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Abstract
Millions of teeth are saved each year by root canal therapy. Although current treatment modalities offer high
levels of success for many conditions, an ideal form of
therapy might consist of regenerative approaches in which
diseased or necrotic pulp tissues are removed and replaced with healthy pulp tissue to revitalize teeth. Researchers are working toward this objective. Regenerative
endodontics is the creation and delivery of tissues to
replace diseased, missing, and traumatized pulp. This review provides an overview of regenerative endodontics
and its goals, and describes possible techniques that will
allow regenerative endodontics to become a reality. These
potential approaches include root-canal revascularization,
postnatal (adult) stem cell therapy, pulp implant, scaffold
implant, three-dimensional cell printing, injectable scaffolds, and gene therapy. These regenerative endodontic
techniques will possibly involve some combination of disinfection or debridement of infected root canal systems
with apical enlargement to permit revascularization and
use of adult stem cells, scaffolds, and growth factors.
Although the challenges of introducing endodontic tissue
engineering therapies are substantial, the potential benefits to patients and the profession are equally ground
breaking. Patient demand is staggering both in scope and
cost, because tissue engineering therapy offers the possibility of restoring natural function instead of surgical
placement of an artificial prosthesis. By providing an overview of the methodological issues required to develop
potential regenerative endodontic therapies, we hope to
present a call for action to develop these therapies for
clinical use. (J Endod 2007;33:377–390)
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ach year approximately $400 billion is spent treating Americans suffering some type
of tissue loss or end-stage organ failure. This includes 20,000 organ transplants,
500,000 joint replacements, and millions of dental and oral craniofacial procedures,
ranging from tooth restorations to major reconstruction of facial soft and mineralized
tissues (1). The regeneration or replacement of oral tissues affected by inherited disorders, trauma, and neoplastic or infectious diseases is expected to solve many dental
problems. Within the next 25 years, unparalleled advances in dentistry and endodontics
are set to take place, with the availability of artificial teeth, bone, organs, and oral tissues
(2, 3); as well as the ability to stimulate endodontic regeneration (4), replace diseased
tissues (5) produce vaccinations against viruses (6), and genetically alter disease
pathogens to help eradicate caries and periodontitis (7). Patient demand for tissue
engineering therapy is staggering both in scope and cost. The endodontic specialty may
be able to adopt many of these new scientific advances emerging from regenerative
medicine, thereby developing regenerative endodontic procedures and improving patient care.
Regenerative endodontic procedures can be defined as biologically based procedures designed to replace damaged structures, including dentin and root structures, as
well as cells of the pulp-dentin complex. Regenerative dental procedures have a long
history, originating around 1952, when Dr. B. W. Hermann reported on the application
of Ca(OH)2 in a case report of vital pulp amputation (8). Subsequent regenerative
dental procedures include the development of guided tissue or bone regeneration
(GTR, GBR) procedures and distraction osteogenesis (9); the application of platelet
rich plasma (PRP) for bone augmentation (10), Emdogain for periodontal tissue regeneration (11), and recombinant human bone morphogenic protein (rhBMP) for
bone augmentation (12); and preclinical trials on the use of fibroblast growth factor 2
(FGF2) for periodontal tissue regeneration (13). Despite these applications and the
considerable evolution of certain medical procedures of tissue regeneration, particularly bone marrow transplants, there has not been significant translation of any of these
therapies into clinical endodontic practice.
The objectives of regenerative endodontic procedures are to regenerate pulp-like
tissue, ideally, the pulp-dentin complex; regenerate damaged coronal dentin, such as
following a carious exposure; and regenerate resorbed root, cervical or apical dentin.
The importance of the endodontic aspect of tissue engineering has been highlighted by
the National Institute for Dental and Craniofacial Research (http://www.nidr.nih.gov/
spectrum/NIDCR4/4menu.htm).
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Regenerative medicine holds promise for the restoration of tissues and organs
damaged by disease, trauma, cancer, or congenital deformity. Regenerative medicine
can perhaps be best defined as the use of a combination of cells, engineering materials,
and suitable biochemical factors to improve or replace biological functions in an effort
to effect the advancement of medicine. The basis for regenerative medicine is the
utilization of tissue engineering therapies. Probably the first definition of tissue engineering was by Langer and Vacanti (14) who stated it was “an interdisciplinary field that
applies the principles of engineering and life sciences toward the development of
biological substitutes that restore, maintain, or improve tissue function.” MacArthur
and Oreffo (15) defined tissue engineering as “understanding the principles of tissue
growth, and applying this to produce functional replacement tissue for clinical use.”
Our own description goes on to say that “tissue engineering is the employment of
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Many aspects of regenerative endodontics are thought to be recent
inventions; however, the long history of research in these fields may be
surprising. A brief overview of the potential types of regenerative endodontic therapies is provided in this review.

Figure 1. The major domains of research required to develop regenerative
endodontic procedures.

biologic therapeutic strategies aimed at the replacement, repair, maintenance, and/or enhancement of tissue function.” The changes to the
definition of tissue engineering over the years are driven by scientific
progress. Although there can be many differing definitions of regenerative medicine, in practice the term has come to represent applications
that repair or replace structural and functional tissues, including bone,
cartilage, and blood vessels, among organs and tissues (16).
The counterargument to the development of regenerative endodontic procedures is that the pulp in a fully developed tooth plays no
major role in form, function, or esthetics, and thus its replacement by a
filling material in conventional root canal therapy is the most practical
treatment; respectfully, we disagree with this view. In terms of esthetics,
there is a potential risk that endodontic filling materials and sealers may
discolor the tooth crown (17, 18). In addition, an in vitro study of
endodontically treated human teeth found the long-term intracanal
placement of calcium hydroxide may reduce the fracture resistance of
root dentin (19). A retrospective study of tooth survival times following
root canal filling versus tooth restoration found that although root canal
therapy prolonged tooth survival, the removal of pulp in a compromised
tooth may still lead to tooth loss in comparison with teeth with normal
tissues (20). On the other hand, although the replacement pulp has the
potential to revitalize teeth, it may also become susceptible to further
pulp disease and may require retreatment. The implantation of engineered tissues also requires enhanced microbiological control methods required for adequate tissue regeneration. Thus, additional research in regenerative therapies must be conducted to establish reliable
and safe methods for all teeth requiring root canal treatment. In the
future, the scope of regenerative endodontics may be increased to include the replacement of periapical tissues, periodontal ligaments, gingiva, and even whole teeth. This would give patients a clear alternative to
the artificial tooth implants that are currently available (21). Thus, the
potential for this area is indeed vast.
The principles of regenerative medicine can be applied to endodontic tissue engineering. Regenerative endodontics comprises research in adult stem cells, growth factors, organ-tissue culture, and
tissue engineering materials (Fig. 1). Often these disciplines are combined, rather than used individually to create regenerative therapies.

Adult Stem Cells
Regenerative medicine solves medical problems by using living
cells as engineering materials. Potential applications include artificial
skin comprised of living fibroblasts (22), cartilage repaired with living
chondrocytes (23), or other types of cells used in other ways. The most
valuable cells for regenerative medicine are stem cells, with a translational emphasis on the use of postnatal or adult stem cells. Stem cells
hold great promise in regenerative medicine, but there are still many
unanswered questions that will have to be addressed before these cells
can be routinely used in patients, especially in regard to the safety of the
procedure. The potential for pulp-tissue regeneration from implanted
stem cells has yet to be tested in animals and clinical trials. Extensive
clinical trials to evaluate efficacy and safety lie ahead before it is likely
the Food and Drug Administration (FDA) will approve regenerative
endodontic procedures using stem cells.
All tissues originate from stem cells (24). A stem cell is commonly
defined as a cell that has the ability to continuously divide and produce
progeny cells that differentiate (develop) into various other types of
cells or tissues (25). Stem cells are commonly defined as either embryonic/fetal or adult/postnatal (26). We prefer the term embryonic,
rather than fetal, because the majority of these cells are embryonic. We
also prefer the term postnatal, rather than adult, because these same
cells are present in babies, infants, and children. The reason why it is
important to distinguish between embryonic and postnatal stem cells is
because these cells have a different potential for developing into various
specialized cells (i.e. plasticity). Researchers have traditionally found
the plasticity of embryonic stem cells to be much greater than that of
postnatal stem cells, but recent studies indicate that postnatal stem cells
are more plastic than first imagined (27). The plasticity of the stem cell
defines its ability to produce cells of different tissues (28). Stem cells are
also commonly subdivided into totipotent, pluripotent, and multipotent
categories according to their plasticity, as shown in Table 1.
The greater plasticity of the embryonic stem cells makes these cells
more valuable among researchers for developing new therapies (29).
However, the sourcing of embryonic stem cells is controversial and is
surrounded by ethical and legal issues, which reduces the attractiveness
of these cells for developing new therapies. This explains why many
researchers are now focusing attention on developing stem cell therapies using postnatal stem cells donated by the patients themselves or
their close relatives. The application of postnatal stem cell therapy was
launched in 1968, when the first allogenic bone marrow transplant was
successfully used in the treatment of severe combined immunodeficiency (30). Since the 1970s, bone marrow transplants have been used
to successfully treat leukemia, lymphoma, various anemias, and genetic
disorders (31). Postnatal stem cells have been sourced from umbilical
cord blood, umbilical cord, bone marrow, peripheral blood, body fat,
and almost all body tissues (32), including the pulp tissue of teeth (33).
One of the first stem cell researchers was Dr. John Enders, who
received the 1954 Nobel Prize in medicine for growing polio virus in

TABLE 1. Types of stem cells
Stem cell type

Cell Plasticity

Source of stem cell

Totipotent
Pluripotent
Multipotent

Each cell can develop into a new individual
Cells can form any (over 200) cell types
Cells differentiated, but can form a number
of other tissues

Cells from early (1–3 days) embryos
Some cells of blastocyst (5–14 days)
Fetal tissue, cord blood, and postnatal stem cells including
dental pulp stem cells
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human embryonic kidney cells (34). In 1998, Dr. James Thomson,
isolated cells from the inner cell mass of the early embryo and developed the first human embryonic stem cell lines (35). In 1998, Dr. John
Gearhart derived human embryonic germ cells from cells in fetal gonadal tissue (primordial germ cells) (36). Pluripotent stem cell lines
were developed from donated embryonic cells. In 2001, the president
of the United States, George W. Bush, restricted federal funding to preexisting embryonic cell lines. Of these 78 preexisting embryonic cells
lines, 7 were duplicates, 31 were not available, 16 died after thawing,
and 2 were withdrawn or are still in development, and the remaining 22
available cell lines did not prove to be very useful to many scientists
(37). This restricted most U.S.-based researchers from working on
embryonic stem cells. The legal limitations and the great ethical debate
related to the use of embryonic stem cells must be resolved before the
great potential of donated embryonic stem cells can be used to regenerate diseased, damaged, and missing tissues as part of future medical
treatments. Accordingly, there is increased interest in autogenous postnatal stem cells as an alternative source for clinical applications, because these cells are readily available and have no immunogenicity
issues, even though they may have reduced plasticity.
Stem cells are often categorized by their source: The most practical
clinical application of a stem cell therapy would be to use a patient’s own
donor cells. Autologous stem cells are obtained from the same individual to whom they will be implanted. Bone marrow harvesting of a patient’s own stem cells and their reimplantation back to the same patient
represents one clinical application of autogenous postnatal stem cells.
Stem cells could be taken from the bone marrow (38), peripheral blood
(39), fat removed by liposuction (40), the periodontal ligament (41),
oral mucosa, or skin. An example of an autologous cell bank is one that
stores umbilical cord stem cells (42). From a medical perspective,
among the most valuable stem cells are those capable of neuronal
differentiation, because these cells have the potential to be transformed
into different cell morphologies in vitro, using lineage-specific induction factors; these include neuronal, adipogenic, chondrogenic, myogenic, and osteogenic cells (43, 44). It may be possible to use neuronal
stem cells from adipose fat (43, 44) as part of regenerative medicine
instead of bone marrow cells, possibly providing a less painful and less
threatening alternative collection method. A company called MacroPore
Biosurgery/Cytori Therapeutics Inc. is commercializing this approach,
using a 1-hour process for human stem cell purification. Autologous
stem cells have the fewest problems with immune rejection and pathogen transmission (45). Harvesting the patient’s own cells makes them
the least expensive to obtain and avoids legal and ethical concerns (46).
However, in some cases suitable donor cells may not be available.
This concern applies to very ill or elderly persons. One potential
disadvantage of harvesting cells from patients is that surgical operations
might lead to postoperative sequelae, such as donor site infection (47).
Autologous postnatal stem cells also must be isolated from mixed tissues
and possibly expanded in number before they can be used. This takes
time, so certain autologous regenerative medicine solutions may not be
very quick. To accomplish endodontic regeneration, the most promising cells are autologous postnatal stem cells (48-51), because these
appear to have the fewest disadvantages that would prevent them from
being used clinically.
Allogenic cells originate from a donor of the same species (52).
Examples of donor allogenic cells include blood cells used for a blood
transfusion (53), bone marrow cells used for a bone marrow transplant
(54), and donated egg cells used for in vitro transplantation (55). These
donated cells are often stored in a cell bank, to be used by patients
requiring them. In contrast to the application of donated cells, there are
some ethical and legal constraints to the use of human cell lines to
accomplish regenerative medicine (56). The use of preexisting cell
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lines and cell organ cultures removes the problems of harvesting cells
from the patient and waiting weeks for replacement tissues to form in
cell organ-tissue cultures (57). However, the most serious disadvantages of using preexisting cell lines from donors to treat patients are the
risks of immune rejection and pathogen transmission (45). The use of
donated allogenic cells, such as dermal fibroblasts from human foreskin, has been demonstrated to be immunologically safe and thus a
viable choice for tissue engineering of skin for burn victims (58). The
FDA has approved several companies producing skin for burn victims
using donated dermal fibroblasts (59). The same technology may be
applied to replace pulp tissues after root canal therapy, but it has not yet
been evaluated and published.
Xenogenic cells are those isolated from individuals of another
species. Pig tooth pulp cells have been transplanted into mice, and these
have formed tooth crown structures (60, 61). This suggests it is feasible
to accomplish the reverse therapy, eventually using donated animal pulp
stem cells to create tooth tissues in humans. In particular, animal cells
have been used quite extensively in experiments aimed at the construction of cardiovascular implants (62). The harvesting of cells from donor
animals removes most of the legal and ethical issues associated with
sourcing cells from other humans. However, many problems remain,
such as the high potential for immune rejection and pathogen transmission from the donor animal to the human recipient (46). The future use
of xenogenic stem cells is uncertain, and largely depends on the success
of the other available stem cell therapies. If the results of allogenic and
autologous pulp stem cell tissue regeneration are disappointing, then
the use of xenogenic endodontic cells remains a viable option for developing an endodontic regeneration therapy.

Pulp Stem Cells
The dental pulp contains a population of stem cells, called pulp
stem cells (63, 64) or, in the case of immature teeth, stem cells from
human exfoliated deciduous teeth (SHED) (65, 66). Sometimes pulp
stem cells are called odontoblastoid cells, because these cells appear to
synthesize and secrete dentin matrix like the odontoblast cells they
replace (67). After severe pulp damage or mechanical or caries exposure, the odontoblasts are often irreversibly injured beneath the wound
site (68, 69). Odontoblasts are postmitotic terminally differentiated
cells, and cannot proliferate to replace subjacent irreversibly injured
odontoblasts (70). The source of the odontoblastoid cells that replace
the odontoblasts and secrete reparative dentin bridges has proven to be
controversial. Initially, the replacement of irreversibly injured odontoblasts by predetermined odontoblastoid cells that do not replicate their
DNA after induction was suggested. It was proposed that the cells within
the subodontoblast cell–rich layer or zone of Hohl adjacent to the
odontoblasts (71) differentiate into odontoblastoids. However, the purpose of these cells appears to be limited to an odontoblast-supporting
role, as the survival of these cells was linked to the survival of the
odontoblasts and no proliferative or regenerative activity was observed
(68, 69). The use of tritiated thymidine to study cellular division in the
pulp by autoradiography after damage (72) revealed a peak in fibroblast activity close to the exposure site about 4 days after successful pulp
capping of monkey teeth (73). An additional autoradiographic study of
dentin bridge formation in monkey teeth, after calcium hydroxide direct
pulp capping for up to 12 days (74), has revealed differences in the
cellular labeling depending on the location of the wound site. Labeling
of specific cells among the fibroblasts and perivascular cells shifted
from low to high over time if the exposure was limited to the odontoblastic layer and the cell-free zone, whereas labeling changed from high
to low if the exposure was deep into the pulpal tissue. More cells were
labeled close to the reparative dentin bridge than in the pulp core. The
autoradiographic findings did not show any labeling in the existing
Regenerative Endodontics
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odontoblast layer, or in a specific pulp location. This provided support
for the theory that the progenitor stem cells for the odontoblastoid cells
are resident undifferentiated mesenchymal cells (75). The origins of
these cells may be related to the primary odontoblasts, because during
tooth development, only the neural crest– derived cell population of the
dental papilla is able to specifically respond to the basement membrane–mediated inductive signal for odontoblast differentiation (76,
77). The ability of both young and old teeth to respond to injury by
induction of reparative dentinogenesis suggests that a small population
of competent progenitor pulp stem cells may exist within the dental pulp
throughout life. However, the debate on the nature of the precursor pulp
stem cells giving rise to the odontoblastoid cells, as well as questions
concerning the heterogeneity of the dental pulp population in adult
teeth, remain to be resolved (78). Information on the mechanisms by
which these cells are able to detect and respond to tooth injury is scarce,
but this information will be valuable for use in developing tissue engineering and regenerative endodontic therapies.
One of the most significant obstacles to overcome in creating replacement pulp tissue for use in regenerative endodontics is to obtain
progenitor pulp cells that will continually divide and produce cells or
pulp tissues that can be implanted into root canal systems. Possibilities
are the development of an autogenous human pulp stem cell line that is
disease- and pathogen-free, and/or the development of a tissue biopsy
transplantation technique using cells from the oral mucosa, as examples. The use of a human pulp stem cell line has the advantage that
patients do not need to provide their own cells through a biopsy, and
that pulp tissue constructs can be premade for quick implantation when
they are needed. If a patient provides their own tissue to be used to
create a pulp tissue construct, it is possible that the patient will have to
wait some time until the cells have been purified and/or expanded in
number. This latter point is based on the finding that many adult tissues
contain only 1 to 4% stem cells (79), so purification is needed, and
expansion of cell numbers would permit collection of smaller tissue
biopsies. Alternatively, larger sources of autologous tissue might be
required. The sourcing of stem cells to be used in endodontic, dental,
and medical therapies is a significant limiting factor in the development
of new therapies and should be a major research priority.

Stem Cell Identification
Stem cells can be identified and isolated from mixed cell populations by four commonly used techniques: (a) staining the cells with
specific antibody markers and using a flow cytometer, in a process
called fluorescent antibody cell sorting (FACS); (b) immunomagnetic
bead selection; (c) immunohistochemical staining; and (d) physiological and histological criteria, including phenotype (appearance), chemotaxis, proliferation, differentiation, and mineralizing activity. FACS
together with the protein marker CD34 is widely used to separate human
stem cells expressing CD34 from peripheral blood, umbilical cord
blood, and cell cultures (80). Different types of stem cells often express
different proteins on their membranes and are therefore not identified
by the same stem cell protein marker. The most studied dental stem
cells are those of the dental pulp. Human pulp stem cells express von
Willebrand factor CD146, alpha-smooth muscle actin, and 3G5 proteins
(81). Human pulp stem cells also have a fibroblast phenoptype, with
specific proliferation, differentiation, and mineralizing activity patterns
(82).
Growth Factors
Growth factors are proteins that bind to receptors on the cell and
induce cellular proliferation and/or differentiation (83). Many growth
factors are quite versatile, stimulating cellular division in numerous cell
types, while others are more cell specific (84). The names of individual
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growth factors often have little to do with their most important functions
and exist because of the historical circumstances under which they
arose. For example, fibroblast growth factor (FGF) was found in a cow
brain extract by Gospadarowicz and colleagues (85) and tested in a
bioassay which caused fibroblasts to proliferate. Currently, a variety of
growth factors have been identified, with specific functions that can be
used as part of stem cell and tissue engineering therapies (86 – 88).
Many growth factors can be used to control stem cell activity, such as by
increasing the rate of proliferation, inducing differentiation of the cells
into another tissue type, or stimulating stem cells to synthesize and
secrete mineralized matrix (89 –91). A summary of the source, activity
and usefulness of common growth factors is shown in Table 2.
If regenerative endodontics is to have a significant effect on clinical
practice, it must primarily focus on providing effective therapies for
regenerating functioning pulp tissue and, ideally, restoring lost dentinal
structure. Toward this aim, increased understanding of the biological
processes mediating tissue repair has allowed some investigators to
mimic or supplement tooth reparative responses. Dentin contains many
proteins capable of stimulating tissue responses. Demineralization of
the dental tissues can lead to the release of growth factors following the
application of cavity etching agents, restorative materials, and even caries (92). Indeed, it is likely that much of the therapeutic effect of calcium hydroxide may be because of its extraction of growth factors from
the dentin matrix (93). Once released, these growth factors may play
key roles in signaling many of the events of tertiary dentinogenesis, a
response of pulp-dentin repair (94, 95).
Growth factors, especially those of the transforming growth factorbeta (TGF␤) family, are important in cellular signaling for odontoblast
differentiation and stimulation of dentin matrix secretion. These growth
factors are secreted by odontoblasts and deposited within the dentin
matrix (96), where they remain protected in an active form through
interaction with other components of the dentin matrix (97). The addition of purified dentin protein fractions has stimulated an increase in
tertiary dentin matrix secretion (98).
Another important family of growth factors in tooth development
(99) and regeneration (100) consists of the bone morphogenic proteins (BMPs). Recombinant human BMP2 stimulates differentiation of
adult pulp stem cells into an odontoblastoid morphology in culture
(101–103). The similar effects of TGF B1-3 and BMP7 have been demonstrated in cultured tooth slices (104, 105). Recombinant BMP-2, -4,
and -7 induce formation of reparative dentin in vivo (106 –108). The
application of recombinant human insulin-like growth factor-1 together
with collagen has been found to induce complete dentin bridging and
tubular dentin formation (109). This indicates the potential of adding
growth factors before pulp capping, or incorporating them into restorative and endodontic materials to stimulate dentin and pulp regeneration. In the longer term, growth factors will likely be used in conjunction
with postnatal stem cells to accomplish the tissue engineering replacement of diseased tooth pulp.

An Overview of Potential Technologies for
Regenerative Endodontics
We have identified several major areas of research that might have
application in the development of regenerative endodontic techniques.
These techniques are (a) root canal revascularization via blood clotting,
(b) postnatal stem cell therapy, (c) pulp implantation, (d) scaffold
implantation, (e) injectable scaffold delivery, (f) three-dimensional cell
printing, and (g) gene delivery. These regenerative endodontic techniques are based on the basic tissue engineering principles already
described and include specific consideration of cells, growth factors,
and scaffolds.
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TABLE 2. The source, activity and usefulness of common growth factors
Abbreviation

Factor

Primary Source

Activity

Usefulness

BMP induces differentiation of
osteoblasts and
mineralization of bone
CSFs are cytokines that
stimulate the proliferation
of specific pluripotent bone
stem cells
EGF promotes proliferation of
mesenchymal, glial and
epithelial cells
FGF promotes proliferation of
many cells
IGF promotes proliferation of
many cell types
IL are cytokines which
stimulate the humoral and
cellular immune responses
PDGF promotes proliferation
of connective tissue, glial
and smooth muscle cells
TGF-␣ may be important for
normal wound healing

BMP is used to make stem
cells synthesize and
secrete mineral matrix
CSF can be used to increase
stem cell numbers

BMP

Bone morphogenetic
proteins

Bone matrix

CSF

Colony stimulating
factor

A wide range of cells

EGF

Epidermal growth
factor

Submaxillary glands

FGF

Fibroblast growth
factor
Insulin-like growth
factor-I or II
Interleukins IL-1 to
IL-13

A wide range of cells

PDGF

Platelet-derived
growth factor

Platelets, endothelial cells,
placenta

TGF-␣

Transforming
growth factoralpha
Transforming
growth factor-beta

Macrophages, brain cells,
and keratinocytes
Dentin matrix, activated
TH1 cells (T-helper) and
natural killer (NK) cells

TGF-␤ is anti-inflammatory,
promotes wound healing,
inhibits macrophage and
lymphocyte proliferation

Nerve growth factor

A protein secreted by a
neuron’s target tissue

NGF is critical for the survival
and maintenance of
sympathetic and sensory
neurons.

IGF
IL

TGF-␤

NGF

I - liver II–variety of cells
Leukocytes

Root Canal Revascularization via Blood Clotting
Several case reports have documented revascularization of necrotic root canal systems by disinfection followed by establishing bleeding into the canal system via overinstrumentation (110 –112). An important aspect of these cases is the use of intracanal irrigants (NaOCl
and chlorhexdine) with placement of antibiotics (e.g. a mixture of ciprofloxacin, metronidazole, and minocycline paste) for several weeks.
This particular combination of antibiotics effectively disinfects root canal systems (113–115) and increases revascularization of avulsed and
necrotic teeth (116, 117), suggesting that this is a critical step in revascularization. The selection of various irrigants and medicaments is worthy of additional research, because these materials may confer several
important effects for regeneration in addition to their antimicrobial
properties. For example, tetracycline enhances the growth of host cells
on dentin, not by an antimicrobial action, but via exposure of embedded
collagen fibers or growth factors (118). However, it is not yet know if
minocycline shares this effect and whether these additional properties
might contribute to successful revascularization.
Although these case reports are largely from teeth with incomplete
apical closures, it has been noted that reimplantation of avulsed teeth
with an apical opening of approximately 1.1 mm demonstrate a greater
likelihood of revascularization (119). This finding suggests that revascularization of necrotic pulps with fully formed (closed) apices might
require instrumentation of the tooth apex to approximately 1 to 2 mm in
apical diameter to allow systemic bleeding into root canal systems.
Clearly, the development of regenerative endodontic procedures may
require reexamination of many of the closely held precepts of traditional
endodontic procedures. The revascularization method assumes that the
root canal space has been disinfected and that the formation of a blood
clot yields a matrix (e.g., fibrin) that traps cells capable of initiating new
tissue formation. It is not clear that the regenerated tissue’s phenotype
JOE — Volume 33, Number 4, April 2007

EGF can be used to
increase stem cell
numbers
FGF can be used to increase
stem cell numbers
IGF can be used to increase
stem cell numbers
Promotes inflammatory cell
activity
PDGF can be used to
increase stem cell
numbers
Induces epithelial and
tissue structure
development
TGF-␤1 is present in dentin
matrix and has been
used to promote
mineralization of pulp
tissue
Promotes neuron
outgrowth and neural
cell survival

resembles dental pulp; however, case reports published to date do
demonstrate continued root formation and the restoration of a positive
response to thermal pulp testing (110). Another important point is that
younger adult patients generally have a greater capacity for healing
(120).
There are several advantages to a revascularization approach.
First, this approach is technically simple and can be completed using
currently available instruments and medicaments without expensive
biotechnology. Second, the regeneration of tissue in root canal systems
by a patient’s own blood cells avoids the possibility of immune rejection
and pathogen transmission from replacing the pulp with a tissue engineered construct. However, several concerns need to be addressed in
prospective research. First, the case reports of a blood clot having the
capacity to regenerate pulp tissue are exciting, but caution is required,
because the source of the regenerated tissue has not been identified.
Animal studies and more clinical studies are required to investigate the
potential of this technique before it can be recommended for general
use in patients. Generally, tissue engineering does not rely on blood clot
formation, because the concentration and composition of cells trapped
in the fibrin clot is unpredictable. This is a critical limitation to a blood
clot revascularization approach, because tissue engineering is founded
on the delivery of effective concentrations and compositions of cells to
restore function. It is very possible that variations in cell concentration
and composition, particularly in older patients (where circulating stem
cell concentrations may be lower) may lead to variations in treatment
outcome. On the other hand, some aspects of this approach may be
useful; plasma-derived fibrin clots are being used for development as
scaffolds in several studies (121). Second, enlargement of the apical
foramen is necessary to promote vascularizaton and to maintain initial
cell viability via nutrient diffusion. Related to this point, cells must have
an available supply of oxygen; therefore, it is likely that cells in the
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coronal portion of the root canal system either would not survive or
would survive under hypoxic conditions before angiogenesis. Interestingly, endothelial cells release soluble factors under hypoxic conditions
that promote cell survival and angiogenesis, whereas other cell types
demonstrate similar responses to low oxygen availability (122–126).

Postnatal Stem Cell Therapy
The simplest method to administer cells of appropriate regenerative potential is to inject postnatal stem cells into disinfected root canal
systems after the apex is opened. Postnatal stem cells can be derived
from multiple tissues, including skin, buccal mucosa, fat, and bone
(127). A major research obstacle is identification of a postnatal stem
cell source capable of differentiating into the diverse cell population
found in adult pulp (e.g., fibroblasts, endothelial cells, odontoblasts).
Technical obstacles include the development of methods for harvesting
and any necessary ex vivo methods required to purify and/or expand cell
numbers sufficiently for regenerative endodontic applications.
One possible approach would be to use dental pulp stem cells
derived from autologous (patient’s own) cells that have been taken
from a buccal mucosal biopsy, or umbilical cord stem cells that have
been cryogenically stored after birth; an allogenic purified pulp stem
cell line that is disease- and pathogen-free; or xenogneic (animal) pulp
stem cells that have been grown in the laboratory. It is important to note
that no purified pulp stem cell lines are presently available, and that the
mucosal tissues have not yet been evaluated for stem cell therapy. Although umbilical cord stem cell collection is advertised primarily to be
used as part of a future medical therapy, these cells have yet to be used
to engineer any tissue constructs for regenerative medical therapies.
There are several advantages to an approach using postnatal stem
cells. First, autogenous stem cells are relatively easy to harvest and to
deliver by syringe, and the cells have the potential to induce new pulp
regeneration. Second, this approach is already used in regenerative
medical applications, including bone marrow replacement, and a recent review has described several potential endodontic applications
(4). However, there are several disadvantages to a delivery method of
injecting cells. First, the cells may have low survival rates. Second, the
cells might migrate to different locations within the body (128), possibly
leading to aberrant patterns of mineralization. A solution for this latter
issue may be to apply the cells together with a fibrin clot or other
scaffold material. This would help to position and maintain cell localization. In general, scaffolds, cells, and bioactive signaling molecules
are needed to induce stem cell differentiation into a dental tissue type
(129). Therefore, the probability of producing new functioning pulp
tissue by injecting only stem cells into the pulp chamber, without a
scaffold or signaling molecules, may be very low. Instead, pulp regeneration must consider all three elements (cells, growth factors, and
scaffold) to maximize potential for success.
Pulp Implantation
The majority of in vitro cell cultures grow as a single monolayer
attached to the base of culture flasks. However, some stem cells do not
survive unless they are grown on top of a layer of feeder cells (130). In
all of these cases, the stem cells are grown in two dimensions. In theory,
to take two-dimensional cell cultures and make them three-dimensional, the pulp cells can be grown on biodegradable membrane filters.
Many filters will be required to be rolled together to form a threedimensional pulp tissue, which can be implanted into disinfected root
canal systems. The advantages of this delivery system are that the cells
are relatively easy to grow on filters in the laboratory. The growth of cells
on filters has been accomplished for several decades, as this is how the
cytotoxicity of many test materials is evaluated (131). Moreover, aggregated sheets of cells are more stable than dissociated cells administered
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by injection into empty root canal systems. The potential problems
associated with the implantation of sheets of cultured pulp tissue is that
specialized procedures may be required to ensure that the cells properly adhere to root canal walls. Sheets of cells lack vascularity, so only
the apical portion of the canal systems would receive these cellular
constructs, with coronal canal systems filled with scaffolds capable of
supporting cellular proliferation (132). Because the filters are very thin
layers of cells, they are extremely fragile, and this could make them
difficult to place in root canal systems without breakage.
In pulp implantation, replacement pulp tissue is transplanted into
cleaned and shaped root canal systems. The source of pulp tissue may
be a purified pulp stem cell line that is disease or pathogen-free, or is
created from cells taken from a biopsy, that has been grown in the
laboratory. The cultured pulp tissue is grown in sheets in vitro on biodegradable polymer nanofibers or on sheets of extracellular matrix
proteins such as collagen I or fibronectin (133, 134). So far, growing
dental pulp cells on collagens I and III has not proved to be successful
(135), but other matrices, including vitronectin and laminin, require
investigation. The advantage of having the cells aggregated together is
that it localizes the postnatal stem cells in the root canal system. The
disadvantage of this technique is that implantation of sheets of cells may
be technically difficult. The sheets are very thin and fragile, so research
is needed to develop reliable implantation techniques. The sheets of
cells also lack vascularity, so they would be implanted into the apical
portion of the root canal system with a requirement for coronal delivery
of a scaffold capable of supporting cellular proliferation. Cells located
more than 200 m from the maximum oxygen diffusion distance from
a capillary blood supply are at risk of anoxia and necrosis (136). The
development of this endodontic tissue engineering therapy appears to
present low health hazards to patients, although concerns over immune
responses and the possible failure to form functioning pulp tissue must
be addressed through careful in vivo research and controlled clinical
trials.

Scaffold Implantation
To create a more practical endodontic tissue engineering therapy,
pulp stem cells must be organized into a three-dimensional structure
that can support cell organization and vascularization. This can be accomplished using a porous polymer scaffold seeded with pulp stem
cells (137). A scaffold should contain growth factors to aid stem cell
proliferation and differentiation, leading to improved and faster tissue
development (138). Growth factors were described in the previous
section. The scaffold may also contain nutrients promoting cell survival
and growth (139), and possibly antibiotics to prevent any bacterial
in-growth in the canal systems. The engineering of nanoscaffolds may be
useful in the delivery of pharmaceutical drugs to specific tissues (140).
In addition, the scaffold may exert essential mechanical and biological
functions needed by replacement tissue (141). In pulp-exposed teeth,
dentin chips have been found to stimulate reparative dentin bridge
formation (142). Dentin chips may provide a matrix for pulp stem cell
attachment (143) and also be a reservoir of growth factors (144). The
natural reparative activity of pulp stem cells in response to dentin chips
provides some support for the use of scaffolds to regenerate the pulpdentin complex.
To achieve the goal of pulp tissue reconstruction, scaffolds must
meet some specific requirements. Biodegradability is essential, since
scaffolds need to be absorbed by the surrounding tissues without the
necessity of surgical removal (145). A high porosity and an adequate
pore size are necessary to facilitate cell seeding and diffusion throughout the whole structure of both cells and nutrients (146). The rate at
which degradation occurs has to coincide as much as possible with the
rate of tissue formation; this means that while cells are fabricating their
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own natural matrix structure around themselves, the scaffold is able to
provide structural integrity within the body, and it will eventually break
down, leaving the newly formed tissue that will take over the mechanical
load (147).
Most of the scaffold materials used in tissue engineering have had
a long history of use in medicine as bioresorbable sutures and as
meshes used in wound dressings (148). The types of scaffold materials
available are natural or synthetic, biodegradable or permanent. The
synthetic materials include polylactic acid (PLA), polyglycolic acid
(PGA), and polycaprolactone (PCL), which are all common polyester
materials that degrade within the human body (149). These scaffolds
have all been successfully used for tissue engineering applications because they are degradable fibrous structures with the capability to support the growth of various different stem cell types. The principal drawbacks are related to the difficulties of obtaining high porosity and
regular pore size. This has led researchers to concentrate efforts to
engineer scaffolds at the nanostructural level to modify cellular interactions with the scaffold (150). Scaffolds may also be constructed from
natural materials; in particular, different derivatives of the extracellular
matrix have been studied to evaluate their ability to support cell growth
(151). Several proteic materials, such as collagen or fibrin, and polysaccharidic materials, like chitosan or glycosaminoglycans (GAGs),
have not been well studied. However, early results are promising in
terms of supporting cell survival and function (152, 153), although
some immune reactions to these types of materials may threaten their
future use as part of regenerative medicine.

Injectable Scaffold Delivery
Rigid tissue engineered scaffold structures provide excellent support for cells used in bone and other body areas where the engineered
tissue is required to provide physical support (154). However, in root
canal systems a tissue engineered pulp is not required to provide structural support of the tooth. This will allow tissue engineered pulp tissue
to be administered in a soft three-dimensional scaffold matrix, such as
a polymer hydrogel. Hydrogels are injectable scaffolds that can be delivered by syringe (155, 156). Hydrogels have the potential to be noninvasive and easy to deliver into root canal systems. In theory, the hydrogel may promote pulp regeneration by providing a substrate for cell
proliferation and differentiation into an organized tissue structure
(157). Past problems with hydrogels included limited control over tissue formation and development, but advances in formulation have dramatically improved their ability to support cell survival (158). Despite
these advances, hydrogels at are at an early stage of research, and this
type of delivery system, although promising, has yet to be proven to be
functional in vivo. To make hydrogels more practical, research is focusing on making them photopolymerizable to form rigid structures
once they are implanted into the tissue site (159).
Three-Dimensional Cell Printing
The final approach for creating replacement pulp tissue may be to
create it using a three-dimensional cell printing technique (160). In
theory, an ink-jet-like device is used to dispense layers of cells suspended in a hydrogel (161) to recreate the structure of the tooth pulp
tissue. The three-dimensional cell printing technique can be used to
precisely position cells (162), and this method has the potential to
create tissue constructs that mimic the natural tooth pulp tissue structure. The ideal positioning of cells in a tissue engineering construct
would include placing odontoblastoid cells around the periphery to
maintain and repair dentin, with fibroblasts in the pulp core supporting
a network of vascular and nerve cells. Theoretically, the disadvantage of
using the three-dimensional cell printing technique is that careful orientation of the pulp tissue construct according to its apical and coronal
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asymmetry would be required during placement into cleaned and
shaped root canal systems. However, early research has yet to show that
three-dimensional cell printing can create functional tissue in vivo
(163).

Gene Therapy
The year 2003 marked a major milestone in the realm of genetics
and molecular biology. That year marked the 50th anniversary of the
discovery of the double-helical structure of DNA by Watson and Crick.
On April 14, 2003, 20 sequencing centers in five different countries
declared the human genome project complete. This milestone will
make possible new medical treatments involving gene therapy (164).
All human cells contain a 1-m strand of DNA containing 3 billion base
pairs, with the sole exception of nonnucleated cells, such as red blood
cells. The DNA contains genetic sequences (genes) that control cell
activity and function; one of the most well known genes is p53 (165).
New techniques involving viral or nonviral vectors can deliver genes for
growth factors, morphogens, transcription factors, and extracellular
matrix molecules into target cell populations, such as the salivary gland
(166). Viral vectors are modified to avoid the possibility of causing
disease, but still retain the capacity for infection. Several viruses have
been genetically modified to deliver genes, including retroviruses, adenovirus, adenoassociated virus, herpes simplex virus, and lentivirus
(167, 168). Nonviral gene delivery systems include plasmids, peptides,
gene guns, DNA-ligand complexes, electroporation, sonoporation, and
cationic liposomes (169, 170). The choice of gene delivery system
depends on the accessibility and physiological characteristics of the
target cell population.
A recent review has discussed the use of gene delivery in regenerative endodontics (4). One use of gene delivery in endodontics would be
to deliver mineralizing genes into pulp tissue to promote tissue mineralization. However, a literature search indicates there has been little or
no research in this field, except for the work of Rutherford (171). He
transfected ferret pulps with cDNA-transfected mouse BMP-7 that failed
to produce a reparative response, suggesting that further research is
needed to optimize the potential of pulp gene therapy. Our own unpublished observations (P.M.) of inserting mineralizing genes by electroporation into cultures of pulp stem cells have yet to prove successful,
suggesting there remains much to be accomplished to use gene therapy
as part of endodontic treatment. Moreover, potentially serious health
hazards exist with the use of gene therapy; these arise from the use of the
vector (gene transfer) system, rather than the genes expressed (167).
The FDA did approve research into gene therapy involving terminally ill
humans, but approval was withdrawn in 2003 after a 9-year-old boy
receiving gene therapy was found to have developed tumors in different
parts of his body (172). Researchers must learn how to accurately
control gene therapy and make it very cell specific to develop a gene
therapy that is safe to be used clinically. Because of the apparent high
risk of health hazards, the development of a gene therapy to accomplish
endodontic treatment seems very unlikely in the near future. The advantages and disadvantages of these development issues for regenerative
endodontic techniques are summarized in Table 3. Gene therapy is a
relatively new field, and evidence is lacking to demonstrate that this
therapy has the potential to rescue necrotic pulp. At this time, the potential benefits and disadvantages are largely theoretical.

A Call to Action: Research Priorities for Developing
Regenerative Endodontic Techniques
The following represents an initial framework to identify major
research priorities in developing regenerative endodontic techniques.
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Figure 2. Stem cell obturation of root canals after root dentin irrigation with 6%
NaOCl and 17% EDTA. Periodontal stem cells were seeded onto dentin matrix
for 1 week in a tissue-culture incubator in the absence of a scaffold. This
treatment mimics the use of oral mucosal cells for pulp tissue replacement after
cleaning and shaping (unpublished).

They are not listed in order of priority, but rather in the approximate
sequence that they might be applied in a particular case.

Improved Methods to Disinfect and Shape Root
Canal Systems
The simplest approach to pulp tissue regeneration would be to
regrow pulp over remaining pulp tissue. However, attempts to regenerate pulp tissue under conditions of inflammation or partial necrosis
have proved unsuccessful (173), and it is generally recognized that the
long-term prognosis of direct pulp capping infected tissue is poor and
not recommended (174). In the presence of infection, the pulp stem
cells that survive appear to be incapable of mineralization and deposition of a tertiary dentin bridge. Therefore, the majority of the available
evidence suggests that necrotic and infected tooth pulp does not heal.
Therefore, in the foreseeable future, it will be necessary to disinfect the
root canal systems and remove infected hard and soft tissues before
using regenerative endodontic treatments.
The literature contains no or few reports of pulp stem cell attachment and adherence to root canal dentin. One of us (P.M.) has completed several unpublished investigations of the interactions between
periodontal stem cells and the dentin surface. Our initial unpublished
results show that relatively few periodontal stem cells will naturally
attach and grow on cleaned and shaped root canal systems, as can be
seen in Fig. 2, and even fewer cells attach to a dentin smear layer. To
successfully attach and adhere to root canal dentin, the stem cells must
be supported within a polymer or hydrogel scaffold. Furthermore, we
JOE — Volume 33, Number 4, April 2007

have observed that pulp stem cells, periodontal stem cells, and fibroblasts do not adhere and grow in infected root canal systems; the presence of infection renders the treatment unsuccessful (unpublished observations). This indicates that for regenerative endodontics to be
successful, the disinfection of necrotic root canal systems must be accomplished in a fashion that does not impede the healing and integration of tissue engineered pulp with the root canal walls. Moreover, the
inclusion of a small local amount of antibiotics may need to be considered in developing these biodegradable scaffolds.
Substantial numbers of bacterial species have been identified as
inhabitants of the oral cavity. However, because of bacterial interactions, nutrient availability and low oxygen potentials in root canal systems, the numbers of bacterial species present in endodontic infections
are restricted (175). These selective conditions lead to the predominance of facultative and strictly anaerobic microorganisms that survive
and multiply, causing infections that stimulate local bone resorption
(176). Disinfection is one of the main objectives of root canal preparation. Thorough disinfection removes microorganisms, permits better
adaptation of filling materials, and enhances the action of the intracanal
medicaments. The choice of an irrigant is of great importance, because
the irrigant acts as a lubricant during instrumentation, flushes debris
and microorganisms out of the canal, and reacts with pulp, necrotic
tissues, and microorganisms and their subproducts. Sodium hypochlorite has been extensively used for several decades for this purpose
(177). Its excellent properties of tissue dissolution and antimicrobial
activity make it the irrigant of choice for the treatment of teeth with pulp
necrosis, even though it has several undesirable characteristics, such as
tissue toxicity at high concentrations and so forth (178, 179). Moreover, sodium hypochlorite does not totally clean the surfaces of the root
canal systems (180). Chlorhexidine gluconate has been studied for its
various properties, antimicrobial activity (181, 182), and biocompatibility (182), with the objective of evaluating it as an alternative to
sodium hypochlorite (183, 184). Disinfection of bacteria is clinically
important, particularly Enterococcus faecalis, because it has been isolated from infected root canal systems and appears more frequently in
cases of revisional endodontic treatment (185, 186).
Regenerative endodontics would benefit from a new generation of
irrigants that are as effective as current irrigants, but are nonhazardous
to patient tissues. One such irrigation solution under development is
based on a plant extract by us (P.M.), which suggests that there are
many natural compounds (187) able to clean and disinfect root canal
systems, with greatly reduced risk of tissue toxicity. This is an important
area of research, because development of the ideal disinfectant, irrigant, and chelating agent would benefit patients and the profession.

Smear Layer Removal
The presence of a smear layer on root canal walls may inhibit the
adherence of implanted pulp stem cells, potentially causing the regenerative endodontic treatment to fail. Improved methods to remove the
smear layer from the root canal walls appear to be necessary to help
promote the success of regenerative endodontics. The smear layer is a
1- to 5-m-thick layer (188) of denatured cutting debris produced on
instrumented cavity surfaces, and is composed of dentin, odontoblastic
processes, nonspecific inorganic contaminants, and microorganisms
(189, 190). The removal of the smear layer from the instrumented root
canal walls is becoming less controversial in clinical practice (191). Its
removal provides better sealing of the endodontic filling material to
dentin, and avoids the leakage of microorganisms into oral tissues
(192). Chemical chelating agents are used to remove the smear layer
from root canal walls, most commonly a 17% solution of ethylenediaminetetraacetic acid (EDTA) that is applied as a final flush (193). Several other solutions have been investigated for removing smear layers,
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including doxycycline, a tetracycline congener (194); citric acid (195);
and, most recently, MTAD (196). MTAD is an aqueous solution of 3%
doxycycline, 4.25% citric acid, and 0.5% polysorbate 80 detergent
(197). This biocompatible intracanal irrigant (198) is commercially
available as a two-part set that is mixed on demand (BioPure MTAD,
DentsplyTulsa, Tulsa, OK). In this product, doxycycline hyclate is used
instead of its free base, doxycycline monohydrate, to increase the water
solubility of this broad spectrum antibiotic (199). MTAD has been reported to be effective in removing endodontic smear layers (200), eliminating microbes that are resistant to conventional endodontic irrigants
and dressings (201), and providing sustained antimicrobial activity
through the affinity of doxycycline to bind to dental hard tissues (202,
203). However, its interaction with regenerating pulpal tissue is unknown.

Engineering a Functional Pulp Tissue
The success of regenerative endodontic therapy is dependent on
the ability of researchers to create a technique that will allow clinicians
to create a functional pulp tissue within cleaned and shaped root canal
systems. The source of pulp tissue may be from root canal revascularization, which involves enlarging the tooth apex to approximately 1 to
2 mm to allow bleeding into root canals and generation of vital tissue
that appears capable of forming hard tissue under certain conditions;
stem cell therapy, involving the delivery of autologous or allogenic stem
cells into root canals; or pulp implantation, involving the surgical implantation of synthetic pulp tissue grown in the laboratory. Each of these
techniques to regenerate pulp tissue will have advantages and limitations that still have to be defined through basic science and clinical
research.
Delivery of Regenerative Endodontic Procedures
Ideally, the delivery of regenerative endodontic procedures must
be more clinically effective than current treatments. The method of
delivery must also be efficient, cost-effective, and free of health hazards
or side-effects to patients. A promising cellular source for regenerative
endodontic procedures is autogenous stem cells from oral mucosa. The
oral mucosa cells are readily accessible as a source of oral cells, which
avoids the problem of patients being required to store umbilical cord
blood or third molars immediately after extraction. It also avoids the
need for bone biopsies. The oral mucosa cells may be maintained using
in vitro cell culture with antibiotics to remove infection (204). The cells
may then be seeded in the apical 1 to 3 mm of a tissue engineering
scaffold with the remaining coronal 15⫹ mm containing an acellular
scaffold that supports cell growth and vascularization. This tissue construct may involve an injectable slurry of [hydrogel ⫹ cells⫹ X (growth
factors, etc)] or [hydrogel ⫹ X (growth factors, etc.)], then this twolayer method would be fairly easy to accomplish. Moreover, by seeding
cells only in the apical region, there is reduced demand for large numbers of cells derived from the host. Instead, most of the cellular proliferation would occur naturally in the patient. This would reduce the need
to grow large quantities of cells in the laboratory. Both these delivery
methods reduce the need for an autogenous pulp stem cell population
that will not be readily available to endodontists, because the teeth
requiring treatment are presumably infected and necrotic. This proposed delivery method would help avoid the potential for immune and
infection issues surrounding the use of an allogenic pulp stem cell line.
Of course, these alternative methods must be investigated using preclinical in vitro studies, usage studies in animals, and, eventually, clinical
trials.
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TABLE 4. Summary of the barriers to be addressed to permit the introduction
of regenerative endodontics
Disinfection and shaping of root canals in a fashion to permit
regenerative endodontics.
Chemomechanical debridement — cleaning and shaping root
canals
Irrigants — 6% sodium hypochlorite and 2% chlorhexidine
gluconate and alternatives
Medicaments — Calcium hydroxide, triple antibiotics, MTAD,
and alternatives
Creation of replacement pulp-dentin tissues
Pulp revascularization by apex instrumentation
Stem cells; allogenic, autologous, xenogenic, umbilical cord
sources
Growth factors; BMP-2, -4, -7; TGF-B1,-B2,-B3 among others
Gene therapy; identification of mineralizing genes
Tissue engineering; cell culture, scaffolds, hydrogels
Delivery of replacement pulp-dentin tissues
Surgical implantation methods
Injection site
Dental restorative materials
Improve the quality of sealing between restorative materials
and dentin
Ensure long-term sealing to prevent recurrent pulpitis
Measuring appropriate clinical outcomes
Vascular blood flow
Mineralizing odontoblastoid cells
Intact afferent innervations
Lack of signs or symptoms

Measuring Appropriate Clinical Outcomes
Once a tissue engineered pulp has been implanted, it is not ethical
to remove functioning tissues to conduct a histological analysis. Therefore, it will not be possible to histologically investigate mineralizing
odontoblastoid cell functioning or nerve innervation. Clinicians will
have to rely on the noninvasive tests in use today, such as laser Doppler
blood flowmetry in teeth (205); pulp testing involving heat, cold, and
electricity (206); and lack of signs or symptoms. Magnetic resonance
imaging (MRI) has shown the potential to distinguish between vital and
nonvital tooth pulps (207), but MRI machines are very expensive and
must be greatly reduced in price to become widespread. The ideal
clinical outcome is a nonsymptomatic tooth that never needs retreatment, but nonsubjective vitality assessment methods are essential to
validate that regenerative endodontic techniques are truly effective. A
summary of the challenges to the introduction of regenerative endodontics are shown in Table 4.

Conclusions
The clinical success rates of endodontic treatments can exceed
90% (208 –210). However, many teeth are not given the opportunity to
be saved by endodontic treatment and instead are extracted, with subsequent placement of an artificial prosthesis, such as an implant. Regenerative endodontic methods have the potential for regenerating both
pulp and dentin tissues and therefore may offer an alternative method to
save teeth that may have compromised structural integrity.
Several developmental issues have been described to accomplish
endodontic regeneration. Each one of the regenerative techniques has
advantages and disadvantages, and some of the techniques are hypothetical, or at an early stage of development. The available case reports
of pulp revascularization were generally reported on young patients
(with high stem cell populations) and teeth with open apices. However,
for regenerative endodontic procedures to be widely available and predictable, endodontists will have to depend on tissue engineering therapies to regenerate pulp dentin tissue. The proposed therapies involving
stem cells, growth factors, and tissue engineering all require pulp re-
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vascularization, in itself an enormous challenge. One of the most challenging aspects of developing a regenerative endodontic therapy is to
understand how the various component procedures can be optimized
and integrated to produce the outcome of a regenerated pulp-dentin
complex. The future development of regenerative endodontic procedures will require a comprehensive research program directed at each
of these components and their application to our patients. The authors
believe that regenerative endodontics is an inevitable therapy, and they
call for action from scientists, funding agencies, and the endodontic
profession to pool resources to hasten its development. The unleashed
potential of regenerative endodontics may benefit millions of patients
each year.

References
1. National Institute of Dental and Craniofacial Research. Biomimetics and tissue
engineering. National Institutes of Health, 2002.
2. Baum BJ, Mooney DJ. The impact of tissue engineering on dentistry. J Am Dent
Assoc 2000;131:309 –18.
3. Baum BJ. Biomedical research, oral medicine, and the future. Oral Surg Oral Med
Oral Pathol Oral Radiol Endod 2002;94:141–2.
4. Nakashima M, Akamine A. The application of tissue engineering to regeneration of
pulp and dentin in endodontics. J Endod 2005;31:711– 8.
5. Kaigler D, Mooney D. Tissue engineering’s impact on dentistry. J Dent Educ
2001;65:456 – 62.
6. Baum BJ, O’Connell BC. The impact of gene therapy on dentistry. J Am Dent Assoc
1995;126:179 – 89.
7. Hillman JD. Genetically modified Streptococcus mutans for the prevention of dental
caries. Antonie Van Leeuwenhoek 2002;82:361– 6.
8. Herman BW. On the reaction of the dental pulp to vital amputation and calxyl
capping. Dtsch Zahnarztl Z 1952;7:1446 –7 [in German].
9. Block MS, Cervini D, Chang A, Gottsegen GB. Anterior maxillary advancement using
tooth-supported distraction osteogenesis. J Oral Maxillofac Surg 1995;53:561–5.
10. Kassolis JD, Rosen PS, Reynolds MA. Alveolar ridge and sinus augmentation utilizing
platelet-rich plasma in combination with freeze-dried bone allograft: case series. J
Periodontol 2000;71:1654 – 61.
11. Heijl L, Heden G, Svardstrom G, Ostgren A. Enamel matrix derivative (EMDOGAIN)
in the treatment of intrabony periodontal defects. J Clin Periodontol 1997;24
(Pt 2):705–14.
12. Fujimura K, Bessho K, Kusumoto K, Ogawa Y, Iizuka T. Experimental studies on
bone inducing activity of composites of atelopeptide type I collagen as a carrier for
ectopic osteoinduction by rhBMP-2. Biochem Biophys Res Commun 1995;
208:316 –22.
13. Takayama S, Murakami S, Shimabukuro Y, Kitamura M, Okada H. Periodontal
regeneration by FGF-2 (bFGF) in primate models. J Dent Res 2001;80:2075–9.
14. Langer R, Vacanti JP. Tissue engineering. Science 1993;260:920 – 6.
15. MacArthur BD, Oreffo ROC. Bridging the gap. Nature 2005;433:19.
16. Rahaman MN, Mao JJ. Stem cell-based composite tissue constructs for regenerative
medicine. Biotechnol Bioeng 2005;91:261– 84.
17. van der Burgt TP, Plasschaert AJ. Tooth discoloration induced by dental materials.
Oral Surg Oral Med Oral Pathol 1985;60:666 –9.
18. van der Burgt TP, Mullaney TP, Plasschaert AJ. Tooth discoloration induced by
endodontic sealers. Oral Surg Oral Med Oral Pathol 1986;61:84 –9.
19. Doyon GE, Dumsha T, von Fraunhofer JA. Fracture resistance of human root dentin
exposed to intracanal calcium hydroxide. J Endod 2005;31:895–7.
20. Caplan DJ, Cai J, Yin G, White BA. Root canal filled versus non-root canal filled teeth:
a retrospective comparison of survival times. J Public Health Dent 2005;65:90 – 6.
21. Murray PE, Garcia-Godoy F. The outlook for implants and endodontics: a review of
the tissue engineering strategies to create replacement teeth for patients. Dent Clin
North Am 2006;50:299 –315.
22. Raguse JD, Gath HJ. A metabolically active dermal replacement (Dermagraft) for
vestibuloplasty. J Oral Rehabil 2005;32:337– 40.
23. Song SU, Cha YD, Han JU, et al. Hyaline cartilage regeneration using mixed human
chondrocytes and transforming growth factor-beta1-producing chondrocytes. Tissue Engl 2005;11:1516 –26.
24. Smith AG. Embryo-derived stem cells: of mice and men. Annu Rev Cell Dev Biol
2001;17:435– 62.
25. Rao MS. Stem sense: a proposal for the classification of stem cells. Stem Cells Dev
2004;13:452–5.
26. Fortier LA. Stem cells: classifications, controversies, and clinical applications. Vet
Surg 2005;34:415–23.
27. Menasche P. The potential of embryonic stem cells to treat heart disease. Curr Opin
Mol Ther 2005;7:293–9.

JOE — Volume 33, Number 4, April 2007

28. Martin-Rendon E, Watt SM. Exploitation of stem cell plasticity. Transfus Med
2003;13:325– 49.
29. Gardner RL. Stem cells: potency, plasticity and public perception. J Anat 2002;
200(Pt 3):277– 82.
30. Kenny AB, Hitzig WH. Bone marrow transplantation for severe combined immunodeficiency disease. Reported from 1968 to 1977. Eur J Pediatr 1979;131:155–77.
31. Barrett J, McCarthy D. Bone marrow transplantation for genetic disorders. Blood
Rev 1990;4:116 –31.
32. Gimble J, Guilak F. Adipose-derived adult stem cells: isolation, characterization,
and differentiation potential. Cytotherapy 2003;5:362–9.
33. Tsukamoto Y, Fukutani S, Shin-Ike T, et al. Mineralized nodule formation by cultures of human dental pulp-derived fibroblasts. Arch Oral Biol 1992;37:1045–55.
34. Ligon BL, Weller TH. Nobel Laureate and research pioneer in poliomyelitis, varicella-zoster virus, cytomegalovirus, rubella, and other infectious diseases. Semin
Pediatr Infect Dis 2002;13:55– 63.
35. Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al. Embryonic stem cell lines derived
from human blastocysts. Science 1998;282:1145–7. Erratum in: Science
1998;282:1827
36. Shamblott MJ, Axelman J, Wang S, et al. Derivation of pluripotent stem cells from
cultured human primordial germ cells. Proc Natl Acad Sci USA 1998;95:13726 –31.
Erratum in: Proc Natl Acad Sci USA 1999;96:1162
37. Guenin LM. A failed noncomplicity scheme. Stem Cells Dev 2004;13:456 –9.
38. Badorff C, Dimmeler S Neovascularization and cardiac repair by bone marrowderived stem cells. Handbook Exp Pharmacol 2006;283–98.
39. Jansen J, Thompson JM, Dugan MJ, et al. Peripheral blood progenitor cell transplantation. Ther Apher 2002;6:5–14.
40. Mizuno H, Hyakusoku H. Mesengenic potential and future clinical perspective of
human processed lipoaspirate cells. J Nippon Med Sch 2003;70:300 – 6.
41. Seo BM, Miura M, Sonoyama W, Coppe C, Stanyon R, Shi S. Recovery of stem cells
from cryopreserved periodontal ligament. J Dent Res 2005;84:907–12.
42. Korbling M, Robinson S, Estrov Z, Champlin R, Shpall E. Umbilical cord bloodderived cells for tissue repair. Cytotherapy 2005;7:258 – 61.
43. Zuk PA, Zhu M, Mizuno H, et al. Multilineage cells from human adipose tissue:
implications for cell-based therapies. Tissue Engl 2001;7:211–28.
44. Safford KM, Hicok KC, Safford SD, et al. Neurogenic differentiation of murine and
human adipose-derived stromal cells. Biochem Biophys Res Commun 2002;
294:371–9.
45. Le Blanc K, Ringden O. Immunobiology of human mesenchymal stem cells and
future use in hematopoietic stem cell transplantation. Biol Blood Marrow Transplant 2005;11:321–34.
46. Taylor PL. The gap between law and ethics in human embryonic stem cell research:
overcoming the effect of U.S. federal policy on research advances and public benefit. Sci Engl Ethics 2005;11:589 – 616.
47. Bello YM, Falabella AF, Eaglstein WH. Tissue-engineered skin. Current status in
wound healing. Am J Clin Dermatol 2001;2:305–13.
48. Gronthos S, Brahim J, Li W, et al. Stem cell properties of human dental pulp stem
cells. J Dent Res 2002;81:531–5.
49. Shi S, Gronthos S. Perivascular niche of postnatal mesenchymal stem cells in human
bone marrow and dental pulp. J Bone Miner Res 2003;18:696 –704.
50. Nakashima M, Iohara K, Ishikawa M, et al. Stimulation of reparative dentin formation by ex vivo gene therapy using dental pulp stem cells electrotransfected with
growth/differentiation factor 11 (Gdf11). Hum Gene Ther 2004;15:1045–53.
51. Tecles O, Laurent P, Zygouritsas S, Burger AS, Camps J, Dejou J, About I. Activation
of human dental pulp progenitor/stem cells in response to odontoblast injury. Arch
Oral Biol 2005;50:103– 8.
52. Pettengell R. Autologous stem cell transplantation in follicular non-Hodgkin’s lymphoma. Bone Marrow Transplant 2002;29(Suppl 1):S1– 4.
53. Amin M, Fergusson D, Aziz A, Wilson K, Coyle D, Hebert P. The cost of allogeneic red
blood cells: a systematic review. Transfus Med 2003;13:275– 85.
54. Murphy WJ, Blazar BR. New strategies for preventing graft-versus-host disease. Curr
Opin Immunol 1999;11:509 –15.
55. Leeton J, Caro C, Howlett D, Harman J. The search for donor eggs: a problem of
supply and demand. Clin Reprod Fertil 1986;4:337– 40.
56. Cameron NM. Research ethics, science policy, and four contexts for the stem cell
debate. J Investig Med 2006;54:38 – 42.
57. Hu D, Helms J. Organ culture of craniofacial primordia. Methods 2001;24:49 –54.
58. Slifkin M, Doron S, Snydman DR. Viral prophylaxis in organ transplant patients.
Drugs 2004;64:2763–92.
59. Atiyeh BS, Hayek SN, Gunn SW. New technologies for burn wound closure and
healing: review of the literature. Burns 2005;31:944 –56.
60. Young CS, Terada S, Vacanti JP, Honda M, Bartlett JD, Yelick PC. Tissue engineering
of complex tooth structures on biodegradable polymer scaffolds. J Dent Res
2002;81:695–700.
61. Duailibi MT, Duailibi SE, Young CS, Bartlett JD, Vacanti JP, Yelick PC. Bioengineered
teeth from cultured rat tooth bud cells. J Dent Res 2004;83:523– 8.

Regenerative Endodontics

387

Review Article
62. Chang Y, Chen SC, Wei HJ, et al. Tissue regeneration observed in a porous acellular
bovine pericardium used to repair a myocardial defect in the right ventricle of a rat
model. J Thorac Cardiovasc Surg 2005;130:705–11.
63. Murray PE, Garcia-Godoy F. Stem cell responses in tooth regeneration. Stem Cells
Dev 2004;13:255– 62.
64. Laino G, Graziano A, d’Aquino R, et al. An approachable human adult stem cell
source for hard-tissue engineering. J Cell Physiol 2006;206:693–701.
65. Miura M, Gronthos S, Zhao M, Lu B, Fisher LW, Robey PG, Shi S. SHED: stem cells
from human exfoliated deciduous teeth. Proc Natl Acad Sci USA 2003;
100:5807–12.
66. Shi S, Bartold PM, Miura M, Seo BM, Robey PG, Gronthos S. The efficacy of mesenchymal stem cells to regenerate and repair dental structures. Orthod Craniofac
Res 2005;8:191–9.
67. Kitasako Y, Shibata S, Pereira PN, Tagami J. Short-term dentin bridging of mechanically-exposed pulps capped with adhesive resin systems. Oper Dent 2000;
25:155– 62.
68. Murray PE, About I, Lumley PJ, Franquin J-C, Remusat M, Smith AJ. Cavity remaining
dentin thickness and pulpal activity. Am J Dent 2002;15:41– 46.
69. Murray PE, Hafez AA, Smith AJ, Windsor LJ, Cox CF. Histomorphometric analysis of
odontoblast-like cell numbers and dentine bridge secretory activity following pulp
exposure. Int Endod J 2003;36:106 –16.
70. Murray PE, Lumley PJ, Ross HF, Smith AJ. Tooth slice organ culture for cytotoxicity
assessment of dental materials. Biomat 2000;21:1711–1721.
71. Höhl E. Beitrag zur Histologie der Pulpa und des Dentins. Archives Anatomic
Physiologie 1896;32:31–54 [in German].
72. Feit J, Metelova M, Sindelka Z. Incorporation of 3H thymidine into damaged pulp of
rat incisors. J Dent Res 1970;49:783– 6.
73. Fitzgerald M. Cellular mechanics of dentin bridge repair using 3H-thymidine. J Dent
Res 1979;58(Spec Iss D):2198 –206.
74. Fitzgerald M, Chiego DJ Jr, Heys DR. Autoradiographic analysis of odontoblast
replacement following pulp exposure in primate teeth. Arch Oral Biol 1990;
35:707–15.
75. Ruch JV. Patterned distribution of differentiating dental cells: facts and hypotheses.
J Biol Buccale 1990;18:91– 8.
76. Ruch JV, Lesot H, Karcher-Djuricic V, Meyer JM, Olivie M. Facts and hypotheses
concerning the control and differentiation. Differentiation 1982;21:7–12.
77. Yamamura T. Differentiation of pulpal cells and inductive influences of various
matrices with references to pulpal wound healing. J Dent Res 1985;64(Spec
Iss):530 – 40.
78. Goldberg M, Lasfargues JJ. Pulpo-dentinal complex revisited. J Dent Res
1995;23:15–20.
79. Poulsom R, Alison MR, Forbes SJ, Wright NA. Adult stem cell plasticity. J Pathol.
2002;197:441–56.
80. Gajkowska A, Oldak T, Jastrzewska M, et al. Flow cytometric enumeration of
CD34⫹ hematopoietic stem and progenitor cells in leukapheresis product and
bone marrow for clinical transplantation: a comparison of three methods. Folia
Histochem Cytobiol 2006;44:53– 60.
81. Shi S, Gronthos S. Perivascular niche of postnatal mesenchymal stem cells in human
bone marrow and dental pulp. J Bone Miner Res 200;18:696 –704.
82. Liu J, Jin T, Ritchie HH, Smith AJ, Clarkson BH. In vitro differentiation and mineralization of human dental pulp cells induced by dentin extract. In Vitro Cell Dev Biol
Anim 2005;41:232– 8.
83. Wingard JR, Demetri GD, eds. Clinical applications of cytokines and growth factors.
New York, NY: Springer, 1999.
84. Bazley LA, Gullick WJ The epidermal growth factor receptor family. Endocr Relat
Cancer 2005;12(Suppl 1):S17–27.
85. Gospodarowicz D. Purification of a fibroblast growth factor from bovine pituitary.
J Biol Chem 1975;250:2515–20.
86. Ramoshebi LN, Matsaba TN, Teare J, Renton L, Patton J, Ripamonti U. Tissue engineering: TGF-beta superfamily members and delivery systems in bone regeneration.
Expert Rev Mol Med 2002;2002:1–11.
87. Tabata Y. Tissue regeneration based on growth factor release. Tissue Engl 2003;
9(Suppl 1):S5–15.
88. Vasita R, Katti DS. Growth factor-delivery systems for tissue engineering: a materials
perspective. Expert Rev Med Devices 2006;3:29 – 47.
89. Stevens MM, Marini RP, Schaefer D, Aronson J, Langer R, Shastri VP. In vivo engineering of organs: the bone bioreactor. Proc Natl Acad Sci USA 2005;102:11450 –5.
90. Murphy WL, Simmons CA, Kaigler D, Mooney DJ. Bone regeneration via a mineral
substrate and induced angiogenesis. J Dent Res 2004;83:204 –10.
91. Martin I, Padera RF, Vunjak-Novakovic G, Freed LE. In vitro differentiation of chick
embryo bone marrow stromal cells into cartilaginous and bone-like tissues.
J Orthop Res 1998;16:181–9.
92. Murray PE, Smith AJ. Saving pulps: a biological basis. An overview. Prim Dent Care
2002;9:21– 6.

388

Murray et al.

93. Smith AJ, Cassidy N, Perry H, Begue-Kirn C, Ruch JV, Lesot H. Reactionary dentinogenesis. Int J Dev Biol 1995;39:273– 80.
94. Tziafas D. Basic mechanisms of cytodifferentiation and dentinogenesis during dental pulp repair. Int J Dev Biol 1995;39:281–90.
95. Tziafas D, Alvanou A, Panagiotakopoulos N, et al. Induction of odontoblast-like cell
differentiation in dog dental pulps after in vivo implantation of dentine matrix
components. Arch Oral Biol 1995;40:883–93.
96. Roberts-Clark DJ, Smith AJ. Angiogenic growth factors in human dentine matrix.
Arch Oral Biol 2000;45:1013– 6.
97. Smith AJ, Matthews JB, Hall RC. Transforming growth factor-beta1 (TGF-beta1) in
dentine matrix. Ligand activation and receptor expression. Eur J Oral Sci 1998;
106(Suppl 1):179 – 84.
98. Smith AJ, Murray PE, Sloan AJ, Matthews JB, Zhao S. Trans-dentinal stimulation of
tertiary dentinogenesis. Adv Dent Res 2001;15:51– 4.
99. Aberg T, Wozney J, Thesleff I. Expression patterns of bone morphogenetic proteins
(Bmps) in the developing mouse tooth suggest roles in morphogenesis and cell
differentiation. Dev Dyn 1997;210:383–96.
100. Nakashima M, Reddi AH. The application of bone morphogenetic proteins to dental
tissue engineering. Nat Biotechnol 2003;21:1025–32.
101. Nakashima M, Nagasawa H, Yamada Y, Reddi AH. Regulatory role of transforming
growth factor-beta, bone morphogenetic protein-2, and protein-4 on gene expression of extracellular matrix proteins and differentiation of dental pulp cells. Dev Biol
1994;162:18 –28.
102. Saito T, Ogawa M, Hata Y, Bessho K. Acceleration effect of human recombinant bone
morphogenetic protein-2 on differentiation of human pulp cells into odontoblasts.
J Endod 2004;30:205– 8.
103. Iohara K, Nakashima M, Ito M, Ishikawa M, Nakasima A, Akamine A. Dentin regeneration by dental pulp stem cell therapy with recombinant human bone morphogenetic protein 2. J Dent Res 2004;83:590 –5.
104. Sloan AJ, Smith AJ. Stimulation of the dentine-pulp complex of rat incisor teeth by
transforming growth factor-beta isoforms 1–3 in vitro. Arch Oral Biol 1999;
44:149 –56.
105. Sloan AJ, Rutherford RB, Smith AJ. Stimulation of the rat dentine-pulp complex by
bone morphogenetic protein-7 in vitro. Arch Oral Biol 2000;45:173–7.
106. Nakashima M. Induction of dentin formation on canine amputated pulp by recombinant human bone morphogenetic proteins (BMP)-2 and -4. J Dent Res 1994;
73:1515–22.
107. Nakashima M. Induction of dentine in amputated pulp of dogs by recombinant
human bone morphogenetic proteins-2 and -4 with collagen matrix. Arch Oral Biol
1994;39:1085–9.
108. Six N, Decup F, Lasfargues JJ, Salih E, Goldberg M. Osteogenic proteins (bone
sialoprotein and bone morphogenetic protein-7) and dental pulp mineralization. J
Mater Sci Mater Med 2002;13:225–32.
109. Lovschall H, Fejerskov O, Flyvbjerg A. Pulp-capping with recombinant human insulin-like growth factor I (rhIGF-I) in rat molars. Adv Dent Res 2001;15:108 –12.
110. Banchs F, Trope M. Revascularization of immature permanent teeth with apical
periodontitis: new treatment protocol? J Endod 2004;30:196 –200.
111. Rule DC, Winter GB Root growth and apical repair subsequent to pulpal necrosis in
children. Br Dent J 1966;120:586 –90.
112. Iwaya S, Ikawa M, Kubota M. Revascularization of an immature permanenttooth with
apical periodontitis and sinus tract. Dent Traumatol 2001;17:185–7.
113. Sato I, Ando-Kurihara N, Kota K, Iwaku M, Hoshino E. Sterilization of infected
root-canal dentine by topical application of a mixture of ciprofloxacin, metronidazole and minocycline in situ. Int Endod J 1996;29:118 –24.
114. Hoshino E, Kurihara-Ando N, Sato I, et al. In-vitro antibacterial susceptibility of
bacteria taken from infected root dentine to a mixture of ciprofloxacin, metronidazole and minocycline. Int Endod J 1996;29:125–30.
115. Sato T, Hoshino E, Uematsu H, Noda T. In vitro antimicrobial susceptibility to
combinations of drugs on bacteria from carious and endodontic lesions of human
deciduous teeth. Oral Microbiol Immunol 1993;8:172– 6.
116. Ritter AL, Ritter AV, Murrah V, Sigurdsson A. Trope M pulp revascularization of
replanted immature dog teeth after treatment with minocycline and doxycycline
assessed by laser Doppler flowmetry, radiography, and histology. Dent Traumatol
2004;20:75– 84.
117. Yanpiset K, Trope M. Pulp revascularization of replanted immature dog teeth after
different treatment methods. Endod Dent Traumatol 2000;16:211–7.
118. Terranova VP, Odziemiec C, Tweden KS, Spadone DP. Repopulation of dentin surfaces by periodontal ligament cells and endothelial cells effect of basic fibroblast
growth factor. J Periodontol 1989;60:293–301.
119. Kling M, Cvek M, Mejare I. Rate and predictability of pulp revascularization in
therapeutically reimplanted permanent incisors. Endod Dent Traumatol
1986;2:83–9.
120. Amler MH. The age factor in human extraction wound healing. J Oral Surg
1977;35:193–7.

JOE — Volume 33, Number 4, April 2007

Review Article
121. Llames SG, Del Rio M, Larcher F, et al. Human plasma as a dermal scaffold for the
generation of a completely autologous bioengineered skin. Transplantation
2004;77:350 –5.
122. Frye CA, Wu X, Patrick CW. Microvascular endothelial cells sustain preadipocyte
viability under hypoxic conditions. In Vitro Cell Dev Biol Anim 2005;41:160 – 4.
123. Risbud MV, Albert TJ, Guttapalli A, et al. Differentiation of mesenchymal stem cells
towards a nucleus pulposus-like phenotype in vitro: implications for cell-based
transplantation therapy. Spine 2004;29:2627–32.
124. Hofer SO, Mitchell GM, Penington AJ, et al. The use of pimonidazole to characterise
hypoxia in the internal environment of an in vivo tissue engineering chamber. Br J
Plastic Surg 2005;58:1104 –14.
125. Lembert N, Wesche J, Petersen P, et al. Encapsulation of islets in rough surface,
hydroxymethylated polysulfone capillaries stimulates VEGF release and promotes
vascularization after transplantation. Cell Transplant 2005;14:97–108.
126. Reyes M, Lund T, Lenvik T, Aguiar D, Koodie L, Verfaillie CM. Purification and ex vivo
expansion of postnatal human marrow mesodermal progenitor cells. Blood
2001;98:2615–25.
127. Kindler V. Postnatal stem cell survival: does the niche, a rare harbor where to resist
the ebb tide of differentiation, also provide lineage-specific instructions? J Leukoc
Biol 2005;78:836 – 44.
128. Brazelton TR, Blau HM. Optimizing techniques for tracking transplanted stem cells
in vivo. Stem Cells 2005;23:1251– 65.
129. Nakashima M. Bone morphogenetic proteins in dentin regeneration for potential
use in endodontic therapy. Cytokine Growth Factor Rev 2005;16:369 –76.
130. Ulloa-Montoya F, Verfaillie CM, Hu WS. Culture systems for pluripotent stem cells.
J Biosci Bioeng 2005;100:12–27.
131. Schmalz G. Use of cell cultures for toxicity testing of dental materials: advantages and
limitations. J Dent 1994;22(Suppl 2):S6 –11.
132. Peter SJ, Miller MJ, Yasko AW, Yaszemski MJ, Mikos AG. Polymer concepts in tissue
engineering. J Biomed Mater Res 1998;43:422–7.
133. Venugopal J, Ramakrishna S. Applications of polymer nanofibers in biomedicine
and biotechnology. Appl Biochem Biotechnol 2005;125:147–58.
134. Fukuda J, Khademhosseini A, Yeh J, Engl G, Cheng J, Farokhzad OC, Langer R.
Micropatterned cell co-cultures using layer-by-layer deposition of extracellular
matrix components. Biomaterials 2006;27:1479 – 86.
135. Huang GT, Sonoyama W, Chen J, Park SH. In vitro characterization of human dental
pulp cells: various isolation methods and culturing environments. Cell Tissue Res
2006;27:1–12.
136. Helmlinger G, Yuan F, Dellian M, Jain RK. Interstitial pH and pO2 gradients in solid
tumors in vivo: high-resolution measurements reveal a lack of correlation. Nat Med
1997;3:177– 82.
137. Nakashima M. Tissue engineering in endodontics. Aust Endod J 2005;31:111–3.
138. Oringer RJ Biological mediators for periodontal and bone regeneration. Compend
Contin Educ Den. 2002;23:501– 4, 506 –10.
139. Karande TS, Ong JL, Agrawal CM. Diffusion in musculoskeletal tissue engineering
scaffolds: design issues related to porosity, permeability, architecture, and nutrient
mixing. Ann Biomed Engl 2004;32:1728 – 43.
140. Tabata Y. Nanomaterials of drug delivery systems for tissue regeneration. Methods
Mol Biol 2005;300:81–100.
141. Boccaccini AR, Blaker JJ. Bioactive composite materials for tissue engineering
scaffolds. Expert Rev Med Devices 2005;2:303–17.
142. Kitasako Y, Shibata S, Pereira PN, Tagami J. Short-term dentin bridging of mechanically-exposed pulps capped with adhesive resin systems. Oper Dent 2000;
25:155– 62.
143. Mjor IA, Dahl E, Cox CF. Healing of pulp exposures: an ultrastructural study. J Oral
Pathol Med 1991;20:496 –501.
144. Silva TA, Rosa AL, Lara VS. Dentin matrix proteins and soluble factors: intrinsic
regulatory signals for healing and resorption of dental and periodontal tissues? Oral
Dis 2004;10:63–74.
145. Schopper C, Ziya-Ghazvini F, Goriwoda W, et al. HA/TCP compounding of a porous
CaP biomaterial improves bone formation and scaffold degradation: a long-term
histological study. J Biomed Mater Res B Appl Biomater 2005;74:458 – 67.
146. Sachlos E, Czernuszka JT. Making tissue engineering scaffolds work. Review: the
application of solid freeform fabrication technology to the production of tissue
engineering scaffolds. Eur Cell Mater 2003;30:29 –39.
147. Freed LE, Vunjak-Novakovic G, Biron RJ, et al. Biodegradable polymer scaffolds for
tissue engineering. Biotechnology 1994;12:689 –93.
148. Athanasiou KA, Niederauer GG, Agrawal CM. Sterilization, toxicity, biocompatibility
and clinical applications of polylactic acid/polyglycolic acid copolymers. Biomaterials 1996;17:93–102.
149. Taylor MS, Daniels AU, Andriano KP, Heller J. Six bioabsorbable polymers: in vitro
acute toxicity of accumulated degradation products. J Appl Biomater
1994;5:151–7.

JOE — Volume 33, Number 4, April 2007

150. Tuzlakoglu K, Bolgen N, Salgado AJ, Gomes ME, Piskin E, Reis RL. Nano- and
micro-fiber combined scaffolds: a new architecture for bone tissue engineering. J
Mater Sci Mater Med 2005;16:1099 –104.
151. van Amerongen MJ, Harmsen MC, Petersen AH, Kors G, van Luyn MJ. The enzymatic
degradation of scaffolds and their replacement by vascularized extracellular matrix
in the murine myocardium. Biomaterials 2006;27:2247–57.
152. Griffon DJ, Sedighi MR, Sendemir-Urkmez A, Stewart AA, Jamison R. Evaluation of
vacuum and dynamic cell seeding of polyglycolic acid and chitosan scaffolds for
cartilage engineering. Am J Vet Res 2005;66:599 – 605.
153. Guo T, Zhao J, Chang J, Ding Z, Hong H, Chen J, Zhang J. Porous chitosan-gelatin
scaffold containing plasmid DNA encoding transforming growth factor-beta1 for
chondrocytes proliferation. Biomaterials 2006;27:1095–103.
154. Elisseeff J, Puleo C, Yang F, Sharma B. Advances in skeletal tissue engineering with
hydrogels. Orthod Craniofac Res 2005;8:150 – 61.
155. Trojani C, Weiss P, Michiels JF, et al. Three-dimensional culture and differentiation
of human osteogenic cells in an injectable hydroxypropylmethylcellulose hydrogel.
Biomaterials 2005;26:5509 –17.
156. Dhariwala B, Hunt E, Boland T. Rapid prototyping of tissue-engineering constructs,
using photopolymerizable hydrogels and stereolithography. Tissue Engl 2004;
10:1316 –22.
157. Alhadlaq A, Mao JJ. Tissue-engineered osteochondral constructs in the shape of an
articular condyle. J Bone Joint Surg Am 2005;87:936 – 44.
158. Desgrandchamps F. Biomaterials in functional reconstruction. Curr Opin Urol
2000;10:201– 6.
159. Luo Y, Shoichet MS. A photolabile hydrogel for guided three-dimensional cell
growth and migration. Nat Mater 2004;3:249 –53.
160. Dusseiller MR, Schlaepfer D, Koch M, Kroschewski R, Textor M. An inverted microcontact printing method on topographically structured polystyrene chips for arrayed micro-3-D culturing of single cells. Biomaterials 2005;26:5917–25.
161. Sanjana NE, Fuller SB. A fast flexible ink-jet printing method for patterning dissociated neurons in culture. J Neurosci Methods 2004;136:151– 63.
162. Barron JA, Krizman DB, Ringeisen BR. Laser printing of single cells: statistical
analysis, cell viability, and stress. Ann Biomed Engl 2005;33:121–30.
163. Barron JA, Wu P, Ladouceur HD, Ringeisen BR. Biological laser printing: a novel
technique for creating heterogeneous 3-dimensional cell patterns. Biomed Microdevices 2004;6:139 – 47.
164. Mattick JS. The human genome and the future of medicine. Med J Aust
2003;179:212– 6.
165. Morgunkova AA. The p53 gene family: control of cell proliferation and developmental programs. Biochemistry (Mosc) 2005;70:955–71.
166. Li J, Zheng C, Zhang X, et al. Developing a convenient large animal model for gene
transfer to salivary glands in vivo. J Gene Med 2004;6:55– 63.
167. Jullig M, Zhang WV, Stott NS. Gene therapy in orthopaedic surgery: the current
status. ANZ J Surg 2004;74:46 –54.
168. Heller LC, Ugen K, Heller R. Electroporation for targeted gene transfer. Expert Opin
Drug Deliv 2005;2:255– 68.
169. Naldini L, Blomer U, Gallay P, et al. In vivo gene delivery and stable transduction of
nondividing cells by a lentiviral vector. Science 1996;272:263–7.
170. Nakashima M, Reddi AH. The application of bone morphogenetic proteins to dental
tissue engineering. Nat Biotechnol 2003;21:1025–32.
171. Rutherford RB. BMP-7 gene transfer to inflamed ferret dental pulps. Eur J Oral Sci
2001;109:422– 4.
172. Stolberg SG. Trials are halted on gene therapy: child in experiment falls ill: new
setback for research. NY Times 2002;A1, A25.
173. Rutherford RB, Gu K. Treatment of inflamed ferret dental pulps with recombinant
bone morphogenetic protein-7.1. Eur J Oral Sci 2000;108:202– 6.
174. Barthel CR, Rosenkranz B, Leuenberg A, Roulet JF. Pulp capping of carious exposures: treatment outcome after 5 and 10 years: a retrospective study. J Endod
2000;26:525– 8.
175. Sedgley CM, Molander A, Flannagan SE, et al. Virulence, phenotype and genotype
characteristics of endodontic Enterococcus spp. Oral Microbiol Immunol
2005;20:10 –9.
176. Goldman LB, Goldman M, Kronman JH, Lin PS. The efficacy of several irrigating
solutions for endodontics: a scanning electron microscopic study. Oral Surg Oral
Med Oral Pathol 1981;52:197–204.
177. Kaufman AY, Keila S. Hypersensitivity to sodium hypochlorite. J Endod 1989;
15:224 – 6.
178. Oncag O, Hosgor M, Hilmioglu S, Zekioglu O, Eronat C, Burhanoglu D. Comparison
of antibacterial and toxic effects of various root canal irrigants. Int Endod J
2003;36:423–32.
179. Takeda FH, Harashima T, Kimura Y, Matsumoto K. A comparative study of the
removal of smear layer by three endodontic irrigants and two types of laser. Int
Endod J 1999;32:32–9.

Regenerative Endodontics

389

Review Article
180. Jeansonne M, White RR. A comparison of 2.0% chlorhexidine gluconate and 5.25%
sodium hypochlorite as antimicrobial endodontic irrigants. J Endod 1994;
20:276 – 8.
181. Leonardo MR, Tanomaru Filho M, Silva LAB, Nelson Ffilho P, Bonifacto KC, Ito IY. In
vitro antimicrobial activity of 2.0% chlorhexidine used as a root canal irrigant
solution. J Endod 1995;25:167–71.
182. Yesilsoy C, Whitaker E, Cleveland D, Phillips E, Trope M. Antimicrobial and toxic
effects of established and potential root canal irrigants. J Endod 1995;21:513–5.
183. Yamashita JC, Tanomaru Filho M, Leonardo MR, Rossi MA, Silva LAB. Scanning
electron microscope study of the cleaning ability of chlorhexidine as a root-canal
irrigant. Int Endod J 2003;36:391– 4.
184. Estrela CR, Estrela C, Reis C, Bammann LL, Pecora JD. Control of microorganisms in
vitro by endodontic irrigants. Braz Dent J 2003;14:187–92.
185. Fouad AF, Zerella J, Barry J, Spangberg LS. Molecular detection of Enterococcus
species in root canals of therapy-resistant endodontic infections. Oral Surg Oral
Med Oral Pathol Oral Radiol Endod 2005;99:112– 8.; Erratum in: Oral Surg Oral
Med Oral Pathol Oral Radiol Endod 2005;99:254.
186. Stuart CH, Schwartz SA, Beeson TJ, Owatz CB. Enterococcus faecalis: its role in root
canal treatment failure and current concepts in retreatment. J Endod 2006;
32:93– 8.
187. Jacobsen PL, Epstein JB, Cohan RP. Understanding “alternative” dental products.
Gen Dent 2001;49:616 –20.
188. Brannstrom M. Smear layer: pathological and treatment considerations. Oper Dent
Suppl 1984;3:35– 42.
189. Czonstkowsky M, Wilson EG, Holstein FA. The smear layer in endodontics. Dent Clin
North Am 1990;34:13–25.
190. Takeda FH, Harashima T, Kimura Y, Matsumoto K. A comparative study of the
removal of smear layer by three endodontic irrigants and two types of laser. Int
Endod J 1999;32 32–9.
191. Torabinejad M, Handysides R, Khademi A, Bakland L. Clinical implications of the
smear layer in endodontics: a review. Oral Surg Oral Med Oral Path Oral Rad Endo
2002;94:658 – 66.
192. Sen BH, Wesselink PR, Turkun M. The smear layer: a phenomenon in root canal
therapy. Int Endod J 1995;28:141– 8.
193. Menezes AC, Zanet CG, Valera MC. Smear layer removal capacity of disinfectant
solutions used with and without EDTA for the irrigation of canals: a SEM study.
Pesqui Odontol Bras 2003;17:349 –55.
194. Riond JL, Riviere JE. Pharmacology and toxicology of doxycycline. Vet Hum Toxicol
1988;30:431– 43.

390

Murray et al.

195. Zehnder M, Schmidlin P, Sener B, Waltimo T. Chelation in root canal therapy
reconsidered. J Endod 2005;31:817–20.
196. Torabinejad M, Khademi AA, Babagoli J, et al. A new solution for the removal of the
smear layer. J Endod 2003;29:170 –5.
197. Torabinejad M, Johnson WB. Irrigation solution and methods for use. US Patent &
Trademark Office. United States Patent Application 20030235804; December 25,
2003.
198. Zhang W, Torabinejad M, Li Y. Evaluation of cytotoxicity of MTAD using the MTTtetrazolium method. J Endod 2003;29:654 –7.
199. Bogardus JB, Blackwood RK Jr. Solubility of doxycycline in aqueous solution. J Parm
Sci 1979;68:188 –94.
200. Torabinejad M, Cho Y, Khademi AA, Bakland LK, Shabahang S. The effect of various
concentrations of sodium hypochlorite on the ability of MTAD to remove the smear
layer. J Endod 2003;29:233–9.
201. Shabahang S, Torabinejad M. Effect of MTAD on Enterococcus faecalis-contaminated root canals of extracted human teeth. J Endod 2003;29:576 –9.
202. Baker PJ, Evans RT, Coburn RA, Genco RJ. Tetracycline and its derivatives strongly
bind to and are released from the tooth surface in active form. J Periodontol
1983;54:580 –5.
203. Bjorvatn K, Skaug N, Selvig KA. Tetracycline-impregnated enamel and dentin: duration of antimicrobial capacity. Scand J Dent Res 1985;93:192–7.
204. Costea DE, Dimba AO, Loro LL, Vintermyr OK, Johannessen AC. The phenotype of in
vitro reconstituted normal human oral epithelium is essentially determined by culture medium. J Oral Pathol Med 2005;34:247–52.
205. Strobl H, Gojer G, Norer B, Emshoff R. Assessing revascularization of avulsed permanent maxillary incisors by laser Doppler flowmetry. J Am Dent Assoc 2003;
134:1597– 603.
206. Petersson K, Soderstrom C, Kiani-Anaraki M, Levy G. Evaluation of the ability of
thermal and electrical tests to register pulp vitality. Endod Dent Traumatol
1999;15:127–31.
207. Kress B, Buhl Y, Anders L, Stippich C, Palm F, Bahren W, Sartor K. Quantitative
analysis of MRI signal intensity as a tool for evaluating tooth pulp vitality. Dentomaxillofac Radiol 2004;33:241– 4.
208. Friedman S, Mor C. The success of endodontic therapy: healing and functionality. J
Calif Dent Assoc 2004;32:493–503.
209. Lazarski MP, Walker WA, 3rd, Flores CM, Schindler WG, Hargreaves KM. Epidemiological evaluation of the outcomes of nonsurgical root canal treatment in a large
cohort of insured dental patients. J Endod 2001;27:791– 6.
210. Salehrabi R, Rotstein I. Endodontic treatment outcomes in a large patient population in the USA: an epidemiological study. J Endod 2004;30:846 –50.

JOE — Volume 33, Number 4, April 2007

