was previously described (Gronthos et al.
2000; Fracaro et al. 2020) with minor modifications.
Freshly extracted third molar teeth that were intact were used in this part of the
study. The patients were younger than 40 years in age, and their wisdom teeth were
usually impacted, necessitating their extraction, which was performed under aseptic
conditions. The extractions were carried out by an oral surgeon, or by a trainee under
the supervision of the oral surgeon at the Edinburgh Dental Institute.
Dental pulp extraction was carried out chair-side following the completion of the
oral-surgical procedure under sterile conditions. Using saline (Sodium Chloride 0.9%
w/v, Baxter Healthcare Ltd., Norfolk, UK) coolant, a surgical fissure bur was used to
groove the freshly extracted molar tooth longitudinally and this was subsequently
split using a Coupland’s No. 1 elevator. The dental pulp was recovered in toto with
the help of a straight probe and tweezers. It was then placed in a sterile cryovial
containing 2mL of the growth medium (section 4.3.2). The sample was given a unique
identifier which anonymized the patient details, and was numbered in chronological
increments (Table 4.2).
Sample number

Age (years)

Gender

A32

28

M

A34

22

F

A36

34

M

Table 4.2: Patient information regarding collection of pulp samples

The dental pulp sample was then transported to the Center for Regenerative
Medicine, University of Edinburgh for further processing.

71

Materials & Methods

Dental Pulp Stem Cell culture
Unless otherwise stated, all chemicals were purchased from Sigma Aldrich, St. Louis,
MO, USA, tissue culture reagents were sourced from Invitrogen, Vilnius, Lithuania
and tissue culture plastics were obtained from Corning Inc., Mexico. The tissue
culture experiments were carried out in a laminar flow hood using sterile equipment.
The growth medium used for the cell culture experiments was Dulbecco’s modified
Eagle’s medium (DMEM) (GibcoÒ, Life Technologies, Paisley, UK) with 4.5g/L Dglucose which was supplemented by 10% (v/v), foetal calf serum (FCS) (GibcoÒ, Life
Technologies, Paisley, UK), L-glutamine (2mM), sodium pyruvate (1mM), penicillin
(100 IU/mL) and streptomycin (100µg/mL).

4.3.2.1: Fragmentation of the dental pulp
The dental pulp specimen was transferred to a petri dish with the growth medium
from the cryovial. The dental pulp was always kept moistened with the growth
medium whilst being manipulated. It was then dissected using a No. 11 disposable
scalpel blade (Swann Morton, Sheffield, UK) and a pair of No. 21 gauge needles (BD,
Drogheda, Ireland) to create fine fragments of the dental pulp. The macerated pulp
along with the growth medium was then aspirated using a 1000µL sterile filter
pipette tip (Grenier bio-one, Kremsmünster, Austria) & transferred to a 15mL Falcon
tube. The pulp was then washed with phosphate buffered saline (PBS) by centrifuging
the pulp sample at 1000rpm for five minutes. The excess PBS was aspirated leaving
the pelleted pulp at the base of the tube. The process was repeated twice.

4.3.2.2: Enzymatic digestion
Subsequently, the pulp was digested in collagenase I (GibcoÒ, Life Technologies,
Grand Island, NY, USA) and collagenase II (GibcoÒ, Life Technologies, Waltham, MA,
USA), both made up to a concentration of 1mg/mL. One mL of each enzyme was used.
The Falcon tubes were then constantly agitated in a water bath maintained at 37° C
for one hour. A reciprocating motor was attached to the water bath with a horizontal
spring system to secure the Falcon tubes with their bases submerged in water.
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The collagenases were then neutralized by the addition of 10mL growth medium and
centrifuged at 1000rpm for five minutes. The supernatant growth medium was then
aspirated, and the remainder digested pulp was resuspended in 5mL of growth
medium.

4.3.2.3: Cell culture
The mixture of the pulp and growth medium was expanded in a T25 at 37°C with 5%
(v/v) carbon dioxide in a humidified environment. The cells were left undisturbed for
3-4 days, and the dead, unattached cells were removed by washing with PBS. 5 mL of
growth medium was added to the flask at this stage.
The growth medium was changed in the flask at intervals of two to three days. At
each medium change, cell morphology and cell growth into colonies was observed
using an inverted microscope (AE2000, Motic, Wetzlar, Germany) at various
magnifications (10x, 20x, 40x). Once the cells achieved 80% confluence on the flask,
the cells were passaged either to be frozen for further use, or expanded and further
passaged into larger culture flasks, the T75 and T150 flasks, for further experiments,
or both. It was sometimes necessary to freeze the cells so that the same experiment
could be performed for different biological samples at similar passages.

4.3.2.4: Passaging cells
The cells were washed with PBS twice within the flask. Subsequently, the cells were
exposed to 2.5mg/mL concentration of trypsin/EDTA solution. The flask was
incubated for approximately ten minutes at 37°C and then agitated sharply to further
encourage cell detachment. Growth medium with FCS was then added to the culture
flasks (5mL for T25; 10mL for T75 and 12mL for T150) to inactivate trypsin. The
medium containing the cells in solution was recovered from the culture flask with a
sterile pipette. This was added to a Falcon tube and centrifuged at 1000rpm for 5
minutes to recover the cells. The supernatant culture medium was discarded by
aspiration, and the cell pellet was left behind at the base of the Falcon tube. The
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pellet was resuspended in 5mL of PBS by flicking the base of the tube followed by
mixing with a sterile filter pipette.

4.3.2.5: Cell counting
The cells were counted in a haemocytometer after being stained with Trypan Blue
0.4% in 0.85% NaCl (BioWhittakerÒ, Lonza, Walkersville, MD, USA). Briefly, 50µL of
the cell suspension was mixed well with 10µL of Trypan Blue using a pipette in an
Eppendorf tube. The stained cells were then counted within two minutes of staining.
A cover slip was placed over the two chambers of the haemocytometer. One chamber
was loaded with 10µL of the stained sample, and the second chamber was loaded
with 10µL of the unstained cell suspension, with the cell suspension being drawn in
to the haemocytometer by capillary action. The cells were counted at 10x
magnification using the inverted microscope. The central square was chosen for the
count. This comprised 25 smaller squares and the cells were counted at the four
corner squares and the central square (designated squares 1, 3, 5, 7, and 9). The cells
on the boundary line to the right and bottom of the square were excluded from the
cell counts. The total number of unstained cells was counted in the first chamber.
Amongst the stained cells, trypan blue permeated the dead cells which looked blue
under the microscope, whereas the live cells appeared yellowish-white. These were
also counted.
The total cell count in the 5mL cell suspension was therefore obtained by using the
following formula:

[(6789: ;<::=) × @ × AB:C8B7D E9;87F × GHI]

Total No. of cells

Since the volume of each

in 25 squares

large square is 10-4 mL
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The live cell count was estimated by using the following formula:
[JKLM NO3KPMQ RMSSN (RTUPOMQ KP OVM WXYZ3P [SUM NO3KPMQ RV3\2MX)]
[WTO3S PU\2MX T] RMSSN (RTUPOMQ KP OVM UPNO3KPMQ RV3\2MX)]

^ _(',% -`%% -(&)'

When cells had to be frozen and/or expanded further after passaging, the cells were
counted as above and then processed further. For expansion, the cell suspension in
PBS was centrifuged at 1000rpm for 5 minutes, the supernatant PBS aspirated, and
the cell pellet was homogenized in growth medium.

4.3.2.6: Cell freezing for banking
If the cells were being frozen, the 5mL cell suspension in PBS (used for cell counting)
was washed by centrifugation to achieve a cell pellet. The cells were homogenized
and resuspended in culture medium and centrifuged at 1500rpm for 10 minutes. The
supernatant was aspirated and the Falcon tube was transferred into a container with
ice. The freezing medium consisted of heat-inactivated FCS and dimethyl sulphoxide
(DMSO) (VWR International, Fontenay-sous-Bois, France) that were previously mixed
a ration of 90:10. Depending upon the total number of cells to be frozen (usually 2.54 x 106 cells/mL), an appropriate volume of the freezing liquid was introduced very
slowly into the Falcon tube containing the cell pellet which was homogenized by
mixing with the filter tip pipette, while maintain the experiment on ice. One milliliter
of the resulting solution containing the cells was introduced per cryovial (Thermo
Fisher Scientific, Roskilde, Denmark) which was then immediately stored at -80°C for
use within the short term, or within liquid nitrogen for longer term storage.

4.3.2.7: Defrosting cells for culture
For defrosting the cells, the cryovial(s) were recovered from the freezer and
transported to the laboratory on dry ice. Thirty milliliter of culture medium (warmed
to 37°C) was added to a Falcon tube and the cryovial was warmed by placing in hot
water for a few seconds. As soon as the contents of the cryovial showed initial signs
of melting, the culture medium was added to the cryovial and the contents were
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transferred to the larger Falcon tube by repeated pipetting. The Falcon tube was
centrifuged at 15000rpm for 10 minutes and this helped wash the DMSO content
from the cells. The cells were suspended in 5mL of culture medium and counted in a
haemocytometer (as described before) before introducing into an appropriately
sized flask at the required density for expansion.

Cell differentiation experiments
4.3.3.1: Osteogenic differentiation
Cells at their third or fourth passage from all three biological samples were plated in
triplicate at a seeding density of 50, 000 cells/mL per well of a 24-well culture plate.
The cells were cultured until they were about 70-80% confluent. The cells were then
exposed to osteogenic differentiation medium, whilst controls were maintained with
only growth medium. The constituents and concentrations used for the osteogenic
medium (OM) were as follows (Table 4.3):
Constituent

Concentration

Volume in Osteogenic medium

DMEM with 10% FCS

-

36mL

Dexamethsaone

100nM

0.36µL

L-ascorbic acid 2-phosphate

50µg/mL

0.36mL

b-glycerophosphate

10mM

0.36mL

Table 4.3: Composition of osteogenic medium

The OM was changed every two-three days. The cells were maintained in culture for
twenty-one days. Cell morphology was observed under an inverted microscope. At
the end of the differentiation period, the cells were stained with Alizarin Red S stain.
4.3.3.1.1: Alizarin-red staining protocol:
The Alizarin-red stain is able to detect calcium-containing osteoblasts. The protocol
used for staining the differentiated cells is listed under:
1. Alizarin-red solution (40mM) was prepared by mixing 2g of Alizarin red
powder (A5533, Sigma-Aldrich, St. Louis MO, USA) in 100mL of double
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distilled water. The pH was then adjusted to 4.1-4.2 with ammonium
hydroxide and the solution was stored in the dark.
2. Each well containing the cells was washed gently with PBS (without Ca2+ or
Mg2+) at room temperature.
3. The cells were fixed with 4% paraformaldehyde (pH 7.4) for 15 minutes at
room temperature
4. The paraformaldehyde was removed and the well was washed twice further
with PBS (without Ca2+ or Mg2+).
5. Subsequently, the wells were washed twice with distilled water.
6. The surface of each well was then covered the surface of with Alizarinred solution for 30 minutes at room temperature with gentle shaking on a
plate shaker.
7. The well was washed and then observed under an inverted microscope.

4.3.3.2: Adipogenic differentiation
This experiment was performed in collaboration with Dr. L. Fracaro, visiting fellow,
Scottish Centre for Regenerative Medicine. The samples were used in their third or
fourth passage from the three biological samples. The cells were plated in triplicate
into each well of a 24-well culture plate and cultured to about 70-80% confluence.
Control experiments were cells cultured in DMEM+ 10% FCS without any further
supplementation. Adipogenic differentiation medium was custom prepared for the
experiments (Pittenger et al. 1999). The composition of the adipogenic medium is
listed in the following table (Table 4.4):
Constituent

Concentration

Volume in Adipogenic medium

DMEM with 10% FCS

-

36mL

Dexamethsaone

1µM

36µL

Indomethacin

100µM

12.24µL

3-isobutyl-l-methylxanthine

500µM

90µL

Insulin

1µg/mL

213µL

Table 4.4: Composition of adipogenic differentiation medium
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The adipogenic medium was changed every two-three days and the total duration of
the differentiation experiment was 28 days. Cell morphology was observed under an
inverted microscope.
4.3.3.2.1: Oil red O Staining:
After three weeks of culture, the Oil red O stain was used to evaluate the
development of lipid vacuoles with in the cells. Oil red O stock solution was prepared
by dissolving 0.5g of Oil red O in 100mL of isopropanol in a water bath maintained at
37°C. At the time of staining, 20mL of the stock solution was diluted in 30mL of
distilled water, allowed to stand for 10 minutes and then passed through a 0.22µm
filter to create a working solution.
The cells were washed with PBS and then fixed with 4% paraformaldehyde. Each well
was then washed thrice with distilled water, and then once with 60% isopropyl
alcohol. The working solution of Oil red O was then added to each well and incubated
at room temperature for 15 minutes. The wells were washed once briefly with 60%
isopropyl alcohol and then thrice with distilled water. The cells were then observed
under an inverted microscope.

Immunocytochemistry for CD90
Cells at the second or third passage from all three biological samples were cultured
in a 24 well plate. The cells were seeded at a density of 5000 cells per well. The direct
immunofluorescence experiment was conducted when about 30-40% confluence
was achieved to appreciate the cell morphology better upon staining. A
Phycoerythrin (PE)-labelled mouse anti-human CD90 antibody was used (Becton
Dickson, San Diego, CA, USA) at a dilution of 1:50 with isotype control (Mouse BALB/c
IgG1, κ; BD, CA, USA). The diluting solution used was 1% BSA in Dulbecco’s PBS (without

Ca2+ or Mg2+) (DPBS) containing Tween 20 (DPBST).
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The cells were fixed with 50µL of 4% paraformaldehyde (VWR International, Leuven,
Belgium) and incubated at room temperature for 30 minutes. After fixation, the plate
was washed three times with DPBST.
Each well then received 50µL of 10% BSA in DPBST for the protein blocking step to
help reduce non-specific binding of the antibody. The plate was transferred to a plate
shaker set to a gentle motion with incubation over one hour. The protein block
solution was not subsequently washed. 50µL of the diluted antibody solution (1:50)
was added to each well. The plate was then sealed with parafilm and covered with
aluminum foil & incubated at 4°C overnight in the cold room with gentle shaking.
Following this incubation period, the wells were washed thrice with DPBS. All cells
stained for immunofluorescence were subsequently counterstained with 4’, 6diamidino-phenylindole (DAPI, Life Technologies, Paisley, UK) at a concentration of
1:500, using 100µL per well. This was incubated in the dark for ten minutes. DAPI
binds to the DNA, and thus allowed visualization of the cell nucleus. The plate was
then imaged with an epiflourescence microscope (Carl Zeiss, Cambridge, UK)
attached to a digital camera (Hamamatsu 13440, Japan) and the mean fluorescence
intensity (MFI) was recorded.

Immunophenotypic characterisation by flow cytometry
4.3.5.1: Preparation of cells
Cells were seeded onto T150 flasks and expanded to confluence for each biological
specimen. For this experiment, one T150 flask per biological specimen (n=3) was used
to provide sufficient yield of cells for the experiment. A second T150 flask was used
for provision of fluorescent-minus-one (FMO) controls and unstained cells. Upon
confluence, cells were detached from the flask with trypsin/EDTA, washed in 2% FCS
+PBS and counted, as described in section 4.3.2. The protocol for the experiments
was modified from previously reported work (Vezzani et al. 2018).
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4.3.5.2: Antibodies & cell staining
The antibodies used for the experiment are listed (Table 4.5).

Name of Antibody

Antibody Fluorophore Channel
conjugate
for
detection

Clone

Dilution

Company

Catalogue Expected
result

Melanoma
cell CD146
adhesion molecule

Brilliant
V710
Violet
711
(BV711)

P1H12

1:100

BD
563186
Biosciences

+ve or -ve

Transmembrane
CD34
phosphoglycoprotei
-n

Brilliant
V610
Violet
605
(BV605)

581

1:100

Biolegend

-ve

Neuron-glia antigen NG2

Alexa Fluor B530
488 (AF488
or Ax488)

9.2.27

1:100

Thermofish- 53-6504er/
80
eBioscience

+ve or -ve

Platelet endothelial CD31
cell
adhesion
marker-1

V450

v450/50

WM59

1:400

BD Horizon

561653

-ve
(hematopoi
etic
lineage)

Protein
tyrosine CD45
phosphatase,
receptor type, C

V450

v450/50

H130

1:400

BD Horizon

560368

-ve
(angiogenic
lineage)

Ecto
5’ CD73
nucleotidase
(M Ab SH3 & SH4)

Peridinin
chlorophyll
proteinCyanine
5.5ä
(PerCPCy5.5ä)

B710

AD2

1:100

BD
561260
Pharmingen

+ve

Thy-1

CD90

Allophycocy- R670
anin
(APC)

5E10

1:1000

BD
559869
Biosciences

+ve

Homing
cell CD44
adhesion
molecule/Receptor
molecule

Alexa Fluor R730
700

G44-26 1:1000

BD
561289
Pharmingen

+ve or -ve

Endoglin

RYG586
Phycoerythri
-n (PE)

266

BD
560839
Biosciences

+ve

CD105

1:100

343530

Table 4.5: Antibodies for flow cytometry

The cell numbers were adjusted to approximately 1 x 106cells/100µL for the cells that
were to be fully stained with the whole panel of antibodies, and separately also for
the cells that were to remain unstained.
For the FMO controls, the cells were adjusted to a concentration of approximately
200,000 cells per 50µL volume of 2% FCS+ PBS. In the FMO controls, the cells were
stained by all antibodies but one in each tube. A total of nine antibodies were read
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for fluorescence in eight channels (as both CD31 and CD45 were read in the v450
channel). Therefore, the total number of FMO controls were made up in 8 tubes, with
each tube receiving a combination of seven antibodies (with CD31 and CD45 being
used for this purpose as a singular entity). FMOs helped place gates for the antibodies
that were absent in that particular tube during data acquisition and analysis.
The final sample preparation for antibody incubation was carried out in roundbottomed polystyrene tubes that were maintained on ice in the dark.
For sample staining, 1µL of CD146, CD34, CD73, CD105 and NG2 antibodies were
mixed with the tubes containing cells while 0.5µL was added for each FMO tube.
A working dilution of CD31 and CD45 was created using 2% FCS + PBS at 1:4 first and
a working solution of 1:10 was created for CD44 and CD90. Subsequently, 1µL of the
antibody was used for the fully stained sample tube and 0.5µL for each of the FMO
tubes.
The tubes were then gently mixed by vortex and incubated in the dark for 30 minutes
on ice. Each tube then received an addition of 1mL of 2%FCS + PBS. The tubes were
centrifuged at 4°C, 1500 rpm for 10 minutes. The supernatant was discarded and the
washing step repeated in the centrifuge with 1mL 2% FCS + PBS. The supernatant was
again discarded and the cells were resuspended in 300µL of 2% FCS + PBS. DAPI was
added to the unstained cells as a 1:1000 dilution.

4.3.5.3: Data acquisition & analysis
The cells were then analyzed on a BD LSR Fortessa 5-laser flow cytometer (BD
Biosciences) using FACSDiva software (v8.0.1, BD Biosciences) during the experiment.
Stained beads were used for compensation controls. Approximately 100, 000 events
were collected per sample during the experiment. The data gathered were further
analyzed after the experiment using FlowJo software (v10.7.1, FlowJo, Ashland, OR,
USA). The gating strategy used to identify the cells was to plot the Forward Scatter
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Area (FSC-A) versus the Side Scatter Area (SSC-A). Subsequently, cells that were
perceived as singlets were identified by gating the FSC-A versus the Forward ScatterHeight (FSC-H). DAPI was used to exclude non-viable cells. The hematopoietic and
endothelial cells were excluded by gating cells that were negative for CD31, CD45 and
CD34 (Fig. 6.8).
The FMO controls had been generated for each cell surface marker. These controls
were not isotype controls, and therefore did not account for background staining.
However, eight FMO controls had been created depending on the channel in which
the fluorescence would have been read. Therefore, for the relevant marker, when
the FMO control tube was used, all antibodies but the one pertaining to the relevant
marker would be present. Therefore, whilst gating, the area on the graphical display
(dot plot) which did not demonstrate staining in the FMO (due to lack of relevant
marker) would correspond to the area that would stain positively for the relevant
marker, when the antibody was present in the fully stained patient sample tube.
Gates were therefore first drawn for each FMO control.
Further, these gates from the FMO controls were applied to the fully stained samples
to identify cells that were singly positive for CD73, CD90, CD105, CD44 and CD146,
followed

by

further

analysis

to

establish

subpopulations

that

were

CD73+CD90+CD105+ and were further positive for either CD146, CD44 or NG2.
Immunophenotypic distribution was compared between the three biological
samples.
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Differentiation and mineralisation with DMP
The effects of DMPs on the DPSCs were evaluated through two sets of experiments.
Firstly, following exposure to DMPs and while maintaining OM as the positive control,
Alizarin red staining and quantification was undertaken.
Secondly, the effects of DMPs on the mineralisation-related gene expression was
evaluated through a second set of experiments using reverse transcriptionquantitative polymerase chain reaction (RT-qPCR).

Differentiation and mineralisation with DMP: Alizarin Red Quantification Assay
4.4.1.1: DMP protein calculation for culture medium
The amount of total protein available was previously determined in section 4.2.4 and
the amount of TGFb1 detected described in section 4.2.6. The amount of protein
therefore available for performing this experiment was calculated a priori over the
duration of the experiment and this was related to the total amount of growth
medium required to feed the DPSCs over the time course of the experiment. The
concentration of the DMP supplement used for the culture medium was based on
previously published work (Widbiller et al. 2018b). The amount of TGFb1 used in the
culture medium as a supplement was 500pg/mL for both EDMP- and MDMP- based
groups.

4.4.1.2: Experimental groups and cell culture
The experiments were carried out using 96-well culture plates in the fourth or fifth
passages of the cells. The cells were seeded at a density of 4000 cells/well. Once the
cells had reached 70-80% confluence, the growth medium supplementation of FCS
was reduced from 10% to 1%.
The experimental groups were based on the growth medium:
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a. 1% FCS in growth medium (negative control group) [referred to as FCS group]
b. 1% FCS + OM (as previously described in section 4.3.5.1) (positive control)
c. 1% FCS + EDTA-derived dentine matrix protein (EDMP)
d. 1% FCS + EDMP + OM (EDMPOM)
e. 1% FCS + MA-derived dentine matrix proteins (MDMP)
f. 1% FCS + MDMP + OM (MDMPOM)
Each well received 0.2mL of respective culture media specific for each group during
every third day of the experiment. Baseline readings were made for 1% FCS samples
at Day 1. Experiments for all groups were carried out for all biological samples in
triplicate and readings were made for Alizarin red quantification at day 7 and day 14.
Further experiments were extended to day 21 for all groups save the MDMP and
MDMPOM groups, owing to the quantum of the protein sample available.

4.4.1.3: Alizarin red quantification
The protocol for Alizarin red staining has been previously described in section
4.3.3.1.1. All experimental and control culture plates were stained with Alizarin red.
For the Alizarin red quantification experiment, the following protocol was used for
extracting and measuring the dye within the cell monolayer (Gregory et al. 2004):
1. To each experimental and control well in the culture plate, 200µL solution of
10% acetic acid was added and incubated for 30 minutes by shaking the
culture plate gently on a plate shaker.
2. The bottom of each well was then scraped to remove the cells. The contents
of each well (acetic acid and the dislodged cells) were then transferred to a
1.5mL microcentrifuge tube.
3. The microcentrifuge tube was then vortexed to mix the contents.
4. Each tube was then sealed with parafilm and heated at 85°C for 10 minutes.
5. The tubes were then transferred to ice for at least 5 minutes. The tube was
not opened until it was fully cooled.
6. Centrifuged the slurry at 20, 000g for 15 minutes.
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7. A serial dilution method was used for creating the standard solutions with
concentrations between 1000µg/mL-5µg/mL.
8. Once centrifugation was complete, 50µL of the supernatant was transferred
to a new 1.5mL microcentrifuge tube.
9. The pH was then neutralised with 20µL ammonium hydroxide and the pH was
tested to be between 4.1-4.5.
10. A new 96-well opaque walled and transparent bottom plate was used and
50µL of the standard or the sample was added to each well.
11. The optical density was read at 405nm (OD405) wavelength (FLUOstar Omega).
12. An Alizarin red concentration standard curve was plotted in Excel and the
values of the experiment and control groups were calculated by using the
equation described in section 4.2.4 for the OD405 readings. The standard curve
plotted at Day 7 is shown below (Fig. 4.3). Similar curves for Day 14 & Day 21
were also plotted.

Fig. 4.3: Alizarin red standard curve- Day 7

4.4.1.4:

Quantification calculation & Statistical analysis:

The concentrations were calculated for each corrected OD reading, and then
subjected to normality tests using the K-S test and the Shapiro Wilks tests. As data
was skewed, median values of the concentration of Alizarin red were calculated,
along with the 25%-75% percentiles. Comparisons were then made within the same
experimental group between the three biological replicates at Day 7, Day 14 and Day
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21. The differences were analysed with the Kruskal Wallis test with Dunn’s post hoc
method for pairwise comparisons and Bonferroni correction made for multiple
comparisons, when the Kruskal Wallis test was significant.
Data were combined between the three biological replicates for each experimental
group at each time period, as no significant differences were noted in the behaviour
between A32, A34 and A36 in a given experimental condition and at that particular
point of time in the course of the experiment. Intergroup differences were analysed
at each time period, and differences in the same group were evaluated between Day
7, Day 14, and where applicable, Day 21.

DPSC response to DMP: Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) for mineralisation-association genes
4.4.2.1: Cell culture for RT-qPCR
The amount of total protein available was previously determined in section 4.2.4 and
the amount of TGFb1 detected in section 4.2.6. The amount of protein therefore
available for performing this experiment was calculated a priori over the duration of
the experiment. This was related to the total amount of growth medium required to
feed the DPSCs over the time course of the experiment.
Cells were seeded in their fourth or fifth passages at a density of 10, 000 cells per well
and grown to 70-80% confluence using growth medium with 10% FCS
supplementation in a 6-well cell culture plate. At this stage, the cells were further
exposed to 1% FCS and maintained in this medium for one day before exposure to
the experimental and control culture media, as described in section 4.4.1.2.
Three independent experiments (all three biological samples A32, A34 and A36) were
carried out in triplicate (with further technical duplicates) over 21 days for the
negative and positive controls, as also for EDMP group and EDMPOM samples. Owing
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to the amounts of protein available, MDMP and MDMPOM experiments were
conducted in triplicate for all three biological samples (three independent
experiments), but over 14 days.
Gene expression experiments were directed at evaluating the mineralisation-related
changes in the DPSCs. The expression of each gene was measured sequentially in
each group at each time period (e.g. Day 7, Day 14 or Day 21, if applicable). A RTqPCR assay was used for evaluating the expression of the genes.

4.4.2.2: Ribonucleic acid (RNA) Extraction:
RNA extraction was performed using the RNeasyÒ mini kit (Qiagen, Hilden, Germany)
(https://www.qiagen.com/gb/resources/resourcedetail?id=14e7cf6e-521a-4cf78cbc-bf9f6fa33e24&lang=en) at 7, 14 and 21 days. The experiment was conducted at
room temperature quickly. Ice was used for the samples only at the beginning and
the end of the experiment.
The following steps were undertaken to extract the RNA:
1. The growth medium was aspirated and the well washed twice with PBS. PBS was
added to the well again.
2. The culture plate was taken to the fume hood.
3. The PBS was removed from one well (of the 6 well plate) & replaced with 600µL
buffer.
4. The bottom of the well was thoroughly scraped whilst homogenizing the cell
mixture in buffer.
5. The lysate was removed and transferred to the 1.5mL Eppendorf tube on ice.
6. Each tube was vortexed for 15 seconds.
7. The lysate was moved up and down in a 1mL syringe with a 20 gauge needle 5
times and the tube was then not returned to ice.
8. 600µL of 70% Ethanol was then added and mixed by pipetting.
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9. 700µL of the above mixture was taken and added onto the spin column (which
was already attached to a 2mL collection tube).
10. This was centrifuged for 15 seconds at 12,000 rpm (Centrifuge 5417R, Eppendorf
Ltd., Stevenage, UK). The flow through was discarded from the collection tube.
11. The spin column was washed thrice in buffers by centrifuging and discarding the
flow-through.
12. The spin column was placed in a new collection tube (2mL) and centrifuged for 1
min at 12,000 rpm
13. A new 1.5ml collection tube (looks like an Eppendorf tube) was used and the spin
column placed in this.
14. 30µL of RNase free water was added to the membrane in the column. This was
centrifuged for 1 minute
15. The RNA was now eluted and the collection tube was placed on ice.
16. Spectrophotometrical quantification of RNA was done on a NanoDropÔ
(ND1000, Thermo Fisher Scientific, Waltham, MA, USA). RNA content (ng/µL) was
determined using the ‘RNA40’ option on the program.
17. The quality of RNA extracted was also determined by measuring the ratio of
absorbance at 260 and 280nm, with RNA values of 2.0 indicating good purity.
The RNA was then either stored at -80°C or cDNA was synthesized immediately.

4.4.2.3: Complementary Deoxyribonucleic acid (cDNA) Synthesis:
RNA was reverse transcribed to cDNA by using the SuperScriptÔ IV VILOÔ Master
Mix kit.
The steps for cDNA synthesis were:
1. The volume of extracted RNA solution required for cDNA synthesis would
contain 1µg RNA. The total volume of RNA (that would contain 1µg RNA)
required was calculated by the following equation:

a

bccc
no

def \M3NUXM\MPO ]XT\ghijkljmÔµp

q

µL
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2. The sequence of cDNA synthesis first involved a DNAse step. The total volume
of reaction in this step was 10µL. This was made up by:
a. RNA volume (calculated from Step 1)
b. RNAse free water to make up the total volume of RNA to 8µL
c. 10 X ezDNAse buffer 1µL
d. ezDNAse enzyme 1µL
3. A 200µL PCR tube (Bio-Rad Inc, UK) was taken and the sequence of adding the
contents from step 2 were: RNAse free water® ezDNAse buffer® Template
RNA ® ezDNAse enzyme. The reaction was gently mixed. This step was
carried out on ice.
4. The tubes were incubated at 37°C for two minutes (T100Ô Thermal Cycler,
Bio Rad Inc, UK).
5. The PCR tubes were then transferred to ice and the following were added to
the 10µL solution mixture from the previous step:
a. 4µL of SuperScriptÔ IV VILOÔ Master Mix
b. 6µL of RNAse-free water
6. A program cycle was created on the thermal cycler machine (T100Ô Thermal
Cycler, Bio Rad Inc, UK). The annealing of the primers was carried out at 25°C
for 10 minutes, incubation at 50°C for reverse transcription (10 minutes) and
enzyme inactivation by incubation at 85°C for 5 minutes.
7. The cDNA was then diluted in RNase-free water in a ratio of 1:6, resulting in
an overall volume of 120µL. This was stored at -20°C until further use in the
RT-qPCR reaction.
Each well of the culture plate was accorded a unique identifier number.

4.4.2.4: RT-qPCR experiment:
4.4.2.4.1: Primers
The primers for use in the RT-qPCR reaction were designed and are depicted in Table
4.6.
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Gene

Forward Primer 5’-3’ (F)

Reverse Primer 3’-5’ (R)

NCBI Reference
Sequence No.

Tm
(°C)
F

R

Prod
-uct
size
(bp)

COL1A1

GAGGGCCAAGACGAAGACATC

CAGATCACGTCATCGCACAAC

NM_000088.4

67.1

66.8

140

RUNX2

TGGTTACTGTCATGGCGGGTA

TCTCAGATCGTTGAACCTTGCTA

67.3

64.9

101

OPN/
SPP1
OCN/
BGLAP
MSX2

GGAGTTGAATGGTGCATACAAGG

CCACGGCTGTCCCAATCAG

NM_001015051
.4
NM_000582.3

66.3

69.1

75

CACTCCTCGCCCTATTGGC

CCCTCCTGCTTGGACACAAAG

NM_199173.6

66.9

68.0

112

ATGGCTTCTCCGTCCAAAGG

CGGCTTCTTGTCGGACATGA

67.4

68.6

174

DLX5
NAT10

TTCCAAGCTCCGTTCCAGAC
AGTGGTCATCCTCCTACGGAC

GAATCGGTAGCTGAAGACTCG
TGTACCTGGAATGCACATCCAT

66.5
64.2

62.8
66.2

86
77

DSPP
DMP1

TTTGGGCAGTAGCATGGGC
CTCCGAGTTGGACGATGAGG

CCATCTTGGGTATTCTCTTGCCT
TCATGCCTGCACTGTTCATTC

68.2
67.1

66.2
66.2

199
92

b2M

ATGAGTATGCCTGCCGTGTG

CTGCTTACATGTCTCGATCCCA

NM_001363626
.2
NM_005221.6
NM_001144030
.2
NM_014208.3
NM_001079911
.3
NM_004048.4

60.4

59.9

78

Table 4.6: Primers used for RT-qPCR

These included COL1A1, RUNX2, OPN/SPP1, OCN or bone gamma-carboxyglutamate
protein (BGLAP), MSX2, distal-less homeobox 5 (DLX5), N-acetyl transferase 10
(NAT10), DSPP and DMP1. b2-microglobulin (b2M) was used as the housekeeping
gene.
The custom oligonucleotides (primers) (Sigma Aldrich, St Louis, MO, USA) were used
to amplify DNA fragments of interest. The primers were centrifuged at 1000rpm for
5 minutes to prevent the loss of the pelleted oligonucleotides. The forward and
reverse primers were reconstituted to a concentration of 100µM by the addition of
DNAse and RNAase free double distilled water. The amount of water required for
addition was specified by the manufacturer, and is listed below (Table 4.7). A working
concentration of 5µM b2M was sourced from Dr. Lena Fisher at the Scottish Center
for Regenerative Medicine.
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Primer

Volume of water (µ L) to achieve 100µ M concentration
Forward

Reverse

COL1A1

432

415

RUNX2

415

377

OPN/SPP1

374

385

OCN/BGLAP

486

397

MSX2

638

410

DLX5

471

574

NAT10

462

376

DSPP

528

403

DMP1

541

516

Table 4.7: Manufacturer recommended volumes of water for primer reconstitution

Each primer was then diluted to a 5µM concentration by diluting 10µL of the stock
solution to 190µL of RNAse/DNAse free water.

4.4.2.4.2: Primer Optimisation:
The primers were further diluted to concentrations of 100nM, 400nM and 800nM in
the first set of optimisation experiments to determine the primer efficiency. The
following Table 4.8 represents the dilution concentrations:

Concentration

Volume (µ L) of 5µ M Primer solution

Volume (µ L) of RNAse/DNAse-free water

100nM

2

98

400nM

8

92

800nM

16

84

Table 4.8: Dilutions for primers

A pilot test was carried out to determine the appropriate cDNA serial dilution
required for each primer. Based on this pilot, the stock cDNA solution (previously
diluted at 1:6) was used as the starting solution of the serial dilution to generate a
standard curve which would help determine primer efficiency. The aim was to
generate a primer efficiency as close to 100% by using the most appropriate
concentration of the primer. A serial dilution series of 1:5 was used for all primers
(creating dilutions of 1, 0.2, 0.04, 0.008 and 0.0016) save the OPN, which was diluted
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in a 1:2 dilution series (1, 0.5, 0.25, 0.125, 0.0625, 0.03125) based on the pilot
experiments.
The primer optimisation experiments were repeated, and primer concentrations of
300nm, 500nm and 900nm were also used for determining the efficiency of the
primers. The standard curves were plotted by using the log value of the cDNA dilution
and the average of the cycle thresholds (Ct) values. The primer efficiency was then
determined using the slope of the curve, as previously described (section 4.2.4).
The primers for DMP1 and DSPP did not provide adequate readouts (within 35 cycles)
during the pilot and standardization experiments. Therefore, a new set of DSPP and
DMP1 primers were designed (Sigma Aldrich) and the pilot experiments repeated.
The primer designs were: (Table 4.9)

Gene

DSPP

Forward Primer 5’-3’ (F)

Reverse Primer 3’-5’ (R)

NCBI Reference

Tm

Sequence No.

(°C)

Product
size

F

R

(bp)

TCCTTTTGAAGCCTTTTAAGCCA

TTGAGGAACTGGAATGGCCC

NM_14208.3

59.04

59.06

108

GACACCCAGAAGCTCAACCA

GGGACCCTTGATTTCTATTCCCTTA

NM_014208.3

59.89

59.87

117

TGAACTACGGAGGGTAGAGGT

ACCTGGTTACTGGGAGAGCA

NM_0010

59.36

60.18

98

(a)
DSPP
(b)
DMP1
(a)

Table 4.9: Alternative primer designs for DSPP and DMP1

Further primer optimisation experiments were performed using samples that had
demonstrated mineralisation, but inadequate readouts were obtained. Thus, further
experiments with DSPP and DMP1 were not carried out.
Based on the set of standardized curves obtained and primer efficiency calculations,
the concentrations used for the experiment are listed (Table 4.10).
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Primer

Concentration
(nM)

COL1A1

300

RUNX2

800

OPN/SPP1

900

OCN/BGLAP

800

MSX2

800

DLX5

500

NAT10

500

b2M

400

Table 4.10: Concentration of primers used for the RT-qPCR experiment after optimisation analysis

4.4.2.4.3: RT-qPCR:
Briefly, 2µL cDNA (1:6 dilution) (plated for triplicates of biological source triplicates)
was added to each well of the plate (LightCyclerâ 480 multiwell plate 384, white,
Roche Diagnostics GmBH, Manheim, Germany) in duplicate along with 3µL of the
relevant primer (forward and reverse combined). The volume of the reaction was
brought up to 10µL by the addition of 5µL PowerUpÔ SYBRâ Green Master Mix
(Applied Biosystems, Life Technologies, Austin, TX, USA). The plates were sealed with
a transparent film (LightCyclerâ 480 sealing foil, Roche Diagnostics GmBH, Manheim,
Germany), protected from light, centrifuged at 12,000g for 2 minutes and then
processed in a LightCyclerâ 480 II (Roche Diagnostics GmBH, Manheim, Germany).
The samples were denatured at 95°C for 10 minutes. The samples were then cycled
40 times by increasing the temperature to 95°C for 15 seconds and then annealing at
60°C for one minute. The total run time was approximately one hour. Data were
processed on the LightCyclerâ 480 software (version 1.5.1.62, Roche) and then
exported as a text file with the cycle threshold (Ct) values from the experiments.

4.4.2.4.4: Fold-change calculation & statistical analysis
Calculations for gene expression levels were done on an Excel worksheet. The relative
gene expression was calculated by first normalising the expression level of each gene
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with respect to the housekeeper gene (b2M). These were then related to the
untreated controls (1% FCS group) for that time period using the (2-DDCt) method. and
compared between biological samples and over different time periods.
Values of 2-DDCt (to compare the fold change in gene expression for each of the
experimental groups with respect to the gene’s expression in the unstimulated
group, namely FCS) were analysed for normal distribution using the Shapiro Wilk test,
which revealed a skewed distribution. Median values and 25-75% percentiles were
calculated for each group at each time interval for every gene included in the
experiment.
The Kruskal Wallis test was then used for comparison of median values of 2-DDCt for
fold-change between groups at Day 7, Day 14 and Day 21 respectively, as also to
analyse the fold-change for each group over the three time points. Post-hoc analyses
using the Dunn-Bonferroni method for multiple comparisons was undertaken when
the Kruskal Wallis test was significant.

94

CHAPTER 5
CHARACTERISATION OF SOLUBLE DENTINE MATRIX PROTEINS

95

Characterisation of Soluble Dentine Matrix Proteins

Chapter 5: CHARACTERISATION OF SOLUBLE DENTINE MATRIX
PROTEINS
5.1: INTRODUCTION
Dentine is a complex composite material that comprises the bulk of the human dental
tooth structure and is formed by the odontoblast which is a terminally differentiated
post-mitotic cell. It is far less well mineralised as compared with enamel and is
composed of about 65-70% hydroxyapatite by weight, whereas water constitutes
approximately 10% of dentine. The remainder mass is composed of the nonmineralised ‘organic’ components of dentine which are present within the ECM,
mainly collagen (about 90%) (Goldberg et al. 2011).
The odontoblast is able to first lay down the non-mineralised scaffold of dentine.
These non-mineralised constituents of dentine are embedded within the
hydroxyapatite crystalline structure as the tooth develops within the jaw bone. Apart
from collagen, other NCPs are an important constituent of dentine, which are also
encased within the calcified extracellular matrix during odontogenesis. These
proteins are able to play a pivotal role in directing tooth development and dentine
formation. Indeed, without the biological signalling from some of these important
constituents, the structure of dentine is affected and leads to developmental defects
in dentine which manifests as diseases such as dentinogenesis imperfecta and
dentine dysplasia.
The NCPs are a diverse group of proteins in dentine and are made up of
phosphorylated proteins such as the SIBLINGs [comprising DSPP, DMP1, OPN, BSP
and MEPE], SLRPs [such as decorin, biglycan, lumican and osteoadherin], OCN,
enzymes, calcium binding proteins and growth factors, amongst others. Several such
proteins play a pivotal role in controlling mineralisation of the dentinal matrix once
it has been laid down by the odontoblast. The role of several such proteins has also
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been investigated on the synthesis of dentine (Baker et al. 2009; Sun et al. 2011a;
Zhu et al. 2012).
The use of such proteins in biological systems as a part of a tissue engineering
strategy is an exciting prospect with some work that has already been published in
this context (Melling et al. 2018; Jiang et al. 2020). The more traditional techniques
have attempted to utilise the pro-mineralisation beneficial effects of the proteins by
releasing them from the calcified extra-cellular matrix niches within the dental hard
tissues by partially decalcifying dentine with a chelator such as EDTA.
Several studies have reported the use of EDTA for the extraction of soluble dentine
ECM proteins which have been characterised (Park et al. 2009; Chun et al. 2011) and
subsequently used for a variety of different experiments that assess their biological
influences in different experimental models (Graham et al. 2006; Tomson et al. 2013;
Sadaghiani et al. 2016; Avery et al. 2017; Petridis et al. 2019). One of the clinical
applications related to the release of DMPs is during REP where clinical protocols for
the use of EDTA have been published (Galler et al. 2016). However, as EDTA can also
damage dentine, an alternative chelator that can help reduce dentinal damage will
be desirable. In this context, a newer chelator, MA, has become available over the
last twelve years (Ballal et al. 2009a), but its ability to extract DMPs is unknown.
This experiment therefore aimed to compare the DMPs extracted by either EDTA or
MA by measuring the total protein concentration, analysing the soluble dentine
proteome by using bottom-up shotgun proteomics with MS and assessing the levels
of a representative growth factor (TGFb1) in the soluble DMPs using a sandwichELISA assay.
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5.2: RESULTS
As previously detailed in Chapter 4, fifty teeth were used in the experiment, and
when crushed using a super-cooled LN2 environment, generated approximately 75g
dentine. The dentine powder from different patients were mixed together since
insufficient amounts of dentine matrix proteins would be obtained from a single
tooth, making further analysis and experiments difficult to conduct. This pooled
dentine powder was divided into ‘batches’ of 5g each (after pilot experiments had
been performed to establish a suitable protocol). Each batch of dentine powder was
exposed to 15mL of the chelator solution (either EDTA or MA). As 75g dentine powder
was obtained, this was equally divided into 15 batches of 5g each which allowed eight
batches to be processed for further DMP extraction by EDTA and seven batches by
MA. Each batch was processed through two extraction cycles.
The proteins extracted by EDTA and MA were recovered in solution from the
centrifuge tubes. The approximate volume that was recovered from each
ultracentrifuge filtration process was 150-1000µL.

5.2.1: Quantification of total protein: EDTA- and MA-extracted proteins
The concentration of extracted DMPs was measured for each batch for the first and
second extraction cycles for both EDTA and MA using the BCA assay. Owing to the
large number of batches of extraction for each irrigant, the BCA experiment was
divided into three different plates.
The standard curves that were used to measure the concentrations of the
experimental groups were generated for each experiment using an Excel worksheet
(e.g. Fig. 4.1).
The total protein concentration for each batch extracted is represented in Fig. 5.1
and Fig. 5.2 for EDTA and MA respectively.
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Fig. 5.1: Protein concentration determined by BCA for EDTA extraction
comparing differences between the first and second extraction cycles for various batches (n=8). EDTA
extracted more protein during the first cycle as compared with the second cycle of extraction for all
batches. Data is shown as mean± standard deviation & are representative of duplicate samples each
for 10x and 20x dilutions conducted over an independent experiment for each batch; n=8; ‘*’ P<0.01

Fig. 5.2: Protein concentration determined by BCA for MA extraction
comparing differences between the first and second extraction cycles for various batches (n=7). MA
extracted more protein during the first cycle as compared with the second cycle of extraction for all
batches, though they were nearly similar for batch 12. Data is shown as mean± standard deviation &
are representative of duplicate samples each for 10x and 20x dilutions conducted over an
independent experiment for each batch. n=7; ‘*’ P<0.01
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Data were analysed for normal distribution using the K-S test. Data were found to be
normally distributed for EDTA and MA at the first and second extraction (P>0.05). The
protein samples from each batch [EDMP & MDMP)] were pooled according to the
extraction solution. The total protein concentration detected by BCA when EDTA was
used as the extraction solution was 8.798 ± 0.46 µg/µL. The total volume of EDTAextracted protein solution was 3500µL, yielding 30,793.36 ± 1610 µg total protein.
The total protein concentration detected by BCA when MA was used as the extraction
solution was 1.71 ± 1.03 µg/µL. The total volume of MA-extracted protein solution
was 3000µL, yielding 5143.648 ± 3090µg total protein.
The differences in total protein detection between the EDMP and MDMP were found
to be significantly different using the Student’s t-test for independent means
(t=8.86871, P=0.006).
More variation in protein detection were noted between the batches during the first
extraction cycle in both EDTA and MA groups, with lesser differences between
batches during the second extraction cycle (Table 5.1).
A general trend toward lesser protein detection in the second extraction cycle was
noted as compared with the first extraction cycle in all the batches for both the
extraction solutions, though in some instances, the protein yield even through the
second cycle of extraction was found to be substantial (for example batches 2 & 12).
The pooled proteins from EDMP and MDMP groups were then studied using mass
spectrometry to help predict the likely constituent proteins that were present in each
group.
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EDTA

1st

EDTA

2nd

P-

extraction

extraction

(mean) µg/µL

(mean) µg/µL

1

6.53±0.66 a, b, c

4.81±0.004 a, b

0.342

2

10.53±1.26

8.07±1.14

b

0.211

3

3.02±1.09 a

2.03±0.2 a

4

4.23±0.474 a, b

2.89±0.09 a, b

5

9.02±0.88 b, c, d

2.36±0.49 a

6

7.26±0.56

a, b, c, d

2.11±0.07 a

7

8.48±0.16

b, c, d

8

11.84±1.22

Batch

c, d

d

P-

value

5.94±0.96 a, b
1.25±0.85 a

Batch

MA 1st extraction

MA 2nd extraction

(mean) µg/µL

(mean) µg/µL

value

a, b, c, d

5.4±0.24

0.518

10

3.64±1.07 a, b

2.77±0.12

0.829

0.680

11

1.63±0.4 a

0.29±0.22

0.261

0.959

12

11.13±2.09 d

10.89±1.51 a

1.000

0.009*

13

10.45±1.67

c, d

1.62±0.45

0.003*

0.004*

14

8.77±1.03

b, c, d

1.67±0.25

0.001*

0.28

15

1.09±0.32

0.004*

9

6.71±1.6

5.32±0.2

a, c

0.000*

Table 5.1: EDMP & MDMP differences between first and second extractions
Legend: * statistically significant difference for either EDMP/MDMP in rows. Between extraction
batches (a, b, c, d superscripts): same letters within each column indicate no significant differences,
P>0.05. This shows more variation in protein detection between the batches during the 1st extraction
cycle in both EDTA and MA groups, with lesser differences between batches in the second extraction
cycle. When comparing the first and second extraction cycles, more protein was detected during the
first extraction cycle than the second. EDTA (n=8), MA (n= 7)

5.2.2: Mass Spectrometry
MS was undertaken as a tool to predict the likely sequence of proteins within the
EDMP and MDMP samples in a shotgun proteomics approach. This allowed the
diverse protein composition of each group to be analysed. Proteins were also
quantified in this approach. The MaxQuant software was used for analysing MS data
in the present study. This incorporates a search engine called Andromeda which
helped detect spectral matches of the peptide sequences identified. It subsequently
matched these with a known protein database (UniProt in the present study) to
provide an output of the likely proteins predicted in the sample. The computational
software subsequently calculated a P-value for each protein prediction to indicate
that such prediction is not made by chance. Since the MaxQuant software also makes
multiple comparisons of the same peptide sequence with several possible proteins in
the database, an adjustment of the P-value is subsequently made to account for the
multitude of inter-comparisons. The adjusted P-value (akin to the Bonferroni
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correction) is known as the ‘Q’-value and helps reduce the prediction of proteins by
chance. In the present study, the threshold for accepting a protein match was set
with Q-value £ 0.01 (Käll et al. 2008).
MS revealed a total of 893 proteins that were detected in the EDMP-pooled sample
with a Q value £ 0.01. Of the 893 proteins predicted to be present in the EDMP group,
822 proteins reported Q value= 0% and only two proteins had a Q value= 1. The latter
were excluded from the analysis.
The number of proteins detected by MS in the MDMP-pooled sample was much
higher than the EDMP-pooled sample (1056 proteins with Q value£ 0.01). In the
MDMP group, 949 proteins had a Q value= 0, and 10 proteins had Q value= 1 (the
latter were also excluded from the analysis).
A list of the twenty- five most commonly recovered proteins from the EDMP-pool and
MDMP-pooled proteins is presented in Table 5.2 and Table 5.3 respectively. Of these
twenty-five proteins, eighteen were commonly detected in both EDMP and MDMP
samples, albeit, the remainder seven proteins from either group were also detected
in both samples as well, but not within the top twenty-proteins via label-free
quantification (LFQ).
In total, the number of proteins that were commonly detected between both EDMP
and MDMP groups was 791. The quantification of the common proteins between the
EDMP and MDMP groups varied.
Within the EDMP group, there were 102 proteins that were not discovered in the
MDMP group, and were exclusively detected following extraction by EDTA. Within
the MDMP sample, a higher number of proteins (265) was detected exclusively as a
result of extraction using MA from the dentine samples (Fig. 5.3).
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Fig. 5.3 Relationship between EDMP and MDMP extract.
A large number of proteins (791) were detected by Mass Spectrometry that were common between
EDMP & MDMP. Each sample also had unique proteins that were detected: 102 unique proteins were
uniquely detected in the EDMP group and 265 proteins were exclusively detected in the MDMP group
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Table 5.2: Top twenty-five proteins detected most in EDMP samples
Majority protein
UniProtKB IDs
P02768-1; P02768
P02765
Q9NZW4
P02787
P01009
P02452
P01008
P04264
P51884
P01834
P68871
P13942
P08123
P01857
Q99879; Q99877;
Q93079;
Q5QNW6;
P62807; P58876;
O60814; Q99880;
P57053

Protein names

Gene names

Q value

MaxQuant Score

Serum albumin
Alpha-2-HS-glycoprotein;
Alpha-2-HS-glycoprotein
chain A; Alpha-2-HS-glycoprotein chain B
Dentin sialophosphoprotein; Dentin phosphoprotein;
Dentin sialoprotein
Serotransferrin
Alpha-1-antitrypsin; Short peptide from AAT
Collagen alpha-1(I) chain
Antithrombin-III
Keratin, type II cytoskeletal 1
Lumican
Ig kappa chain C region
Hemoglobin
subunit
beta;
LVV-hemorphin-7;
Spinorphin
Collagen alpha-2(XI) chain
Collagen alpha-2(I) chain
Ig gamma-1 chain C region
Histone H2B type 1-M; Histone H2B type 1-N; Histone
H2B type 1-H; Histone H2B type 2-F; Histone H2B type
1-C/E/F/G/I; Histone H2B type 1-D; Histone H2B type 1K; Histone H2B type 1-L; Histone H2B type F-S

ALB
AHSG

0
0

323.31
323.31

Label free quantification
(LFQ) intensity
3.144E+11
2.6987E+10

DSPP

0

323.31

2.2544E+10

TF
SERPINA1
COL1A1
SERPINC1
KRT1
LUM
IGKC
HBB

0
0
0
0
0
0
0
0

323.31
323.31
323.31
323.31
323.31
323.31
323.31
162.04

2.173E+10
1.7043E+10
1.0134E+10
1.0047E+10
1.0034E+10
9650500000
9445600000
9203100000

COL11A2
COL1A2
IGHG1
HIST1H2BM;
HIST1H2BN;
HIST1H2BH;
HIST2H2BF;
HIST1H2BC;
HIST1H2BD;
HIST1H2BK;
HIST1H2BL;
H2BFS

0
0
0
0

323.31
323.31
323.31
276.66

7671200000
6596600000
5868900000
5669300000
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Majority protein
UniProtKB IDs
P02647
P08670
P01860
P69905
P21810
Q15113
Q13316
P21246
Q99983
B9A064; P0CG04

Protein names

Gene names

Q value

MaxQuant Score

Apolipoprotein A-I;Proapolipoprotein A-I;Truncated
apolipoprotein A-I
Vimentin
Ig gamma-3 chain C region
Hemoglobin subunit alpha
Biglycan
Procollagen C-endopeptidase enhancer 1
Dentin matrix acidic phosphoprotein 1
Pleiotrophin
Osteomodulin
Immunoglobulin lambda-like polypeptide 5; Ig lambda1 chain C regions

APOA1

0

323.31

Label free quantification
(LFQ) intensity
5362100000

VIM
IGHG3
HBA1
BGN
PCOLCE
DMP1
PTN
OMD
IGLL5; IGLC1

0
0
0
0
0
0
0
0
0

323.31
323.31
323.31
323.31
323.31
172.05
102.61
323.31
223.94

4.694E+09
4423200000
4417900000
4193900000
4122800000
4003500000
3894900000
3883700000
3869800000

Table 5.3: Top twenty-five proteins detected most in MDMP samples
Majority protein
UniProtKB IDs
P02768-1;P02768
P02787
P01009
P02765
P02452
P08123
P69905
P08670
Q9NZW4
P01857

Protein names

Gene names

MaxQuant
Score
323.31
323.31
323.31
323.31

LFQ intensity

ALB
TF
SERPINA1
AHSG

Q
value
0
0
0
0

Serum albumin
Serotransferrin
Alpha-1-antitrypsin;Short peptide from AAT
Alpha-2-HS-glycoprotein;Alpha-2-HS-glycoprotein
chain A;Alpha-2-HS-glycoprotein chain B
Collagen alpha-1(I) chain
Collagen alpha-2(I) chain
Hemoglobin subunit alpha
Vimentin
Dentin
sialophosphoprotein;Dentin
phosphoprotein;Dentin sialoprotein
Ig gamma-1 chain C region

COL1A1
COL1A2
HBA1
VIM
DSPP

0
0
0
0
0

323.31
323.31
323.31
323.31
323.31

6.7861E+10
6.5791E+10
5.9952E+10
5.0266E+10
4.4619E+10

IGHG1

0

323.31

3.9884E+10

1.3695E+12
1.3844E+11
8.4066E+10
7.3855E+10
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Majority protein
UniProtKB IDs
P68871
P01834
P01860
P02774
P02647
P01008
P10909
P63261;P60709
P13942
P04083
P02763
P51884
P02790
P07355;A6NMY6
B9A064;P0CG04

Protein names

Gene names

MaxQuant
Score
162.04

LFQ intensity

HBB

Q
value
0

Hemoglobin
subunit
beta;LVV-hemorphin7;Spinorphin
Ig kappa chain C region
Ig gamma-3 chain C region
Vitamin D-binding protein
Apolipoprotein
A-I;Proapolipoprotein
AI;Truncated apolipoprotein A-I
Antithrombin-III
Clusterin;Clusterin beta chain;Clusterin alpha chain
Actin, cytoplasmic 2;Actin, cytoplasmic 2, Nterminally processed;Actin, cytoplasmic 1;Actin,
cytoplasmic 1, N-terminally processed
Collagen alpha-2(XI) chain
Annexin A1
Alpha-1-acid glycoprotein 1
Lumican
Hemopexin
Annexin A2;Putative annexin A2-like protein
Immunoglobulin lambda-like polypeptide 5;Ig
lambda-1 chain C regions

IGKC
IGHG3
GC
APOA1

0
0
0
0

323.31
323.31
323.31
323.31

3.7279E+10
3.5346E+10
1.9646E+10
1.9239E+10

SERPINC1
CLU
ACTG1; ACTB

0
0
0

323.31
323.31
323.31

1.7079E+10
1.6887E+10
1.6733E+10

COL11A2
ANXA1
ORM1
LUM
HPX
ANXA2;ANXA2P2
IGLL5;IGLC1

0
0
0
0
0
0
0

323.31
323.31
323.31
323.31
323.31
323.31
223.94

1.6301E+10
1.6185E+10
1.537E+10
1.5119E+10
1.4708E+10
1.4543E+10
1.371E+10

3.8073E+10
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5.2.2.1: TGFb1 relative quantification in MS
TGFb1 is a reference growth factor of interest, since it has been associated with the
differentiation of DPSCs into odontoblast-like cells (Tziafas & Papadimitriou 1998b;
Sloan & Smith 1999). It’s presence within the dentine matrix structure is also
expected as a result of dentine secretion during odontogenesis by the odontoblast.
When MS was used for LFQ measurement of TGFb1, the MDMP group showed an
intensity of 1.1897E+09, which was almost half as much detected in the EDMP sample
(2.021E+09). Absolute quantification was further based on ELISA (section 5.2.3).

5.2.2.2: EDMP Protein description
5.2.2.2.1: Protein Class
The proteins that were detected by LC-MS/MS in the protein sample were
subsequently analysed using the Protein Annotation through Evolutionary
Relationship (PANTHER) database (http://www.pantherdb.org). The database was
used to help classify the proteins. For EDMP, of the 893 proteins identified, PANTHER
was able to recognise 761 genes from the UniProtKB accession numbers. These
related to 554 PANTHER classes of proteins (Fig. 5.4).

Fig. 5.4: EDMP PANTHER protein class.
Each bar represents a unique PANTHER protein category with the maximum number of proteins in
the ‘metabolite interconversion enzyme’ group (100)
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Each protein class was also related to the number of genes that coded for the
proteins in that class (Table 5.4)
.
Table 5.4: EDMP PANTHER protein classes
Category (accession)

Number of genes
43

% gene hit against
total # genes
5.7%

% gene hit against #
protein class hit
7.8%

Extracellular
matrix
protein (PC00102)
Cytoskeletal
protein
(PC00085)
Transporter (PC00227)
Scaffold/adaptor protein
(PC00226)
Cell adhesion molecule
(PC00069)
Nucleic acid metabolism
protein (PC00171)
Intercellular
signal
molecule (PC00207)
Protein-binding activity
modulator (PC00095)
Calcium-binding protein
(PC00060)
Gene-specific
transcriptional regulator
(PC00264)
Defense/immunity
protein (PC00090)
Translational
protein
(PC00263)
Metabolite
interconversion enzyme
(PC00262)
Protein
modifying
enzyme (PC00260)
Chromatin/chromatinbinding, or -regulatory
protein (PC00077)
Transfer/carrier protein
(PC00219)
Membrane
traffic
protein (PC00150)
Chaperone (PC00072)
Cell junction protein
(PC00070)
Structural
protein
(PC00211)
Storage
protein
(PC00210)
Transmembrane signal
receptor (PC00197)

35

4.6%

6.3%

12
15

1.6%
2.0%

2.2%
2.7%

11

1.4%

2.0%

14

1.8%

2.5%

30

3.9%

5.4%

57

7.5%

10.3%

23

3.0%

4.2%

6

0.8%

1.1%

39

5.1%

7.0%

24

3.2%

4.3%

100

13.1%

18.1%

70

9.2%

12.6%

10

1.3%

1.8%

17

2.2%

3.1%

9

1.2%

1.6%

19
1

2.5%
0.1%

3.4%
0.2%

4

0.5%

0.7%

2

0.3%

0.4%

13

1.7%

2.3%
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The ‘extracellular matrix proteins’, which form a large part of the dentine structure,
were coded by a large number of genes. These proteins included a variety of collagen
alpha chains, BSP and basement membrane specific heparan sulphate proteoglycan
core protein, amongst others. However, proteins such as DSPP and DMP1 are not
present within the PANTHER protein classification, and yet feature prominently with
in the proteins that were detected using MS.
‘Metabolite interconversion enzymes’ accounted for the most abundant protein class,
and included enzymes that are commonly associated with mineralisation-related
activities such as inorganic pyrophosphatase and alkaline phosphatase.
A variety of immunoglobulin proteins comprised the class of ‘defence/immunity
proteins’.
Several proteins were also classed as ‘cytoskeletal proteins’ and included those
related to actin, myosin, tropomyosin, desmoplakin, plastin-3 and fascin, amongst
others.
Some growth factors and cytokines were classed as ‘intercellular signal molecules’
and included BMP-2, IGF-2, IGF-1, TGFb2 proprotein, TGFb1 proprotein, OPN, PDGFD, fibronectin and neurosecretory protein VGF.
Twenty-three ‘calcium binding proteins’ were also detected and included calmodulinlike protein 5, various annexin types, various S100 proteins, calbindin and calumenin.
The class of ‘protein modifying enzymes’ included MMP-20, MMP-12, various
proteasomes, several coagulation factors (VII X, XI, XII), vitamin K dependent protein
C, vitamin K dependent protein Z and hemopexin.
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5.2.2.2.2: Biological Processes: EDMP
The PANTHER database was also used to classify the EDMPs by the biological
processes in which the proteins participate. In this classification, it was possible that
the same protein participated in multiple biological processes. Thus, the total number
of processes attributed to the 761 proteins identified by PANTHER was found to be
1413. Sixteen biological process classes were identified for the EDMPs detected (Fig.
5.5).

Fig. 5.5: EDMP PANTHER gene ontology biological processes
Each bar represents a biological process, with the maximum number of proteins
corresponding to the ’cellular processes’ group (378 proteins)

The maximum number of proteins were associated with the group ‘cellular processes’
(Table 5.5) & included an array of protein classes including growth factors,
extracellular

matrix

proteins,

immunoglobulins,

ribosomal

proteins,

metalloproteases, calcium binding proteins, integrins and cadherins amongst others.
Several enzyme groups were also represented under cellular processes, such as
proteases, peroxidase, ATP synthase, isomerase, kinase, dehydrogenase and protein
phosphatase.

110

Characterisation of Soluble Dentine Matrix Proteins

‘Metabolic processes’ also feature prominently, with 247 associated proteins, with
similar groups of proteins that were also found to be associated with the cellular
processes (Table 5.5).
Table 5.5: EDMP PANTHER gene ontology biological processes
Category name

# genes

% gene hits against total # genes

Cellular
process
(GO:0009987)
Reproductive
process
(GO:0022414)
Localization
(GO:0051179)
Biomineralisation
(GO:0110148)
Interspecies
interaction between
organisms
(GO:0044419)
Reproduction
(GO:0000003)
Biological regulation
(GO:0065007)
Response to stimulus
(GO:0050896)
Signaling
(GO:0023052)
Developmental
process
(GO:0032502)
Multicellular
organismal process
(GO:0032501)
Locomotion
(GO:0040011)
Biological adhesion
(GO:0022610)
Metabolic process
(GO:0008152)
Growth
(GO:0040007)
Immune
system
process
(GO:0002376)

378

49.7%

% gene hits against total # process
hits
26.8%

1

0.1%

0.1%

85

11.2%

6.0%

4

0.5%

0.3%

34

4.5%

2.4%

1

0.1%

0.1%

202

26.5%

14.3%

159

20.9%

11.3%

83

10.9%

5.9%

46

6.0%

3.3%

64

8.4%

4.5%

23

3.0%

1.6%

23

3.0%

1.6%

247

32.5%

17.5%

6

0.8%

0.4%

57

7.5%

4.0%

The PANTHER classification showed only four proteins associated with
‘biomineralisation’ (Table 5.6). According to LFQ, the maximum concentration was

111

Characterisation of Soluble Dentine Matrix Proteins

reported for tetranectin (6.39E+08), followed by BSP-2 (2.32E+08), MEPE (4.85E+07)
and extracellular matrix protein 1 (6.77E+06).
Table 5.6: PANTHER EDMPs associated with biomineralisation
Gene ID

HUMAN|HGNC=11891|UniProtKB=P05452

Mapped

Gene

ID

symbol

name/gene

PANTHER
family

family/sub-

PANTHER
protein class

P05452

Tetranectin; CLEC3B;

TETRANECTIN

intercellular

ortholog

(PTHR22799:SF3)

signal
molecule
PC00207

HUMAN|HGNC=5341|UniProtKB=P21815

P21815

Bone sialoprotein 2;

BONE SIALOPROTEIN 2

extracellular

IBSP; ortholog

(PTHR10345:SF0)

matrix
structural
protein
PC00103

HUMAN|HGNC=3153|UniProtKB=Q16610

Q16610

Extracellular

matrix

EXTRACELLULAR MATRIX

protein

ECM1;

PROTEIN

1;

ortholog
HUMAN|HGNC=13361|UniProtKB=Q9NQ76

Q9NQ76

Matrix

-

1

(PTHR16776:SF3)
extracellular

MATRIX EXTRACELLULAR

phosphoglycoprotein;

PHOSPHOGLYCOPROTEIN

MEPE; ortholog

(PTHR16510:SF4)

-

Several other proteins within the EDMP group are known to be associated with
biomineralisation, but have received mention in other biological processes rather
than under this class of biological process. An example is BMP-2, which has been
classed under other processes such as ‘metabolic process’, ‘signalling’ and ‘response
to stimuli’. Similarly, ALP has also been classified under ‘metabolic process’. Signalling
proteins that may also play a role in mineralisation, but are not included in the
biomineralisation category include TGFb1 proprotein, TGFb2 proprotein and
calbindin.

5.2.2.3: MDMP Protein description
5.2.2.3.1: Protein Class
The PANTHER database was used to help classify the proteins in the MDMP sample
as well. For MDMP, of the 1056 proteins identified, PANTHER was able to recognise
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909 genes from the UniProtKB accession numbers. These related to 670 PANTHER
classes of proteins (Fig. 5.6).

Fig. 5.6: MDMP Panther protein classes
Each bar represents a unique PANTHER protein category with the maximum number of proteins in
the ‘metabolite interconversion enzyme’ group (137)

The overall numbers of protein classes between EDMP and MDMP did not differ,
though more gene hits were received for MDMP than for the EDMP group.
Each protein class was also related to the number of genes that were coding for the
proteins in that class (Table 5.7).
Table 5.7: MDMP PANTHER protein class
Category
name/UniProtKB
accession number

Number
genes

of

% gene hit against
total # of genes

Extracellular
matrix
protein
(PC00102)
Cytoskeletal protein (PC00085)
Transporter (PC00227)
Scaffold/adaptor protein (PC00226)
Cell adhesion molecule (PC00069)
Nucleic acid metabolism protein
(PC00171)

47

5.2%

% gene hit against
total # of protein
class hits
7.0%

50
18
18
13
28

5.5%
2.0%
2.0%
1.4%
3.1%

7.5%
2.7%
2.7%
1.9%
4.2%
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Category
name/UniProtKB
accession number

Number
genes

of

% gene hit against
total # of genes

Intercellular
signal
molecule
(PC00207)
Protein-binding activity modulator
(PC00095)
Calcium-binding protein (PC00060)
Gene-specific
transcriptional
regulator (PC00264)
Defense/immunity
protein
(PC00090)
Translational protein (PC00263)
Metabolite interconversion enzyme
(PC00262)
Protein
modifying
enzyme
(PC00260)
Chromatin/chromatin-binding, or regulatory protein (PC00077)
Transfer/carrier protein (PC00219)
Membrane
traffic
protein
(PC00150)
Chaperone (PC00072)
Cell junction protein (PC00070)
Structural protein (PC00211)
Storage protein (PC00210)
Transmembrane signal receptor
(PC00197)

32

3.5%

% gene hit against
total # of protein
class hits
4.8%

57

6.3%

8.5%

24
11

2.6%
1.2%

3.6%
1.6%

46

5.1%

6.9%

25
137

2.8%
15.1%

3.7%
20.4%

79

8.7%

11.8%

8

0.9%

1.2%

17
19

1.9%
2.1%

2.5%
2.8%

22
1
3
2
13

2.4%
0.1%
0.3%
0.2%
1.4%

3.3%
0.1%
0.4%
0.3%
1.9%

‘Metabolite interconversion enzyme’ was the most abundant protein class in the
MDMP group as well as the EDMP group, albeit, the number of genes detected in the
MDMP group was higher (137 vs 100 gene hits). Some enzymes were common to
both EDMP and MDMP in this PANTHER class, such as ALP and pyrophosphatase. A
total of 92 enzymes were found to be common between both groups under this
protein class, with 45 enzymes being unique to the MDMP group (e.g. phosphatases,
oxygenases, oxidases, dehydrogenases, deaminases, peroxidases) and 8 enzymes
being uniquely detected in the EDMP group (e.g. transferases, glycosyltransferases,
amino acid kinases, reductase, cyclase and hydrolase).
Within the ‘extracellular protein matrix’ PANTHER class, 40 proteins were common
between MDMP and EDMP groups [e.g. collagen alpha-1(I) chain, other collagen
chains, BSP], whilst 3 proteins were unique in the EDMP [e.g. laminin subunit alpha-
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5, and collagen alpha-[1(XVI), 2(IV)] chains] and 7 proteins were uniquely detected in
the MDMP sample [e.g. laminin subunit (alpha-2, beta-2, gamma-1), agrin, latent
TGFb-binding protein 1, testican-1 and fibrillin-2].
Similarly, numbers of proteins in the remainder PANTHER classes also showed small
differences between EDMP and MDMP groups.

5.2.2.3.2: MDMP Biological processes
The PANTHER database was used to classify the total number of gene hits by their
involvement in various biological processes. A total of 909 genes were identified
which were associated with 1661 biological processes (Fig. 5.7).

Fig. 5.7: MDMP PANTHER gene ontology biological processes
Each bar represents a biological process, with the maximum number of proteins corresponding to the
’cellular processes’ group (462 proteins)

Sixteen biological process classes were identified for the MDMPs detected, which
were the same as those for the EDMP group.
The maximum proteins from the MDMP group were associated with the class ‘cellular
processes’ (462) (Table 5.8) which were much higher than the number in the EDMP
group within this category (378). Apart from enzymes, the proteins associated with
the ‘cellular processes’ group included growth factors (e.g. TGFb2 proprotein, inhibin
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beta A chain) general transcription factors, translation initiation factors, integrins,
tubulins, immunoglobulins, cell adhesion molecules (e.g. cadherin), vesicle coat
protein, membrane traffic proteins, amongst others.
Table 5.8: MDMP PANTHER gene ontology biological processes
Category name

# genes
462
1

% gene hits against total #
genes
50.8%
0.1%

% gene hits against
total # process hits
27.8%
0.1%

Cellular process (GO:0009987)
Reproductive
process
(GO:0022414)
Localization (GO:0051179)
Biomineralisation
(GO:0110148)
Interspecies
interaction
between
organisms
(GO:0044419)
Reproduction (GO:0000003)
Biological
regulation
(GO:0065007)
Response
to
stimulus
(GO:0050896)
Signaling (GO:0023052)
Developmental
process
(GO:0032502)
Multicellular
organismal
process (GO:0032501)
Locomotion (GO:0040011)
Biological
adhesion
(GO:0022610)
Metabolic
process
(GO:0008152)
Growth (GO:0040007)
Immune system
process
(GO:0002376)

114
4

12.5%
0.4%

6.9%
0.2%

40

4.4%

2.4%

1
228

0.1%
25.1%

0.1%
13.7%

171

18.8%

10.3%

90
59

9.9%
6.5%

5.4%
3.6%

75

8.3%

4.5%

34
26

3.7%
2.9%

2.0%
1.6%

289

31.8%

17.4%

7
60

0.8%
6.6%

0.4%
3.6%

‘Metabolic processes’ also feature prominently, with 289 associated proteins as
compared with 247 proteins in the EDMP group. A large portion of this group
comprised enzymes such as peroxidases, proteases, transferases, metalloproteases
and kinases amongst other groups such as growth factors and immunoglobulins.
Proteins associated with ‘biological regulation’ were the third most prominent
(MDMP- 228; EDMP- 202) and included enzymes, immunoglobulins, calmodulinassociated proteins (e.g. calbindin), intercellular signal molecule (e.g. protein Wnt-
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5A, protein Wnt-5B, sclerostin, glia maturation factor beta), calcium binding proteins
(e.g. annexin A1, annexin A6), transmembrane signal receptor (e.g. CD44 antigen),
growth factors (TGFb1 proprotein, PDGF-D) and chaperones (e.g. calnexin), amongst
others.
The number and nature of proteins associated with ‘biomineralisation’ according to
the PANTHER biological process class were the same in both EDMP and MDMP groups
(Table 5.9). However, LFQ showed that the amounts of proteins detected in the
MDMP sample were higher than those detected in the EDMP sample for all four
proteins, with tetranectin (1.01E+09) being the most abundant, followed by BSP 2
(8.03E+08), MEPE (1.63E+08) and ECM 1 (1.33E+07).
Table 5.9: PANTHER EDMPs associated with biomineralisation
Gene ID

Mapped ID

Gene Name/Symbol

HUMAN|HGNC=11891|

P05452

Tetranectin; CLEC3B; ortholog

UniProtKB=P05452

Panther

Panther

Family/Subfamily

Protein Class

TETRANECTIN

intercellular

(PTHR22799:SF3)

signal
molecule
(PC00207)

HUMAN|HGNC=5341|U

P21815

Bone sialoprotein 2; IBSP; ortholog

niProtKB=P21815

BONE SIALOPROTEIN 2

extracellular

(PTHR10345:SF0)

matrix
structural
protein(PC001
03)

HUMAN|HGNC=3153|U

Q16610

niProtKB=Q16610

Extracellular matrix protein 1; ECM1;

EXTRACELLULAR

ortholog

MATRIX

PROTEIN

1

(PTHR16776:SF3)
HUMAN|HGNC=13361|
UniProtKB=Q9NQ76

Q9NQ76

Matrix

extracellular

phosphoglycoprotein; MEPE; ortholog

MATRIX
EXTRACELLULAR
PHOSPHOGLYCOPROTEI
N (PTHR16510:SF4)

Following the MS experiment, TGFb1 was quantified in the EDMP and MDMP
proteins using ELISA. This helped plan further experiments where the responses of
DPSC to EDMP and MDMP were assessed, based on exposure to a pre-determined
concentration of TGFb1 in the culture medium (Widbiller et al. 2018b).
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5.2.3: Quantification of TGFb1 concentration in the EDMP and MDMP samples using
ELISA
The total concentration of TGFb1 was calculated using ELISA test for the EDMP and
MDMP samples using the standard curve graph (as described in section 4.2.6).
The concentration of TGFb1 in the EDMP sample was found to be higher (140, 449 ±
4770 pg/mL) as compared with TGFb1 detected in the MDMP protein sample (77646
± 1780 pg/mL) (Fig. 5.8). The differences between the amounts of TGFb1 detected
were calculated by a two-tailed Student’s t-test for two independent means. The
results were found to be statistically significant between the two protein groups (t=
17.42, P= 0.00328) with significantly higher TGFb1 detected in the EDMP group.

Fig. 5.8: Concentration of TGFB1 (pg/mL)
Each bar shows the TGFb1 concentration in the proteins recovered by EDTA and MA solutions (n=2)
(as determined by ELISA) showing significantly higher levels recovered with EDTA: almost twice as
much than MA. Data is shown as mean± standard deviation & are representative of triplicate
samples each for two dilutions conducted over an independent experiment for each batch.
Significance at P<0.05
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The quantity of TGFb1 was calculated as a fraction of the total protein detected
(Table 5.10) via the BCA test, previously reported in section 5.2.1. The amount of
TGFb1 (pg) detected per µg of total protein in the MDMP protein sample was 45.3 ±
28.03 pg/µg as compared with the EDMP sample (15.96 ± 1.25 pg/µg). The
differences in these relative concentrations was analysed using the one-tailed
Student’s t-test for independent means which showed a significant difference
between the MDMP and EDMP samples (t= 2.89; P= 0.013).

EDMP
MDMP

Total protein
concentration
(µg/µl)
8.798 ± 0.46
1.714 ± 1.03

140.449 ± 4.770

15.96 ± 1.25

Total volume
of
protein
available (µL)
3500

77.646 ± 1.780

45.3 ± 28.03

3000

TGFb1 (pg/µl)

TGFb1
pg/µg
total protein

Total TGFb1
available (pg)
491,571 ±
16695
232, 938 ±
5340

Table 5.10: TGFB1 available with respect to total protein mass

Table 5.10 shows that even though the overall total protein and TGFb1 concentration
of MDMP detected by the BCA test was significantly lower than in EDMP, the amount
of TGFb1 (detected by ELISA) as a percentage of the total protein fraction was found
to be about three times higher in the MDMP protein sample as compared with the
EDMP sample. This could possibly be explained by the differential protein extraction
profiles of EDTA and MA which were previously detected by MS.

5.3: DISCUSSION
This set of experiments was undertaken to evaluate the nature of proteins that were
recovered from the dentine of healthy impacted human wisdom teeth by using either
MA or EDTA. They were evaluated for the total protein concentration, nature of the
proteomic constituents and the quantification of TGFb-1 as a surrogate marker for
enabling further experiments with EDMP and MDMPs. Several experimental
variables were also considered for this set of experiments. One of the first variables
related to the nature of teeth that were selected for the experiments.
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5.3.1: Nature of teeth chosen for DMP extraction
As previously mentioned in Chapter 2, REP is indicated in immature teeth that have
pulpal necrosis, with or without periradicular disease. Dental caries is one of the most
frequent causes of pulpal necrosis, although teeth that have previously suffered from
trauma could also develop pulp necrosis. However, before necrosis develops, the
dental pulp is vital (‘alive’), even though the tooth may have caries. When caries
affects the tooth, bacteria-induced demineralisation-related changes occur within
coronal dentine (Macgregor 1961; Sarnat et al. 1965; Fusayama et al. 1966; Massler
et al. 1977) which in turn are able to release growth factors (Smith et al. 1994; Smith
et al. 1995b; Tziafas 1995; Tziafas & Papadimitriou 1998b; Smith et al. 2001b; Sulkala
et al. 2002) that stimulate odontoblasts within the pulp to lay down reparative or
reactionary dentine as a protective measure (Smith et al. 1995a). Pulp vitality may be
maintained as a result of this defence mechanism, though the carious dentine would
have lost some (or all) of it’s mineral and proteinaceous components in the cavitated
portion of the tooth.
With caries, pulpal inflammation or pulpal necrosis, changes also occur within the
radicular dentine (Dung et al. 1995; Ricucci et al. 2017; Ricucci et al. 2018).
Additionally, the disinfection protocol used during REP changes the structure and
composition of root dentine (Yassen et al. 2015; Nerness et al. 2016). The protein
configuration of the extracellular matrix in root dentine for immature permanent
teeth receiving REP is therefore expected to be different from intact teeth and it
could be hypothesised that at least some of the DMPs would have been already
‘discharged’ or released in response to disease and treatment protocols, even before
a chelator was used at a penultimate stage of REP. This can be examined via future
research.
The present study used intact teeth, which may not reflect the clinical scenario of
REP, but is nevertheless useful. The ability of MA to extract DMPs has not been
studied before. Understanding the proteomics of MDMP from intact teeth will serve
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as a baseline, and future research can compare these with DMPs from root dentine
of diseased teeth that have received disinfection-related steps of REP. Secondly, if
DMPs extracted by MA were to be configured into a drug delivery system, or a
xenograft, the validity of the research presented herein would remain, since proteins
from only healthy-intact teeth should be used for this purpose.
Apart from the nature of teeth used for the experiments, the amounts and nature of
proteins recovered from dentine can also be influenced by the methods used to
prepare the dentinal samples.

5.3.2: Preparation of dentine samples
The teeth chosen for this study were extracted intact human third molar teeth where
the enamel, cementum and pulp had been removed, thereby only leaving dentine
samples for further experiments. The dentine samples were processed to achieve a
dentine dust-like configuration which increased the surface area of the dentine
powder, in turn enhancing the liberation of DMP for use in further experiments.
Methods for pulverising dentine samples:
The method for grinding dentine into powder was a subject of pilot experiments in
this study. Different techniques for creating the dentine powder have been described
in literature. Many studies report pre-processing the dentine sample into smaller
particulate sizes including reducing the dentine into slices using a isomet saw (Aubeux
et al. 2016), use of water-cooled rotary discs (Tomson et al. 2007) or the dental
turbine (Sadaghiani et al. 2016). Further processing to obtain a finer powder report
using instruments such as the percussion mill cooled with liquid nitrogen (Tomson et
al. 2007; Tomson et al. 2013; Sadaghiani et al. 2016; Avery et al. 2017; Tomson et al.
2017; Okamoto et al. 2018) or a mixer mill with constant cooling (Widbiller et al.
2018b).
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Some studies did not pre-process the dentine samples into smaller pieces first, but
directly used a blade mill, zirconia mortar grinder (Aubeux et al. 2016), osteomill
(Tanoue et al. 2018) or a cooled mortar (Wu et al. 2019; Alharbi et al. 2020) to powder
the dentine into particulate matter. In the present study, the dentine samples were
cooled with LN2 which helped preserve the proteins by countering the heat (and thus
potential

for

denaturation)

that

was

inevitably

generated

during

the

pounding/grinding or milling. The use of LN2 also helped make the dentine samples
brittle, thus facilitating the crushing procedure. The dentine samples were initially
crushed in a mortar after being submerged in LN2, but even with approximately 4560 min of pounding, a fine powder could not be obtained. The samples were then
processed through a cryogenic ball mill, but this also did not result in the fragmented
dentine pieces being converted in to a finer powder. The likely reason could be that
the dentine fragments were larger than the ones that could be processed by the
cryogenic ball mill into a finer powder. Therefore, as an alternate technique, the LN2cooled samples were then processed in a bladed grinder, and this resulted in a much
finer powder mix, albeit, being still inhomogeneous. Whilst some studies sieved the
processed dentine powder through a 60µm mesh (Tomson et al. 2007), this would
inevitably also remove a portion of the dentine sample, which could also be used for
the protein extraction to help maximise the protein output. However, this
inhomogeneity could also result in different amounts of protein being extracted from
each batch of the dentine sample, even though the same experimental conditions
were used.
Powdering technique is not reflective of clinical scenario:
The technique of dentine sample powder preparation (and variations thereof) for
extraction of DMPs is well documented in literature. However, powdering dentine is
not reflective of the clinical procedure. During REP, the root canal is irrigated with
the chelator irrigant, and the amounts and nature of proteins liberated during the
clinical procedure (mainly from the root canal wall surface) may differ from those
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detected through the laboratory experimental set-up using powdered dentine. This
study, and other similar studies, can therefore be seen as proof-of principle concepts
for the likely potential of the applicability of DMPs during REP. From such proof-ofprinciple experiments, there is also progress toward clinical translation. DMPs from
extracted teeth derived from powdered dentine have been formulated into a drugdelivery system in the form of a liposome. This can be placed into a biological system
to exert its influence on DPSCs as it breaks down to release the DMPs (Melling et al.
2018; Jiang et al. 2020). DMPs from extracted teeth have also been used as a
xenograft in the animal model, which led to dentine formation (Bakhtiar et al. 2020).
Therefore, even though the present study and other similar studies, may not directly
reflect current techniques used in clinical practice, the value of the results and
implications for potential clinical applications remains undiminished.

5.3.3: Total Protein Extraction and Measurement
The dentine powder from human teeth was exposed to EDTA & MA solutions over
two cycles in this experiment, each over a duration of two hours. Multiple extraction
cycles have been reported from the same dentine powder (Ferracane et al. 2013;
Sadaghiani et al. 2016; Avery et al. 2017). Apart from Widbiller et al. 2018, where
extraction was carried out over a very short time period (30 minutes), all other
studies have carried out the procedure over a much longer time period, such as four
days (Finkelman et al. 1990; Alharbi et al. 2020), six days (Ferracane et al. 2013),
seven days (Salehi et al. 2016) and most popularly fourteen days (Tomson et al. 2007;
Park et al. 2009; Tomson et al. 2013; Sadaghiani et al. 2016; Avery et al. 2017; Tomson
et al. 2017; Austah et al. 2019; Duncan et al. 2019) [which reflects the protocol of the
Birmingham/Cardiff groups], or twenty-eight days (Chun et al. 2011). The extraction
solution was also changed daily in some studies (Tomson et al. 2007; Sadaghiani et
al. 2016).
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Conditions for extraction:
All studies extracted DMPs from the dentine powder at low temperatures (e.g. 4°C)
to preserve protein. Studies that conducted the extraction procedure over several
days also incorporated protease inhibitors to prevent degradation of the DMPs.
However, when the extraction procedure was performed over a short time duration,
such as in the present study, the chelator solution itself acted as a protease inhibitor,
and it is known for this application in medicine (Berman 1975; Kohara et al. 1991;
Anderson et al. 2003). Our protocol was similar in this regard to another study
(Widbiller et al. 2018b), and no additional protease inhibitor cocktail was added to
the protein extraction set-up.
Method for exchange of Chelator for Physiological saline/water:
The DMPs solubilized in EDTA had to be further processed to exchange the EDTA for
physiological saline. Dialysis over ten days was the most commonly reported method
in literature (Graham et al. 2006; Tomson et al. 2007; Sadaghiani et al. 2016; Duncan
et al. 2019). This prolongs the extraction procedure and puts the DMPs at risk of being
degraded over a period of time. A much quicker method using centrifuge filtration
has also been reported with success (Finkelman et al. 1990; Jágr et al. 2012; Widbiller
et al. 2018b) and was adopted in this study. The risk of inadequate physiological
saline exchange with EDTA does exist with this method, but ‘washing’ the DMP
samples with saline permitted their use for subsequent experiments with DPSCs.
MA extracts lesser overall proteins from dentine than EDTA & preserves dentine:
The BCA test was used for determination of the overall protein concentration and has
also been reported by other authors (Tomson et al. 2007; Sadaghiani et al. 2016;
Avery et al. 2017; Widbiller et al. 2018b; Austah et al. 2019).
The results from this study have shown that both EDTA and MA solutions were able
to extract proteins from the dentine matrix. The overall total protein concentration
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and quantity detected by BCA for the EDMP group was much higher as compared
with the MDMP group. This finding may have several clinical implications. EDTA is
known for its deleterious effects on dentine, especially when NaOCl irrigation follows
EDTA use in the root canal. By extracting more protein from the root dentine, EDTA
contributes to clinically weakening the root lattice and reduces flexural strength of
dentine, in additional to causing erosion of the dentinal surface (Qian et al. 2011). In
this context, MA was found to preserve the proteinaceous dentinal component
better by extracting lesser protein as compared with EDTA. This may be explained by
the difference in the chemical structures of the two molecules. EDTA is a hexadentate
chelator, whereas MA is a bidentate chelator. Therefore, arguably, MA would bind to
fewer sites within the root canal, which may account for the lesser overall amounts
of protein detected in MDMP group. This will perhaps help reduce the deleterious
effects on root dentine surface erosion, but it remains to be elucidated through
future research.
The total protein extracted by EDTA in the present study was about 31mg from about
40g of dentine powder, while approximately 5.1mg DMP was recovered from 35g of
dentine powder with MA. These values are similar (though slightly lower) to those
reported by others (Tomson et al. 2007; Sadaghiani et al. 2016) where protein
extraction was conducted over fourteen days, yielding approximately 1.2-2.7mg
protein per gram of dentine powder sample. The protein concentration values in our
investigation varied vastly from another study which only reported the concentration
(3-4mg/mL) per batch of extraction without reporting the total quantity or volume of
protein recovered from the mass of dentine powder used (Widbiller et al. 2018b).
Therefore, direct comparisons between studies are difficult.
First extraction cycle recovers more EDMP and MDMP:
Variations of protein recovered from the same dentine powder sample at different
times were also analysed. The present study used two time points of extraction
during the experiment: the first exposure of the dentine powder to EDTA or MA
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finished at two hours, and the second extraction (after solution change) lasted
another two hours, with more protein being detected during the first cycle of
extraction. At least one other study reported the absorption spectra without
reporting the actual amounts of protein recovered at each time period of
measurement (when the solution was changed) over their 14-day extraction process
(Tomson et al. 2007). After the first extraction cycle (with EDTA), Tomson et. al (2007)
found that the subsequent absorption spectra were reduced, and tended to plateau
from the seventh to the fourteenth day for EDTA indicating reduced protein recovery
with time. However, the protein extraction increased with time with other extraction
solutions (such as mineral trioxide aggregate) (Tomson et al. 2007). The absence of
additional data in this paper makes the results difficult to compare.
Reasons for variations in protein extraction between batches
Variations between batches of extraction were noted and can be explained by the
inhomogeneity of the dentine powder size or by the differences in the biological
dentine powder samples which were pooled from different patients. The amount of
mineral-bound extracellular matrix protein in the dentine can vary amongst different
patients depending on the amount of mineralisation (e.g. higher in sclerotic dentine)
which itself can vary in different parts of the tooth. The experiment in the present
study was made more efficient by reducing the overall time period of extraction, and
yet harvesting sufficient protein quantum from EDTA, which had been calculated a
priori. However, as there was no previous data available for MA in this regard, and
also because of the overall reduced total protein harvested by MA from the dentine
powder as compared with EDTA, some experiments with MA and DPSCs had to be
limited to a fourteen-day period (rather than 21 days, e.g. Alizarin red quantification
assay and RT-qPCR). Future research should therefore plan to process more dentine
powder when extracting proteins from MA, to help carry experiments to a full timecourse, or alternatively plan to repeat several further extraction cycles.
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5.3.4: Mass spectrometry
Shotgun bottom-up proteomics using MS is a useful tool to assess the number,
complexity and amount of proteins that can be predicted within a protein sample.
This sophisticated tool is able to predict the presence of proteins in a given sample
by assessing the mass-to-charge ratio of fragmented ions from peptides. Only a few
studies have assessed the number and type of proteins using MS from dentine
samples (Park et al. 2009; Chun et al. 2011; Jágr et al. 2012; Widbiller et al. 2019). MS
is able to advantageously provide an overview of the entire (most-likely) proteomic
composition of dentine, which is difficult to achieve with most other techniques. The
analysis of proteins with other techniques, such as ELISA- antibody panels (Sadaghiani
et al. 2016), or Western blotting techniques (Park et al. 2009; Yamakoshi et al. 2019),
inevitably restricts the number of proteins that can be identified in a sample.
Additionally, specific antibodies against proteins that are very likely going to be
present in the sample will have to be pre-selected. The investigation of newer
proteins, and the ‘discovery’ of the proteomic composition of a tissue, especially with
regard to hitherto unreported proteins, is difficult in such techniques. Therefore, MS
was chosen as a technique of choice to help study the dentinal proteome.
EDMPs demonstrate highest number of EDTA-extracted proteins ever discovered:
The current study identified far more proteins in the EDTA sample than have ever
been reported before. The maximum number previously reported was 813 (Widbiller
et al. 2019), but that study combined the data for proteins recovered using three
different prefractionation techniques. The present study uniquely identified 435
proteins, while Widbiller et al. (2019) had identified 325 proteins that were distinct
from those discovered in the current project. Further comparisons were difficult to
make, since quantification was not reported in the proteomics data file available from
Widbiller et al. (2019). Other studies report much lower numbers of proteins, ranging
from 147 (Chun et al. 2011), 233 (Park et al. 2009) and 289 (Jágr et al. 2012) in their
respective samples.
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MA extracts more types of proteins than EDTA:
The number of proteins in the MDMP sample in the current study were even higher
than those in the EDMP sample, with a total of 1056 proteins. This demonstrated the
complexity of the proteomic composition for both the EDMP and MDMP samples.
The MDMP sample from the current study was also compared with the EDMPs
detected by another study (Widbiller et al. 2019). While 537 proteins were detected
exclusively in the MDMP sample in the current study, the EDMP sample from
Widbiller et al. (2019) had 276 proteins not found in the MDMP sample.
Even when EDTA was used as the extracting agent, the differences in protein
numbers reported between studies can be explained by the variations between the
biological samples assessed. Secondly, the concentration of EDTA between studies
varied and ranged from 10-17%. It is plausible to assume that more demineralisation
will be seen with a higher concentration of EDTA, which would liberate more soluble
dentine protein. An additional explanation could also be the differences in software
packages that were used to process the sets of data between the different studies.
The current project utilised the MaxQuant software, with the inbuilt Andromeda
search engine to help identify peptides based on spectral matches (Cox et al. 2014)
which is then matched against the human proteome database (UniProt). MaxQuant
has previously been found to report more peptide spectrum matches as compared
with Mascot (used by Widbiller et al. 2019), and resulted in higher numbers of
proteins being reported, even when the same proteome database was used (Paulo
2013). The higher number of proteins reported herein might be suggestive that
newer proteins may have been detected in the present study’s dataset that were not
previously reported with relation to dentine. However, without full datasets from
other studies, this remains difficult to predict, and can be the focus of future work in
this area.
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Plasma proteins detected by MS in both EDMP and MDMP:
One of the major disadvantages with the MS technique relates to the dentine sample
preparation itself, which may affect the total number of proteins that maybe
subsequently detected. There is no definitive proof that all the proteins that were
predicted by MS were actually a constituent of dentine. The dentine-pulp complex is
a contiguous structure. During the preparation of the dentine sample, before
pulverising it in to powder, the dental pulp was recovered from the pulp space by
splitting the tooth into two halves. It is assumed that pulpal and plasma proteins
would not have been detected within the DMP sample. This assumption may not be
entirely true, as proteins from the dental pulp surface maybe adsorbed onto the
dentine and can be subsequently detected by MS.
There is evidence from the MS data acquired by the present study that shows high
levels of albumin that were discovered in both EDMP and MDMP samples. Albumin
has also been detected as the largest protein group from the soluble extracted DMP
by other authors (Chun et al. 2011; Jágr et al. 2012). Albumin is not classically
characterised as a constituent of dentine, and is known to comprise about 50% of the
plasma proteins. One explanation for the presence of albumin in dentine could be
related to its adsorption from the pulpal surface onto dentine, as previously
mentioned. Other authors have speculated that albumin may be an integral part of
dentine (Kinoshita 1979; Kinoshita et al. 1979), though this was demonstrated via an
animal model, and has not been substantiated by other work. A third possibility
(which is a very likely explanation) relates to the expression of albumin within the
dentinal fluid, and this has been previously demonstrated (Maita et al. 1991;
Bergenholtz et al. 1993; Knutsson et al. 1994; Pashley 1996). Dentinal fluid itself is
also derived from plasma, and is therefore also expected to reflect similar plasma
proteins, but at different concentrations. As the dentinal fluid is contained within the
dentinal tubules, at the time of dentine pulverisation, the fluid would have also been
incorporated into the sample, and thus detected later via MS. Given the similarity in
the percentage constituent fractions of albumin in EDMP (46%) & MDMP (49%) in
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the present study, and those previously reported for dentinal fluid (40%) and plasma
(34%) (Haldi et al. 1963), it is difficult to interpret the origin of this protein in the DMP
samples.
The hypothesis that the dentinal fluid becomes incorporated into the DMP samples
also helped explain the detection of several other plasma proteins within the EDMP
and MDMP samples, though it would be difficult to discern whether these were also
actually a constituent of the ECM of dentine. There is some work that corroborates
the concept that some plasma proteins are a structural part of dentine. An example
relates to alpha-2-HS-glycoprotein, which featured prominently in both MDMP and
EDMP samples. A study has undertaken histochemistry analysis for alpha-2-HSglycoprotein on undemineralised dentine sections and showed the localisation of this
protein on peritubular dentine (Takagi et al. 1990). Another study used electron
microscopy & revealed its presence in mantle dentine with a decreasing gradient
toward circumpulpal dentine (McKee et al. 1996). Some studies that have used MS
to study the soluble dentine proteome have also detected this protein (Park et al.
2009; Jágr et al. 2012).
Indeed, apart from albumin and alpha-2-HS-glycoprotein, there are several
similarities in the patterns of the most frequently detected plasma proteins in the
present research project and other relevant published work (Park et al. 2009; Chun
et al. 2011; Jágr et al. 2012). Examples of such proteins include haemoglobin subunit
A, immunoglobulins, antithrombin III, prothrombin, apolipoproteins, a1-antitrypsin
and serotransfferin. Therefore, whilst all studies, including the current investigation,
term the total proteins obtained from the dentine samples as DMPs, this in itself is a
misnomer, and includes proteins from sources other than the dentine matrix
exclusively. It is proposed that Dentine Associated Proteins maybe a more
appropriate term for this soluble dentinal proteome when analysed by MS.

130

Characterisation of Soluble Dentine Matrix Proteins

Keratin- An unexpected finding in EDMP and MDMP from dentine:
While the presence of plasma proteins can be rationalised within the DMP samples,
the presence of keratin within dentine is unexpected. The present study, as well as
others (Park et al. 2009; Chun et al. 2011; Jágr et al. 2012; Widbiller et al. 2019;
Sharma et al. 2020) have all identified different types of keratin within the dentine
proteome. Keratin is expressed by tissues of epidermal origin, whereas dentine arises
from the mesoderm, and therefore its presence is not anticipated in this tissue. There
are several studies that have described the presence of keratin within the nonmineralised portion of enamel (which is negligible) (Lesot et al. 1982; Lombardi et al.
1992; Prathyusha et al. 1994; Duverger et al. 2016; Chiba et al. 2019; Yang et al.
2019). However, all enamel was removed from the teeth in the current project during
dentine sample preparation, as was periodontal ligament, where cytokeratins are
also expressed (Moxham et al. 1998). The presence of keratin in the protein sample
could therefore possibly be explained based on data from at least a couple of studies.
One study has demonstrated a 68kDa protein band with epitopes that also stained
positively for anti-keratin antibodies (Lesot et al. 1988) in dentine, but there was no
further follow-up work from this group. Another paper that supports the plausibility
of keratin expression within dentine recognised cytokeratin 19 by staining the
cytoskeletal structure of the odontoblastic process (Webb et al. 1995) which lies
within dentine. The reproducibility of recovering keratin proteins between several
different studies that have used MS for studying DMP (and sometimes as a prominent
constituent of the DMP) should be further investigated by staining demineralised
dentinal slice sections to help refute the contention that DMPs were contaminated
by epithelium/hair/skin (Jágr et al. 2012). Additionally, the MS keratin proteome from
soluble DMPs could be compared with the proteome from a hair/epithelium in the
future to assess differences in the profiles detected.
Components of the dentine extracellular matrix:
The classic notion that dentine is largely composed of collagen (Goldberg et al. 2011)
was corroborated by the LFQ data in the present study. Several different types of
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collagen chains (such as types I, II, III, IV, V, VI,VIII, XII, XVIII, XXII amongst others)
were detected, including, unusually, collagen type XI, which is associated with
cartilage. When different collagen chains were cumulatively viewed, collagen formed
a large component of dentine.
Apart from the collagenous components of dentine, numerous NCPs were also found
in the current study, and are recognised as constituents of dentine with important
biological functions. These include DSPP and DMP1 which are produced by the
odontoblast and are a part of the SIBLING family. Both form an important part of the
dentine extracellular matrix (Goldberg et al. 2011) and play a role in dentinogenesis
(Gibson et al. 2013) . Even though DSPP was the second most abundant protein in
the EDMP group in the current study, it was detected at approximately half the levels
as compared to those within the MDMP group, where, interestingly, it was the ninth
most abundantly detected.
The findings from the present study for DMP1 mirror the results for DSPP. Almost
twice the amounts of DMP1 were detected in the MDMP sample as compared with
the EDMP sample, even though DMP1 quantification as a percentage of the entire
proteome detected in the EDMP sample was higher than in the MDMP sample. DMP1
is also critical to osteogenesis (Sun et al. 2015) and dentinogenesis (Sun et al. 2011b),
where it may help stabilize the nascent calcium phosphate crystal (He et al. 2005).
While DSPP has been reported in nearly all dentine shotgun proteomic studies that
have used MS (Park et al. 2009; Chun et al. 2011; Jágr et al. 2012; Widbiller et al.
2019), DMP1 has not been reported in some papers (Park et al. 2009; Chun et al.
2011; Sharma et al. 2020).
Several other NCPs that have a role in mineralisation were also detected in both
EDMP and MDMP. These included SLRPs such as lumican, decorin, biglycan,
osteomodulin and fibromodulin. The SLRPs are associated with the organisation of
collagen fibrils during odontogenesis (Embery et al. 2001) with lumican being
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detected in higher quantities in the less-well mineralised predentine (Moriguchi et al.
2004), while decorin and biglycan are detected during mineral apposition (Randilini
et al. 2020). The LFQ of all SLRPs was higher in MDMP than EDMP.
Annexin is another example protein which was reported for both protein samples,
but appeared in the ‘top-25’ for the MDMP sample. The presence of this group of
proteins is associated with calcium binding and may mediate the entry of calcium
ions into matrix vesicles which are associated with hydroxyapatite formation. It can
therefore be associated with dentinogenesis. An example of a structural protein in
the ‘top-25’ for the EDMP group was Vimentin (which was also reported for both
samples, and in fact at a higher concentration in the MDMP group). This protein is
associated with the odontoblastic process that extends into the dentinal tubule (Sigal
et al. 1985; Magloire et al. 2004) to a variable extent. Whilst the pulp itself was
removed when the dentine sample was prepared, the removal of the odontoblastic
process from the dentinal tubule would not have been feasible.
The PANTHER protein groups:
Both EDMP and MDMP proteomes in the current study presented a very large and
complex dataset that were composed of a vast array of proteins. Apart from analysing
the overall number of proteins and some of the more prominent or most frequently
detected components in both EDMP and MDMP samples, additional tools from the
PANTHER database (Mi et al. 2019) were utilised to better appreciate and classify the
proteome. This is a free-for-access online database that is relatively easy to use and
is also able to process large volumes of data quickly, using standard input
characteristics from the dataset, such as the unique UniProtKB protein ID numbers.
This database helped recognise some important protein groups within the two
proteomes, such as proteins from the calcium-binding group, which have a role in
mineralisation. Calmodulin is an example which was present in both EDMP and
MDMP samples. Once bound to calcium, calmodulin exerts further influences on
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mineralisation via the calcium-calmodulin-dependant protein kinase II (CaMKII)
which further activates smad1 and promotes the expression of mineralisationassociated genes (Eapen et al. 2013). The MDMP proteome showed evidence of
CaMKII, but not in the EDMP sample. Another calcium binding protein- group that
was found in both EDMP and MDMP samples was the S100, which is known to be
associated with dentine formation in response to carious onslaught (Komichi et al.
2019). A specific type of S100, the S100G ,also known as calbindin, has been identified
at the base of the cilium at a supra-nuclear location in the odontoblast, and maybe
associated with the transport of calcium into dentinal tubules during odontogenesis
(Magloire et al. 2004) and also during reparative dentinogenesis (Itota et al. 2004).
Other proteins that were classified for their role in biomineralisation by the PANTHER
database included tetranectin, MEPE, BSP2 and MEPE, all of which are NCPs and were
detected in both EDMP and MDMP. Their roles in mineralisation are however
different. For example, MEPE, which was first identified in 2002 (MacDougall et al.
2002), is only transiently expressed by the osteoblast and is much better expressed
by the osteocyte (Igarashi et al. 2002). It is known to have an inhibitory effect on
osteogenesis (Gowen et al. 2003) and plays a role in bony homeostasis. Conversely,
tetranectin (Wewer et al. 1994) and BSP2 (Garcia et al. 2003) are both associated
with mineralisation of the extracellular matrix. Likewise, there are several hundreds
of proteins that were detected through this set of experiments, each with its unique
role within the dentine-pulp complex.
Concluding remarks for MS:
Through this experiment, MS provided an overview of the complex dentine proteome
that was detected in the EDMP and MDMP sample. When co-relating the findings of
the MS experiment with the previously discussed BCA experiment (which helped
determine total protein concentrations between the MDMP and EDMP samples), it
was interesting to note that even though a higher yield and concentration was
reported for EDMPs, the MS experiment revealed that the total number of proteins
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that were recovered from the soluble MDMP proteome was higher than the EDMP
proteome. This reinforces the idea that MDMPs will conserve dentinal structure
better, and yet may help liberate a richer cocktail of DMPs from the substrate. It is
difficult to draw inferences on the biological significance of the number and amounts
of proteins from either sample, especially when it relates to the behaviour of DPSCs
in terms of differentiation in to odontoblasts. The component proteins from the
dentine proteome cannot be viewed in isolation, and while understanding the role of
some important protein constituents helps provide perspective, the interplay
between different proteins through multiple pathways will influence cellular
behaviour, both in vitro and in vivo. Variations in cellular behaviour are possible in
response to the DMPs and maybe influenced by the difficulty in standardising the
composition and concentration of the soluble proteome, even when the protein
extraction conditions are uniformly followed.
Nevertheless, to help calibrate uniformity in further experiments, TGFb1 was chosen
as a surrogate marker from the DMPs as it influences DPSC differentiation into
odontoblasts (Sloan & Smith 1999). Before being used in cell culture experiments,
TGFb1 was further quantified using ELISA which helped plan the quantity of DMPs
that would be added to the cell culture medium as a stimulant for the DPSCs.

5.3.5: TGFb1 quantification with ELISA
The results from the current investigation showed that the overall quantity of TGFb1
recovered from the EDMP sample was higher than the MDMP sample. This can be
explained by the overall higher quantities of total proteins that were recovered from
the EDMP sample. However, more interestingly, the percentage composition of
TGFb1 as a part of the total protein fraction was found to be about three times higher
in the MDMP sample as compared with the EDMP sample. This reinforces the
concept that perhaps MDMP would help conserve dentine better, and yet extract a
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protein mixture with far higher concentrations of biologically relevant molecules such
as growth factors.
The levels of TGFb1 reported for EDMPs in this study are very concordant to those
reported by other authors, with an overall range of 15-17pg/µg of total protein
(Finkelman et al. 1990; Avery et al. 2017; Widbiller et al. 2018b). This is an interesting
finding since the extraction protocols, concentrations of the EDTA solutions, pH
values and the time of exposures were different in all these studies, while the
common factor was the measurement of TGFb1 amount in EDMPs extracted from
pulverised dentinal powder which was detected by ELISA. It could be hypothesised
that EDTA only has a finite ability to release TGFb1 from the dentine matrix, which
plateaus after a short time of exposure and will not increase even with longer periods
of exposure (as much as 14 days in some other studies). Future research can help
corroborate the time-dependent recovery of TGFb1 from EDMPs measured by ELISA,
especially in terms of developing a drug delivery system from dentine proteins, to
help make the process more efficient.
The loss of DMPs from the root canal clinically? A paradox:
During clinical REP, the EDTA irrigant is suctioned away from the root canal at the end
of the procedure as waste. In this process, valuable soluble DMPs, including TGFb1,
are actually lost from the root canal system. This creates a paradoxical problem, since
those soluble proteins are desirable for enabling differentiation of MSCs into
odontoblast-like cells. The proteins that remain behind on the demineralised dentine,
but are still not mineral-bound or encased in dentine, will also play a crucial role in
odontoblastic differentiation. Of course, the assumption that all soluble proteins will
be lost when the root canal chelator irrigant is suctioned away may not be true at all,
and the DMPs that were liberated maybe only partly lost, while the remainder are
loosely adsorbed to the surface of the root canal wall, especially since the clinical use
of the chelator happens over a very short time period (e.g. minutes). MA will still be
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more beneficial than EDTA, because even if a portion of the soluble MDMPs are lost
clinically, owing to the lower overall DMP lost and the higher percentages of
biologically active growth factors such as TGFb1 which are liberated, there is some
likelihood that these will still remain adsorbed loosely to the root canal dentinal wall
in a higher proportion. This can be evaluated in future studies using immunogold
labelling techniques for scanning electron microscopy that can help quantify TGFb1
which still remains on the surface of dentine after the irrigation procedure. Further,
such surfaces could then be assessed for their influences on MSC attachment and
differentiation.
The understanding of the clinical significance of demineralised dentine (vis a vis
growth factor liberation) can be enhanced by using experiments that have extracted
DMP from sources other than pulverised dentine powders. An alternative study
model has used dentine discs instead for DMP extraction and subsequently
quantified TGFb1 liberated by EDTA. It is thought that this model may resemble the
clinical procedure better, wherein the sliced disc is submerged within the chelator
solution. TGFb1 has been recovered at lower concentrations from these studies at
about 1pg/µL (Galler et al. 2015; Gonçalves et al. 2016), but the overall protein
amount was not reported, probably due to the small amounts of total proteins
recovered.
The study models have further evolved, and there are at least two papers which
evaluate TGFb1 release from root canal dentine surface only, where the root
segment had been exposed to endodontic irrigants such as sodium hypochlorite
followed by EDTA, or EDTA alone (Zeng et al. 2016; Chae et al. 2018). The TGFb1 was
measured 24 hours later, and was detectable in both studies. This is an important
finding which validates the final irrigation with EDTA during root canal treatment
procedures with the subsequent release of TGFb1. Additionally, it also shows that the
clinical disinfection protocol with sodium hypochlorite is not able to hinder the
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release of bioactive molecules, and infact may even liberate more detectable growth
factors as compared with the sole use of EDTA (Zeng et al. 2016).
Concluding remarks for TGFb1 quantification:
TGFb1 plays an important role in dentinogenesis by signalling odontoblast
differentiation (Bègue-Kirn et al. 1992; Bègue-Kirn et al. 1998; Thyagarajan et al.
2001) and production of the extracellular matrix (Melin et al. 2000). The effects of
TGFb1 (present within DMPs) on the MSCs are governed by its concentration in the
culture medium (Widbiller et al. 2018b), with higher concentrations leading to lower
cell viability. It is also able to regulate the expression of DSPP and DMP1, which play
a crucial role in the development of dentine with the known ability to influence smad
proteins that are involved with mineralisation (Unterbrink et al. 2002). TGFb1 was
detected in both the EDMP and MDMP samples in the present study. Hence it was
used as a reference growth factor at equal concentrations in both EDMP and MDMP
to assess their influence on DPSCs, which were first cultured and characterised from
three different patients.
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CHAPTER 6
ISOLATION & CHARACTERISATION OF DENTAL PULP STEM CELLS
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Chapter 6: ISOLATION & CHARACTERISATION OF DENTAL PULP
STEM CELLS
6.1: INTRODUCTION
Since the initial work of Friedenstein on MSC and the subsequent work of Gronthos
et al. on DPSC (Friedenstein et al. 1970; Gronthos et al. 2000; Gronthos et al. 2002),
several studies have focused on characterisation of DPSCs (Karbanová et al. 2011;
Pisciotta et al. 2015; Dong et al. 2019; Kobayashi et al. 2020). The characterisation of
the DPSCs has also followed the same guideline patterns as the ISCT criteria that has
been advocated for other MSCs (Dominici et al. 2006). Firstly, studies have
demonstrated the DPSC to be strongly adherent to plastic surfaces in culture (Ferro
et al. 2012; Ferro et al. 2014).
Secondly, the cell surface characterisation for DPSCs has been reported for a number
of surface markers across different studies by utilising flow cytometry. The
immunophenotype of the DPSC always shows results with high levels of positivity for
CD73, CD90 and CD105, while lacking the expression of haematopoietic markers such
as CD31, CD45 and CD34 (Dong et al. 2019; Kobayashi et al. 2020).
Thirdly, DPSCs are also thought to have the abilities of a progenitor cell as they are
able to undergo trilineage differentiation in to osteogenic (Ferro et al. 2012;
Sadaghiani et al. 2016), adipocytic (Gronthos et al. 2002; Sadaghiani et al. 2016; Chiba
et al. 2019) and chondrogenic lineages (Struys et al. 2011; Yao et al. 2018; Fageeh
2021). In cell culture, DPSC differentiation can be observed, and the relevant stains
used to show the changes that occur as a result of the differentiation process. Alizarin
Red S is used for staining the calcium deposits after osteoblastic differentiation, Oil
Red O stains cytoplasmic lipid vacuoles after adipocytic differentiation and Alcian
Blue stains collagen type II and aggrecans which are types of chondrogenic proteins.
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In the present study, the DPSCs were characterised after isolation and culture by
using osteoblastic and adipogenic differentiation and immunophenotyping assessed
by immunocytochemistry and flow cytometry.

6.2: RESULTS
The DPSCs in this study were obtained from the dental pulps of impacted third molar
teeth of three patients.

6.2.1: DPSC cell culture
The DPSCs grown in cell culture were found to be strongly adherent to the plastic of
the culture plate for all three biological samples. The cells were initially sparse, but
tended to proliferate rapidly after being plated into culture (Fig. 6.1). DPSCs then
aggregated into colonies, which were then seen to proliferate further and merge until
confluent in the culture flask.

Fig. 6.1: Proliferation & expansion of DPSCs in culture through various stages for A32 sample
at Passage 0 for unstimulated sample; A: Day 7- cells start to replicate; B: Day 14- DPSC start to
aggregate and cluster; C: Day 21- Colony formation; D: 80-90% confluence at Day 28 ; brightfield
microscopy representative images, magnification 10x, scale bar 128µm
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The morphology of the DPSC was classically seen as an elongated, spindle-shaped
fusiform cell which was akin to fibroblastic morphology amongst the three patient
samples. However, variations were also noted between the DPSC biological samples,
especially at the initial phases of tissue culture. Stellate shaped cells were also
observed as were cells that were also shorter and presented with cuboidal
morphology. This indicated that the cell population was heterogenous to begin with
in terms of morphology. However, as the cells reached confluence (Fig. 6.2), the
variations in cell morphology were no longer observable, and the cells appeared
uniformly fibroblastic in shape.

Fig. 6.2: Cells grown to confluence for all three biological samples
for all three biological replicates, Passage 0; A32 & A34 reached confluence at Day 28 and A36 was
rapidly proliferating and reached confluence at Day 16; unstimulated culture in DMEM; brightfield
microscopy representative images, magnification 10x, scale bar 100µm

Variations in the patterns of proliferation were seen between the three samples. A36
proliferated rapidly across the culture flask, whereas cells for A32 and A34 first
clustered into colonies before expanding further on the plastic surface. After initial
plating, A36 reached close to confluence within two weeks. Conversely, at one week,
A32 and A34 samples had started developing colony clusters in the culture flask, and
only expanded close to confluence after four weeks.
As the cells were passaged, the number of cells yielded was counted, before the cells
were either frozen, passaged further, or used for experiments (Table 6.1, an example:
cells being passaged from P2-P3).
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Table 6.1: Cell count
Sample/Passage Percentage of Viable cells

Total Viable Cells in 5mL

Total Viable Cells /mL

A32

95%

21 million

4.2 million

A34

100%

13.6 million

3.72 million

A36a

97.05%

14.75 million

2.95 million

A36b

100%

16.98 million

3.396 million

A36c

100%%

17.25 million

3.45 million

6.2.2: Characterisation of DPSC
The characterisation of DPSC were undertaken over two groups of experiments. First,
cells were assessed for the ability to differentiate into osteogenic and adipogenic
lineages.
Secondly, the phenotype of the cells was assessed using several cell surface markers.
This was done by using immunocytochemistry for CD90 which is a cell surface marker
commonly associated with DPSCs. The cell surface markers which are associated with
DPSCs such as CD90, CD105, CD73, CD44, CD146 and NG2 were also evaluated by
using a multi-colour panel of antibodies in flow cytometry. Cells were also identified
as being non-haematopoietic by assessing the expression of CD31, CD45 and CD34.

6.2.2.1: Differentiation of DPSC
The differentiation potential of the DPSC was investigated into osteogenic and
adipogenic cells. At baseline, before exposure to either induction media, the cells
were found to be elongated with fibroblast-like morphology before being exposed to
either the osteogenic or the adipogenic differentiation medium (Fig. 6.3) (please note
that cells were 70-80% confluent at baseline, and Fig. 6.3 is only representative for
showing morphology). The differentiation of DPSCs for all three biological replicates
was undertaken within osteogenic medium for 21 days and in adipogenic medium for
28 days.
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Fig. 6.3: Morphology of cells at baseline before differentiation
DPSCs were seen to have fibroblastic morphology with elongated spindle-like processes, seeded at
50,000 cells/mL in third/fourth passage at Day 7. Cells in this representative image are yet to reach
confluence and were cultured in unstimulated DMEM until 70-80% confluent before differentiation;
three independent experiments, samples plated in triplicate; brightfield microscopy, 20x
magnification, scale bar 53µm

6.2.2.1.1: Osteogenic differentiation
As DPSCs differentiated into osteoblasts, the morphology of the cells was
transformed from their characteristic spindle shape into a cuboidal shape of the
osteoblast with dendritic processes extending in various directions from the cell
body.
With differentiation, the cells also stopped proliferating, and the cell processes of the
emergent osteoblasts were seen to overlap with each other. This process started
after seven days in osteogenic medium, and by the fourteenth day, the morphology
of the cells had acquired distinct osteoblastic characteristics (Fig. 6.4). Concomitantly,
mineralised nodules had also started appearing within the culture plate well, and
these appeared to increase in number and density by Day 21. The cells were present
in an adherent layer on tissue plastic, but as cell differentiation proceeded, the cell
layer was seen to be embedded within a ‘film-like’ structure (ECM) that was no longer
very well adherent to the plastic surface of the culture plates. This was only seen in
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Fig. 6.4: Osteogenic differentiation of DPSCs
DPSCs (passage 3) exposed to osteogenic medium differentiated in to osteoblasts with alteration in
morphology to a cuboidal shape with dendritic processes. By Day 14, mineralised nodules were seen
(pale-coloured arrows) which became more abundant by Day 21. Three independent experiments
with samples plated in triplicate. Brightfield microscopy,10x magnification, scale bar 135µm

the tissue culture plates undergoing osteoblastic differentiation and would have
represented the production of the extra cellular matrix. Care had to be taken to
prevent detaching this film from the culture surface with gentle aspiration using
pipettes (rather than vacuum suction) and introducing new osteogenic medium
(during medium change) at an angle to the base of the well. With careful
manipulation, the newly-formed osteoblastic cells were able to run the course of the
experiment, and could be photographed and stained.
Alizarin red staining was undertaken at the conclusion of the osteogenic
differentiation experiment for all three replicates (Fig. 6.5). The cells of A32, A34 and
A36 successfully underwent osteogenic differentiation, and when stained at Day 21,
calcium nodules stained by Alizarin red were noted in all cases, and some examples
are shown (Fig. 6.5). The stain was also able to demonstrate calcium containing
osteocytes in the samples (Fig. 6.5). The negative control DPSC cells were maintained
in normal culture medium and did not demonstrate signs of differentiation, nor were
any mineralised nodules noted upon Alizarin red staining (Fig. 6.5).
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Fig. 6.5: Adipogenic & Osteogenic differentiation of DPSCs in three biological replicates,
Row 1 & Row 3- control DPSCs maintained in FCS only for the experiment and subsequently stained
with Oil Red O and Alizarin red at Day 28 and Day 21 respectively: the unstimulated DPSCs did not take
up either stain and remained in an undifferentiated state; Row 2: DPSCs exposed to adipogenic medium
with only A34 showing an isolated area of differentiation into adiopcytes (marked by arrow) at Day 28.
The remainder area for A34 and other biological replicates A32 and A36 remain undifferentiated; Row
4: all biological replicates show osteogenic differentiation with mineralised nodule formation at Day
21; three independent experiments with samples plated in triplicate; brightfield microscopy,
magnification 10x, scale bar: 103µm
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6.2.2.1.2: Adipogenic differentiation
All three biological replicates were maintained in adipogenic medium for 28 days,
using unstimulated DPSCs as control. For two of the replicates (A32 and A36), there
were no convincing lipid-containing cells discovered, and the cells resembled
undifferentiated DPSC control cell morphology. One or two adipocytes were seen
with A34 biological replicate wells (Fig 6.5, A34, row 2). When stained with Oil red O,
these appeared with lipid-containing vacuoles by day 21, though a large part of the
culture well in this replicate also appeared very similar to the DPSC unstimulated
negative control.

6.2.2.2: Immunocytochemistry staining: CD90
To help characterise the DPSC, cells from each biological sample were stained with
CD90 antibody. DPSCs are expected to demonstrate positivity for CD90 expression.
The cells for A32, A34 and A36 did show positive staining for CD90 cells with more
intense staining being detected at the cell membrane, rather than within the
cytoplasm or around the nucleus, which is consistent with the localisation of the
marker on the cell surface (Fig. 6.6).
The culture for each sample revealed positivity for CD90 across all the cells when
grown on plastic surfaces in standard growth medium. The negative control sample
(DAPI only) showed only background fluorescence which corelated with the
autofluorescence of the cells, even though it had received no CD90 antibody stain.
The isotype control showed background staining of the cells which was non-specific
and this was found to be distinctly different from the CD90 stained cells for the
biological replicates, the latter showing distinct cell outlines marked by the antibody.
The shapes and sizes of the cells also appeared to vary between the three samples.
A32 presented with much larger cuboidal shaped cells as compared with the other
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Fig. 6.6: Representative fluorescent microscopy images for immunolocalization of CD90
DPSCs were seeded at 5000 cells/well in a 24-well plate at passage 2 (A32 and A34) and passage 3
(A36) until 30-40% confluence was achieved (three independent experiments in triplicate). Rows 1-3
show biological replicates that stained positively for CD90. The isotype control (Row 4) only showed
background staining whereas Row 5 was the negative control and did not demonstrate staining with
CD90 (apart from cell autofluorescence). Magnification 20x; scale bar: 51µm
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biological replicates. The cells for A34 appeared to be smaller than those in A32 and
had longer cell processes with a stellate shape. Cells for A36 appeared to be smaller,
and demonstrated a more heterogenous population with different cell types that
included fusiform shapes, shorter cuboidal cells (but smaller than A32) and also some
stellate shaped cells with elongated processes.
Even though all three biological samples stained positively for CD90, there were
differences noted in the levels of brightness detected on fluorescence microscopy.
On comparing the MFI, A32 sample was found to be the brightest and A36 was much
less bright (Fig 6.7). Both controls had nearly the same MFI, reflecting
autofluorescence/background fluorescence values.

Fig. 6.7: Mean fluorescence intensity for CD90 immunocytochemistry
Each bar represents the sample type (experimental or control). A32 shows the maximum MFI
whereas A36 showed the lowest MFI in the experimental groups. The MFI of the isotype control and
the DAPI negative control were seen to be lower, which was expected given that they did not take-up
CD90 staining (n=3)
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6.2.2.3: Flow Cytometry:
Data acquired through the flow cytometer were analysed using FlowJo software. The
data files were processed by establishing various ‘gates’ to include (or exclude) cells
from the analysis, based on the read-outs in various channels of fluorescence from
the fluorochrome-labelled antibodies that were used to identify the surface marker
of interest in this experiment.

6.2.2.3.1: Gating Strategy
The gating strategy has been illustrated through dot plots (Fig. 6.8). Gates were
initially placed by analysing the forward scatter (representing size of the cells) vs. the
side scatter (representing granularity) properties of the cells. This allowed the
selection of a wide gate corresponding to cells and excluded debris. This large
proportion was gated as ‘cells’, (labelled ‘DPSC’ in Fig. 6.8) in all the biological
replicates & ranged from 82.8%-86.6%.
Of the cells gated as DPSCs, almost all were also identified as ‘single cells’ (labelled
‘single cells’, Fig. 6.8) by excluding the cell aggregates. Overall, ³90% of the DPSC
population was recognised as ‘singlets’. All three samples demonstrated high values
for forward scatter, which indicated that the DPSCs were large sized cells. The side
scatter for the three patients was also found to be high, indicating the granularity of
the DPSC cell populations.
The next gate carried DAPI and two cell surface markers within the same channel for
detection. DAPI (read in channel v450) helped exclude non-viable cells, thus
permitting the inclusion of only ‘live cells’ for further analysis. The emission spectrum
for the fluorochrome used to label CD31 and CD45 was also within the same channel
for detection (v450) as DAPI. Thus, by gating for CD31 and CD45, cells of
haematopoietic origin were also excluded from further analysis (remainder cells
labelled ‘Live, CD31-CD45-‘; Fig. 6.8). Only a very small proportion of cells were
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Fig. 6.8: Gating strategy for flow cytometry using FlowJo software
DPSC (cells, excluding debris) were selected (Row 1) and represented 83-87% of the entire population.
Only single cells were included (Row 2); these were >99% of all cells. (Row 3) included live & CD31CD45- cells: these were more than 92-96% of the singlets. Almost all these cells (>99.9%) were CD34
negative (Row 4). One independent experiment for each biological replicate at passage 3 (A32, A34)
or passage 4 (A36)- total 3 independent experiments
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identified as being either dead or positive for CD31 and/or CD45: this ranged
between 4.4%-7.7% of the singlet cell population.
The next gate was placed on the ‘Live, CD31- CD45-‘ population to further delineate
the population and help identify DPSC. CD34 is a marker frequently associated with
haematopoietic cells, but in some instances has also been associated with adventitial
cells that display characteristics of MSCs. In all samples in this study, almost all the
(Live, CD31- CD45-) cells were found to be negative for CD34 [100% for A32 and A36,
and 99.9% for A34] (Fig. 6.8). Further gates were then placed on the population that
were recognised as [Cells, Singlets, Live, CD31-, CD45-, CD34-] to help identify and
immunophenotype individual cell surface markers (and their relevant combinations
thereof) that are commonly associated with MSC cell populations.
Gates were placed in the FMO-controls to identify the absence of each relevant
marker in the stained population sample, which would have been stained by all the
other antibodies used in the multi-colour panel (see section 4.3.5.3). This gate was
then applied to all three biological replicates to help determine the positivity rate for
the particular marker. These are represented in Fig. 6.9-Fig. 6.14.
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CD90

Fig. 6.9: Gating for CD90, and its comparative expression amongst A32, A34 & A36
Positivity for the three biological replicates ranges from 93.2%-99.3%. A distinctly negative cell population seen for A36
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6.2.2.3.2: CD90
All three biological samples were strongly positive for the CD90 marker, ranging from
93.2%- 99.3% (Fig. 6.9). The gating patterns were compared between the three
samples. Similarities were noted in the gating patterns between A32 and A34
samples, in terms of expression of CD90 within the entire cell population.
The sample from patient A36 differed from the remainder two, since a second distinct
population of cells within the [single-live-CD34 negative-CD45 negative-CD34
negative cells] which were also negative for CD90, was also found to be present,
albeit this comprised a much smaller part of the entire cell population (6.8%).

6.2.2.3.3: CD105
The analysis for CD105 showed a very high positivity rate for samples A32 and A34
(99.6% and 99.9%) amongst the parent population cells (Fig. 6.10). Cells from A36
patient also demonstrated a high positivity rate (91.4%), but lower as compared with
A32 and A34.
When gates for CD105 were applied to the A36 parent population, a distinct second
population of cells was also noticed amongst the parent group of cells that did not
stain CD105. This tended to mirror the trend that was noticed with the CD90 cells for
the A36 population. The median fluorescence intensity (MdFI) scores were the
highest for A34 again as compared with A32 and A34, and this was similar to results
when staining with CD90.
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CD105

Fig. 6.10: Gating for CD105, and its comparative expression amongst A32, A34 & A36
Positivity for the three biological replicates ranged from 91.4%-99.9%. A distinctly negative cell population seen for A36
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CD73

Fig. 6.11: Gating for CD73, and its comparative expression amongst A32, A34 & A36
Positivity for the three biological replicates ranged from 89.7%-100%
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6.2.2.3.4: CD73
CD73 staining was seen to be 100% for the A34 sample, while it was slightly lower for
both the A32 (94.2%) and A34 samples (89.7%) (Fig. 6.11). Distinct cell populations
could not be not be observed based on CD73 gating. Consistent with findings from
CD105 and CD90 staining, cells from patient A34 also demonstrated the highest MdFI
for CD73.

6.2.2.3.5: CD44
The analysis for the presence of CD44 showed that the cell surface marker was not
present on a large number of DPSC parent population cells, and the positivity
frequency was between 15.5% (A36)- 36.6% (A32) (Fig. 6.12). The MdFI for A36 was
found to be the highest, indicating the brightness of CD44+ cells within the parent
population.

6.2.2.3.6: CD146
CD146 has been identified as a pericyte marker, and approximately half the cell
population for all the patient samples were seen to stain positive for this antibody
(Fig. 6.13). A32 and A34 presented with approximately similarly detected expression
profiles (57.7% and 56.5%), while A36 showed slightly lower numbers of positive cells
(41.9%). As with CD44, there appeared to be at least two distinct populations of cells
with respect to the presence of CD146. Cells from A32 presented the highest MdFI.

6.2.2.3.7: NG2
Very few cells from the parent population stained positive for the neuron-glial
antigen 2 (NG2), which has been associated with MSCs, pericytes and immature
oligodendrocytes (Fig. 6.14). The most cells that were positive for NG2 were detected
in patient A32, while the least numbers were present for A36 (0.28%). The MdFI was
the highest in the A32 sample.
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CD44

Fig. 6.12: Gating for CD44, and its comparative expression amongst A32, A34 & A36
CD44 positivity for the three biological replicates was moderately low and ranged from 15.5%-36.6%
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CD146

Fig. 6.13: Gating for CD146, and its comparative expression amongst A32, A34 & A36
Distinct populations were seen for all three biological replicates; the positive population frequency ranged from 41.9%-57.7%
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NG2

Fig. 6.14: Gating for NG2, and its comparative expression amongst A32, A34 & A36
Only very few DPSCs was found positive for NG2 (0.33%-1.37%); most of the cell population was negative
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6.2.2.3.8: Further analysis
The forward and side scatter plots (Fig. 6.8) indicated heterogeneity in the cells for
all three samples. This was further evidenced through individual marker analysis (Fig.
6.9-Fig. 6.14) of the histograms which showed wider windows around the peaks for
each of the biological samples. Narrow windows on histograms were noted only for
CD73 for all three patients.

6.2.2.3.8.1: Quadrant gating: CD90 & CD105
To further identify and characterise the DPSC population, quadrant gating was
undertaken to assess the relationship between the co-expression of CD90 and CD105
surface markers. Previous analyses (Fig. 6.9 and Fig. 6.10) had demonstrated that two
cell populations existed for both these markers for A36, which also were highly
expressed on the DPSC parent population individually. Variable results were noted
between the three patient samples (Fig. 6.15). A34 sample had a more homogenous
cell population in terms of CD90 and CD105 double positivity (91.9%), and had almost
no cells negative for both these markers. A small proportion of the population
(7.96%) was reported positive for CD90, but negative for CD105. The double positivity
of A34 contrasts with both A32 and A36. A32 reported a lower double positivity
frequency (71.5%) and A36 was even lower (59.5%). For A36, the cell population was
more heterogenous. Two clearly distinct populations could be visualised on the plot:
the double positive and the double negative populations. A third population could be
related to the presence of CD90-CD105+ cells, even though the size of this population
was relatively small (1.49%).
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CD90 and CD105 Quadrant gating: Double positive cells (CD90+ CD105+)

Fig. 6.15: Quadrant gating for CD90 and CD105
CD90+CD105+ cells ranged from 59.5%-91.9% in the three biological replicates. A second distinction small population (7.33%) which was CD90-CD105- was also
seen for A36, with possibly a third population in this biological replicate that was CD90-CD105+ (1.49%)
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6.2.2.3.8.2: Detection of CD90+CD105+CD73+ cells
Further to the quadrant gate for CD90 and CD105, gating was undertaken on the
CD90+CD105+ cell subpopulation to identify cells that were also CD73+ (Fig. 6.16).
The overall expression of CD73 on the CD90+CD105+ cells was found to be complete
(100%) for all cells in A34 and very high for the other two biological samples as well
(>95%). When triple positive cells were assessed as a frequency of the grandparent
sample (i.e. CD31-CD45-CD34- cells), the overall percentage of triple positive cells
was lower as compared with the parent population (CD90+CD105+) (Table 6.2).

Sample

Frequency (%) of grandparent (CD31-CD45-CD34- cells)

A32

68.2

A34

91.8

A36

57.5

Table 6.2: CD90+CD105+CD73+ cell population frequency of grandparent population
The triple positive population as a part of the live, singlet, non-haematopoietic cells was found to
range between 57.5% & 91.8% showing variations between biological replicates in expression of MSC
markers proposed by ISCT that are characteristically associated with DPSC
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Triple positive cells: CD90+ CD105+ CD73+

Fig. 6.16: Gating for CD90+ CD105+ CD73+ cell populations
Almost the entire population of cells that were CD90+CD105+ were also found to be positive for CD73 (95-4%-100%) between the three biological replicates
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6.2.2.3.8.3: Extended phenotypic analysis
Further

analysis

was

then

undertaken

on

the

triple

positive

cells

(CD90+CD105+CD73+) to assess for co-expression of CD44, CD146 and NG2
individually (Fig. 6.17-Fig. 6.19). The percentage frequency of cells as a part of the
parent

population

(CD31-CD45-CD34-CD90+CD105+CD73+)

and

the

great

grandparent population (live, non-haematopoietic total DPSC cells) are described in
Table 6.3. Overall, the percentage positivity was lower for each lineage when
evaluated as a subset of the grandparent population than as a part of the parent
population.
Subpopulation

Frequency (%) of parent

Frequency

(%)

of

great

(CD31-CD45-CD34-

grandparent

(Live

CD31-CD45-

CD90+CD105+CD73+)

CD34-) cells

A32

A34

A36

A32

A34

A36

CD90+CD105+CD73+CD44+

20.1

28.8

15.2

13.7

26.4

8.73

CD90+CD105+CD73+CD146+

63.1

57.3

47

43.1

52.6

27.1

CD90+CD105+CD73+NG2+

1.2

0.33

0.29

0.82

0.30

0.17

Table 6.3: Lineage tracing as frequency of parent & great-grandparent population
This table shows the quadruple positivity for DPSCs, with gates being placed on the triple positive
CD90+CD105+CD73+ population. Further analysis showed that only a small population ( 8.73%26.4%) of the overall live non-haematopoietic cells were positive for CD44 and a more substantial
population were positive for CD146 (27.1%-52.6%), both markers being associated with DPSCs, the
latter more specifically with pericytes. Only a very small percentage of the overall live nonhaematopoietic cells were positive for NG2 (0.17%-0.82%).

The findings from Table 6.3 suggest that there are cells with different phenotypes
that constitute the heterogenous DPSC populations. Expression of markers also show
variations amongst different patients even when cells of the same phentotypic
lineage are compared. Little variation in percentage frequency between [parent] and
[great

grandparent]

populations

for

all

samples

was

seen

for

the

CD90+CD105+CD73+ NG2+ cells, especially since the expression of the marker itself
was very limited. When contrasting expression between patients, comparably similar
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values of expression were seen for A34 patient for [CD90+CD105+CD73+CD146+] &
[CD90+CD105+CD73+CD44+] cells between the parent and great grandparent
populations.
This analysis also revealed that two distinct cell populations could be observed even
in the CD90+CD105+CD73+ (triple positive) cohort of cells, based upon both CD146
and CD44 marker expression. The triple positive cohort had a smaller percent of cells
that were CD44+ (approximately 15-30%), and about half the population that was
CD146+.
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DPSC population characterisation: CD90+ CD105+ CD73+ CD44+

Fig. 6.17: Gating for CD90+ CD105+ CD73+ CD44+ cell populations
Only a small proportion of the triple positive cells were found to be also positive for CD44, a marker that is also associated with MSC and DPSCs. This ranged from
15.2%-28.8% between the three biological replicates
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DPSC population characterisation: CD90+ CD105+ CD73+ CD146+

Fig. 6.18: Gating for CD90+ CD105+ CD73+ CD146+ cell populations
Two distinct populations were noted in the triple positive DPSC cells with respect to CD146: about half the cells were found to be positive (47%-63.1%)
demonstrating the heterogenous nature of the DPSCs
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DPSC population characterisation: CD90+ CD105+ CD73+ NG2+

Fig. 6.19: Gating for CD90+ CD105+ CD73+ NG2+ cell populations
Only a very small proportion of the triple positive cells were found to be also positive for NG2, a marker that is associated with sub-populations of MSC and DPSCs.
This ranged from 0.29%-1.2% between the three biological replicates
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6.3: DISCUSSION
6.3.1: Characterisation of DPSCs
The identification and characterisation of the DPSCs was undertaken using several
techniques in the present study. Firstly, the cells were cultured in plastic flasks using
DMEM supplemented with FCS. The cells were not sorted before being cultured,
thereby retaining a heterogenous population of DPSCs. Whilst cell sorting for specific
characteristics helps (in part) identify the true progenitor MSC within the dental pulp
which may be subsequently used for cell-based therapies, the assessment of the
response of a biological system to an external stimulant may be more appropriately
assessed using a heterogenous cell population. This strategy was therefore adopted
in the present study, where the cells were not sorted for specific markers.
The cells that were harvested from pulpal connective tissue were released from the
extracellular matrix by enzymatic digestion using collagenase type I and II, so that
cells within the matrix, and also those in the perivascular niche could be recovered
for culture. Many studies have used enzymatic digestion techniques (Gronthos et al.
2000; Shi & Gronthos 2003; Crisan et al. 2008; Fracaro et al. 2020) for laboratorybased studies, but other studies have shown that this technique can be considered
‘more-than-minimal’ manipulation of the stem cells (Ducret et al. 2015b) and
recommend the use of micro-fragmented pulpal explants in culture to allow
outgrowth of DPSCs onto the culture flask plastic surface (Huang et al. 2006b; Hilkens
et al. 2013; Ducret et al. 2015a). The explant isolation method used for culture may
influence the properties of the DPSCs since they remain bound to the ECM, and have
been shown to have an altered transcriptome (Jang et al. 2016), even though
histologically, multilineage differentiation has also been documented. The current
investigation used collagenase digestion, but did not filter the digested pulp
supernatant following centrifugation of the microfragmented digested pulp and
enzyme mixture. Whilst not truly incorporating the explant technique, small pulpal
fragments were sometimes seen in the culture flask, and cells could have migrated
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out from the pulp microfragment in the culture flask as well. The extracellular niches
from microfragmented tissue in culture are perceived as rich sources of cytokines and
growth factors and are known to influence the behaviour of MSCs (Vezzani et al.
2018). The nature of experimental isolation conditions may therefore influence the
cell population heterogeneity.
The DPSCs in culture grew well on the plastic surfaces, and were found to be
adherent. Even though population doubling times and cell proliferation rates were
not calculated in the current investigation, qualitatively, the time to achieve
confluence after initially seeding the cells was found to be different between the
three patient samples, with A32 and A34 being very similar, and A36 proliferating
very rapidly, again highlighting the variability in the DPSC population which may
account for heterogeneity between the patient samples.

6.3.2: DPSC differentiation experiments
The multilineage differentiation of DPSCs to osteogenic, adipogenic and
chondrogenic cell lines is documented in literature (Zhang et al. 2006; Akpinar et al.
2014; Xing et al. 2015). In the current study, the DPSC cells from all three patients
differentiated well in to mineral-producing osteoblasts when exposed to osteogenic
media, and this correlates with findings from several previous studies (Gronthos et
al. 2000; Ajlan et al. 2015; Lin et al. 2019; Okajcekova et al. 2020; Gaus et al. 2021).
The calcium deposition and Alizarin red S staining was found for all the cultured cells
in the flask uniformly, which shows that cells from the DPSC niche can effectively
differentiate into a mineral-producing osteoblastic lineage. Apart from diffuse
mineralisation across all three patient samples, nodules of mineralisation were also
noted. This finding contrasts with another study (Davies et al. 2015), where mineral
nodule formation was not seen when DPSCs underwent osteogenic differentiation,
but only a diffuse low-density mineralisation. That study also showed that the ability
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of DPSCs to undergo osteogenic differentiation was higher than both ADMSC and
BMMSCs.
The protocols and culture media used for osteogenic induction of MSCs are well
understood and universally recognised. However, some studies do not distinguish
between odontoblastic and osteoblastic differentiation of DPSCs, and have used the
terms interchangeably (Bakopoulou et al. 2011b, a; Lin et al. 2019), which is
misleading. Differences between intracellular signalling pathways may influence the
terminal differentiation of DPSCs into either osteoblasts (Rahman et al. 2015) or
odontoblasts (Son et al. 2021) and can be based on the composition of the induction
medium (Woo et al. 2015a; Woo et al. 2015b; Son et al. 2021) .
The differentiation of the DPSCs into adipocytes was also evaluated in the current
investigation. The results did not reveal widespread adipocytic transformation in
culture. Oil Red O staining showed lipid vacuoles only in some areas of the culture in
one of the biological samples (A34). Overall very limited adipocytic transformation
was noted in the present study. There is variation in literature in terms of adipocytic
differentiation of the DPSC. Some studies do report adipocytic differentiation from
DPSC (Jo et al. 2007; Son et al. 2021), while no convincing adipogenic differentiation
was noted by others (Gronthos et al. 2000; Struys et al. 2011; Fracaro et al. 2020). A
third perspective has also emerged with respect to adipogenic differentiation of
DPSCs where authors saw some DPSC differentiation from adipocytes, but did not
consider it to be convincing, especially with regard to the distribution and spread of
the lipid vacuoles seen on staining (Hilkens et al. 2013). Yet another study also did
not report adipogenic differentiation uniformly amongst their DPSC biological
samples, which was found to be dependent on a high proliferation rate of the cells
(Alraies et al. 2017). Therefore, there is an emergent view that DPSCs may not
differentiate very well into adipocytes. A likely explanation is that the resident tissue
niche of DPSCs (i.e. dental pulp) may influence their ability to undergo such
adipogenic transformation. There is indirect, parallel evidence in this regard with

172

Isolation & Characterisation of Dental Pulp Stem Cells

respect to BMMSCs that were shown to differentiate into adipocytes, but not very
well, as compared with ADMSCs (Xu et al. 2017). That study found epigenetic
influences on the methylation of the master controller RUNX2 gene, which resulted
in a lower adipogenic potential for BMMSCs. Similar work to establish the reasons for
poorer adipogenic differentiation of DPSCs is required through future research.
The chondrogenic differentiation of the DPSCs has been demonstrated, and there is
little controversy on the ability of DPSCs to differentiate into chondrocytes (Gronthos
et al. 2000; Grottkau et al. 2010; Alraies et al. 2017; Son et al. 2021). The current
study did not undertake chondrogenic differentiation, but did use several other
parameters, such as immunocytochemistry, immunophenotyping for multiple
putative cell surface markers associated with MSCs, osteogenic & adipogenic
differentiation, and cell features through culture to help establish the nature of the
cells. Some other studies also followed a similar strategy whilst identifying DPSCs (Jo
et al. 2007; Ajlan et al. 2015; Sadaghiani et al. 2016). Ideally, chondrogenic
differentiation should also have been undertaken to help satisfy the ISCT criteria.
The DPSCs in the present study were at least unipotent and capable of undergoing
osteogenic differentiation since no convincing adipogenic differentiation was seen,
and information regarding chondrogenic differentiation was not available. Therefore,
these cells do not bear all the features characteristic of a true progenitor cell, but do
have characteristics that are similar to other mesenchymal stromal cells that have
been reported in literature. The cells thus characterised in the present study were
investigated via further experiments that helped define the immunophenotype by
using immunocytochemistry and flow cytometry.
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6.3.3: Immunophenotyping: Immunocytochemistry and Flow Cytometry
CD90 expression
All cells in the present investigation showed positive staining with the CD90 antibody
during immunocytochemistry. CD90 is recognised as a canonical MSC marker and
high expressions are expected on DPSC surfaces. It is thought that the expression of
CD90 is an indication of the continued multipotent ability of the DPSCs. CD90 has also
been associated with inflammation, wound healing, tumour suppression and
apoptosis, fibroblastic adhesion, and neurotransmitter release through vesicles at
synapse junctions (Moraes et al. 2016).
The detection of CD90 was undertaken as an initial experiment using
immunocytochemistry after DPSC differentiation experiments in order to help
understand the cell surface characteristics of the cultured cells. It was expected that
the cells would be positive for CD90 expression, and this was confirmed through the
immunofluorescent staining experiment. The primary antibodies (which were
conjugated with the fluorochrome) utilised for this experiment were not classically
designed for immunocytochemistry experiments, but were successfully used for this
purpose with positive results. Only representative photography was undertaken in
the current study. It is also possible to photograph the entire stained surface on the
coverslip or the culture plate well surface, and subsequently quantify the cells that
are positive for the surface marker using software such as Image J. However, this was
not done in the present investigation, since further experiments were planned that
would have more accurately quantified the CD90+ cells through flow cytometry.
Flow Cytometry
Flow cytometry was therefore subsequently undertaken with the purpose of
identifying and quantifying the DPSCs for all the biological replicates for the canonical
markers that identify MSCs which included CD90, CD105 and CD73, and other
additional markers as well. Firstly, the data analysis helped exclude the cells that had
haematopoietic origin by identifying CD31 and CD45 positive cells (Pittenger et al.
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1999; Crisan et al. 2008; Vezzani et al. 2018; Fracaro et al. 2020). Secondly, cells were
assessed for CD34 positivity, a feature classically associated with the endothelium.
Reports in literature have suggested that CD34+ cells are also able to demonstrate
multipotency, and such cells have been termed adventitial cells (Yu et al. 2010a;
Corselli et al. 2012; Pisciotta et al. 2015), and found to be distinct from the
immunophenotype of the pericyte, a primitive MSC located in proximity to blood
vessels which is CD34 negative (Corselli et al. 2012). Almost all of the cells evaluated
in the present study were CD34 negative, indicating that almost all cells did not show
characteristics of the adventitial cell population.
Canonical markers
Cells were then assessed for the individual positivity rates of CD90, CD105 and CD73,
which were found to be very highly expressed on an individual basis in approximately
more than 90% of the cells. There were variations noted between the three patient
samples, and A34 especially showed the highest positivity rates which were close to
100% for each of these three canonical markers. The variations in positivity rates,
and the distribution of the cells assessed on gating could reveal at least two cell
populations, especially for A36 patient, with about 5-10% of the cells not showing
positivity for the canonical markers, and also not representing haematopoietic or
endothelial lineages. This has been observed previously by other authors as well, who
reported changes in the expression of these cell surface markers which was related
to the number of population doubling cycles of the cells, as also their proliferative
capacity (Alraies et al. 2017). The expression of CD90 is considered especially
important, since the loss of expression has been associated with the commitment of
cells toward differentiation and losing their ‘stemness’ (Pittenger et al. 1999; Moraes
et al. 2016). Another possible explanation for the variations in expressions of the
canonical markers that were noted in the current study may be the passage number
at which the cells were analysed by flow cytometry. A previous study has shown
bimodal expression of CD90 for human embryonic stem cell cells and also variations
in CD73 and CD105 expressions, the latter in BMMSC, which were related to the
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passage at which the cells were evaluated (Cameron 2013). While Moraes et al.
(2016) showed loss of canonical marker expression with more population doublings,
Cameron’s (2013) study showed that the CD73 and CD105 expression increased from
<5% at the second passage to >90% at the sixth passage. Therefore, it is possible that
the differences in expression observed through the current study may reflect the cell
immunotype at the third (A32, A34 patients) or fourth (A36 patient) passages, and
this could possibly alter with time, and at a subsequent passage. Further studies
should assess the variability in expression of the canonical markers over different
passages and co-relate this to the multilineage differentiation ability of the MSCs
from different resident tissue niches.
CD44
The expression of CD44 amongst all three patient samples exhibited a bimodal
distribution. A small percentage of DPSCs (15%-36% between the three patient
samples) were CD44 positive, whereas the remainder bulk of the population did not
show CD44 expression. There is some variability in literature on CD44 positivity in
MSCs. The classic viewpoint suggests that CD44 should display high positivity for
MSCs (Zhu et al. 2006). However, a contrary view has also emerged in this regard.
This proposes that a population of MSCs (isolated from the bone marrow) are
inherently devoid of CD44 expression, which only develops upon culturing of MSCs
on plastic surfaces (Qian et al. 2012; Hall et al. 2013). The CD45-CD90+CD105+CD73+
cells that were CD44- were able to undergo trilineage differentiation better than a
corresponding CD44+ population, and when these cells were cultured on plastic
surfaces, the positivity rate of CD44 increased (Hall et al. 2013). In the context of the
present study, the lower CD44 detection may also therefore represent DPSC from
their native tissue niche undergoing morphological changes as they were cultured
onto plastic surfaces. Further work in the future can utilise cell sorting to evaluate
CD44 expression before culture expansion, and thereafter assess the changes in CD44
positivity rates in the cells at different passages after growth on plastic-adherent
surfaces.
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Pericytes
Pericytes have been characterised as cells that are CD34- and CD146+ (Crisan et al.
2008; Corselli et al. 2012; Askarinam et al. 2013; Corselli et al. 2013) and are
considered more primitive progenitor cells that could also be the source of other
tissue-resident MSCs (Asatrian et al. 2015). Most cells in the current study were
CD34- and about 40-60% were positive for CD146. However, to help characterise the
precise sub-population of cells that were CD146+, the co-expression of CD90, CD105
and CD73 was first evaluated in the present study. A large number of cells were
double positive for CD90 and D105 for A34 patient (>90%), but clearly a distinct CD90CD105- negative population was present for the A36 patient, leaving about 60% cells
CD90+CD105+. A small third sub-population was also noted for A36, which was CD90but CD105 positive reflecting the variations in MSCs that have been previously
reported (Cameron 2013).
In the current study, within the CD90+ and CD105+ cells for all three patients, most
were found to be CD73+ (>95%). Overall, the triple positive DPSC population that
were

characterised

as

CD31-CD45-CD34-CD90+CD105+CD73+

constituted

approximately 60-90% of the non-haematopoetic cell population, which reflects the
heterogenous nature of the cells. Further analysis was carried out on this population
subset for the expression of various other markers such as CD146 and NG2 to help
understand the pericyte population in the DPSC subset. This analysis revealed that
the

pericyte

could

be

characterised

as

CD31-CD45-CD34-

CD90+CD105+CD73+CD146+ and constituted 27-52% percent of the nonhaematopoietic cell population. Only very few cells were found to be NG2+ (<1%).
Whilst some have considered the pericyte with CD34- CD146+ to also co-express NG2
(Crisan et al. 2008), the more recent view from this research group suggests that
CD34-CD146+ would be the classic presentation for the pericyte (Corselli et al. 2013;
Vezzani et al. 2018). The expression of NG2 in the present study was found to be very
low, and thus, if the former definition was to be accepted, then <1% of the MSCs
would be identified as pericytes. If the pericyte was to be considered as the true
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progenitor cell and helped dictate multipotential ability of the cells, then this could
perhaps help explain the reason for DPSCs in the current study displaying at least
unipotent behaviour, with very limited adipogenic differentiation. NG2 positivity has
also found to be low in DPSCs as compared with BMMSCs (Parthiban et al. 2020), but
was also dependant on the nature of the blood vessel associated with the pericyte,
and differences were noted between capillaries and arterioles (NG2 positive) and
venules (NG2 negative).
Concluding remarks for characterisation of DPSCs
Overall, flow cytometry was able to demonstrate that the DPSC cell populations from
the three patients analysed in this study were heterogenous. The heterogeneity
within the DPSC population has been demonstrated by other authors as well (Young
et al. 2016; Alraies et al. 2017; Alraies et al. 2019; Kok et al. 2021). When the DPSCs
are tested for their responses to materials or stimulants, it is plausible to assess the
response from such a heterogenous population. However, in terms of tissue
engineering, such diversity will inevitably pose challenges since the abilities of
different MSC subpopulations within the dental pulp will possess a differential ability
to regenerate certain aspects better than others. Characterising the regenerative
ability of different sub-populations vis a vis different applications (e.g. neural
regeneration, dentinal formation, vascular regeneration) will require co-relation with
the cell surface markers that are characteristic for the relevant sub-population of
cells, so that these can be sorted from the dental pulp and expanded thereafter.
More work should focus on this in the future.
In the present study, once DPSCs were characterised, their ability to undergo
odontoblastic differentiation under the influence of EDMPs and MDMPs was
assessed.
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Chapter 7: INFLUENCE OF DENTINE MATRIX PROTEINS ON
DENTAL PULP STEM CELLS
INTRODUCTION
The aim of REP is to encourage the development of the immature root with increased
deposition of dentine within the root canal. At the same time, the procedure should
also help generate a pulp-like tissue at the centre of the root canal space. The DMPs
that are released from the dentinal wall in response to the chelator irrigation during
root canal treatment can help direct the differentiation of the MSCs that are
introduced into the root canal space, whether from the periapical tissues in the form
of SCAP, or exogenously, in a cell-based regenerative strategy. Such differentiation of
the MSC should result in the formation of an odontoblast-like cell which is capable of
laying down dentine. The role of stem cell-based approaches has been investigated
in REP, but with umbilical cord stem cells, in a randomized controlled trial model
(Brizuela et al. 2020). As stem-cell based approaches become feasible for human
trials, it is natural for DPSCs which are the resident cells within the dental pulp niche
to also be considered candidate MSCs for REP, since they have a natural ability of
undergoing terminal differentiation into odontoblasts (Smith et al. 1995a) .
The responses of DPSCs to EDMPs have been documented through past research
(Graham et al. 2006; Sadaghiani et al. 2016; Widbiller et al. 2018b). The ability of
DPSCs to differentiate into odontoblasts under the influence of DMPs with the
deposition of calcium nodules has been shown. From the tissue engineering
perspective, this is also important, since DMPs can be used within the biological
tissue niche via a drug-delivery system to exert its influence.
In the present study, the influence of DMPs was evaluated on DPSCs. For the first
time, previously characterised MDMPs were used to assess the responses from
DPSCs. The EDMPs were used as the comparator for MDMPs, since these have been
extensively studied previously. The influences of both DMPs on the DPSCs were
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assessed via differentiation experiments followed by Alizarin Red S staining to detect
mineral deposition, which was then quantified. The change in mineralisation-related
gene expression of DPSCs in response to the DMPs was also evaluated with RT-qPCR.

RESULTS
Differentiation & mineralisation with DMP: Alizarin Red Quantification assay:
The differentiation experiments of the DPSC for all three biological samples were
performed over 21 days where the DPSC were exposed to culture medium with
different supplements. This experiment tested the influence of the dentine matrix
proteins (EDMP or MDMP) on the ability to undergo differentiation into odontoblasts
with the production of mineralised deposits. The negative control for the experiment
were cells grown in normal culture medium (termed FCS in this section). The positive
control for the experiment were DPSCs exposed to OM, which had previously
demonstrated osteoblastic differentiation (Chapter 6). Additional experimental
groups included the mixture of EDMP in OM (EDMPOM) and MDMP in OM
(MDMPOM) respectively. Experiments in the MDMP-related groups were stopped at
14 days due to limited MDMP quantity. For each biological replicate, one
independent experiment was carried out in triplicate for each time period.

7.2.1.1: Qualitative microscopic description
At the baseline, cells that were grown in FCS were stained with Alizarin red (Fig. 7.1).
There was no evidence of mineralisation.
At Day 7, the morphology and presence of Alizarin red stained mineralised nodules
were assessed amongst all experimental groups (Fig. 7.2). Samples cultured in FCS
did not show signs of mineralisation for either A32, A34 nor A36. Cells grown in OM
also did not indicate presence of mineralised nodules. The morphological appearance
of the cells for both A32 and A34 had remained unaltered as compared with the FCScultured counterparts, with almost a ‘cobblestone’-like appearance for cells in A36 in
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Fig. 7.1: Baseline cells (Day 1) stained with Alizarin red & grown in normal growth medium;
4000 cells/well seeded in a 96-well culture plate in fourth (A32, A34) or fifth passage (A36). No
evidence of mineralisation at baseline. Three independent experiments in triplicate; brightfield
microscopy; magnification 10x; scale 103µm

the OM group. Cells from the EDMP group for A36 also had a similar morphological
appearance, but generally there was no evidence of mineralised nodules for either
EDMP, EDMPOM, MDMP or MDMPOM groups. In almost all wells with the DMPs,
there was evidence of cell debris in some areas, which attracted Alizarin red staining,
but this itself could not be interpreted as a sign of mineralisation for the sample.
Another common feature noted amongst the experimental groups was the tendency
to take up background stain with Alizarin red, even in the absence of mineralisation,
and in some instances, this was more pronounced than the FCS group.
By Day 14, the FCS group still showed no signs of mineralisation or staining, whereas
the OM group showed well defined mineral deposits for all three biological replicates
(Fig. 7.3). Intense Alizarin red staining was noticed for calcium nodules between cells,
and even the cell outlines were clearly demarcated with Alizarin red staining. As with
the samples at Day 7, there was some background uptake of the stain amongst cells
in the other groups, but which would not be consistent with mineralisation, save in
the MDMPOM group. Distinct areas of mineralisation could be observed in A36
MDMPOM group in a few areas of one of the wells (experiments were conducted in
triplicate for every biological sample). However, this was not reproducibly seen for
the remainder two wells of the A36 MDMPOM group on the culture plat
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Fig. 7.2: Cells stained with Alizarin Red at Day 7
4000 cells/well seeded in a 96-well culture plate in fourth (A32, A34) or fifth passage(A36). No evidence of mineralisation at Day 7 for any group. Three
independent experiments in triplicate; brightfield microscopy; magnification 10x
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Fig. 7.3: Cells stained with Alizarin Red at Day 14
4000 cells/well seeded (96-well plate); 4th (A32, A34) or 5th passage (A36). At Day 14, mineralised nodules stained in OM group & Alizarin-red stained nodules in
one well for A36 in MDMPOM group; no other groups show mineralization. Three independent experiments in triplicate; brightfield microscopy; magnification 10x
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Fig. 7.4: Cells stained with Alizarin Red at Day 21
4000 cells/well seeded (96-well plate); 4th (A32, A34) or 5th passage(A36). At Day21, mineralisation increased in OM group; no other groups show mineralization.
Some evidence of Alizarin-red stain accumulation around cellular debris in A32 and A34, but no indication of mineralisation. Three independent experiments in
triplicate; brightfield microscopy; magnification 10x
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Similarly, at Day 21, only the OM group showed well defined positive staining with
Alizarin red indicating mineralisation (Fig. 7.4). FCS and EDMP groups had no
evidence of positive staining with Alizarin red, but the EDMPOM group did
accumulate Alizarin red stain (A32 & A34) in certain areas of the culture well.
A ‘sun-burst’ appearance was often associated with these areas where the cells
appeared to radiate centripetally. The focus of the centripetal area did not
characteristically resemble a mineralised nodule, but did stain positively for Alizarin
red.

7.2.1.2: Alizarin Red Quantification
7.2.1.2.1: Standard curves
Staining with Alizarin red was quantified and standard curves were generated to
calculate the concentration of Alizarin red, as described in Chapter 4.
The concentrations were calculated for each corrected optical density reading, and
then subjected to normality tests using the K-S test and the Shapiro Wilks tests. These
showed that the data were not normally distributed [p<0.05].
Therefore, for each biological sample in each experimental condition, the median
value of the concentration of Alizarin red was calculated, along with the 25%-75%
percentiles. Comparisons were then made within the same experimental group
between the three biological replicates at Day 7, Day 14 and Day 21. The differences
were analysed with the independent samples Kruskal Wallis test with Dunn’s post
hoc method for pairwise comparisons and Bonferroni correction made for multiple
comparisons, when the Kruskal Wallis test was significant.
No statistically significant differences were found for each experimental group
between A32, A34 and A36 at a given time period (either Day 7, Day 14 or Day 21)
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(P>0.05). This allowed the Alizarin red quantification data to be combined for the
three biological replicates for each experimental group at the said time period (either
Day 7, 14, or 21).

7.2.1.2.2: Comparison of each group over time
With the data for the three biological replicates combined, analysis was carried out
using the Kruskal Wallis test with Dunn’s post hoc method for pairwise comparisons
and Bonferroni correction for multiple comparisons. Each group was assessed for
differences over time.
In the FCS group, differences were noted between Alizarin red quantification
between Day 1 & Day 7 (Z=3.395, P=0.004) and Day 7 & Day 21 (Z=3.889, P= 0.001)
(Fig. 7.5A), with more staining being observed at baseline. This maybe perhaps owing
to the background staining taken up by the cells.
The statistically significant differences in OM group were only found between day 7
and day 21 (Z= 4.636, P<0.001), with higher values being reported for the latter time
period (Fig. 7.5B). This is explained by the increased amount of mineralisation with
time.
No differences were reported in the EDMP and EDMPOM groups respectively
between the three time periods (Fig. 7.5 C & D).
The Alizarin red quantification detected at day 14 was lesser than day 7 for MDMP
group (Z=5.533; P=0.019) and MDMPOM groups (Z=5.199; P=0.023) respectively,
with both being statistically significant (Fig. 7.5 E & F). Interestingly, this
quantification did not correlate well with the qualitative observation of clear signs of
mineralisation in parts of one well for the A36 sample.
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Fig. 7.5 (A-F): Comparison of Alizarin red quantification changes in each group over time
Box & whisker plot with median & interquartile ranges (IQR) 1-3; error bars show maximum and minimum values (please note different scales between graphs). A)
FCS: differences between Day (1&7), (7 & 21) but no mineralisation; B) OM: Increasing stain amount from Day 7-21 (P<0.05); C) EDMP & D) EDMPOM (P>0.05); E)
MDMP & F) MDMPOM: more stain quantity at Day 7 than Day 21 (P<0.05), but no mineralisation; n=3, in triplicate [P4 (A32, A34), P5 (A36)]; Significance P<0.05
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7.2.1.2.3: Inter-group comparisons at each time period
Intergroup comparisons were also carried out at each time period and analysed using
the Kruskal Wallis test with Dunn-Bonferroni post hoc method (Fig. 7.6 A-C).

Fig. 7.6: Intergroup comparison at 7, 14 and 21 days
Extreme outlier;

Outlier (please note different scales between graphs)

Box & whisker plot with median & IQR 1-3; error bars show maximum and minimum values A) Day 7FCS shows least stain & MDMP shows maximal stain quantification. B) Day 14- OM shows
significantly higher stain quantification than all other groups save EDMPOM (P<0.05). C) Day 21- OM
has much higher stain quantification than FCS or EDMPOM (P<0.05) but not EDMP; n=3, in triplicate,
[P4 (A32, A34), P5(A36)]; Significance P<0.05

At Day 7, MDMP demonstrated more Alizarin red stain quantification which differed
significantly from FCS (Z= 5.263; P<0.001) and EDMP (Z=3.567; P=0.005), while FCS
displayed lower overall staining than MDMPOM (Z= 4.483; P<0.001).
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At Day 14, OM differed from all other groups with significantly more staining
(P<0.05), except EDMPOM (Z=2.81; P=0.074) (Fig. 7.6B).
At Day 21, OM showed the highest Alizarin red staining (as expected) and differed
significantly from EDMPOM (Z= 3.611; P= 0.005) and FCS (Z= 4.611; P<0.001), but was
similar to EDMP (Z= 2.726; P=0.096) (even though EDMP did not qualitatively reveal
signs of mineralisation). No differences were noted between EDMP and EDMPOM at
Day 21 (Z=0.886; P=1).

Real time-quantitative polymerase chain reaction: RT-qPCR
The genotypic expression of the DPSCs were assessed through these experiments
using COL1A1, RUNX2, MSX2, DLX5, NAT10, OCN and OPN that have been associated
with mineralisation-related processes. The fold-change in gene expression for the
experimental groups was related to the expression of the gene within the negative
control group (plain culture medium without stimulant for differentiation) at that
time period using the 2-DDCt method.
The primers that were designed for each gene were first optimised to detect the best
concentration for use during the main experiment so that the primer efficiency would
be as close to 100%.

7.2.2.1: Primer Optimisation
The efficiency of each primer was determined before it was used for the main
experiments. Through these pilot experiments, various concentrations of the primer
were tried, ranging from 100nM to 900nM (Table 7.1).
The standard curves were plotted for each primer concentration and the primer
efficiency was determined. This was to help achieve a primer efficiency as close to
100%, and if this was not realised, then further experiments were carried out at
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different concentrations. The concentration of primer chosen for the main
experiments are highlighted in colour in Table 7.1.
Primer
COL1A1

Concentration
(nM)
100

Primer
(%)

efficiency
72.1

200

79.5

300

95.9

400

113.2

400

92.5

800

105.3

800

172.7

900

107

OCN/BGLAP

800

101.4

MSX2

800

105.3

DLX5

400

257.9

500

94.9

400

83.7

500

103.1

300

90.1

400

91.8

600

241

RUNX2
OPN/SPP1

NAT10

b2M

Table 7.1: Primer concentration & calculated primer efficiency
(Highlighted cells indicate concentration chosen for qPCR)

Three independent experiments (all three biological samples used) were carried out
in triplicate (and further technical duplicates) over 21 days for the negative and
positive controls, as also for EDMP group and EDMPOM samples. Owing to the
amounts of protein available, MDMP & MDMPOM experiments were conducted in
triplicate (with further technical duplicates) for all three biological samples (three
independent experiments), but over 14 days.
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7.2.2.2: RT-qPCR results
The relative gene expression of several genes of interest were calculated with
reference to the housekeeper gene (b2M) over three time periods (Day 7, 14 and 21)
by using the 2-DDCt method.
Analysis was performed, firstly, to compare the differences between the groups at
each time period, and secondly, to compare the differences in each group over the
three time periods.
Values of 2-DDCt (to compare the fold change in gene expression for each of the
experimental groups with respect to the gene’s expression in the unstimulated
group, namely FCS) were analysed for normal distribution using the Shapiro Wilk test,
which revealed a skewed distribution.
The Kruskal Wallis test was therefore used for comparison of median values of 2-DDCt
for relative gene expression, with Dunn’s post hoc method with Bonferroni correction
made for multiple comparisons, when the Kruskal Wallis test was significant.

7.2.2.2.1: COL1A1
The fold-change in gene expression of COL1A1 with reference to the expression in
the unstimulated group (FCS; negative control) (Fig. 7.7) was analysed with respect
to intergroup comparison at each time period.
This showed that at Day 7, apart from OM group (with almost no fold-change), all
other experimental groups showed suppression of COL1A1 expression.
The relative downregulation for only EDMPOM (Z=4.072, P<0.001) and the MDMP
(Z=2.968; P=0.03) groups differed from the nearly-unchanged OM group.
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Fig. 7.7: Relative gene expression for COL1A1: group-wise comparison at each time period
Each bar represents the median value for fold-change relative to FCS (represented by the dotted line).
The error bars indicate IQR1-3; Only OM expression increased with time with respect to FCS, almost
4-fold at Day 21. The remainder groups remained suppressed at Day 7-21, except MDMPOM which
was similar to FCS expression at Day 14; n=3 [Three independent experiments in triplicate; P4 (A32,
A34), P5 (A36)]; significance P<0.05

At Day 14, OM group maintained expression levels similar to FCS, but at this stage,
MDMPOM was upregulated as compared with its expression at Day 7 (P=0.004) (Fig.
7.8), which also showed no fold change as compared with FCS. COL1A1 was
suppressed in the remainder groups and EDMPOM group showed significant
downregulation as compared with OM (Z=4.486, P<0.001) and MDMPOM (Z=3.901,
P=0.001).
At Day 21, EDMPOM continued to suppress COL1A1 expression, which was
significantly lower than the expression in OM (Z=4.16, P<0.001). EDMP was also
severely downregulated, and even though the significant differences with OM were
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expected, this was not found, perhaps because of the Bonferroni correction for
multiple comparisons.
When the expression of each group was compared individually over time, OM did not
show any significant differences between 7, 14 and 21 days (H= 4.072, P=0.131), even
though it showed a 3-4-fold change increase at Day 21 (Fig. 7.8).

Fig. 7.8: Relative gene expression for COL1A1 for each group over time
Box & whisker plot with median & IQR 1-3; error bars show maximum and minimum values (please
note different scales between graphs); OM expression increased with time to Day 21 but P>0.05;
EDMP supressed relative to FCS with P<0.05 between Day 7 & 21; EDMPOM also supressed, minimal
expression at Day 21 (P<0.05 compared with Day 7 & 14); MDMP supressed at Day 7 & 14 (P<0.05);
MDMPOM supressed at Day 7, but not Day 14 compared with FCS (P<0.05); n=3, in triplicate;
Significance P<0.05

For EDMP & EDMPOM, there was a reduction in the relative expression of COL1A1
with time, which was the least at 21 days (Fig. 7.8). Statistically, significant differences
for EDMP were noted between 14 and 21 days (Z= 2.964, P=0.027) and for EDMPOM
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as well, with time, progressively the relative expression of COL1A1 reduced at 21 days
as compared with both 7 and 14 days, both of which were significant (P=0.004).
Conversely, relative expression of COL1A1 increased from Day 7 to Day 14 for both
MDMP and MDMPOM group, and was statistically significant (P= 0.004).

7.2.2.2.2: RUNX2
The fold-change in gene expression of RUNX2 with reference to the expression in the
unstimulated group (FCS; negative control) was analysed with respect to intergroup
comparison for each time period (Fig. 7.9).
At Day 7, EDMP (Z=3.494), MDMP (Z= 3.458, P= 0.005) and MDMPOM (Z=3.042, P=
0.024) showed RUNX2 relative gene suppression as compared with OM, which was
statistically significant.
EDMPOM showed very mild suppression, and this was very close to gene expression
in the negative control group (FCS, no fold change=1). EDMPOM also differed
significantly from MDMP (Z= 3.143, P=0.017) and EDMP (Z=3.142, P=0.017); the latter
two showed lower levels of expression.
Statistically significant differences were not reported between MDMPOM and
EDMPOM (Z=2.727, P=0.64), even though the median values of MDMPOM were
similar to MDMP and EDMP.
At Day 14, level of expression in the OM group had increased (median fold change
1.57), which was significantly different than EDMP (Z=3.845, P= 0.001) and EDMPOM
(Z=4.176, P<0.001) but not MDMP (Z=2.561, P=0.104) and MDMPOM (Z=2.062, P=
0.392) even though the latter two also showed fold change below 1, indicating gene
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suppression. The trend for gene suppression therefore continued at Day 14 in all
groups but OM.

Fig. 7.9: Relative gene expression for RUNX2: group-wise comparison at each time period
Each bar represents the median value for fold-change relative to FCS (represented by the dotted line).
The error bars indicate IQR1-3; Day 7: RUNX2 fold-change for OM slightly increased (1.13) & similar
to EDMPOM (P>0.05), but differs from other groups which were suppressed (P<0.05). OM fold
change increased at Day 14, while remainder groups were supressed, but P<0.05 only for EDMP &
EDMPOM. Mild reduction in fold-change for OM and EDMP at Day 21 and mild increase for
EDMPOM, but P>0.05. n=3 [Three independent experiments in triplicate; P4 (A32, A34), P5 (A36)];
significance P<0.05

No differences were noted between the groups at Day 21 (H=2.897, P= 0.235), and
the values were similar to the gene expression levels for FCS (i.e. 1, which indicates
no fold change).
Comparisons were also made for each group between the three time periods (Fig.
7.10).
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Fig. 7.10: Relative gene expression for RUNX2 for each group over time
Box & whisker plot with median & IQR 1-3; error bars show maximum and minimum values (please
note different scales between graphs); OM expression increased at Day 14 but P>0.05 to other time
periods; EDMP maximally supressed relative to FCS at Day 7 with P<0.05 compared with Day 21,
when fold-change was close to 1; EDMPOM also supressed at day 14 (P<0.05), but little fold change
at Day 7 & 21 (P>0.05); MDMP & MDMPOM supressed at Day 7 & 14 (P<0.05); n=3, in triplicate;
Significance P<0.05

OM did not vary statistically with time, even though this group showed the maximum
fold change increase in RUNX2 expression at Day 14, albeit there was a large range
of values that were reported from the three biological replicates.
EDMP showed an increase in expression with time and statistical significance was
found between Day 7 and Day 21 (Z=2.718, P= 0.02), even though all values were
below 1, which indicated gene suppression.
Gene suppression reduced with time for MDMP (H=7.41, P= 0.006) and MDMPOM
(H=8.308, P=0.004) groups.
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RUNX2 fold change for EDMPOM first showed a decrease between Day 7 and Day 14
(Z= 2.613, P= 0.027) indicating suppression and subsequently increased from Day 14
to Day 21 (Z=2.554, P= 0.032) to levels that were similar to gene expression in FCS.
However, no differences were found for fold change between Day 7 and Day 21.

7.2.2.2.3: DLX5
The fold change in gene expression of DLX5 with reference to the expression in the
unstimulated group (FCS; negative control) (Fig. 7.11) was analysed with respect to
intergroup comparison for each time period.

Fig. 7.11: Relative gene expression for DLX5: group-wise comparison at each time period
Each bar represents the median value for fold-change relative to FCS (represented by the dotted line).
The error bars indicate IQR1-3; At Day 7, OM relative expression increased, all other groups
suppressed & differences with MDMP & MDMPOM (P<0.05). EDMPOM was also supressed, but less
than MDMP (P<0.05). At Day 14, OM has almost no fold-change & remainder groups still supressed.
OM differs from EDMPOM and MDMPOM (P<0.05) and EDMP from EDMPOM (P<0.05). At Day 21,
EDMPOM has twice fold-change, but with no differences to OM and EDMP (P>0.05). n=3 [Three
independent experiments in triplicate; P4 (A32, A34), P5 (A36)]; significance P<0.05
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At Day 7, all groups except OM showed DLX5 suppression. MDMP group showed
maximal DLX5 suppression and this differed significantly from EDMPOM (Z=2.931,
P=0.034) and OM (Z=4.559, P<0.001) respectively. The fold change reduction of
MDMPOM also was significantly lower than OM (Z=4.143, P<0.001). OM conversely
had a 1.4 median fold-change increase.
At Day 14, the pattern of gene suppression continued for all groups except OM.
EDMPOM had the maximal relative gene suppression amongst all groups and this
differed significantly from EDMP (Z- 3.339, P=0.008) (which also continued to remain
suppressed) and OM (Z=5.075, P<0.001) (with no median fold change). MDMPOM
also differed significantly from OM (Z=3.009, P=0.026), with approximately 0.4 foldchange for the latter.
No difference between groups was seen at Day 21, even though EDMPOM had
approximately a two-fold change.
Each group was also assessed for changes over time (Fig. 7.12).
OM did not show statistically significant fold-changes over time. EDMP showed a
trend toward increase in relative gene expression over time, and significant
differences were noted between Day 7 and Day 21 (Z=2.584, P= 0.029), though the
values still reflected a trend toward gene suppression. EDMPOM group showed
reduced levels of relative expression at Day 14 as compared with Day 7 (Z=2.613,
P=0.027) and Day 21 (Z=4.246, P<0.001).
MDMP (H=8.308, P=0.004) and MDMPOM (H=7.41, P=0.006) both differed
significantly between days 7 and 14, with relative expression increasing at Day 14 for
both groups, but still indicating a reduced fold-change than the negative control
group (values <1).
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Fig. 7.12: Relative gene expression for DLX5 for each group over time
Box & whisker plot with median & IQR 1-3; error bars show maximum and minimum values (please
note different scales between graphs); OM expression was slightly increased at Days 7 & 21 & with
almost no fold change at Day 14, P>0.05; EDMP maximally supressed relative to FCS at Day 7 with
P<0.05 compared with Day 21, when fold-change was closer to 1; EDMPOM was maximally
supressed at day 14 (P<0.05) as compared with Day 7 & Day 21. Even though fold change at Day 21
was 2, it did not differ from Day 7 (P>0.05); MDMP & MDMPOM were supressed at Day 7 & 14
(P<0.05); n=3, in triplicate; Significance P<0.05

7.2.2.2.4: MSX2
The fold change in gene expression of MSX2 with reference to the expression in the
unstimulated group (FCS; negative control) (Fig. 7.13) was analysed with respect to
intergroup comparison for each time period.
At Day 7, all experimental groups had MSX2 relative gene suppression as compared
with OM, which was the positive control group. Statistically significant differences
were found between MDMPOM and OM (Z=3.263, P=0.011) and MDMP and OM
(Z=2.875, P= 0.04).
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Fig. 7.13: Relative gene expression for MSX2: group-wise comparison at each time period
Each bar represents the median value for fold-change relative to FCS (represented by the dotted line).
The error bars indicate IQR1-3; At Day 7, OM had no fold change, but the remainder groups were
suppressed and differences were seen between OM with MDMP and MDMPOM (P<0.05). At Day 14,
OM and EDMP had slightly enhanced fold change >1, but the remainder groups remained
suppressed. Both OM & EDMP differed from EDMPOM and MDMPOM (P<0.05), but not MDMP. At
Day 21, OM fold-change increased to 2.5, and EDMP & EDMPOM were close to 1 (P>0.05). n=3
[Three independent experiments in triplicate; P4 (A32, A34), P5 (A36)]; significance P<0.05

At Day 14, the relative expression of MSX2 in the EDMP group increased as compared
with Day 7 (median= 1.18), and differed significantly from the EDMPOM group, which
still showed suppression of relative gene expression for MSX2 (Z=3.184, P=0.015), as
also MDMPOM (Z=2.996, P=0.027). MDMPOM (Z=3.717, P=0.002) & EDMPOM
(Z=3.99, P=0.001) also had significantly lower values for fold change as compared
with OM. OM showed a slight increase in fold change expression than FCS (median=
1.26), but this also had a large interquartile range, with values at the 75th percentile
reflecting approximately a 12-fold increase in gene expression which reflects on the
variations between the biological samples.
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At Day 21, the fold change in OM had risen to 2.5, and the EDMP and EDMPOM
groups showed values close to 1, indicating little fold change. The Kruskal Wallis test
reported the presence of significant differences between the groups (H=5.64,
P=0.038) but post hoc analysis did not.
On comparing changes in each group over time (Fig. 7.14), no significant differences
were reported for EDMP (H=1.273, P=0.529) and MDMPOM (H=1.261, P=0.261)
groups over time.

Fig. 7.14: Relative gene expression for MSX2 for each group over time
Box & whisker plot with median & IQR 1-3; error bars show maximum and minimum values (please
note different scales between graphs); OM expression was slightly increased at Day 14 & was 2.5
times at Day 21 with significance only between Day 7 and Day 21; EDMP expression did not change
significantly over time; EDMPOM was maximally supressed at day 14 (P<0.05) as compared with Day
21. Even though fold change at Day 21 was 2, it did not differ from Day 7 (P>0.05); MDMP (P<0.05) &
MDMPOM were supressed at Day 7 & 14; n=3, in triplicate; Significance P<0.05

OM did show enhanced relative gene expression at Day 14 as compared with Day 7
which was statistically significant (Z=2.434, P=0.045). MDMP group also had an
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increase in relative gene expression from Day 7 to Day 14 which was statistically
significant (H=8.308; P=0.004) but still represented gene suppression with 0.67
median fold-change. A similar pattern was also observed in the EDMPOM group from
Day 14 to Day 21 (Z=2.436, P= 0.045).

7.2.2.2.5: NAT10
The fold change in gene expression of NAT10 with reference to the expression in the
unstimulated group (FCS; negative control) (Fig. 7.15) was analysed with respect to
intergroup comparison for each time period.

Fig. 7.15: Relative gene expression for NAT10: group-wise comparison at each time period
Each bar represents the median value for fold-change relative to FCS (represented by the dotted line).
The error bars indicate IQR1-3; At Day 7, OM had 1.5-fold-change, but the remainder groups were
suppressed and differences were seen between OM with MDMP and MDMPOM (P<0.05). At Day 14,
EDMP was suppressed and differed significantly from OM (P<0.05) which had slightly enhanced fold
change >1. The remainder groups remained almost without any fold-change. At Day 21, OM foldchange increased to 1.5, EDMP had no fold change & EDMPOM was supressed & differed from OM
(P<0.05) n=3 [Three independent experiments in triplicate; P4 (A32, A34), P5 (A36)]; significance
P<0.05
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At Day 7, NAT10 was suppressed in all groups as compared with OM, but differences
were only statistically significant for MDMPOM (Z=3.365, P=0.008) and MDMP
(Z=3.892, P=0.001).
At Day 14, this trend for gene suppression was significantly different only between
OM and EDMPOM (Z=3.153, P= 0.016), with little fold change noticed between the
remainder groups and FCS (value 1). OM showed variation in fold change with a large
interquartile range going up to approximately a 19-fold-change in gene expression.
At Day 21, the relative expression of NAT10 in OM had risen to a median 1.5-fold
change, and this still differed significantly from EDMPOM (Z=3.24, P= 0.012).
Comparisons were also made for each group between the three time periods (Fig.
7.16).
Upregulation was noted for the OM group at all three time periods, and
downregulation for the EDMPOM group at all time periods. No statistically significant
differences within the OM (H=0.075, P= 0.963), EDMP (H=1.86, P=0.394) and
EDMPOM (H=0.328, P= 0.849) groups were seen for the fold-change in gene
expression for NAT10 at Day, 7, Day 14 or Day 21.
In the EDMP group, downregulation was observed at Day 7, but, the fold-change was
very close to 1 (no change) at Days 14 and 21.
MDMP (H=8.337, P=0.004) and MDMPOM (H=5.769, P= 0.016) showed significant
differences, with downregulation at Day 7, and then nearly no fold- change at Day
14.

204

Influence of Dentine Matrix Proteins on Dental Pulp Stem Cells

Fig. 7.16: Relative gene expression for NAT10 for each group over time
Box & whisker plot with median & IQR 1-3; error bars show maximum and minimum values (please
note different scales between graphs); OM fold change was slightly lesser at Day 14 than Days 7 and
21 & ranged from 1.23-1.53 (P>0.05); EDMP & EDMPOM expression did not change significantly over
time; MDMP & MDMPOM were supressed at Day 7 but not Day 14 (P<0.05); n=3, in triplicate;
Significance P<0.05

7.2.2.2.6: OCN
The fold change in gene expression of OCN with reference to the expression in the
unstimulated group (FCS; negative control) (Fig. 7.17) was analysed with respect to
intergroup comparison for each time period and then for each group over the three
time periods (Fig. 7.18).
OCN relative gene expression was significantly upregulated (10-15 fold) in the OM
group compared with all other groups at Day 7 and Day 14 (P<0.05). At Day 21, this
was very significantly upregulated (approximately 58-fold change) as compared with
EDMP (Z=4.434, P<0.001) (which was downregulated to 0.5), but not EDMPOM
(Z=2.307, P=0.211), even though the variation in expression appeared to be marked
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between EDMPOM and OM. The relative expression in OM group increased with
time, and was significantly different between Day 7 and Day 21 (Z=2.876, P= 0.012)
(Fig. 7.18).

Fig. 7.17: Relative gene expression for OCN: group-wise comparison at each time period
Each bar represents the median value for fold-change relative to FCS (represented by the dotted line).
The error bars indicate IQR1-3; At Day 7 & 14, only OM had enhanced fold change (>10) which
differed from all other groups (P<0.05) but MDMP: all other groups, including MDMP, were
suppressed. At Day 14, MDMP, though supressed, also differed from EDMPOM which was severely
suppressed (P<0.05). At Day 21, OM was seen to have further enhanced fold-change which differed
significantly from EDMP (suppressed, P< 0.05), but not EDMPOM (which showed 2.43-fold-change).
(n=3) [Three independent experiments in triplicate; P4 (A32, A34), P5 (A36)]; significance P<0.05

At Day 14, the fold change noted for MDMP had significantly increased from 0.1 (at
Day 7) to 0.6 (H= 8.366, P=0.004), though overall still remained suppressed (Fig. 7.18).
Values at Day 14 for MDMP also differed significantly from EDMPOM (Z=3.467,
P=0.005), the latter remaining more suppressed (Fig. 7.17).
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Fig. 7.18: Relative gene expression for OCN for each group over time
Box & whisker plot with median & IQR 1-3; error bars show maximum and minimum values (please
note different scales between graphs); OM expression was increased all time periods (>10) &
maximal at Day 21, which differed from Day 7 (P<0.05); EDMP expression did not change significantly
over time & was largely suppressed; EDMPOM was maximally supressed at Days 7 & 14 which
differed from Day 21 when fold change was 2.43 (P<0.05); MDMP (P<0.05) & MDMPOM were
supressed at Day 7 & 14; n=3, in triplicate; Significance P<0.05

Fold change values for EDMPOM between Day 7 and Day 14 remained largely
unchanged (Z=2.049, P= 0.121), but the relative expression of OCN for EDMPOM
showed a 2.4-fold change at Day 21, which was a significant upregulation from both
Day 7 (Z=2.584, P=0.029) and Day 14 (Z=4.633, P<0.001).
Even though OCN relative expression remained suppressed in the EDMP group over
7, 14 and 21 days (fold change below 1), the fold change increased with time, but
pairwise comparisons did not reveal significance.
The expression levels in the MDMPOM group did not differ over time (H<0.001, P=1).
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7.2.2.2.7: OPN
The fold change in gene expression of OPN with reference to the expression in the
unstimulated group (FCS; negative control) (Fig. 7.19) was analysed with respect to
intergroup comparison for each time period and also the differences for each group
at the three time periods (Fig. 7.20).

Fig. 7.19: Relative gene expression for OPN: group-wise comparison at each time period
Each bar represents the median value for fold-change relative to FCS (represented by the dotted line).
The error bars indicate IQR1-3; At Day 7, only EDMP shows approximately three-times enhanced fold
change, EDMPOM shows no change and the remainder groups are suppressed (P>0.05). At Day 14,
OM, MDMP and MDMPOM all show enhanced fold change (14-44), while EDMP and EDMPOM are
suppressed & differ significantly from OM (P<0.05). EDMPOM also differs significantly from MDMP
and MDMPOM (P<0.05) but not EDMP (P>0.05). At Day 21, EDMP and EDMPOM are suppressed &
differ significantly from OM (P<0.05); the latter has further fold change to 231. n=3 [Three
independent experiments in triplicate; P4 (A32, A34), P5 (A36)]; significance P<0.05

No differences were found between the groups at day 7 (H=5.209, P=0.267), even
though the median fold change for EDMP was approximately three times than in the
FCS group (value=1).
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At Day 14, the relative gene expression of OPN in the EDMPOM group was
significantly suppressed as compared with OM, MDMP and MDMPOM groups
(P<0.05), but was similar to the EDMP group (Z=0.724, P=1). At this time period,
EDMP also showed significant relative gene suppression as compared with OM
(Z=3.597, P=0.003). The fold change observed for OM group was remarkable:
approximately between 40 (day 14) and 200-fold change (Day 21).
At Day 21, the fold change in OM group differed significantly from both EDMP
(Z=3.625, P=) and EDMPOM (Z=3.116, P=0.018), both of which continued to remain
suppressed.

Fig. 7.20: Relative gene expression for OPN for each group over time
Box & whisker plot with median & IQR 1-3; error bars show maximum and minimum values (please
note different scales between graphs); OM expression was suppressed at Day 7, but fold-change
increased (44-231) at Day 14 & 21, which was significant compared with Day 7 (P<0.05); EDMP
expression showed increased fold-change at Day 7, but was suppressed at Days 14 & 21, but not
significantly (P>0.05); EDMPOM showed no fold-change at Day 7, but was supressed at Days 7 & 14
without significant difference (P>0.05); MDMP & MDMPOM were supressed at Day 7 but showed
increased fold-change (14-21) at Day 14 (P<0.05); n=3, in triplicate; Significance P<0.05
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No differences in the EDMP (H=4.892, P=0.089) or EDMPOM (H=5.612, P=0.06)
groups were found over the time course of the experiment, though a general trend
in gene suppression was noted at Day 14 and Day 21 as compared with Day 7 (Fig.
7.20).
OPN relative gene expression was found to be upregulated in the OM group at both
Day 14 (Z= 3.139, P=0.005) and Day 21 (Z=3.715, P=0.001) as compared with Day 7,
which was statistically significant.
Gene expression in MDMP (H=8.308, P= 0.004) and MDMPOM (H=8.308, P= 0.004)
was also significantly upregulated at Day 14, as compared with Day 7, with fold
changes at Day 14 being approximately 21 and 14 times than in the negative control
(FCS).

DISCUSSION
The responses to DPSCs were tested using two sets of experiments. The first set of
experiments assessed the ability of DMPs to differentiate the DPSCs into
odontoblasts, with subsequent mineralisation quantified using the Alizarin red
staining technique. The second set of experiments examined the ability of the DMPs
to affect the expression of genes in DPSCs that are commonly associated with
mineralisation by using the RT-qPCR technique.
The experimental groups
While planning both these experiments, OM was used as the positive control, since
previous experiments in the current study had shown the unequivocal ability for all
three-patient sample DPSCs to undergo osteoblastic differentiation. The
unstimulated DPSCs were maintained in FCS and constituted the negative control.
While exposure to MDMP and EDMP themselves constituted two experimental
groups, additional groups were also included in the experiment where EDMP was
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added to OM (EDMPOM) and MDMP was added to OM (MDMPOM). Past studies
have shown signs of mineralisation when DPSCs have been exposed to EDMPs
(Tomson et al. 2013; Sadaghiani et al. 2016; Avery et al. 2017; Widbiller et al. 2018b).
However, the source of inorganic phosphates which would help form the mineral
component were not delineated in these studies. In order to supplement EDMP and
MDMP, and assess the differences in mineralisation potentials, the additional
experimental groups EDMPOM and MDMPOM were proposed, since bglycerophosphate which supplies the inorganic phosphate, is contained in OM. The
addition of a mineralisation ‘supplement’ in addition to EDMPs in order to help
calcification has also previously been reported (Liu et al. 2007; Petridis et al. 2019)
with success.
Additionally, the present study used OM as the positive control, which initiates
differentiation of DPSCs into osteoblasts. The assessment of production of dentine
ECM proteins could have perhaps been better assessed in the present study by
utilising a different positive control, such as an immortalized human odontoblast-like
cell line. While there are studies that report the use of mouse immortalised
odontoblast-like cell lines, such as MDPC-23 and MO6-G3 (Hanks et al. 1998;
MacDougall et al. 1998), and the differentiation of human DPSC into odontoblast-like
cells when grown on dentine (Huang et al. 2006a), there is scarce literature on
immortalised human odontoblast-like cell lines (Wang et al. 2005). The availability of
such a cell line in a future study could serve as a robust positive control where the
expression of DSPP and DMP1 could be evaluated by relevant antibodies using
immunocytochemistry and the gene expression assessed via RT-qPCR.
TGFb1 in DMP supplement
The addition of either EDMP or MDMP to the culture medium was guided by the
TGFb1 concentration. As previously mentioned, TGFb1 is a known stimulant for
dentinogenesis (Smith et al. 1998; Tziafas & Papadimitriou 1998b; Sloan & Smith
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1999; Zhao et al. 2000; Sloan et al. 2001; Dobie et al. 2002; Sloan et al. 2002; Tziafas
2004; Liu et al. 2007). The amount of DMP addition to the culture medium was guided
by previous research (Widbiller et al. 2018b) which reported mineralisation when
TGFb1 was added to the culture medium at a concentration of 500pg/mL. Other
studies reported the total amount of DMPs added to the culture medium to assess
mineralisation and this varied between 1-1,000µg/mL EDMPs (Liu et al. 2005b;
Graham et al. 2006; Liu et al. 2007; Chun et al. 2011; Sadaghiani et al. 2016; Avery et
al. 2017; Okamoto et al. 2018). The current investigation favoured using the amounts
of TGFb1 over the total protein quantities to decide on the amount of either EDMP
or MDMPs to be added as a supplement to the growth medium. MS had previously
demonstrated differences in EDMP and MDMP proteomic profiles, and thus TGFb1
was used as the common factor between EDMP and MDMP groups to help decide
the amounts of DMPs that would be added to the culture media in either group as
the stimulant. Based on the calculations of TGFb1 concentration previously made for
both DMP groups, the equivalent of 500pg/mL TGFb1 that was added to the culture
medium in the current investigation in terms of total protein amount was
approximately 11µg/mL for MDMP group and 33µg/mL for the EDMP group.
Differences in the behaviour of DPSCs could be expected in response to the DMPs,
since TGFb-1 may not be the only growth factor that can influence differentiation and
gene expression.
The total volume of MDMPs recovered from the processed dentinal samples was
lesser than EDMPs, and calculations a priori allowed the differentiation experiment
for Alizarin Red S quantification & the RT-qPCR experiment to be supported over two
weeks only for the MDMP-related groups. Therefore, future studies should use
MDMP and EDMP at different concentrations and assess their influence on DPSCs
over a course of 3 weeks.
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Differentiation of DPSC assessed by Alizarin Red S quantification
The present study showed that differentiation was conclusively noted for cells only
in the OM group at Day 14 and Day 21 (Fig. 7.21).

Fig. 7.21: Overall Alizarin Red S quantification
Each bar represents the median value for Alizarin Red S quantification. The error bars indicate IQR13; n=3, in triplicate; DPSC seeded at P4 (A32, A34) & P5 (A36); Significance P <0.05. Same alphabet
indicates no significant difference between groups at Day 7 (a, b) or Day 14 (A, B) and same symbol
(*, $) indicate no significant difference between groups at Day 21. Significant difference between
different time periods for the same group are indicated by lines and significance denoted alongside.
Main result from the graph shows increasing accretion of Alizarin Red stain for OM group from Day
7-21. For detailed explanation, please see section 7.2.1.2; Significance P<0.05

EDMP and MDMP did not demonstrate mineralisation upon Alizarin red S staining.
These findings for EDMP are contrary to those previously reported (Liu et al. 2005b;
Sadaghiani et al. 2016; Okamoto et al. 2018; Widbiller et al. 2018b) where variable
concentrations of EDMPs were used. At least one study has shown a dose-dependent
effect on expression of TGFb1 from MDPC-23 cell line, with increased expression at
high concentrations of DMPs (Graham et al. 2006). Most studies that reported
differentiation used approximately 1-10µg/mL DMP as the stimulant. Widbiller et al.
(2018) used 500pg/mL TGFb1 within the culture medium and reported
mineralisation, but did not evaluate mineralisation at other doses of TGFb1. These
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authors, & others, have assessed parameters such as cell viability, proliferation,
apoptosis and cell migration at different concentrations of TGFb1 and DMPs (Lee
2011; Lee et al. 2015; Avery et al. 2017; Widbiller et al. 2018b). The dose dependant
effect of EDMPs on cell viability and proliferation has been reported by other groups
as well, which also assessed the influence of the DMP dose on DPSC mineralisation
(Avery et al. 2017; Petridis et al. 2019). Cell expansion was reduced at higher DMP
concentrations (10µg/mL), but mineralisation was not noted at concentrations below
this level in some studies. In the present study, mineralisation was not detected with
either EDMP or MDMP, and this is similar to results of Petridis et al. (2019).
Similarities were also noted between the current investigation and Petridis et al.
(2019) since no mineralisation was found even when OM was supplemented with
EDMP in both studies, though low concentrations of DMP (0.1µg/mL) added to OM
resulted in mineralisation in the latter study. This suggests that mineralisation with
DMPs maybe dose-dependent at a selected range, a fact which could be exploited for
tissue engineering during REP. However, the doses of DMPs used is extremely
variable between different studies in terms of mineralisation reports.
MDMP was assessed for mineralisation for the first time through the current study.
MDMPOM showed differentiation for A36 sample, but only in one area of one of the
culture wells. This appeared to be characteristically mineralised, but no other
mineralised nodules, or even diffuse regions of mineralisation were noted in the cells.
Upon quantification of Alizarin red S stain, the MDMPOM group did not account for
significant mineralisation, though EDMP had higher quantification levels with the
stain. Whilst Alizarin red S should bind to calcium, background binding with cell debris
may have led to enhanced stain quantification in some experimental groups. Since a
dose-dependent relationship has been suggested between DMPs and differentiation
of DPSCs, future work in relation to different MDMP concentrations that also
considers different reference TGFb1 doses will help understand the responses from
DPSCs and indeed other MSC cell lines.
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Other cell-related factors are also known to influence differentiation and
mineralisation such as the passage number for cells. The current study used cells at
an early passage for the differentiation experiments (P4-P5) so that the ‘stem’
properties of the DPSCs were retained and the utilisation of similar ‘early’ passages
have been reported by some authors (Okamoto et al. 2018; Widbiller et al. 2018b;
Petridis et al. 2019). Other studies used cells at higher passage numbers which ranged
between 8-14 (Liu et al. 2005b; Sadaghiani et al. 2016). Whilst the highly proliferative
DPSCs may retain ‘stem properties’ and ability to differentiate over 60-80 population
doublings (Alraies et al. 2017) over several months (Lizier et al. 2012), the propensity
of the cells to spontaneously upregulate osteoblastic and odontoblastic markers at
later passages (e.g. ninth passage) has also been found (Yu et al. 2010b), thus
prompting the use of cells from earlier passages in the experiments of the current
study.
The responses of DPSCs in passage 4-5 for all three patient samples were also studied
for the influence of DMPs with respect to mineralisation-related gene expression.

Relative gene expression of mineralisation-associated genes assessed by RTqPCR
The current study evaluated the expression of several genes that are related with
mineralisation in the experimental groups in relation to the expression of the same
genes in the negative control group (FCS) via fold-change calculations. The
experiments were conducted over three weeks of exposure for EDMP and EDMPOM,
but for two weeks for MDMP and MDMPOM (owing to the limited amount of MDMP
recovered). The comparisons between the experimental and FCS group were made
at Day 7, Day 14 and Day 21 (where applicable), rather than only using the readings
from the FCS group at day 1 for comparison with the experimental groups. This
modality was chosen since the expression of genes can change even in the negative
control group over time.
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A few genes that are associated with mineralisation were tested in the current study
and included COL1A1, RUNX2, MSX2, DLX5, OCN and OPN. These have been
previously reported in other studies as well which evaluated the effects of DMPs on
DPSCs (Chun et al. 2011; Sadaghiani et al. 2016; Avery et al. 2017; Widbiller et al.
2018b). The gene NAT10, which codes for N-acetyltransferase enzyme, was tested
for the first time in the current study regarding responses to osteoblastic
differentiation of DPSC, as also for the effect of DMPs on DPSCs. NAT10 has only very
recently been studied regarding its effect on osteoblastic differentiation from
BMMSCs (Yang et al. 2021; Zhu et al. 2021) and was found to play a key role in
promoting osteogenesis by influencing the N4-acetylcytidine modification (ac4C) of
mRNA.
Odontoblastic differentiation:
The upregulation of the expression of the DSPP and DMP1 genes are characteristically
used to mark the differentiation of MSCs into odontoblast-like cells. However, there
is little demonstrable concordance between studies, since there is no uniformity in
the odontoblastic differentiation medium used amongst studies, which is contrary to
the standard osteogenic induction medium. As previously mentioned, mineralisation
with DPSCs has been demonstrated using osteogenic medium, and yet studies have
variably termed this odontoblast differentiation (Chen et al. 2005; Bakopoulou et al.
2011b; Louvrier et al. 2018; Lin et al. 2019). Indeed, odontoblastic differentiation has
been reported with a variety of media such as OM supplemented by either:
•

5-10ng/mL recombinant TGFb-1 (Yang et al. 2017; Baldión et al. 2018)

•

BMP2, TGFb-1 and FGF2 (Lim et al. 2021)

•

Estradiol (Woo et al. 2015b; Son et al. 2021)

•

Vitamin D (Eslaminejad et al. 2013; Woo et al. 2015a)

216

Influence of Dentine Matrix Proteins on Dental Pulp Stem Cells

These stimulants will activate a variety of different pathways that are related to
mineralisation. While the detection of DSPP expression has classically only been
associated with dentine, it’s expression in bone has also been found, though sparingly
(Qin et al. 2002; Butler et al. 2003; Qin et al. 2003). The expression of DSPP has been
shown in some of the studies that used just OM to induce the differentiation of DPSCs
(Chen et al. 2005; Lin et al. 2019) into odontoblasts. The premise that the expression
of DSPP in such studies is sufficient to term the differentiated DPSCs as an
odontoblast-like cell cannot be accepted universally, since the standard OM medium
causes DPSC differentiation into an osteoblastic lineage, which may also express
DSPP. The expression of DMP1 has also been associated with the odontoblast, but
has also been found to be expressed by the osteocyte embedded in the mineralised
matrix, though not the osteoblast (Toyosawa et al. 2001; Suzuki et al. 2012). In the
current investigation, mineralisation-associated differentiation was only observed
for the OM group. Both immunocytochemistry and RT-qPCR were attempted with
two different sets of antibodies and primers respectively for both DSPP and DMP1,
but no expression was detected for the immunocytochemistry studies and a very late
Ct readout, or no reading at all, was obtained during PCR. Therefore, the cells in the
current study were observed to have differentiated into osteoblasts only in response
to OM and not odontoblasts (in response to DMPs).
Expression of mineralisation-related genes
As a general observation across almost all the remainder genes studied, the DMPs,
either alone or in combination with OM, were found to have an inhibitory effect on
gene expression, with fold-change levels reported at far below 1, indicating a reduced
gene expression. The positive control group (OM) demonstrated upregulation of
several genes including RUNX2. This gene is the master controller for commitment of
the DPSC toward the osteo/odontoblastic lineage and can be stimulated via several
pathways that include TGFb/BMP-Smad, Wnt/b-catenin or Notch signalling (Gaur et
al. 2005; Komori 2006; Rahman et al. 2015). In the current study, its expression
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showed 1.5-fold-change at Day 14, and subsequently reduced again at Day 21.
Variable patterns have been reported in other studies, with maximal expressions
reported by some at Day 7 with progressive decline over 21 days (Widbiller et al.
2018b) or expression levels similar to the current study (Sadaghiani et al. 2016) but
without much alteration over the time course of the experiment. However, both of
these studies did not have OM as the positive control, and their relative gene
expressions (fold change) were reported in response to EDMPs at different
concentrations. RUNX2 downregulation is generally associated with the
differentiation and maturation of osteoblasts (Komori 2010) and even more for the
terminal differentiation of odontoblasts (Chen et al. 2005; Miyazaki et al. 2008). The
alleviation of RUNX2 suppression by Day 21 was noted for the EDMP group in the
current study, though the exact mechanism could not be elucidated through the
current study and neither were its affects assessed at further time periods beyond 21
days. These aspects will require future investigation.
For the first time, NAT10 relative expression was studied in DPSCs that were
subjected to several differentiation conditions in this project, including OM. Other
studies have shown that NAT10 positively regulated MSC differentiation by
increasing the ac4C modification of Gremlin 1 mRNA. Gremlin 1 is a known inhibitor
of osteogenic differentiation by targeting BMP2 and BMP4. As ac4C modification of
Gremlin 1 mRNA occurs, Gremlin 1 is degraded, thereby promoting osteoblastic
differentiation (Zhu et al. 2021). Also, with ac4C regulation of RUNX2, NAT10 was also
shown to promote osteogenic differentiation of BMMSCs (Yang et al. 2021). In the
current project, NAT10 showed an enhanced fold change in the OM group at Day 7,
following which mineralisation was noted by Day 14. In the remainder groups, the
fold-change was reduced below 1, indicating that NAT10 was suppressed. It can be
hypothesised that the inhibitory effects of molecules such as Gremlin 1, in
conjunction with other factors could have prevented mineralisation. Additionally, the
current study used TGFb1 at a concentration of 500pg/mL in dentine matrix proteins.
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It is also known that TGFb1 demonstrates a dose-dependent pattern that is able to
either stimulate or inhibit mineralisation related genes (Unterbrink et al. 2002;
Ehnert et al. 2010). Even in the presence of OM supplemented with DMPs, the
mineralising effects inherently produced by OM were inhibited, and only one other
study has demonstrated this dose-dependent effect with DMPs + OM (Petridis et al.
2019). These factors could help explain the suppression of several genes that are
associated with mineralisation in the current study.
While mineralisation-related events are controlled by RUNX2, it’s influence on
differentiation of DPSCs downstream is also controlled by other genes such as
COL1A1, OPN and OCN which are associated with the generation of an ECM prior to
its calcification. In the current study, the expression of COL1A1 steadily increased
with time with approximately a four-fold change at Day 21 for OM, which also
correlated with the amounts of ECM that were physically observed in the culture well
plates. RUNX2 fold-change increase for OM at Day 14 had preceded the enhanced
expression at Day 21 for COL1A1. However, COL1A1 was severely suppressed in the
remainder groups at all time periods, except MDMPOM at Day 14, where no change
in gene expression was seen. This also correlated with the RUNX2 suppression seen
with the DMPs, irrespective of their addition to OM.
Contrary findings were noted for genes related to some of the other ECM proteins.
The expression of OPN (SPP1) was found to be unequivocally upregulated in several
groups including OM, MDMP and MDMPOM at Day 14. The increased expression for
OPN continued at Day 21 for OM. OPN expression has generally been abundant while
the osteoblast is still immature and is associated with the inhibition of mineralisation
(Addison et al. 2007). As the experiments with the two MDMP groups did not
progress beyond Day 14, future experiments to assess the responses of MDMPs on
OPN expression over a 28-day differentiation period would help gain further insight
into the variations in gene expression over time and assess possible signs of
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mineralisation in culture as well. Inorganic pyrophosphates (iPP) also have an
inhibitory effect on mineralisation, and during differentiation of MSCs, ALP enzyme
is activated to breakdown the iPP. ALP fold-change increase is usually seen early
during DPSC differentiation into osteoblastic lineage, but was not evaluated in the
current study and should be assessed in future investigations with MDMPs.
While OPN expression was enhanced from Day 14 onwards, the expression of OCN
(BGLAP) is generally seen to increase as the osteoblast matures (Javed et al. 2010).
This trend was identified in the OM group in the current study with increased foldchange at each time period which also progressively increased from Day 7-Day 21. As
the osteoblasts transitioned from the immature to the mature phases, RUNX2
downregulation was noted in the study at Day 21 concomitantly associated with a
remarkable-fold change increase noted at the end of the experiment on Day 21 for
OCN (nearly 60-fold-change increase). EDMPOM was seen to have a much smaller
increase in fold-change at Day 21, but no mineralisation was noted in this group
(Alizarin Red staining was previously done). Experiments in the future should followup differentiation experiments over 28 days to assess OCN expression in the
EDMPOM. All other DMP groups showed gene suppression for OCN at all time periods
which is consistent with the inhibition of mineralisation.
The expression of OCN is controlled by RUNX2 upstream. RUNX2 expression is also
moderated by the expression of the homeobox genes MSX2 and DLX5 (Shirakabe et
al. 2001). With increasing time, the fold-change in RUNX2 was reduced in the current
study as the DPSC differentiated and mature osteoblasts emerged, but
concomitantly, an increased expression of MSX2 was also noted, with approximately
2.5-fold-change increase at Day 21. An inverse relationship between RUNX2 and
MSX2 was therefore seen in the present study. For the four DMP-related groups in
the current study, MSX2 suppression was seen at Day 7, but the fold-change for
EDMP was nearly one (indicating no difference with FCS) at Days 14 and 21, showing

220

Influence of Dentine Matrix Proteins on Dental Pulp Stem Cells

its increased expression, but with perhaps no further effects on the mineralisationrelated pathways.
DLX5 is another homeobox gene that influences the regulation of RUNX2. It acts by
promoting RUNX2 and antagonises MSX2 regarding osteoblastic differentiation (Lee
et al. 2005). In the present study, the fold-change for DLX5 for the OM group was
found to be enhanced slightly (1.4-fold-change) at Day 7, but did not show variation
from its expression in cells maintained in unstimulated (FCS) media thereafter. Whilst
a decrease in expression of DLX5 may have been expected over the duration of the
experiment, this was not the case for OM. EDMPOM was upregulated at Day 21 for
DLX5, and in view of the upregulation of OCN at Day 21, as also the relative
upregulation of RUNX2 at Day 21 (comparative to Day 7), a longer duration
experiment may help understand its influence during differentiation better.
Overall, the RT-PCR experiments helped identify mineralisation-related gene changes
for the OM group. The findings from this experiment were in tandem with the lack of
mineralisation that was seen in the Alizarin Red differentiation and quantification
assay. EDMP and MDMP did not promote odontoblastic differentiation, but rather
supressed mineralisation-related genes. The reference concentration of 500pg/mL
TGFb1 in EDMP and MDMP was also able to inhibit the mineral inducing abilities of
OM by also actively suppressing several key genes.
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Chapter 8: GENERAL DISCUSSION
The regenerative potential of the dentine-pulp complex has been recognised over a
number of years, with the ability of the dental pulp to respond to injurious stimuli by
the production of new dentine which has been classified as being either reactionary
or reparative in nature (Tziafas et al. 1992; Smith et al. 1994; Smith et al. 1995a; Smith
et al. 1995b; Tziafas 1995; Smith et al. 2001b). The present study was undertaken in
the context of REP, where EDTA is used as a final rinse during the preparation of root
canal dentine (Galler et al. 2016). EDTA helps release growth factors from dentine,
which influence the differentiation of MSCs into odontoblast-like cells (Galler et al.
2011). In the past, the presence of a non-collagenous protein component in EDTAdemineralised dentine (Smith et al. 1981) was implicated in the cytodifferentiation
of the mesenchymal cells in the dental papilla of cultured enamel organs (Lesot et al.
1986). There is now good evidence that the DMPs that are recovered by EDTA from
dentine result in favourable odontogenic and mineral-forming responses from the
DPSCs (Sadaghiani et al. 2016; Salehi et al. 2016; Widbiller et al. 2018b). Thus, clinical
guidelines advocate the use of EDTA as a final rinse before the introduction of
bleeding

or

scaffold

(or

both)

into

the

root

canal

space

(https://f3f142zs0k2w1kg84k5p9i1o-wpengine.netdna-ssl.com/specialty/wpcontent/uploads/sites/2/2021/08/ClinicalConsiderationsApprovedByREC062921.pdf)

(Galler et al. 2016).
During REP, as the root canals of the immature teeth are very wide, instrumentation
with endodontic files is not possible to help disinfect the root canal walls. Therefore,
clinicians rely on the use of NaOCl for disinfection over a sustained period of time,
along with an inter-appointment intracanal dressing material such as triple antibiotic
paste or calcium hydroxide. Both NaOCl and calcium hydroxide are very alkaline and
reduce the flexural strength of dentine. The use of a chelator, such as EDTA, after the
use of NaOCl, has been shown to have detrimental effects on dentine, resulting in
erosive damage (Tatsuta et al. 1999; Mai et al. 2010; Zhang et al. 2010; Beniash et al.
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2011; Qian et al. 2011). The use of an alternative chelator that would help reduce
dentine damage would therefore be desirable, whilst still being able to help express
the growth factors embedded within the dentine ECM.
In this context, MA has also been reported as a chelator-irrigant used during
endodontic treatment (Ballal et al. 2009a), but it’s role in REP has not been
investigated so far. The present study therefore investigated the effects of EDTA and
MA on the recovery of DMPs from healthy human dentine and subsequently
evaluated the influence of the DMPs on the responses of the DPSCs.
The current study extracted DMPs by using EDTA and MA from healthy dentine. This
is the first reported use of MA to extract DMPs from root canal dentine. A relatively
short experimental technique utilising centrifuge filtration was adopted (Widbiller et
al. 2018b) to help reduce protracted contact of dentine with the chelator solution
and avoid procedures such as use of protease inhibitor, dialysis and lyophilisation of
the DMPs (Sadaghiani et al. 2016), which may influence the nature of the extracted
proteins. Future studies can identify whether differences exist between these two
well-established techniques of DMP extraction by dividing powdered dentine into
two halves and measuring and characterising the proteins thus obtained.
One of the first investigations undertaken in the current project helped detect the
total protein concentrations and amounts in the MDMP and EDMP samples. With
reference to both these parameters, the EDMP sample showed significantly more
protein than those detected in the MDMP group. This finding is significant since it is
suggestive that MA helps preserve dentinal structure better than EDTA, which was a
basic premise to investigate a different chelator other than EDTA. However, the
present investigation used an inhomogeneous dentinal powder (in order to maximise
DMP yield) which does not represent the conditions present during root canal
treatment. The clinical implication of this finding will require triangulation with
studies that use other designs, such as scanning electron microscopy of the root
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dentine after exposure to root canal irrigant solutions, to help assess changes in
dentinal architecture in terms of the erosive potential of MA as compared with EDTA.
One study suggested that MA removed smear layer better than EDTA in the apical
thirds of the root canal (close to the root tip), and attributed this to the acidic pH of
MA (Ballal et al. 2009a). In the present study, the pH of MA was adjusted to 7, and
therefore the precise influence on root dentine surfaces during root canal treatment
is unknown and requires further investigation in the future.
The proteins that were recovered in both EDMP and MDMP groups were further
characterised by using MS. The numbers of proteins that were discovered in the
EDMP group (893) in the present study has been the maximum reported in literature
so far (Park et al. 2009; Chun et al. 2011; Jágr et al. 2012; Widbiller et al. 2019). For
the first time, MDMPs were characterised in this investigation, and the total number
of proteins reported (1056) were higher than those in the EDMPs. The present study
used strict criteria to reduce the false discovery rates based on spectral peptide
match (SPM) profiles, and proteins with Q values £0.01 were accepted as being
present. Even so, the majority of proteins in the EDMP group (823) and MDMP group
(949) had Q values=0, giving confidence in the proteins predicted through this
experiment. Further confidence in the results of the predicted proteins can be
generated by using SPMs of multiple peptides to help predict the presence of a single
protein. In the present investigation, even if a single peptide SPM matched with a
protein, it was included in the study, but still required very low Q values.
MS data also showed that apart from a more diverse protein spectrum being
detected for the MDMP group, the overall relative amounts for several proteins was
higher in the MDMP group than the EDMP group for several proteins. This was an
interesting finding since the total protein concentration (assessed by BCA assay)
amount was higher in the EDMP group as compared with the MDMP group. If MA is
able to release biologically relevant DMPs efficiently, and yet preserve overall
dentinal composition and structure better than EDTA, this would help validate its
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clinical use during REP. This is especially true since the load capacity of immature
teeth with open apices is low, and preservation of tooth structure would inevitably
help tooth survival (Cvek 1992).
Amongst the proteins detected by MS in both EDMP and MDMP samples, TGFb1 is a
biologically relevant growth factor which has shown to influence the differentiation
of odontoblasts (Sloan & Smith 1999). The results of the present study showed that
TGFb1 concentration detected in the MDMP sample were overall lower than the
EDMP sample (detected by MS & ELISA). However, the significant finding was the
TGFb1 amount as a total percentage of the protein extracted was approximately
three times higher in the MDMP group than in the EDMP group. This further helped
corroborate the hypothesis that while MA helps preserve overall dentine
constituents, it was able to liberate important molecules from the dentine matrix
better than EDTA.
Therefore, based on the findings of the total protein concentration, proteomic
analysis by MS and estimation of TGFb1 concentration by ELISA in the present study,
the first null hypothesis was rejected, since differences were found between EDMP
and MDMP.
Current REPs are considered ‘cell-free’ (a misnomer) since no exogenous cells are
placed into the root canal, though SCAP cells are introduced into the root canal by
initiating bleeding from the periapical tissues. A ‘cell-based’ REP approach has also
been described. Different MSC populations have been used in this approach where
cells from a different source are introduced into the root canal to help regenerate
the immature tooth. The use of umbilical-cord MSCs has been described with success
in a randomized controlled trial as compared with conventional REPs (Brizuela et al.
2020). DPSCs are also available for clinical application from extracted third molar
teeth, and their use for REP has been reported in at least one clinical human trial
(Xuan et al. 2018) with immature teeth and periapical pathosis. The use of DPSC for
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pulpal regeneration has also been reported in patients with irreversible pulpitic
mature teeth with closed apices where the tooth pulp was removed, and autologous
DPSCs were transplanted (Nakashima et al. 2017). Assessing the responses of DPSCs
to DMPs in terms of REP is therefore justified and was undertaken in the present
investigation.
The present study assessed the influences of the DMPs on DPSCs which were first
isolated and characterised from three patients. The DPSC displayed some of the
features that are expected from MSCs such as adherence to plastic surfaces in culture
and high expression levels for cell surface markers such as CD90, CD73 and CD105
evaluated with flow cytometry, and CD90 also through immunocytochemistry. The
cells were also identified as non-haematopoietic since they lacked the expression of
CD31, CD45 and CD34. The DPSCs underwent differentiation into osteoblasts
predictably, but adipogenic differentiation was only sparingly noted for one of the
patients. The remainder patient sample DPSCs did not demonstrate evidence of
adipocytes following differentiation, indicating that the DPSCs thus isolated were at
least unipotent, and did not fulfil all the ISCT criteria for MSC. This finding regarding
the lack of trilineage differentiation has also previously been reported (Gronthos et
al. 2000), but contrary evidence also exists (Son et al. 2021). Recent data has
conclusively shown that DPSCs express genes that inhibit adipogenesis (Fracaro et al.
2020). The present study characterised the DPSCs as being at least unipotent, with
the ability to undergo osteoblastic differentiation. Since mineralisation was
demonstrated from the three DPSC samples, the ability of the cells to further undergo
differentiation into odontoblasts was assumed in these experiments.
The flow cytometry data that was obtained for characterising the DPSCs revealed that
the cells represented a heterogenous population, with differential expression of even
canonical markers such as CD90 and CD105 (which were seen on a majority of the
cells). A smaller non-haematopoietic population which was CD90- and CD105- also
existed, but this may be related to the variations in expression with the stage of
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passaging the cells (Cameron 2013). Distinct subpopulations were also identified with
respect to CD146 expression amongst the CD90+CD105+CD73+ cell subpopulation.
The CD146+ cells in this subpopulation were identified as pericytes, which are known
to be present in a perivascular niche, and are considered to be more primitive,
undifferentiated progenitor cells (Crisan et al. 2008). Future studies can help
preferentially sort this cell subpopulation and assess their response to DMPs and
odontoblastic differentiation.
In the present study, the heterogenous, at least unipotent DPSC population was
assessed for odontoblastic differentiation in response to DMPs containing TGFb1 at
a concentration of 500pg/mL (Widbiller et al. 2018b). While several authors have
reported differentiation of the DPSCs into odontoblasts on exposure to EDMPs (Liu
et al. 2005b; Sadaghiani et al. 2016; Okamoto et al. 2018), the current investigation
did not report signs of mineralisation in the EDMP or MDMP groups. This
investigation also added EDMPs and MDMPs to OM to create two additional
experimental groups: EDMPOM and MDMPOM. Such a strategy has been previously
reported (Liu et al. 2005b; Petridis et al. 2019) and helps mineralisation by providing
inorganic phosphates. However, in the current study, both groups of DMPs were
shown to even inhibit the inherent mineralising ability of OM contained within the
culture medium. Such inhibitory effects on mineralisation are thought to be related
to the concentration of the total DMPs (Petridis et al. 2019) and the reference dose
of TGFb1 used. Even though the reference concentrations of both EDMP and MDMP
regarding these two concentration parameters (total proteins and TGFb1
concentration) in the present study were similar to other studies (Sadaghiani et al.
2016; Widbiller et al. 2018b) where mineralisation was shown, the inhibition of
mineralisation in the present study raises an important question regarding the
diversity in the composition of the DMPs which makes standardisation and
reproducibility between experiments difficult. The present study only showed an
isolated region of mineralisation for one of the patient samples in one well only
(MDMPOM for A36). There were characteristic signs of mineralisation in this area
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only. To help explain this finding, future research should compare the influences of
different concentrations of MDMPs on DPSCs to help understand odontoblastic
mineralisation patterns better over at least a 21-day time course.
The fold-change in mineralisation-related genes assessed by RT-qPCR also showed a
general inhibitory effect of EDMP- and MDMP-related groups whilst the positive
control group, OM, showed upregulation of several genes such as COL1A1, RUNX2,
OCN, OPN and MSX2 at different time periods. NAT10 expression during osteoblastic
differentiation of DPSCs was assessed for the first time in the present investigation,
and has only previously been reported twice in literature in terms of osteoblastic
differentiation of BMMSCs (Yang et al. 2021; Zhu et al. 2021). This gene influences
the master controller of mineralisation, RUNX2. NAT10 also showed an increase foldchange during the osteogenic differentiation of DPSCs in the current investigation
which occurred at Day 7, before RUNX2 expression peaked at Day 14, corroborating
this hypothesis.
EDMPOM group showed mild upregulation of some genes at Day 21 (DLX5 and OCN),
but no remarkable changes in RUNX2 expression, all of which are known to promote
mineralisation. Other genes that are upregulated during mineralisation-related
events, such as COL1A1, remained suppressed for EDMPOM. An experiment
conducted over 28 days might help better understand the responses of DPSCs to
EDMPOM with respect to odontoblastic differentiation.
The second null hypothesis was partially rejected. DPSCs did not undergo
odontoblastic differentiation in response to either MDMP or EDMP, but both DMP
groups generally inhibited mineralisation-related genes.
The mineralisation suppressive events noted in response to both EDMPs and MDMPs
in the present study can be exploited from a tissue engineering perspective in REP.
Histologically, the dental pulp is not calcified, but is encased within the mineralised
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dentine. During conventional REPs, the recovery of pulp-like tissue upon histological
examination has been documented (Torabinejad & Faras 2012), but other studies
have generally reported the presence of a much less well-organised tissue within the
root canal which has islands of intra-canal bone and cementum-like tissue
(Torabinejad et al. 2014; Torabinejad et al. 2015). Many studies also report continued
calcification with complete obliteration of the pulp canal space, which is a type of
revascularization-associated intracanal calcification (Song et al. 2017; Kahler et al.
2018). In this context, the design of an exogenous scaffold resembling the shape of
pulp (Louvrier et al. 2018) which incorporates a concentration gradient of DMPs from
the peripheral dentinal walls to the central pulpal core may act as a ‘traffic light’
system for seeded DPSCs to help promote odontoblastic differentiation abutting
dentine and maintain inhibition of mineralisation within the core structure where
pulp-like tissue would regenerate.
The present study showed for the first time that MA was able to extract a diverse
proteomic profile with much less overall protein extraction than EDTA, but with
higher percentages of biologically relevant growth factors such as TGFb1 within the
protein. Such MDMPs may conserve dentine and maybe more biologically potent,
but require further investigation on their ability to induce mineralisation in DPSC at
different doses and over a longer experiment.
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CONCLUSIONS
Even though the total protein quantified in MDMP was lower than EDMP, proteomic
profiles differed, with more proteins predicted in MDMP. TGFb1 as a fraction of the
total protein quantum was about 2-3 times higher in MDMP than EDMP. These
findings may indicate that while dentine structure may be better preserved with
MDMP, biologically relevant proteins may be extracted better by MA than EDTA.
DPSC

showed

excellent

osteogenic

differentiation

but

poor

adipogenic

differentiation and had high expression levels of the canonical MSC markers (CD90,
CD105, CD73). The DPSC were at least unipotent and not true progenitor cells.
DPSCs exposed to both MDMP and EDMP did not differentiate into odontoblasts and
mineralisation-related genes were generally suppressed. This may have relevance in
formulating novel cell-based regenerative endodontic strategies that will prevent
mineralisation of the entire pulp space and maintain the soft tissue nature of the
dental pulp when DMPs are used at appropriate concentrations.

232

REFERENCES

233

References

REFERENCES
Addison WN, Azari F, Sørensen ES, Kaartinen MT, McKee MD (2007) Pyrophosphate inhibits
mineralization of osteoblast cultures by binding to mineral, up-regulating osteopontin, and inhibiting
alkaline phosphatase activity J Biol Chem 282, 15872-83.
Ajlan SA, Ashri NY, Aldahmash AM, Alnbaheen MS (2015) Osteogenic differentiation of dental pulp
stem cells under the influence of three different materials BMC Oral Health 15, 132.
Akpinar G, Kasap M, Aksoy A, Duruksu G, Gacar G, Karaoz E (2014) Phenotypic and proteomic
characteristics of human dental pulp derived mesenchymal stem cells from a natal, an exfoliated
deciduous, and an impacted third molar tooth Stem Cells Int 2014, 457059.
Alharbi A, Saunders W, Jones S (2020) A new method for dentine matrix metalloproteinase extraction
Arch Oral Biol 113, 104694.
Allard B, Couble ML, Magloire H, Bleicher F (2000) Characterization and gene expression of high
conductance calcium-activated potassium channels displaying mechanosensitivity in human
odontoblasts J Biol Chem 275, 25556-61.
Allard B, Magloire H, Couble ML, Maurin JC, Bleicher F (2006) Voltage-gated sodium channels confer
excitability to human odontoblasts: possible role in tooth pain transmission J Biol Chem 281, 2900210.
Alraies A, Alaidaroos NY, Waddington RJ, Moseley R, Sloan AJ (2017) Variation in human dental pulp
stem cell ageing profiles reflect contrasting proliferative and regenerative capabilities BMC Cell Biol
18, 12.
Alraies A, Canetta E, Waddington RJ, Moseley R, Sloan AJ (2019) Discrimination of Dental Pulp Stem
Cell Regenerative Heterogeneity by Single-Cell Raman Spectroscopy Tissue Eng Part C Methods 25,
489-99.
Anderson NR, Nicholas J, Holland MR, Gama R (2003) Effect of a protease inhibitor on in vitro stability
of intact parathyroid hormone Ann Clin Biochem 40, 188-90.
Araújo L, Goulart TS, Gil ACK et al. (2022) Do alternative scaffolds used in regenerative endodontics
promote better root development than that achieved with blood clots? Braz Dent J 33, 22-32.
Arslan H, Gok T, Saygili G, Altintop H, Akçay M, Çapar ID (2014) Evaluation of effectiveness of various
irrigating solutions on removal of calcium hydroxide mixed with 2% chlorhexidine gel and detection of
orange-brown precipitate after removal J Endod 40, 1820-3.
Arthur A, Rychkov G, Shi S, Koblar SA, Gronthos S (2008) Adult human dental pulp stem cells
differentiate toward functionally active neurons under appropriate environmental cues Stem Cells 26,
1787-95.
Arthur A, Shi S, Zannettino AC, Fujii N, Gronthos S, Koblar SA (2009) Implanted adult human dental
pulp stem cells induce endogenous axon guidance Stem Cells 27, 2229-37.
Aruffo A, Stamenkovic I, Melnick M, Underhill CB, Seed B (1990) CD44 is the principal cell surface
receptor for hyaluronate Cell 61, 1303-13.

234

References

Asatrian G, Pham D, Hardy WR, James AW, Peault B (2015) Stem cell technology for bone regeneration:
current status and potential applications Stem Cells Cloning 8, 39-48.
Askarinam A, James AW, Zara JN et al. (2013) Human perivascular stem cells show enhanced
osteogenesis and vasculogenesis with Nel-like molecule I protein Tissue Eng Part A 19, 1386-97.
Aubeux D, Beck L, Weiss P et al. (2016) Assessment and Quantification of Noncollagenic Matrix
Proteins Released from Human Dentin Powder Incorporated into a Silated
Hydroxypropylmethylcellulose Biomedical Hydrogel J Endod 42, 1371-6.
Austah O, Widbiller M, Tomson PL, Diogenes A (2019) Expression of Neurotrophic Factors in Human
Dentin and Their Regulation of Trigeminal Neurite Outgrowth J Endod 45, 414-9.
Avery SJ, Sadaghiani L, Sloan AJ, Waddington RJ (2017) Analysing the bioactive makeup of
demineralised dentine matrix on bone marrow mesenchymal stem cells for enhanced bone repair Eur
Cell Mater 34, 1-14.
Baca P, Junco P, Arias-Moliz MT, González-Rodríguez MP, Ferrer-Luque CM (2011) Residual and
antimicrobial activity of final irrigation protocols on Enterococcus faecalis biofilm in dentin J Endod 37,
363-6.
Baggiolini A, Varum S, Mateos JM et al. (2015) Premigratory and migratory neural crest cells are
multipotent in vivo Cell Stem Cell 16, 314-22.
Baht GS, Hunter GK, Goldberg HA (2008) Bone sialoprotein-collagen interaction promotes
hydroxyapatite nucleation Matrix Biol 27, 600-8.
Bajestan MN, Rajan A, Edwards SP et al. (2017) Stem cell therapy for reconstruction of alveolar cleft
and trauma defects in adults: A randomized controlled, clinical trial Clin Implant Dent Relat Res 19,
793-801.
Baker SM, Sugars RV, Wendel M et al. (2009) TGF-beta/extracellular matrix interactions in dentin
matrix: a role in regulating sequestration and protection of bioactivity Calcif Tissue Int 85, 66-74.
Bakhtiar H, Mazidi A, Mohammadi-Asl S et al. (2020) Potential of Treated Dentin Matrix Xenograft for
Dentin-Pulp Tissue Engineering J Endod 46, 57-64.e1.
Bakopoulou A, Apatzidou D, Aggelidou E et al. (2017) Isolation and prolonged expansion of oral
mesenchymal stem cells under clinical-grade, GMP-compliant conditions differentially affects
"stemness" properties Stem Cell Res Ther 8, 247.
Bakopoulou A, Leyhausen G, Volk J et al. (2011a) Assessment of the impact of two different isolation
methods on the osteo/odontogenic differentiation potential of human dental stem cells derived from
deciduous teeth Calcif Tissue Int 88, 130-41.
Bakopoulou A, Leyhausen G, Volk J et al. (2011b) Comparative analysis of in vitro osteo/odontogenic
differentiation potential of human dental pulp stem cells (DPSCs) and stem cells from the apical papilla
(SCAP) Arch Oral Biol 56, 709-21.
Baldión PA, Velandia-Romero ML, Castellanos JE (2018) Odontoblast-Like Cells Differentiated from
Dental Pulp Stem Cells Retain Their Phenotype after Subcultivation Int J Cell Biol 2018, 6853189.

235

References

Ballal NV, Kandian S, Mala K, Bhat KS, Acharya S (2009a) Comparison of the efficacy of maleic acid and
ethylenediaminetetraacetic acid in smear layer removal from instrumented human root canal: a
scanning electron microscopic study J Endod 35, 1573-6.
Ballal NV, Kumar SR, Laxmikanth HK, Saraswathi MV (2012) Comparative evaluation of different
chelators in removal of calcium hydroxide preparations from root canals Aust Dent J 57, 344-8.
Ballal NV, Kundabala M, Bhat S, Rao N, Rao BS (2009b) A comparative in vitro evaluation of cytotoxic
effects of EDTA and maleic acid: root canal irrigants Oral Surg Oral Med Oral Pathol Oral Radiol Endod
108, 633-8.
Ballal NV, Mala K, Bhat KS (2010) Evaluation of the effect of maleic acid and
ethylenediaminetetraacetic acid on the microhardness and surface roughness of human root canal
dentin J Endod 36, 1385-8.
Ballal NV, Mala K, Bhat KS (2011a) Effect of maleic acid and ethylenediaminetetraacetic acid on the
dissolution of human pulp tissue--an in vitro study Int Endod J 44, 353-6.
Ballal NV, Moorkoth S, Mala K, Bhat KS, Hussen SS, Pathak S (2011b) Evaluation of chemical
interactions of maleic acid with sodium hypochlorite and chlorhexidine gluconate J Endod 37, 1402-5.
Ballal NV, Rao BN, Mala K, Bhat KS, Rao BS (2013) Assessment of genotoxic effect of maleic acid and
EDTA: a comparative in vitro experimental study Clin Oral Investig 17, 1319-27.
Ballal NV, Yegneswaran PP, Mala K, Bhat KS (2011c) In vitro antimicrobial activity of maleic acid and
ethylenediaminetetraacetic acid on endodontic pathogens Oral Surg Oral Med Oral Pathol Oral Radiol
Endod 112, 696-700.
Banchs F, Trope M (2004) Revascularization of immature permanent teeth with apical periodontitis:
new treatment protocol? J Endod 30, 196-200.
Banfi A, Bianchi G, Notaro R, Luzzatto L, Cancedda R, Quarto R (2002) Replicative aging and gene
expression in long-term cultures of human bone marrow stromal cells Tissue Eng 8, 901-10.
Baumgartner JC, Mader CL (1987) A scanning electron microscopic evaluation of four root canal
irrigation regimens J Endod 13, 147-57.
Baxter MA, Wynn RF, Jowitt SN, Wraith JE, Fairbairn LJ, Bellantuono I (2004) Study of telomere length
reveals rapid aging of human marrow stromal cells following in vitro expansion Stem Cells 22, 675-82.
Beeravolu N, McKee C, Alamri A et al. (2017) Isolation and Characterization of Mesenchymal Stromal
Cells from Human Umbilical Cord and Fetal Placenta J Vis Exp.
Bègue-Kirn C, Ruch JV, Ridall AL, Butler WT (1998) Comparative analysis of mouse DSP and DPP
expression in odontoblasts, preameloblasts, and experimentally induced odontoblast-like cells Eur J
Oral Sci 106 Suppl 1, 254-9.
Bègue-Kirn C, Smith AJ, Ruch JV et al. (1992) Effects of dentin proteins, transforming growth factor
beta 1 (TGF beta 1) and bone morphogenetic protein 2 (BMP2) on the differentiation of odontoblast
in vitro Int J Dev Biol 36, 491-503.
Beniash E, Deshpande AS, Fang PA, Lieb NS, Zhang X, Sfeir CS (2011) Possible role of DMP1 in dentin
mineralization J Struct Biol 174, 100-6.

236

References

Beniash E, Traub W, Veis A, Weiner S (2000) A transmission electron microscope study using vitrified
ice sections of predentin: structural changes in the dentin collagenous matrix prior to mineralization J
Struct Biol 132, 212-25.
Bergenholtz G, Jontell M, Tuttle A, Knutsson G (1993) Inhibition of serum albumin flux across exposed
dentine following conditioning with GLUMA primer, glutaraldehyde or potassium oxalates J Dent 21,
220-7.
Berman (1975) Collagenase inhibitors: rationale for their use in treating corneal ulceration Int
Ophthalmol Clin 15, 49-66.
Bianco P, Fisher LW, Young MF, Termine JD, Robey PG (1991) Expression of bone sialoprotein (BSP) in
developing human tissues Calcif Tissue Int 49, 421-6.
Bidder M, Latifi T, Towler DA (1998) Reciprocal temporospatial patterns of Msx2 and Osteocalcin gene
expression during murine odontogenesis J Bone Miner Res 13, 609-19.
Bleicher F (2014) Odontoblast physiology Exp Cell Res 325, 65-71.
Bonab MM, Alimoghaddam K, Talebian F, Ghaffari SH, Ghavamzadeh A, Nikbin B (2006) Aging of
mesenchymal stem cell in vitro BMC Cell Biol 7, 14.
Bonaventura G, Incontro S, Iemmolo R et al. (2020) Dental mesenchymal stem cells and neuroregeneration: a focus on spinal cord injury Cell Tissue Res 379, 421-8.
Boskey A, Spevak L, Tan M, Doty SB, Butler WT (2000) Dentin sialoprotein (DSP) has limited effects on
in vitro apatite formation and growth Calcif Tissue Int 67, 472-8.
Boskey AL (1991) The role of extracellular matrix components in dentin mineralization Crit Rev Oral
Biol Med 2, 369-87.
Boskey AL (1995) Osteopontin and related phosphorylated sialoproteins: effects on mineralization Ann
N Y Acad Sci 760, 249-56.
Boskey AL, Chiang P, Fermanis A et al. (2010) MEPE's diverse effects on mineralization Calcif Tissue Int
86, 42-6.
Boskey AL, Gadaleta S, Gundberg C, Doty SB, Ducy P, Karsenty G (1998) Fourier transform infrared
microspectroscopic analysis of bones of osteocalcin-deficient mice provides insight into the function
of osteocalcin Bone 23, 187-96.
Brizuela C, Meza G, Urrejola D et al. (2020) Cell-Based Regenerative Endodontics for Treatment of
Periapical Lesions: A Randomized, Controlled Phase I/II Clinical Trial J Dent Res 99, 523-9.
Bronckers AL, Gay S, Finkelman RD, Butler WT (1987) Immunolocalization of Gla proteins (osteocalcin)
in rat tooth germs: comparison between indirect immunofluorescence, peroxidase-antiperoxidase,
avidin-biotin-peroxidase complex, and avidin-biotin-gold complex with silver enhancement J
Histochem Cytochem 35, 825-30.
Bronckers AL, Price PA, Schrijvers A, Bervoets TJ, Karsenty G (1998) Studies of osteocalcin function in
dentin formation in rodent teeth Eur J Oral Sci 106, 795-807.

237

References

Bruder SP, Jaiswal N, Haynesworth SE (1997) Growth kinetics, self-renewal, and the osteogenic
potential of purified human mesenchymal stem cells during extensive subcultivation and following
cryopreservation J Cell Biochem 64, 278-94.
Bühring HJ, Battula VL, Treml S, Schewe B, Kanz L, Vogel W (2007) Novel markers for the prospective
isolation of human MSC Ann N Y Acad Sci 1106, 262-71.
Bühring HJ, Treml S, Cerabona F, de Zwart P, Kanz L, Sobiesiak M (2009) Phenotypic characterization
of distinct human bone marrow-derived MSC subsets Ann N Y Acad Sci 1176, 124-34.
Butler WT, Brunn JC, Qin C (2003) Dentin extracellular matrix (ECM) proteins: comparison to bone ECM
and contribution to dynamics of dentinogenesis Connect Tissue Res 44 Suppl 1, 171-8.
Butler WT, Mikulski A, Urist MR, Bridges G, Uyeno S (1977) Noncollagenous proteins of a rat dentin
matrix possessing bone morphogenetic activity J Dent Res 56, 228-32.
Butler WT, Ritchie H (1995) The nature and functional significance of dentin extracellular matrix
proteins Int J Dev Biol 39, 169-79.
Buxton AN, Bahney CS, Yoo JU, Johnstone B (2011) Temporal exposure to chondrogenic factors
modulates human mesenchymal stem cell chondrogenesis in hydrogels Tissue Eng Part A 17, 371-80.
Calt S, Serper A (2002) Time-dependent effects of EDTA on dentin structures J Endod 28, 17-9.
Cam Y, Lesot H, Colosetti P, Ruch JV (1997) Distribution of transforming growth factor beta1-binding
proteins and low-affinity receptors during odontoblast differentiation in the mouse Arch Oral Biol 42,
385-91.
Cameron K (2013) Calcium phosphate substrate-directed osteogenic differentiation of mesenchymal
stem cells. Edinburgh: University of Edinburgh.
Caplan AI (1991) Mesenchymal stem cells J Orthop Res 9, 641-50.
Caplan AI (1994) The mesengenic process Clin Plast Surg 21, 429-35.
Caruso S, Bernardi S, Pasini M et al. (2016) The process of mineralisation in the development of human
tooth Eur J Paediatr Dent 17, 322-6.
Casagrande L, Demarco FF, Zhang Z, Araujo FB, Shi S, Nör JE (2010) Dentin-derived BMP-2 and
odontoblast differentiation J Dent Res 89, 603-8.
Cassidy N, Fahey M, Prime SS, Smith AJ (1997) Comparative analysis of transforming growth factorbeta isoforms 1-3 in human and rabbit dentine matrices Arch Oral Biol 42, 219-23.
Chae Y, Yang M, Kim J (2018) Release of TGF-β1 into root canals with various final irrigants in
regenerative endodontics: an in vitro analysis Int Endod J 51, 1389-97.
Charadram N, Austin C, Trimby P, Simonian M, Swain MV, Hunter N (2013) Structural analysis of
reactionary dentin formed in response to polymicrobial invasion J Struct Biol 181, 207-22.
Charadram N, Farahani RM, Harty D, Rathsam C, Swain MV, Hunter N (2012) Regulation of reactionary
dentin formation by odontoblasts in response to polymicrobial invasion of dentin matrix Bone 50, 26575.

238

References

Chen J, McCulloch CA, Sodek J (1993) Bone sialoprotein in developing porcine dental tissues: cellular
expression and comparison of tissue localization with osteopontin and osteonectin Arch Oral Biol 38,
241-9.
Chen S, Rani S, Wu Y et al. (2005) Differential regulation of dentin sialophosphoprotein expression by
Runx2 during odontoblast cytodifferentiation J Biol Chem 280, 29717-27.
Chiba R, Okubo M, Yamamoto R et al. (2019) Porcine keratin 75 in developing enamel J Oral Biosci 61,
163-72.
Chun SY, Lee HJ, Choi YA et al. (2011) Analysis of the soluble human tooth proteome and its ability to
induce dentin/tooth regeneration Tissue Eng Part A 17, 181-91.
Clarkson BH, Chang SR, Holland GR (1998) Phosphoprotein analysis of sequential extracts of human
dentin and the determination of the subsequent remineralization potential of these dentin matrices
Caries Res 32, 357-64.
Coleman O, Henry M, Clynes M, Meleady P (2017) Filter-Aided Sample Preparation (FASP) for
Improved Proteome Analysis of Recombinant Chinese Hamster Ovary Cells. In P Meleady ed.
Heterologous Protein Production in CHO Cells: Methods and Protocols; pp. 187-94. New York, NY:
Springer New York.
Cooper PR, Holder MJ, Smith AJ (2014) Inflammation and regeneration in the dentin-pulp complex: a
double-edged sword J Endod 40, S46-51.
Cooper PR, Takahashi Y, Graham LW, Simon S, Imazato S, Smith AJ (2010) Inflammation-regeneration
interplay in the dentine-pulp complex J Dent 38, 687-97.
Corselli M, Chen CW, Sun B, Yap S, Rubin JP, Péault B (2012) The tunica adventitia of human arteries
and veins as a source of mesenchymal stem cells Stem Cells Dev 21, 1299-308.
Corselli M, Crisan M, Murray IR et al. (2013) Identification of perivascular mesenchymal stromal/stem
cells by flow cytometry Cytometry A 83, 714-20.
Couve E, Osorio R, Schmachtenberg O (2014) Reactionary Dentinogenesis and Neuroimmune
Response in Dental Caries J Dent Res 93, 788-93.
Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M (2014) Accurate proteome-wide label-free
quantification by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ Mol
Cell Proteomics 13, 2513-26.
Coyac BR, Chicatun F, Hoac B et al. (2013) Mineralization of dense collagen hydrogel scaffolds by
human pulp cells J Dent Res 92, 648-54.
Crisan M, Yap S, Casteilla L et al. (2008) A perivascular origin for mesenchymal stem cells in multiple
human organs Cell Stem Cell 3, 301-13.
Cvek M (1992) Prognosis of luxated non-vital maxillary incisors treated with calcium hydroxide and
filled with gutta-percha. A retrospective clinical study Endod Dent Traumatol 8, 45-55.
D'Antò V, Raucci MG, Guarino V, Martina S, Valletta R, Ambrosio L (2016) Behaviour of human
mesenchymal stem cells on chemically synthesized HA-PCL scaffolds for hard tissue regeneration J
Tissue Eng Regen Med 10, E147-54.

239

References

D'Souza RN, Cavender A, Dickinson D, Roberts A, Letterio J (1998) TGF-beta1 is essential for the
homeostasis of the dentin-pulp complex Eur J Oral Sci 106 Suppl 1, 185-91.
Davies OG, Cooper PR, Shelton RM, Smith AJ, Scheven BA (2015) A comparison of the in vitro
mineralisation and dentinogenic potential of mesenchymal stem cells derived from adipose tissue,
bone marrow and dental pulp J Bone Miner Metab 33, 371-82.
Deng M, Shi J, Smith AJ, Jin Y (2005) Effects of transforming growth factor beta1 (TGFbeta-1) and
dentin non-collagenous proteins (DNCP) on human embryonic ectomesenchymal cells in a threedimensional culture system Arch Oral Biol 50, 937-45.
Derfoul A, Perkins GL, Hall DJ, Tuan RS (2006) Glucocorticoids promote chondrogenic differentiation
of adult human mesenchymal stem cells by enhancing expression of cartilage extracellular matrix
genes Stem Cells 24, 1487-95.
Deshpande AS, Fang PA, Zhang X, Jayaraman T, Sfeir C, Beniash E (2011) Primary structure and
phosphorylation of dentin matrix protein 1 (DMP1) and dentin phosphophoryn (DPP) uniquely
determine their role in biomineralization Biomacromolecules 12, 2933-45.
Devillard R, Rémy M, Kalisky J et al. (2017) In vitro assessment of a collagen/alginate composite
scaffold for regenerative endodontics Int Endod J 50, 48-57.
Digirolamo CM, Stokes D, Colter D, Phinney DG, Class R, Prockop DJ (1999) Propagation and
senescence of human marrow stromal cells in culture: a simple colony-forming assay identifies
samples with the greatest potential to propagate and differentiate Br J Haematol 107, 275-81.
DiMuzio MT, Bhown M, Butler WT (1985) The biosynthesis of dentin phosphophoryns by rat incisor
odontoblasts in organ culture Calcif Tissue Int 37, 242-9.
Dobie K, Smith G, Sloan AJ, Smith AJ (2002) Effects of alginate hydrogels and TGF-beta 1 on human
dental pulp repair in vitro Connect Tissue Res 43, 387-90.
Dominici M, Le Blanc K, Mueller I et al. (2006) Minimal criteria for defining multipotent mesenchymal
stromal cells. The International Society for Cellular Therapy position statement Cytotherapy 8, 315-7.
Dong J, Gu T, Jeffords L, MacDougall M (2005) Dentin phosphoprotein compound mutation in dentin
sialophosphoprotein causes dentinogenesis imperfecta type III Am J Med Genet A 132a, 305-9.
Dong Q, Wang Y, Mohabatpour F et al. (2019) Dental Pulp Stem Cells: Isolation, Characterization,
Expansion, and Odontoblast Differentiation for Tissue Engineering Methods Mol Biol 1922, 91-101.
Ducret M, Fabre H, Degoul O et al. (2015a) Manufacturing of dental pulp cell-based products from
human third molars: current strategies and future investigations Front Physiol 6, 213.
Ducret M, Fabre H, Farges JC et al. (2015b) Production of Human Dental Pulp Cells with a Medicinal
Manufacturing Approach J Endod 41, 1492-9.
Ducret M, Montembault A, Josse J et al. (2019) Design and characterization of a chitosan-enriched
fibrin hydrogel for human dental pulp regeneration Dent Mater 35, 523-33.
Duncan HF, Galler KM, Tomson PL et al. (2019) European Society of Endodontology position
statement: Management of deep caries and the exposed pulp Int Endod J 52, 923-34.

240

References

Duncan HF, Smith AJ, Fleming GJ, Reid C, Smith G, Cooper PR (2017) Release of bio-active dentine
extracellular matrix components by histone deacetylase inhibitors (HDACi) Int Endod J 50, 24-38.
Dung SZ, Gregory RL, Li Y, Stookey GK (1995) Effect of lactic acid and proteolytic enzymes on the
release of organic matrix components from human root dentin Caries Res 29, 483-9.
Dupin E, Calloni GW, Coelho-Aguiar JM, Le Douarin NM (2018) The issue of the multipotency of the
neural crest cells Dev Biol 444 Suppl 1, S47-s59.
Duque C, Hebling J, Smith AJ, Giro EM, Oliveira MF, de Souza Costa CA (2006) Reactionary
dentinogenesis after applying restorative materials and bioactive dentin matrix molecules as liners in
deep cavities prepared in nonhuman primate teeth J Oral Rehabil 33, 452-61.
Duverger O, Beniash E, Morasso MI (2016) Keratins as components of the enamel organic matrix
Matrix Biol 52-54, 260-5.
Eapen A, Kulkarni R, Ravindran S et al. (2013) Dentin phosphophoryn activates Smad protein signaling
through Ca2+-calmodulin-dependent protein kinase II in undifferentiated mesenchymal cells J Biol
Chem 288, 8585-95.
Ebrahimi Dastgurdi M, Ejeian F, Nematollahi M, Motaghi A, Nasr-Esfahani MH (2018) Comparison of
two digestion strategies on characteristics and differentiation potential of human dental pulp stem
cells Arch Oral Biol 93, 74-9.
Ehnert S, Baur J, Schmitt A et al. (2010) TGF-β1 as possible link between loss of bone mineral density
and chronic inflammation PLoS One 5, e14073.
Embery G, Hall R, Waddington R, Septier D, Goldberg M (2001) Proteoglycans in dentinogenesis Crit
Rev Oral Biol Med 12, 331-49.
Eslaminejad MB, Bordbar S, Nazarian H (2013) Odontogenic differentiation of dental pulp-derived
stem cells on tricalcium phosphate scaffolds Journal of Dental Sciences 8, 306-13.
Eslaminejad MB, Vahabi S, Shariati M, Nazarian H (2010) In vitro Growth and Characterization of Stem
Cells from Human Dental Pulp of Deciduous Versus Permanent Teeth J Dent (Tehran) 7, 185-95.
Estefan BS, El Batouty KM, Nagy MM, Diogenes A (2016) Influence of Age and Apical Diameter on the
Success of Endodontic Regeneration Procedures J Endod 42, 1620-5.
Estrela C, Carmo Souza PO, Barbosa MG et al. (2019) Mesenchymal Stem Cell Marker Expression in
Periapical Abscess J Endod 45, 716-23.
Fageeh HN (2021) Preliminary Evaluation of Proliferation, Wound Healing Properties, Osteogenic and
Chondrogenic Potential of Dental Pulp Stem Cells Obtained from Healthy and Periodontitis Affected
Teeth Cells 10.
Fang Y, Wang X, Zhu J, Su C, Yang Y, Meng L (2018) Influence of Apical Diameter on the Outcome of
Regenerative Endodontic Treatment in Teeth with Pulp Necrosis: A Review J Endod 44, 414-31.
Fatherazi S, Matsa-Dunn D, Foster BL, Rutherford RB, Somerman MJ, Presland RB (2009) Phosphate
regulates osteopontin gene transcription J Dent Res 88, 39-44.

241

References

Felszeghy S, Módis L, Tammi M, Tammi R (2001) The distribution pattern of the hyaluronan receptor
CD44 during human tooth development Arch Oral Biol 46, 939-45.
Ferracane JL, Cooper PR, Smith AJ (2013) Dentin matrix component solubilization by solutions of pH
relevant to self-etching dental adhesives J Adhes Dent 15, 407-12.
Ferro F, Spelat R, Baheney CS (2014) Dental pulp stem cell (DPSC) isolation, characterization, and
differentiation Methods Mol Biol 1210, 91-115.
Ferro F, Spelat R, Beltrami AP, Cesselli D, Curcio F (2012) Isolation and characterization of human
dental pulp derived stem cells by using media containing low human serum percentage as clinical
grade substitutes for bovine serum PLoS One 7, e48945.
Finkelman RD, Mohan S, Jennings JC, Taylor AK, Jepsen S, Baylink DJ (1990) Quantitation of growth
factors IGF-I, SGF/IGF-II, and TGF-beta in human dentin J Bone Miner Res 5, 717-23.
Fisher LW, Fedarko NS (2003) Six genes expressed in bones and teeth encode the current members of
the SIBLING family of proteins Connect Tissue Res 44 Suppl 1, 33-40.
Foster BL, Ao M, Salmon CR et al. (2018) Osteopontin regulates dentin and alveolar bone development
and mineralization Bone 107, 196-207.
Foster BL, Nociti FH, Jr., Swanson EC et al. (2006) Regulation of cementoblast gene expression by
inorganic phosphate in vitro Calcif Tissue Int 78, 103-12.
Fracaro L, Senegaglia AC, Herai RH et al. (2020) The Expression Profile of Dental Pulp-Derived Stromal
Cells Supports Their Limited Capacity to Differentiate into Adipogenic Cells Int J Mol Sci 21.
Frank AL (1966) Therapy for the divergent pulpless tooth by continued apical formation J Am Dent
Assoc 72, 87-93.
Friedenstein AJ, Chailakhjan RK, Lalykina KS (1970) The development of fibroblast colonies in
monolayer cultures of guinea-pig bone marrow and spleen cells Cell Tissue Kinet 3, 393-403.
Friedenstein AJ, Chailakhyan RK, Gerasimov UV (1987) Bone marrow osteogenic stem cells: in vitro
cultivation and transplantation in diffusion chambers Cell Tissue Kinet 20, 263-72.
Friedenstein AJ, Latzinik NW, Grosheva AG, Gorskaya UF (1982) Marrow microenvironment transfer
by heterotopic transplantation of freshly isolated and cultured cells in porous sponges Exp Hematol
10, 217-27.
Friedenstein AJ, Piatetzky S, II, Petrakova KV (1966) Osteogenesis in transplants of bone marrow cells
J Embryol Exp Morphol 16, 381-90.
Fujisawa R, Kuboki Y (1991) Preferential adsorption of dentin and bone acidic proteins on the (100)
face of hydroxyapatite crystals Biochim Biophys Acta 1075, 56-60.
Fusayama T, Okuse K, Hosoda H (1966) Relationship between hardness, discoloration, and microbial
invasion in carious dentin J Dent Res 45, 1033-46.
Galipeau J, Krampera M, Barrett J et al. (2016) International Society for Cellular Therapy perspective
on immune functional assays for mesenchymal stromal cells as potency release criterion for advanced
phase clinical trials Cytotherapy 18, 151-9.

242

References

Galler KM, Buchalla W, Hiller KA et al. (2015) Influence of root canal disinfectants on growth factor
release from dentin J Endod 41, 363-8.
Galler KM, D'Souza RN, Federlin M et al. (2011) Dentin conditioning codetermines cell fate in
regenerative endodontics J Endod 37, 1536-41.
Galler KM, Krastl G, Simon S et al. (2016) European Society of Endodontology position statement:
Revitalization procedures Int Endod J 49, 717-23.
Ganss B, Kim RH, Sodek J (1999) Bone sialoprotein Crit Rev Oral Biol Med 10, 79-98.
Garcia JM, Martins MD, Jaeger RG, Marques MM (2003) Immunolocalization of bone extracellular
matrix proteins (type I collagen, osteonectin and bone sialoprotein) in human dental pulp and cultured
pulp cells Int Endod J 36, 404-10.
Gaur T, Lengner CJ, Hovhannisyan H et al. (2005) Canonical WNT signaling promotes osteogenesis by
directly stimulating Runx2 gene expression J Biol Chem 280, 33132-40.
Gaus S, Li H, Li S et al. (2021) Shared Genetic and Epigenetic Mechanisms between the Osteogenic
Differentiation of Dental Pulp Stem Cells and Bone Marrow Stem Cells Biomed Res Int 2021, 6697810.
George A, Silberstein R, Veis A (1995) In situ hybridization shows Dmp1 (AG1) to be a developmentally
regulated dentin-specific protein produced by mature odontoblasts Connect Tissue Res 33, 67-72.
Gericke A, Qin C, Sun Y et al. (2010) Different forms of DMP1 play distinct roles in mineralization J Dent
Res 89, 355-9.
Ghose LJ, Baghdady VS, Hikmat YM (1987) Apexification of immature apices of pulpless permanent
anterior teeth with calcium hydroxide J Endod 13, 285-90.
Gibson MP, Liu Q, Zhu Q et al. (2013) Role of the NH2 -terminal fragment of dentin
sialophosphoprotein in dentinogenesis Eur J Oral Sci 121, 76-85.
Giuliani V, Baccetti T, Pace R, Pagavino G (2002) The use of MTA in teeth with necrotic pulps and open
apices Dent Traumatol 18, 217-21.
Gökçe A, Yılmaz I, Gökay NS, Can L, Gökçe C (2014) Does insulin, transferrin and selenous acid
preparation effect chondrocyte proliferation? Acta Orthop Traumatol Turc 48, 313-9.
Goldberg M, Kulkarni AB, Young M, Boskey A (2011) Dentin: structure, composition and mineralization
Front Biosci (Elite Ed) 3, 711-35.
Goldberg M, Septier D, Escaig-Haye F (1987) Glycoconjugates in dentinogenesis and dentine Prog
Histochem Cytochem 17, 1-112.
Goldberg M, Septier D, Rapoport O, Iozzo RV, Young MF, Ameye LG (2005) Targeted disruption of two
small leucine-rich proteoglycans, biglycan and decorin, excerpts divergent effects on enamel and
dentin formation Calcif Tissue Int 77, 297-310.
Goldberg M, Smith AJ (2004) CELLS AND EXTRACELLULAR MATRICES OF DENTIN AND PULP: A
BIOLOGICAL BASIS FOR REPAIR AND TISSUE ENGINEERING Crit Rev Oral Biol Med 15, 13-27.

243

References

Gonçalves LF, Fernandes AP, Cosme-Silva L et al. (2016) Effect of EDTA on TGF-β1 released from the
dentin matrix and its influence on dental pulp stem cell migration Braz Oral Res 30, e131.
Gorter de Vries I, Quartier E, Boute P, Wisse E, Coomans D (1987) Immunocytochemical localization of
osteocalcin in developing rat teeth J Dent Res 66, 784-90.
Gowen LC, Petersen DN, Mansolf AL et al. (2003) Targeted disruption of the osteoblast/osteocyte
factor 45 gene (OF45) results in increased bone formation and bone mass J Biol Chem 278, 1998-2007.
Graham L, Cooper PR, Cassidy N, Nor JE, Sloan AJ, Smith AJ (2006) The effect of calcium hydroxide on
solubilisation of bio-active dentine matrix components Biomaterials 27, 2865-73.
Gregory CA, Gunn WG, Peister A, Prockop DJ (2004) An Alizarin red-based assay of mineralization by
adherent cells in culture: comparison with cetylpyridinium chloride extraction Anal Biochem 329, 7784.
Gronthos S, Arthur A, Bartold PM, Shi S (2011) A method to isolate and culture expand human dental
pulp stem cells Methods Mol Biol 698, 107-21.
Gronthos S, Brahim J, Li W et al. (2002) Stem cell properties of human dental pulp stem cells J Dent
Res 81, 531-5.
Gronthos S, Franklin DM, Leddy HA, Robey PG, Storms RW, Gimble JM (2001) Surface protein
characterization of human adipose tissue-derived stromal cells J Cell Physiol 189, 54-63.
Gronthos S, Mankani M, Brahim J, Robey PG, Shi S (2000) Postnatal human dental pulp stem cells
(DPSCs) in vitro and in vivo Proc Natl Acad Sci U S A 97, 13625-30.
Grottkau BE, Purudappa PP, Lin YF (2010) Multilineage differentiation of dental pulp stem cells from
green fluorescent protein transgenic mice Int J Oral Sci 2, 21-7.
Gullard A, Gluhak-Heinrich J, Papagerakis S et al. (2016) MEPE Localization in the Craniofacial Complex
and Function in Tooth Dentin Formation J Histochem Cytochem 64, 224-36.
Gupta PK, Chullikana A, Rengasamy M et al. (2016) Efficacy and safety of adult human bone marrowderived, cultured, pooled, allogeneic mesenchymal stromal cells (Stempeucel®): preclinical and clinical
trial in osteoarthritis of the knee joint Arthritis Res Ther 18, 301.
Hadaegh Y, Niknam M, Attar A et al. (2014) Characterization of stem cells from the pulp of unerupted
third molar tooth Indian J Dent Res 25, 14-21.
Haldi J, Wynn W (1963) PROTEIN FRACTIONS OF THE BLOOD PLASMA AND DENTAL-PULP FLUID OF
THE DOG J Dent Res 42, 1217-21.
Hall R, Septier D, Embery G, Goldberg M (1999) Stromelysin-1 (MMP-3) in forming enamel and
predentine in rat incisor-coordinated distribution with proteoglycans suggests a functional role
Histochem J 31, 761-70.
Hall SR, Jiang Y, Leary E et al. (2013) Identification and isolation of small CD44-negative mesenchymal
stem/progenitor cells from human bone marrow using elutriation and polychromatic flow cytometry
Stem Cells Transl Med 2, 567-78.

244

References

Hanks CT, Fang D, Sun Z, Edwards CA, Butler WT (1998) Dentin-specific proteins in MDPC-23 cell line
Eur J Oral Sci 106 Suppl 1, 260-6.
Hargreaves KM, Diogenes A, Teixeira FB (2013) Treatment options: biological basis of regenerative
endodontic procedures J Endod 39, S30-43.
Hasheminia SM, Birang R, Feizianfard M, Nasouri M (2012) A Comparative Study of the Removal of
Smear Layer by Two Endodontic Irrigants and Nd:YAG Laser: A Scanning Electron Microscopic Study
ISRN Dent 2012, 620951.
Hayflick L, Moorhead PS (1961) The serial cultivation of human diploid cell strains Exp Cell Res 25, 585621.
He G, Dahl T, Veis A, George A (2003) Dentin matrix protein 1 initiates hydroxyapatite formation in
vitro Connect Tissue Res 44 Suppl 1, 240-5.
He G, Gajjeraman S, Schultz D et al. (2005) Spatially and temporally controlled biomineralization is
facilitated by interaction between self-assembled dentin matrix protein 1 and calcium phosphate
nuclei in solution Biochemistry 44, 16140-8.
He H, Yu J, Liu Y et al. (2008) Effects of FGF2 and TGFbeta1 on the differentiation of human dental pulp
stem cells in vitro Cell Biol Int 32, 827-34.
Hilkens P, Gervois P, Fanton Y et al. (2013) Effect of isolation methodology on stem cell properties and
multilineage differentiation potential of human dental pulp stem cells Cell Tissue Res 353, 65-78.
Horwitz EM, Gordon PL, Koo WK et al. (2002) Isolated allogeneic bone marrow-derived mesenchymal
cells engraft and stimulate growth in children with osteogenesis imperfecta: Implications for cell
therapy of bone Proc Natl Acad Sci U S A 99, 8932-7.
Horwitz EM, Le Blanc K, Dominici M et al. (2005) Clarification of the nomenclature for MSC: The
International Society for Cellular Therapy position statement Cytotherapy 7, 393-5.
Hsiao D, Hsu SH, Chen RS, Chen MH (2020) Characterization of designed directional polylactic acid 3D
scaffolds for neural differentiation of human dental pulp stem cells J Formos Med Assoc 119, 268-75.
Huang GT, Lin LM (2008) Letter to the editor: comments on the use of the term "revascularization" to
describe root regeneration J Endod 34, 511; author reply -2.
Huang GT, Shagramanova K, Chan SW (2006a) Formation of odontoblast-like cells from cultured
human dental pulp cells on dentin in vitro J Endod 32, 1066-73.
Huang GT, Sonoyama W, Chen J, Park SH (2006b) In vitro characterization of human dental pulp cells:
various isolation methods and culturing environments Cell Tissue Res 324, 225-36.
Hunter GK, Goldberg HA (1993) Nucleation of hydroxyapatite by bone sialoprotein Proc Natl Acad Sci
U S A 90, 8562-5.
Igarashi M, Kamiya N, Ito K, Takagi M (2002) In situ localization and in vitro expression of
osteoblast/osteocyte factor 45 mRNA during bone cell differentiation Histochem J 34, 255-63.
Inostroza C, Vega-Letter AM, Brizuela C et al. (2020) Mesenchymal Stem Cells Derived from Human
Inflamed Dental Pulp Exhibit Impaired Immunomodulatory Capacity In Vitro J Endod 46, 1091-8.e2.

245

References

Ishkitiev N, Yaegaki K, Calenic B et al. (2010) Deciduous and permanent dental pulp mesenchymal cells
acquire hepatic morphologic and functional features in vitro J Endod 36, 469-74.
Ishkitiev N, Yaegaki K, Kozhuharova A et al. (2013) Pancreatic differentiation of human dental pulp
CD117⁺ stem cells Regen Med 8, 597-612.
Itota T, Tashiro Y, Torii Y, Nishitani Y, McCabe JF, Yoshiyama M (2004) Calbindin D-28k distribution in
odontoblasts underneath tertiary dentine in human carious teeth Arch Oral Biol 49, 37-43.
Iwata T, Yamato M, Zhang Z et al. (2010) Validation of human periodontal ligament-derived cells as a
reliable source for cytotherapeutic use J Clin Periodontol 37, 1088-99.
Iwaya SI, Ikawa M, Kubota M (2001) Revascularization of an immature permanent tooth with apical
periodontitis and sinus tract Dent Traumatol 17, 185-7.
Jadlowiec J, Koch H, Zhang X, Campbell PG, Seyedain M, Sfeir C (2004) Phosphophoryn regulates the
gene expression and differentiation of NIH3T3, MC3T3-E1, and human mesenchymal stem cells via the
integrin/MAPK signaling pathway J Biol Chem 279, 53323-30.
Jadlowiec JA, Zhang X, Li J, Campbell PG, Sfeir C (2006) Extracellular matrix-mediated signaling by
dentin phosphophoryn involves activation of the Smad pathway independent of bone morphogenetic
protein J Biol Chem 281, 5341-7.
Jágr M, Eckhardt A, Pataridis S, Mikšík I (2012) Comprehensive proteomic analysis of human dentin
Eur J Oral Sci 120, 259-68.
Jaiswal N, Haynesworth SE, Caplan AI, Bruder SP (1997) Osteogenic differentiation of purified, cultureexpanded human mesenchymal stem cells in vitro J Cell Biochem 64, 295-312.
James SL, Abate D, Abate KH, Abay SM, Collaborators GDaIIaP (2018) Global, regional, and national
incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries
and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017 Lancet
392, 1789-858.
Jang JH, Lee HW, Cho KM et al. (2016) In vitro characterization of human dental pulp stem cells isolated
by three different methods Restor Dent Endod 41, 283-95.
Javed A, Chen H, Ghori FY (2010) Genetic and transcriptional control of bone formation Oral Maxillofac
Surg Clin North Am 22, 283-93, v.
Jeeruphan T, Jantarat J, Yanpiset K, Suwannapan L, Khewsawai P, Hargreaves KM (2012) Mahidol study
1: comparison of radiographic and survival outcomes of immature teeth treated with either
regenerative endodontic or apexification methods: a retrospective study J Endod 38, 1330-6.
Jiang L, Ayre WN, Melling GE et al. (2020) Liposomes loaded with transforming growth factor β1
promote odontogenic differentiation of dental pulp stem cells J Dent 103, 103501.
Jiang W, Wang D, Alraies A et al. (2019) Wnt-GSK3β/β-Catenin Regulates the Differentiation of Dental
Pulp Stem Cells into Bladder Smooth Muscle Cells Stem Cells Int 2019, 8907570.
Jo YY, Lee HJ, Kook SY et al. (2007) Isolation and characterization of postnatal stem cells from human
dental tissues Tissue Eng 13, 767-73.

246

References

Johnstone B, Hering TM, Caplan AI, Goldberg VM, Yoo JU (1998) In vitro chondrogenesis of bone
marrow-derived mesenchymal progenitor cells Exp Cell Res 238, 265-72.
Kahler B, Kahler SL, Lin LM (2018) Revascularization-associated Intracanal Calcification: A Case Report
with an 8-year Review J Endod 44, 1792-5.
Kakehashi S, Stanley HR, Fitzgerald RJ (1965) THE EFFECTS OF SURGICAL EXPOSURES OF DENTAL PULPS
IN GERM-FREE AND CONVENTIONAL LABORATORY RATS Oral Surg Oral Med Oral Pathol 20, 340-9.
Käll L, Storey JD, MacCoss MJ, Noble WS (2008) Assigning significance to peptides identified by tandem
mass spectrometry using decoy databases J Proteome Res 7, 29-34.
Karbanová J, Soukup T, Suchánek J, Pytlík R, Corbeil D, Mokrý J (2011) Characterization of dental pulp
stem cells from impacted third molars cultured in low serum-containing medium Cells Tissues Organs
193, 344-65.
Kebriaei P, Isola L, Bahceci E et al. (2009) Adult human mesenchymal stem cells added to corticosteroid
therapy for the treatment of acute graft-versus-host disease Biol Blood Marrow Transplant 15, 80411.
Keller JF, Carrouel F, Colomb E et al. (2010) Toll-like receptor 2 activation by lipoteichoic acid induces
differential production of pro-inflammatory cytokines in human odontoblasts, dental pulp fibroblasts
and immature dendritic cells Immunobiology 215, 53-9.
Kellner K, Schulz MB, Göpferich A, Blunk T (2001) Insulin in tissue engineering of cartilage: a potential
model system for growth factor application J Drug Target 9, 439-48.
Kim JW, Simmer JP (2007) Hereditary dentin defects J Dent Res 86, 392-9.
Kim NR, Lee DH, Ahn SJ, Lee IS, Yang HC (2009) The differentiation-inducing effect of conditioned
media obtained from dental pulp cells Oral Surg Oral Med Oral Pathol Oral Radiol Endod 107, e54-9.
Kim SG, Malek M, Sigurdsson A, Lin LM, Kahler B (2018) Regenerative endodontics: a comprehensive
review Int Endod J 51, 1367-88.
Kinney JH, Pople JA, Driessen CH, Breunig TM, Marshall GW, Marshall SJ (2001) Intrafibrillar mineral
may be absent in dentinogenesis imperfecta type II (DI-II) J Dent Res 80, 1555-9.
Kinoshita Y (1979) Incorporation of serum albumin into the developing dentine and enamel matrix in
the rabbit incisor Calcif Tissue Int 29, 41-6.
Kinoshita Y, Ogura H (1979) Study on incorporation of homologous serum albumin into the developing
rabbit incisor Bull Tokyo Med Dent Univ 26, 131-7.
Knutsson G, Jontell M, Bergenholtz G (1994) Determination of plasma proteins in dentinal fluid from
cavities prepared in healthy young human teeth Arch Oral Biol 39, 185-90.
Kobayashi T, Torii D, Iwata T, Izumi Y, Nasu M, Tsutsui TW (2020) Characterization of proliferation,
differentiation potential, and gene expression among clonal cultures of human dental pulp cells Hum
Cell 33, 490-501.

247

References

Kohara K, Tabuchi Y, Senanayake P, Brosnihan KB, Ferrario CM (1991) Reassessment of plasma
angiotensins measurement: effects of protease inhibitors and sample handling procedures Peptides
12, 1135-41.
Kok ZY, Alaidaroos N.Y., Alraies A et al. (2021) Dental Pulp Stem Cell Heterogeneity: Finding Superior
Quality ‘Needles’ in a Dental
Pulpal ‘Haystack’ for Regenerative Medicine-Based Applications Stem Cells Int.
Komichi S, Takahashi Y, Okamoto M et al. (2019) Protein S100-A7 Derived from Digested Dentin Is a
Critical Molecule for Dentin Pulp Regeneration Cells 8.
Komori T (2006) Regulation of osteoblast differentiation by transcription factors J Cell Biochem 99,
1233-9.
Komori T (2010) Regulation of bone development and extracellular matrix protein genes by RUNX2
Cell Tissue Res 339, 189-95.
Krampera M, Galipeau J, Shi Y, Tarte K, Sensebe L (2013) Immunological characterization of
multipotent mesenchymal stromal cells--The International Society for Cellular Therapy (ISCT) working
proposal Cytotherapy 15, 1054-61.
Kyurkchiev S, Shterev A, Dimitrov R (2010) Assessment of presence and characteristics of multipotent
stromal cells in human endometrium and decidua Reprod Biomed Online 20, 305-13.
Laureys WG, Cuvelier CA, Dermaut LR, De Pauw GA (2013) The critical apical diameter to obtain
regeneration of the pulp tissue after tooth transplantation, replantation, or regenerative endodontic
treatment J Endod 39, 759-63.
Law AS (2013) Considerations for regeneration procedures J Endod 39, S44-56.
Lee CP (2011) Commitment and Potential of Dental Pulp Stem Cells: Their Role in Directing Dental
Tissue Regeneration. Cardiff: Cardiff University.
Lee CP, Colombo JS, Ayre WN, Sloan AJ, Waddington RJ (2015) Elucidating the cellular actions of
demineralised dentine matrix extract on a clonal dental pulp stem cell population in orchestrating
dental tissue repair J Tissue Eng 6, 2041731415586318.
Lee HL, Qadir AS, Park HJ et al. (2018) cAMP/Protein Kinase A Signaling Inhibits Dlx5 Expression via
Activation of CREB and Subsequent C/EBPβ Induction in 3T3-L1 Preadipocytes Int J Mol Sci 19.
Lee MH, Kim YJ, Yoon WJ et al. (2005) Dlx5 specifically regulates Runx2 type II expression by binding
to homeodomain-response elements in the Runx2 distal promoter J Biol Chem 280, 35579-87.
Lee SK, Lee KE, Song SJ, Hyun HK, Lee SH, Kim JW (2013) A DSPP mutation causing dentinogenesis
imperfecta and characterization of the mutational effect Biomed Res Int 2013, 948181.
Lesot H, Lisi S, Peterkova R, Peterka M, Mitolo V, Ruch JV (2001) Epigenetic signals during odontoblast
differentiation Adv Dent Res 15, 8-13.
Lesot H, Meyer JM, Ruch JV, Weber K, Osborn M (1982) Immunofluorescent localization of vimentin,
prekeratin and actin during odontoblast and ameloblast differentiation Differentiation 21, 133-7.

248

References

Lesot H, Smith AJ, Matthews JB, Ruch JV (1988) An extracellular matrix protein of dentine, enamel,
and bone shares common antigenic determinants with keratins Calcif Tissue Int 42, 53-7.
Lesot H, Smith AJ, Meyer JM, Staubli A, Ruch JV (1986) Cell-matrix interactions: influence of
noncollagenous proteins from dentin on cultured dental cells J Embryol Exp Morphol 96, 195-209.
Li Y, Lü X, Sun X, Bai S, Li S, Shi J (2011) Odontoblast-like cell differentiation and dentin formation
induced with TGF-β1 Arch Oral Biol 56, 1221-9.
Liang Z, Kawano S, Chen W et al. (2018) Minced Pulp as Source of Pulpal Mesenchymal Stem Cells with
Odontogenic Differentiation Capacity J Endod 44, 80-6.
Lim HM, Nam MH, Kim YM, Seo YK (2021) Increasing Odontoblast-like Differentiation from Dental Pulp
Stem Cells through Increase of β-Catenin/p-GSK-3β Expression by Low-Frequency Electromagnetic
Field Biomedicines 9.
Lin CS, Ning H, Lin G, Lue TF (2012) Is CD34 truly a negative marker for mesenchymal stromal cells?
Cytotherapy 14, 1159-63.
Lin G, Liu G, Banie L et al. (2011) Tissue distribution of mesenchymal stem cell marker Stro-1 Stem Cells
Dev 20, 1747-52.
Lin J, Zeng Q, Wei X et al. (2017) Regenerative Endodontics Versus Apexification in Immature
Permanent Teeth with Apical Periodontitis: A Prospective Randomized Controlled Study J Endod 43,
1821-7.
Lin LM, Huang GT, Sigurdsson A, Kahler B (2021) Clinical cell-based versus cell-free regenerative
endodontics: clarification of concept and term Int Endod J 54, 887-901.
Lin W, Gao L, Jiang W et al. (2019) The role of osteomodulin on osteo/odontogenic differentiation in
human dental pulp stem cells BMC Oral Health 19, 22.
Liu H, Li W, Shi S, Habelitz S, Gao C, Denbesten P (2005a) MEPE is downregulated as dental pulp stem
cells differentiate Arch Oral Biol 50, 923-8.
Liu J, Jin T, Chang S, Ritchie HH, Smith AJ, Clarkson BH (2007) Matrix and TGF-beta-related gene
expression during human dental pulp stem cell (DPSC) mineralization In Vitro Cell Dev Biol Anim 43,
120-8.
Liu J, Jin T, Ritchie HH, Smith AJ, Clarkson BH (2005b) In vitro differentiation and mineralization of
human dental pulp cells induced by dentin extract In Vitro Cell Dev Biol Anim 41, 232-8.
Liu L, Leng S, Tang L et al. (2021) EDTA Promotes the Mineralization of Dental Pulp In Vitro and In Vivo
J Endod 47, 458-65.
Lizier NF, Kerkis A, Gomes CM et al. (2012) Scaling-up of dental pulp stem cells isolated from multiple
niches PLoS One 7, e39885.
Lombardi T, Samson J, Mühlhauser J, Fiore-Donno G, Maggiano N, Castellucci M (1992) Expression of
intermediate filaments and actins in human dental pulp and embryonic dental papilla Anat Rec 234,
587-92.

249

References

Lormée P, Septier D, Lécolle S, Baudoin C, Goldberg M (1996) Dual incorporation of (35S)sulfate into
dentin proteoglycans acting as mineralization promotors in rat molars and predentin proteoglycans
Calcif Tissue Int 58, 368-75.
Louvrier A, Euvrard E, Nicod L et al. (2018) Odontoblastic differentiation of dental pulp stem cells from
healthy and carious teeth on an original PCL-based 3D scaffold Int Endod J 51 Suppl 4, e252-e63.
Ma L, Huang Z, Wu D, Kou X, Mao X, Shi S (2021) CD146 controls the quality of clinical grade
mesenchymal stem cells from human dental pulp Stem Cell Res Ther 12, 488.
MacDougall M, Selden JK, Nydegger JR, Carnes DL (1998) Immortalized mouse odontoblast cell line
MO6-G3 application for in vitro biocompatibility testing Am J Dent 11 Spec No, S11-6.
MacDougall M, Simmons D, Gu TT, Dong J (2002) MEPE/OF45, a new dentin/bone matrix protein and
candidate gene for dentin diseases mapping to chromosome 4q21 Connect Tissue Res 43, 320-30.
MacDougall M, Simmons D, Luan X, Nydegger J, Feng J, Gu TT (1997) Dentin phosphoprotein and
dentin sialoprotein are cleavage products expressed from a single transcript coded by a gene on
human chromosome 4. Dentin phosphoprotein DNA sequence determination J Biol Chem 272, 83542.
MacDougall M, Slavkin HC, Zeichner-David M (1992) Characteristics of phosphorylated and nonphosphorylated dentine phosphoprotein Biochem J 287 ( Pt 2), 651-5.
Macgregor AB (1961) The position and extent of acid in the carious process Arch Oral Biol 4, 86-91.
Mackay AM, Beck SC, Murphy JM, Barry FP, Chichester CO, Pittenger MF (1998) Chondrogenic
differentiation of cultured human mesenchymal stem cells from marrow Tissue Eng 4, 415-28.
Mafi P, Hindocha S, Mafi R, Griffin M, Khan MK (2011) Adult mesenchymal stem cells and cell surface
characterization - a systematic review of the literature Open Orthop J 5, 253-60.
Magloire H, Couble ML, Romeas A, Bleicher F (2004) Odontoblast primary cilia: facts and hypotheses
Cell Biol Int 28, 93-9.
Magloire H, Romeas A, Melin M, Couble ML, Bleicher F, Farges JC (2001) Molecular regulation of
odontoblast activity under dentin injury Adv Dent Res 15, 46-50.
Mai S, Kim YK, Arola DD et al. (2010) Differential aggressiveness of ethylenediamine tetraacetic acid in
causing canal wall erosion in the presence of sodium hypochlorite J Dent 38, 201-6.
Maita E, Simpson MD, Tao L, Pashley DH (1991) Fluid and protein flux across the pulpodentine complex
of the dog in vivo Arch Oral Biol 36, 103-10.
Martin G, Ricucci D, Gibbs JL, Lin LM (2013) Histological findings of revascularized/revitalized immature
permanent molar with apical periodontitis using platelet-rich plasma J Endod 39, 138-44.
Massler M, Pawlak J (1977) The affected and infected pulp Oral Surg Oral Med Oral Pathol 43, 929-47.
Matsui M, Kobayashi T, Tsutsui TW (2018) CD146 positive human dental pulp stem cells promote
regeneration of dentin/pulp-like structures Hum Cell 31, 127-38.

250

References

Mazzoni A, Mannello F, Tay FR et al. (2007) Zymographic analysis and characterization of MMP-2 and
-9 forms in human sound dentin J Dent Res 86, 436-40.
McComb D, Smith DC (1975) A preliminary scanning electron microscopic study of root canals after
endodontic procedures J Endod 1, 238-42.
McKee MD, Zalzal S, Nanci A (1996) Extracellular matrix in tooth cementum and mantle dentin:
localization of osteopontin and other noncollagenous proteins, plasma proteins, and glycoconjugates
by electron microscopy Anat Rec 245, 293-312.
Melin M, Joffre-Romeas A, Farges JC, Couble ML, Magloire H, Bleicher F (2000) Effects of TGFbeta1 on
dental pulp cells in cultured human tooth slices J Dent Res 79, 1689-96.
Melling GE, Colombo JS, Avery SJ et al. (2018) Liposomal Delivery of Demineralized Dentin Matrix for
Dental Tissue Regeneration Tissue Eng Part A 24, 1057-65.
Mente J, Leo M, Panagidis D et al. (2013) Treatment outcome of mineral trioxide aggregate in open
apex teeth J Endod 39, 20-6.
Mi H, Muruganujan A, Huang X et al. (2019) Protocol Update for large-scale genome and gene function
analysis with the PANTHER classification system (v.14.0) Nat Protoc 14, 703-21.
Miyazaki T, Kanatani N, Rokutanda S et al. (2008) Inhibition of the terminal differentiation of
odontoblasts and their transdifferentiation into osteoblasts in Runx2 transgenic mice Arch Histol Cytol
71, 131-46.
Moraes DA, Sibov TT, Pavon LF et al. (2016) A reduction in CD90 (THY-1) expression results in increased
differentiation of mesenchymal stromal cells Stem Cell Res Ther 7, 97.
Moriguchi M, Yamada M, Yanagisawa T (2004) Immunocytochemistry of keratan sulfate proteoglycan
and dermatan sulfate proteoglycan in porcine tooth-germ dentin Anat Sci Int 79, 145-51.
Moxham BJ, Webb PP, Benjamin M, Ralphs JR (1998) Changes in the cytoskeleton of cells within the
periodontal ligament and dental pulp of the rat first molar tooth during ageing Eur J Oral Sci 106 Suppl
1, 376-83.
Mueller MB, Blunk T, Appel B et al. (2013) Insulin is essential for in vitro chondrogenesis of
mesenchymal progenitor cells and influences chondrogenesis in a dose-dependent manner Int Orthop
37, 153-8.
Murakami Masuda Y, Wang X, Yokose S et al. (2010) Effect of glypican-1 gene on the pulp cells during
the reparative dentine process Cell Biol Int 34, 1069-74.
Nainan MT, Nirupama D, Benjamin S (2013) Comparison of the efficacy of ethylene diamine tetraacetic
acid and maleic acid in the removal of three calcium hydroxide intra-canal dressings: A spiral
computerized tomography volumetric analysis J Conserv Dent 16, 56-60.
Nair PN (2006) On the causes of persistent apical periodontitis: a review Int Endod J 39, 249-81.
Nakano Y, DenBesten P, Goldberg M (2021) Structure of Collagen-Derived Mineralized Tissues (Dentin,
Cementum, and Bone) and Non-collagenous Extra Cellular Matrix of Enamel. In M Goldberg, P Den
Besten eds. Extracellular Matrix Biomineralization of Dental Tissue Structures; pp. 3-34. Cham:
Springer International Publishing.

251

References

Nakashima M, Iohara K, Murakami M et al. (2017) Pulp regeneration by transplantation of dental pulp
stem cells in pulpitis: a pilot clinical study Stem Cell Res Ther 8, 61.
Nerness AZ, Ehrlich Y, Spolnik K, Platt JA, Yassen GH (2016) Effect of triple antibiotic paste with or
without ethylenediaminetetraacetic acid on surface loss and surface roughness of radicular dentine
Odontology 104, 170-5.
Nie X, Tian W, Zhang Y et al. (2006) Induction of transforming growth factor-beta 1 on dentine pulp
cells in different culture patterns Cell Biol Int 30, 295-300.
Niu W, Yoshioka T, Kobayashi C, Suda H (2002) A scanning electron microscopic study of dentinal
erosion by final irrigation with EDTA and NaOCl solutions Int Endod J 35, 934-9.
Nosrat A, Kolahdouzan A, Khatibi AH et al. (2019) Clinical, Radiographic, and Histologic Outcome of
Regenerative Endodontic Treatment in Human Teeth Using a Novel Collagen-hydroxyapatite Scaffold
J Endod 45, 136-43.
Oka S, Oka K, Xu X, Sasaki T, Bringas P, Jr., Chai Y (2007) Cell autonomous requirement for TGF-beta
signaling during odontoblast differentiation and dentin matrix formation Mech Dev 124, 409-15.
Okajcekova T, Strnadel J, Pokusa M et al. (2020) A Comparative In Vitro Analysis of the Osteogenic
Potential of Human Dental Pulp Stem Cells Using Various Differentiation Conditions Int J Mol Sci 21.
Okamoto M, Takahashi Y, Komichi S, Cooper PR, Hayashi M (2018) Dentinogenic effects of extracted
dentin matrix components digested with matrix metalloproteinases Sci Rep 8, 10690.
Orciani M, Mariggiò MA, Morabito C, Di Benedetto G, Di Primio R (2010) Functional characterization
of calcium-signaling pathways of human skin-derived mesenchymal stem cells Skin Pharmacol Physiol
23, 124-32.
Ordinola-Zapata R, Bramante CM, Garcia RB et al. (2013) The antimicrobial effect of new and
conventional endodontic irrigants on intra-orally infected dentin Acta Odontol Scand 71, 424-31.
Orsini G, Ruggeri A, Mazzoni A et al. (2008) Immunohistochemical localization of dentin matrix protein
1 in human dentin Eur J Histochem 52, 215-20.
Owen M, Friedenstein AJ (1988) Stromal stem cells: marrow-derived osteogenic precursors Ciba Found
Symp 136, 42-60.
Owen ME, Cavé J, Joyner CJ (1987) Clonal analysis in vitro of osteogenic differentiation of marrow CFUF J Cell Sci 87 ( Pt 5), 731-8.
Papagerakis P, Berdal A, Mesbah M et al. (2002) Investigation of osteocalcin, osteonectin, and dentin
sialophosphoprotein in developing human teeth Bone 30, 377-85.
Park ES, Cho HS, Kwon TG et al. (2009) Proteomics analysis of human dentin reveals distinct protein
expression profiles J Proteome Res 8, 1338-46.
Park YK, Ge K (2017) Glucocorticoid Receptor Accelerates, but Is Dispensable for, Adipogenesis Mol
Cell Biol 37.

252

References

Parthiban SP, He W, Monteiro N, Athirasala A, França CM, Bertassoni LE (2020) Engineering pericytesupported microvascular capillaries in cell-laden hydrogels using stem cells from the bone marrow,
dental pulp and dental apical papilla Sci Rep 10, 21579.
Pashley DH (1996) Dynamics of the pulpo-dentin complex Crit Rev Oral Biol Med 7, 104-33.
Patel M, Smith AJ, Sloan AJ, Smith G, Cooper PR (2009) Phenotype and behaviour of dental pulp cells
during expansion culture Arch Oral Biol 54, 898-908.
Patil S, D'Souza C, Patil P et al. (2019) Culture and characterization of human dental pulp-derived stem
cells as limbal stem cells for corneal damage repair Mol Med Rep 20, 4688-94.
Paulo JA (2013) Practical and Efficient Searching in Proteomics: A Cross Engine Comparison
Webmedcentral 4.
Pedroni ACF, Sarra G, de Oliveira NK, Moreira MS, Deboni MCZ, Marques MM (2019) Cell sheets of
human dental pulp stem cells for future application in bone replacement Clin Oral Investig 23, 271321.
Pereira AC, Oliveira ML, Cerqueira-Neto A et al. (2021) Outcomes of traumatised immature teeth
treated with apexification or regenerative endodontic procedure: a retrospective study Aust Endod J
47, 178-87.
Petridis X, Beems BP, Tomson PL et al. (2019) Effect of Dentin Matrix Components on the
Mineralization of Human Mesenchymal Stromal Cells Tissue Eng Part A 25, 1104-15.
Petridis X, Diamanti E, Trigas G, Kalyvas D, Kitraki E (2015) Bone regeneration in critical-size calvarial
defects using human dental pulp cells in an extracellular matrix-based scaffold J Craniomaxillofac Surg
43, 483-90.
Pisciotta A, Carnevale G, Meloni S et al. (2015) Human dental pulp stem cells (hDPSCs): isolation,
enrichment and comparative differentiation of two sub-populations BMC Dev Biol 15, 14.
Pittenger MF, Mackay AM, Beck SC et al. (1999) Multilineage potential of adult human mesenchymal
stem cells Science 284, 143-7.
Prathyusha P, Reddy CD, Murthy BS, Gupta PD (1994) Keratins as markers in odontogenesis--an
immunocytochemical experimental study in rats J Indian Soc Pedod Prev Dent 12, 12-6.
Qian H, Le Blanc K, Sigvardsson M (2012) Primary mesenchymal stem and progenitor cells from bone
marrow lack expression of CD44 protein J Biol Chem 287, 25795-807.
Qian W, Shen Y, Haapasalo M (2011) Quantitative analysis of the effect of irrigant solution sequences
on dentin erosion J Endod 37, 1437-41.
Qiao Z, Tang J, Yue B et al. (2020) Human adipose-derived mesenchymal progenitor cells plus
microfracture and hyaluronic acid for cartilage repair: a Phase IIa trial Regen Med 15, 1193-214.
Qin C, Baba O, Butler WT (2004) Post-translational modifications of sibling proteins and their roles in
osteogenesis and dentinogenesis Crit Rev Oral Biol Med 15, 126-36.

253

References

Qin C, Brunn JC, Baba O, Wygant JN, McIntyre BW, Butler WT (2003) Dentin sialoprotein isoforms:
detection and characterization of a high molecular weight dentin sialoprotein Eur J Oral Sci 111, 23542.
Qin C, Brunn JC, Cadena E et al. (2002) The expression of dentin sialophosphoprotein gene in bone J
Dent Res 81, 392-4.
Rahman MS, Akhtar N, Jamil HM, Banik RS, Asaduzzaman SM (2015) TGF-β/BMP signaling and other
molecular events: regulation of osteoblastogenesis and bone formation Bone Res 3, 15005.
Randilini A, Fujikawa K, Shibata S (2020) Expression, localization and synthesis of small leucine-rich
proteoglycans in developing mouse molar tooth germ Eur J Histochem 64.
Rangiani A, Cao ZG, Liu Y et al. (2012) Dentin matrix protein 1 and phosphate homeostasis are critical
for postnatal pulp, dentin and enamel formation Int J Oral Sci 4, 189-95.
Raoof M, Yaghoobi MM, Derakhshani A et al. (2014) A modified efficient method for dental pulp stem
cell isolation Dent Res J (Isfahan) 11, 244-50.
Ravi Prakash A (2015) Dentin. In GS Kumar ed. Orban’s Oral Histology & Embryology, 14 edn; pp. 7491. New Delhi: Elsevier.
Ricucci D, Loghin S, Niu LN, Tay FR (2018) Changes in the radicular pulp-dentine complex in healthy
intact teeth and in response to deep caries or restorations: A histological and histobacteriological
study J Dent 73, 76-90.
Ricucci D, Siqueira JF, Jr., Loghin S, Lin LM (2017) Pulp and apical tissue response to deep caries in
immature teeth: A histologic and histobacteriologic study J Dent 56, 19-32.
Roberts-Clark DJ, Smith AJ (2000) Angiogenic growth factors in human dentine matrix Arch Oral Biol
45, 1013-6.
Rojewski MT, Weber BM, Schrezenmeier H (2008) Phenotypic Characterization of Mesenchymal Stem
Cells from Various Tissues Transfus Med Hemother 35, 168-84.
Russell KC, Phinney DG, Lacey MR, Barrilleaux BL, Meyertholen KE, O'Connor KC (2010) In vitro highcapacity assay to quantify the clonal heterogeneity in trilineage potential of mesenchymal stem cells
reveals a complex hierarchy of lineage commitment Stem Cells 28, 788-98.
Sadaghiani L, Gleeson HB, Youde S, Waddington RJ, Lynch CD, Sloan AJ (2016) Growth Factor Liberation
and DPSC Response Following Dentine Conditioning J Dent Res 95, 1298-307.
Saito K, Nakatomi M, Ida-Yonemochi H, Ohshima H (2016) Osteopontin Is Essential for Type I Collagen
Secretion in Reparative Dentin J Dent Res 95, 1034-41.
Salehi S, Cooper P, Smith A, Ferracane J (2016) Dentin matrix components extracted with phosphoric
acid enhance cell proliferation and mineralization Dent Mater 32, 334-42.
Salmon B, Bardet C, Khaddam M et al. (2013) MEPE-derived ASARM peptide inhibits odontogenic
differentiation of dental pulp stem cells and impairs mineralization in tooth models of X-linked
hypophosphatemia PLoS One 8, e56749.

254

References

Saoud TM, Zaazou A, Nabil A et al. (2015) Histological observations of pulpal replacement tissue in
immature dog teeth after revascularization of infected pulps Dent Traumatol 31, 243-9.
Sarnat H, Massler M (1965) Microstructure of Active and Arrested Dentinal Caries Journal of Dental
Research 44, 1389-401.
Scavo R, Martinez Lalis R, Zmener O, Dipietro S, Grana D, Pameijer CH (2011) Frequency and
distribution of teeth requiring endodontic therapy in an Argentine population attending a specialty
clinic in endodontics Int Dent J 61, 257-60.
Selich A, Daudert J, Hass R et al. (2016) Massive Clonal Selection and Transiently Contributing Clones
During Expansion of Mesenchymal Stem Cell Cultures Revealed by Lentiviral RGB-Barcode Technology
Stem Cells Transl Med 5, 591-601.
Sen BH, Ertürk O, Pişkin B (2009) The effect of different concentrations of EDTA on instrumented root
canal walls Oral Surg Oral Med Oral Pathol Oral Radiol Endod 108, 622-7.
Sharma V, Rastogi S, Kumar Bhati K et al. (2020) Mapping the Inorganic and Proteomic Differences
among Different Types of Human Teeth: A Preliminary Compositional Insight Biomolecules 10.
Shearin AL, Monks BR, Seale P, Birnbaum MJ (2016) Lack of AKT in adipocytes causes severe
lipodystrophy Mol Metab 5, 472-9.
Shi S, Gronthos S (2003) Perivascular niche of postnatal mesenchymal stem cells in human bone
marrow and dental pulp J Bone Miner Res 18, 696-704.
Shirakabe K, Terasawa K, Miyama K, Shibuya H, Nishida E (2001) Regulation of the activity of the
transcription factor Runx2 by two homeobox proteins, Msx2 and Dlx5 Genes Cells 6, 851-6.
Sigal MJ, Aubin JE, Ten Cate AR (1985) An immunocytochemical study of the human odontoblast
process using antibodies against tubulin, actin, and vimentin J Dent Res 64, 1348-55.
Silujjai J, Linsuwanont P (2017) Treatment Outcomes of Apexification or Revascularization in Nonvital
Immature Permanent Teeth: A Retrospective Study J Endod 43, 238-45.
Silva CR, Babo PS, Gulino M et al. (2018) Injectable and tunable hyaluronic acid hydrogels releasing
chemotactic and angiogenic growth factors for endodontic regeneration Acta Biomater 77, 155-71.
Simon S, Perard M, Zanini M et al. (2013) Should pulp chamber pulpotomy be seen as a permanent
treatment? Some preliminary thoughts Int Endod J 46, 79-87.
Simon S, Smith AJ, Berdal A, Lumley PJ, Cooper PR (2010) The MAP kinase pathway is involved in
odontoblast stimulation via p38 phosphorylation J Endod 36, 256-9.
Simon S, Smith AJ, Lumley PJ et al. (2009) Molecular characterization of young and mature
odontoblasts Bone 45, 693-703.
Siyam A, Wang S, Qin C et al. (2012) Nuclear localization of DMP1 proteins suggests a role in
intracellular signaling Biochem Biophys Res Commun 424, 641-6.
Sloan AJ, Couble ML, Bleicher F, Magloire H, Smith AJ, Farges JC (2001) Expression of TGF-beta
receptors I and II in the human dental pulp by in situ hybridization Adv Dent Res 15, 63-7.

255

References

Sloan AJ, Moseley R, Dobie K, Waddington RJ, Smith AJ (2002) TGF-beta latency-associated peptides
(LAPs) in human dentin matrix and pulp Connect Tissue Res 43, 381-6.
Sloan AJ, Smith AJ (1999) Stimulation of the dentine-pulp complex of rat incisor teeth by transforming
growth factor-beta isoforms 1-3 in vitro Arch Oral Biol 44, 149-56.
Smith AJ, Cassidy N, Perry H, Bègue-Kirn C, Ruch JV, Lesot H (1995a) Reactionary dentinogenesis Int J
Dev Biol 39, 273-80.
Smith AJ, Leaver AG (1981) Distribution of the EDTA-soluble non-collagenous organic matrix
components of rabbit incisor dentine Arch Oral Biol 26, 643-9.
Smith AJ, Lesot H (2001a) Induction and regulation of crown dentinogenesis: embryonic events as a
template for dental tissue repair? Crit Rev Oral Biol Med 12, 425-37.
Smith AJ, Matthews JB, Hall RC (1998) Transforming growth factor-beta1 (TGF-beta1) in dentine
matrix. Ligand activation and receptor expression Eur J Oral Sci 106 Suppl 1, 179-84.
Smith AJ, Scheven BA, Takahashi Y, Ferracane JL, Shelton RM, Cooper PR (2012) Dentine as a bioactive
extracellular matrix Arch Oral Biol 57, 109-21.
Smith AJ, Tobias RS, Cassidy N, Bégue-Kirn C, Ruch JV, Lesot H (1995b) Influence of substrate nature
and immobilization of implanted dentin matrix components during induction of reparative
dentinogenesis Connect Tissue Res 32, 291-6.
Smith AJ, Tobias RS, Cassidy N et al. (1994) Odontoblast stimulation in ferrets by dentine matrix
components Arch Oral Biol 39, 13-22.
Smith AJ, Tobias RS, Murray PE (2001b) Transdentinal stimulation of reactionary dentinogenesis in
ferrets by dentine matrix components J Dent 29, 341-6.
Smith AJ, Tobias RS, Plant CG, Browne RM, Lesot H, Ruch JV (1990a) In vivo morphogenetic activity of
dentine matrix proteins J Biol Buccale 18, 123-9.
Smith AJ, Tobias RS, Plant CG, Browne RM, Lesot H, Ruch JV (1990b) Preliminary studies on the in vivo
morphogenetic properties of dentine matrix proteins Biomaterials 11, 22-4.
Solchaga LA, Penick KJ, Welter JF (2011) Chondrogenic differentiation of bone marrow-derived
mesenchymal stem cells: tips and tricks Methods Mol Biol 698, 253-78.
Son YB, Kang YH, Lee HJ et al. (2021) Evaluation of odonto/osteogenic differentiation potential from
different regions derived dental tissue stem cells and effect of 17β-estradiol on efficiency BMC Oral
Health 21, 15.
Sone S, Nakamura M, Maruya Y et al. (2005) Expression of versican and ADAMTS during rat tooth
eruption J Mol Histol 36, 281-8.
Song M, Cao Y, Shin SJ et al. (2017) Revascularization-associated Intracanal Calcification: Assessment
of Prevalence and Contributing Factors J Endod 43, 2025-33.
Sonoyama W, Liu Y, Yamaza T et al. (2008) Characterization of the apical papilla and its residing stem
cells from human immature permanent teeth: a pilot study J Endod 34, 166-71.

256

References

Sorrentino A, Ferracin M, Castelli G et al. (2008) Isolation and characterization of CD146+ multipotent
mesenchymal stromal cells Exp Hematol 36, 1035-46.
Steinig TH, Regan JD, Gutmann JL (2003) The use and predictable placement of Mineral Trioxide
Aggregate in one-visit apexification cases Aust Endod J 29, 34-42.
Struys T, Moreels M, Martens W, Donders R, Wolfs E, Lambrichts I (2011) Ultrastructural and
immunocytochemical analysis of multilineage differentiated human dental pulp- and umbilical cordderived mesenchymal stem cells Cells Tissues Organs 193, 366-78.
Styner M, Sen B, Xie Z, Case N, Rubin J (2010) Indomethacin promotes adipogenesis of mesenchymal
stem cells through a cyclooxygenase independent mechanism J Cell Biochem 111, 1042-50.
Sulkala M, Larmas M, Sorsa T, Salo T, Tjäderhane L (2002) The localization of matrix metalloproteinase20 (MMP-20, enamelysin) in mature human teeth J Dent Res 81, 603-7.
Sun Y, Chen L, Ma S et al. (2011a) Roles of DMP1 processing in osteogenesis, dentinogenesis and
chondrogenesis Cells Tissues Organs 194, 199-204.
Sun Y, Lu Y, Chen L et al. (2011b) DMP1 processing is essential to dentin and jaw formation J Dent Res
90, 619-24.
Sun Y, Weng Y, Zhang C et al. (2015) Glycosylation of Dentin Matrix Protein 1 is critical for osteogenesis
Sci Rep 5, 17518.
Suzuki S, Haruyama N, Nishimura F, Kulkarni AB (2012) Dentin sialophosphoprotein and dentin matrix
protein-1: Two highly phosphorylated proteins in mineralized tissues Arch Oral Biol 57, 1165-75.
Suzuki S, Sreenath T, Haruyama N et al. (2009) Dentin sialoprotein and dentin phosphoprotein have
distinct roles in dentin mineralization Matrix Biol 28, 221-9.
Tada H, Nemoto E, Foster BL, Somerman MJ, Shimauchi H (2011) Phosphate increases bone
morphogenetic protein-2 expression through cAMP-dependent protein kinase and ERK1/2 pathways
in human dental pulp cells Bone 48, 1409-16.
Takagi Y, Shimokawa H, Suzuki M, Nagai H, Sasaki S (1990) Immunohistochemical localization of alpha
2HS glycoprotein in dentin Calcif Tissue Int 47, 40-5.
Tanoue R, Ohta K, Miyazono Y et al. (2018) Three-dimensional ultrastructural analysis of the interface
between an implanted demineralised dentin matrix and the surrounding newly formed bone Sci Rep
8, 2858.
Tatsuta CT, Morgan LA, Baumgartner JC, Adey JD (1999) Effect of calcium hydroxide and four irrigation
regimens on instrumented and uninstrumented canal wall topography J Endod 25, 93-8.
Tenenbaum HC, Heersche JN (1985) Dexamethasone stimulates osteogenesis in chick periosteum in
vitro Endocrinology 117, 2211-7.
Thyagarajan T, Sreenath T, Cho A, Wright JT, Kulkarni AB (2001) Reduced expression of dentin
sialophosphoprotein is associated with dysplastic dentin in mice overexpressing transforming growth
factor-beta 1 in teeth J Biol Chem 276, 11016-20.

257

References

Tibúrcio-Machado CS, Michelon C, Zanatta FB, Gomes MS, Marin JA, Bier CA (2020) The global
prevalence of apical periodontitis: a systematic review and meta-analysis Int Endod J.
Tomson PL, Grover LM, Lumley PJ, Sloan AJ, Smith AJ, Cooper PR (2007) Dissolution of bio-active
dentine matrix components by mineral trioxide aggregate J Dent 35, 636-42.
Tomson PL, Lumley PJ, Alexander MY, Smith AJ, Cooper PR (2013) Hepatocyte growth factor is
sequestered in dentine matrix and promotes regeneration-associated events in dental pulp cells
Cytokine 61, 622-9.
Tomson PL, Lumley PJ, Smith AJ, Cooper PR (2017) Growth factor release from dentine matrix by pulpcapping agents promotes pulp tissue repair-associated events Int Endod J 50, 281-92.
Torabinejad M, Alexander A, Vahdati SA, Grandhi A, Baylink D, Shabahang S (2018) Effect of Residual
Dental Pulp Tissue on Regeneration of Dentin-pulp Complex: An In Vivo Investigation J Endod 44, 1796801.
Torabinejad M, Cho Y, Khademi AA, Bakland LK, Shabahang S (2003) The effect of various
concentrations of sodium hypochlorite on the ability of MTAD to remove the smear layer J Endod 29,
233-9.
Torabinejad M, Faras H (2012) A clinical and histological report of a tooth with an open apex treated
with regenerative endodontics using platelet-rich plasma J Endod 38, 864-8.
Torabinejad M, Faras H, Corr R, Wright KR, Shabahang S (2014) Histologic examinations of teeth
treated with 2 scaffolds: a pilot animal investigation J Endod 40, 515-20.
Torabinejad M, Milan M, Shabahang S, Wright KR, Faras H (2015) Histologic examination of teeth with
necrotic pulps and periapical lesions treated with 2 scaffolds: an animal investigation J Endod 41, 84652.
Torabinejad M, Nosrat A, Verma P, Udochukwu O (2017) Regenerative Endodontic Treatment or
Mineral Trioxide Aggregate Apical Plug in Teeth with Necrotic Pulps and Open Apices: A Systematic
Review and Meta-analysis J Endod 43, 1806-20.
Torabinejad M, Pitt Ford TR, McKendry DJ, Abedi HR, Miller DA, Kariyawasam SP (1997) Histologic
assessment of mineral trioxide aggregate as a root-end filling in monkeys J Endod 23, 225-8.
Toyosawa S, Shintani S, Fujiwara T et al. (2001) Dentin matrix protein 1 is predominantly expressed in
chicken and rat osteocytes but not in osteoblasts J Bone Miner Res 16, 2017-26.
Turgeman G, Pittman DD, Müller R et al. (2001) Engineered human mesenchymal stem cells: a novel
platform for skeletal cell mediated gene therapy J Gene Med 3, 240-51.
Tziafas D (1995) Induction of reparative dentinogenesis in vivo: a synthesis of experimental
observations Connect Tissue Res 32, 297-301.
Tziafas D (2004) The future role of a molecular approach to pulp-dentinal regeneration Caries Res 38,
314-20.
Tziafas D, Alvanou A, Kaidoglou K (1992) Dentinogenic activity of allogenic plasma fibronectin on dog
dental pulp J Dent Res 71, 1189-95.

258

References

Tziafas D, Alvanou A, Papadimitriou S, Gasic J, Komnenou A (1998a) Effects of recombinant basic
fibroblast growth factor, insulin-like growth factor-II and transforming growth factor-beta 1 on dog
dental pulp cells in vivo Arch Oral Biol 43, 431-44.
Tziafas D, Papadimitriou S (1998b) Role of exogenous TGF-beta in induction of reparative
dentinogenesis in vivo Eur J Oral Sci 106 Suppl 1, 192-6.
Ulusoy AT, Turedi I, Cimen M, Cehreli ZC (2019) Evaluation of Blood Clot, Platelet-rich Plasma, Plateletrich Fibrin, and Platelet Pellet as Scaffolds in Regenerative Endodontic Treatment: A Prospective
Randomized Trial J Endod 45, 560-6.
Ulusoy Ö, Görgül G (2013) Effects of different irrigation solutions on root dentine microhardness,
smear layer removal and erosion Aust Endod J 39, 66-72.
Unterbrink A, O'Sullivan M, Chen S, MacDougall M (2002) TGF beta-1 downregulates DMP-1 and DSPP
in odontoblasts Connect Tissue Res 43, 354-8.
Vezzani B, Shaw I, Lesme H et al. (2018) Higher Pericyte Content and Secretory Activity of
Microfragmented Human Adipose Tissue Compared to Enzymatically Derived Stromal Vascular
Fraction Stem Cells Transl Med 7, 876-86.
Viswanathan S, Shi Y, Galipeau J et al. (2019) Mesenchymal stem versus stromal cells: International
Society for Cell & Gene Therapy (ISCT®) Mesenchymal Stromal Cell committee position statement on
nomenclature Cytotherapy 21, 1019-24.
Waddington RJ, Hall RC, Embery G, Lloyd DM (2003) Changing profiles of proteoglycans in the
transition of predentine to dentine Matrix Biol 22, 153-61.
Wang H, Zhong Q, Yang T et al. (2018) Comparative characterization of SHED and DPSCs during
extended cultivation in vitro Mol Med Rep 17, 6551-9.
Wang HG, Xiao MZ, Zhao SL, Hao JJ, Zhang M (2005) [Immortalized human odontoblast-like cell line
expressed dentin extracellular matrix in vitro] Hua Xi Kou Qiang Yi Xue Za Zhi 23, 518-21.
Wang L, Guan X, Tang R et al. (2008) Phosphorylation of osteopontin is required for inhibition of
calcium oxalate crystallization J Phys Chem B 112, 9151-7.
Webb PP, Moxham BJ, Ralphs JR, Benjamin M (1995) Cytoskeleton of the mesenchymal cells of the rat
dental papilla and dental pulp Connect Tissue Res 32, 71-6.
Wewer UM, Ibaraki K, Schjørring P, Durkin ME, Young MF, Albrechtsen R (1994) A potential role for
tetranectin in mineralization during osteogenesis J Cell Biol 127, 1767-75.
Widbiller M, Driesen RB, Eidt A et al. (2018a) Cell Homing for Pulp Tissue Engineering with Endogenous
Dentin Matrix Proteins J Endod 44, 956-62.e2.
Widbiller M, Eidt A, Lindner SR et al. (2018b) Dentine matrix proteins: isolation and effects on human
pulp cells Int Endod J 51 Suppl 4, e278-e90.
Widbiller M, Schweikl H, Bruckmann A et al. (2019) Shotgun Proteomics of Human Dentin with
Different Prefractionation Methods Sci Rep 9, 4457.

259

References

Witherspoon DE, Ham K (2001) One-visit apexification: technique for inducing root-end barrier
formation in apical closures Pract Proced Aesthet Dent 13, 455-60; quiz 62.
Woo SM, Lim HS, Jeong KY, Kim SM, Kim WJ, Jung JY (2015a) Vitamin D Promotes Odontogenic
Differentiation of Human Dental Pulp Cells via ERK Activation Mol Cells 38, 604-9.
Woo SM, Seong KJ, Oh SJ et al. (2015b) 17β-Estradiol induces odontoblastic differentiation via
activation of the c-Src/MAPK pathway in human dental pulp cells Biochem Cell Biol 93, 587-95.
Wu J, Wang X (2019) Isolation of SIBLING Proteins from Bone and Dentin Matrices Methods Mol Biol
1922, 211-8.
Xiao G, Gopalakrishnan R, Jiang D, Reith E, Benson MD, Franceschi RT (2002) Bone morphogenetic
proteins, extracellular matrix, and mitogen-activated protein kinase signaling pathways are required
for osteoblast-specific gene expression and differentiation in MC3T3-E1 cells J Bone Miner Res 17, 10110.
Xing J, Lian M, Shen Q et al. (2015) AGS3 is involved in TNF-α medicated osteogenic differentiation of
human dental pulp stem cells Differentiation 89, 128-36.
Xu L, Liu Y, Sun Y et al. (2017) Tissue source determines the differentiation potentials of mesenchymal
stem cells: a comparative study of human mesenchymal stem cells from bone marrow and adipose
tissue Stem Cell Res Ther 8, 275.
Xuan K, Li B, Guo H et al. (2018) Deciduous autologous tooth stem cells regenerate dental pulp after
implantation into injured teeth Sci Transl Med 10.
Yamakoshi Y, Hu JC, Saito MM, Simmer JP (2019) Protocols for Studying Formation and Mineralization
of Dental Tissues In Vivo: Extraction Protocol for Isolating Dentin Matrix Proteins from Developing
Teeth Methods Mol Biol 1922, 239-50.
Yang W, Li HY, Wu YF et al. (2021) ac4C acetylation of RUNX2 catalyzed by NAT10 spurs osteogenesis
of BMSCs and prevents ovariectomy-induced bone loss Mol Ther Nucleic Acids 26, 135-47.
Yang X, Yamazaki H, Yamakoshi Y, Duverger O, Morasso MI, Beniash E (2019) Trafficking and secretion
of keratin 75 by ameloblasts in vivo J Biol Chem 294, 18475-87.
Yang Y, Zhao Y, Liu X, Chen Y, Liu P, Zhao L (2017) Effect of SOX2 on odontoblast differentiation of
dental pulp stem cells Mol Med Rep 16, 9659-63.
Yang YK, Ogando CR, Wang See C, Chang TY, Barabino GA (2018) Changes in phenotype and
differentiation potential of human mesenchymal stem cells aging in vitro Stem Cell Res Ther 9, 131.
Yao L, Flynn N (2018) Dental pulp stem cell-derived chondrogenic cells demonstrate differential cell
motility in type I and type II collagen hydrogels Spine J 18, 1070-80.
Yassen GH, Sabrah AH, Eckert GJ, Platt JA (2015) Effect of different endodontic regeneration protocols
on wettability, roughness, and chemical composition of surface dentin J Endod 41, 956-60.
Ye L, MacDougall M, Zhang S et al. (2004) Deletion of dentin matrix protein-1 leads to a partial failure
of maturation of predentin into dentin, hypomineralization, and expanded cavities of pulp and root
canal during postnatal tooth development J Biol Chem 279, 19141-8.

260

References

Young FI, Telezhkin V, Youde SJ et al. (2016) Clonal Heterogeneity in the Neuronal and Glial
Differentiation of Dental Pulp Stem/Progenitor Cells Stem Cells Int 2016, 1290561.
Yu G, Wu X, Dietrich MA et al. (2010a) Yield and characterization of subcutaneous human adiposederived stem cells by flow cytometric and adipogenic mRNA analyzes Cytotherapy 12, 538-46.
Yu J, He H, Tang C et al. (2010b) Differentiation potential of STRO-1+ dental pulp stem cells changes
during cell passaging BMC Cell Biol 11, 32.
Yu Y, Wang L, Yu J et al. (2014) Dentin matrix proteins (DMPs) enhance differentiation of BMMSCs via
ERK and P38 MAPK pathways Cell Tissue Res 356, 171-82.
Zeng Q, Nguyen S, Zhang H et al. (2016) Release of Growth Factors into Root Canal by Irrigations in
Regenerative Endodontics J Endod 42, 1760-6.
Zhang K, Tay FR, Kim YK et al. (2010) The effect of initial irrigation with two different sodium
hypochlorite concentrations on the erosion of instrumented radicular dentin Dent Mater 26, 514-23.
Zhang R, Cooper PR, Smith G, Nör JE, Smith AJ (2011) Angiogenic activity of dentin matrix components
J Endod 37, 26-30.
Zhang W, Walboomers XF, Shi S, Fan M, Jansen JA (2006) Multilineage differentiation potential of stem
cells derived from human dental pulp after cryopreservation Tissue Eng 12, 2813-23.
Zhao S, Sloan AJ, Murray PE, Lumley PJ, Smith AJ (2000) Ultrastructural localisation of TGF-beta
exposure in dentine by chemical treatment Histochem J 32, 489-94.
Zhou S, Greenberger JS, Epperly MW et al. (2008) Age-related intrinsic changes in human bonemarrow-derived mesenchymal stem cells and their differentiation to osteoblasts Aging Cell 7, 335-43.
Zhu H, Mitsuhashi N, Klein A et al. (2006) The role of the hyaluronan receptor CD44 in mesenchymal
stem cell migration in the extracellular matrix Stem Cells 24, 928-35.
Zhu Q, Gibson MP, Liu Q et al. (2012) Proteolytic processing of dentin sialophosphoprotein (DSPP) is
essential to dentinogenesis J Biol Chem 287, 30426-35.
Zhu Z, Xing X, Huang S, Tu Y (2021) NAT10 Promotes Osteogenic Differentiation of Mesenchymal Stem
Cells by Mediating N4-Acetylcytidine Modification of Gremlin 1 Stem Cells Int 2021, 8833527.
Zohar R, Suzuki N, Suzuki K et al. (2000) Intracellular osteopontin is an integral component of the CD44ERM complex involved in cell migration J Cell Physiol 184, 118-30.
Zurick KM, Qin C, Bernards MT (2013) Mineralization induction effects of osteopontin, bone
sialoprotein, and dentin phosphoprotein on a biomimetic collagen substrate J Biomed Mater Res A
101, 1571-81.

261

