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Abstract
A key of success in tissue regeneration is the use of a suitable scaﬀold either to carry
specialized cells ex vivo or to orchestrate and diﬀerentiate the homing of endogenous
cells in vivo. This review aims to elucidate the materials that have been studied for dental
pulp tissue regeneration/engineering and summarize their properties, advantages, and
disadvantages. PubMed databases were searched for engineering, pulp regeneration,
endodontics, and stem cells) without time restrictions. The search was restricted
to articles published in English language. When necessary, additional searches for
the structure, properties and history of the specific scaﬀold materials were achieved.
Data from clinical, in vivo and in vitro studies were extracted, classified and reviewed.
By providing an overview of possible scaﬀolds for pulp tissue regeneration, we aim to
improve the understanding of the requirements of the clinical application of regenerative
endodontics.

doi: 10.15713/ins.idmjar.36

Introduction
Pulp tissue regeneration may present an ideal alternative
treatment to traditional root canal therapy. The present concept
of pulp tissue regeneration includes two possible approaches.[1]
The first is revascularization, where a new pulp tissue is expected
to grow into the root canals from the remaining tissues exist
apically in the root canal.[2] The second includes the replacement
of the diseased pulp with a healthy tissue that is able to revitalize
the tooth and restore dentin formation process. The stem cell
therapy, gene therapy, three-dimensional (3D) cell printing,
scaﬀold implantation, and pulp implantation are suggested for
this approach.[3]
In tissue engineering, the selection of a suitable scaﬀold is
critical. Scaﬀolds can be identified as biocompatible structures
that support cells growth and provide a suitable environment for
tissue formation. Good scaﬀolds should allow cell attachment,
proliferation, migration, diﬀerentiation, and provide mechanical
support for the extracellular matrix generation.[4,5] Ideally,
scaﬀolds must be biodegradable as a native tissue and should
degrade in a controlled manner which is consistent with the
formation of the new tissue.[6,7] Conductivity, suitable porosity,
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sterilizability, and economic cost are other properties to be
considered for scaﬀolds.[8,9]
Scaﬀolds can be classified as artificial (synthetic) or natural.
Natural scaﬀolds are usually more biocompatible and have the
advantage of providing specific cell interactions.[10] However,
they have the shortcomings of diﬃculty in obtaining in large
amounts, the large batch to batch variations, limited design
ability and the lack of good mechanical properties. In contrast,
synthetic-derived scaﬀolds have good reproducible mechanical
properties and controlled degradation time, but they lack the
presence of cellular signals required for tissue engineering.[10]
Scaffold for Pulp Tissue Regeneration
Scaffold for revascularization of immature permanent teeth

Root canal revascularization procedure aims to restore the blood
supply of necrotic pulp tissues of permanent immature teeth.[2]
Some researchers indicate revascularization as a regenerative
approaches[3] others considered pulp regeneration is incomplete
if restricted only to revascularization and should include
other significant events such as alignment of odontoblasts on
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the dentin surface, and generation of the diﬀerent types of
dental pulp nerve fibers (i.e., nociceptive, sympathetic, and
parasympathetic)[11] The revascularization technique depends
on the induction of bleeding through the open apical foramen
intra the chemically cleaned canal. The canal dentin and the
blood clot[2] provide scaﬀolds in the root canal revascularization.
More recently, platelet-rich plasma (PRP) and platelet-rich
fibrin (PRF) are suggested as further possible scaﬀolds.[12]
Table 1 shows materials used for dental pulp revascularization
by diﬀerent researchers.
Blood clot

The utilization of a blood clot to regenerate dental pulp
tissues was first practiced by Ostby and resulted in a growth of
granulation tissues, fibrous tissues or cementum-like tissues into
the root canals.[13] In 1974, Myers and Fountain[14] succeeded to
generate 0.1-1.0 mm of soft connective tissues into the root canal
using blood clots. Later on, successful clinical landmark cases
of pulp tissue revascularization were reported.[2,15] Currently,
there are growing shreds of evidence of the success of blood
clot revascularization procedure for pulp tissue regeneration in
immature teeth. Since it is believed that tissues are not able to
grow into empty spaces with the absence of suitable scaﬀolds,[16]
it can be suggested that blood clots yield good scaﬀolds to fill
intracanal spaces and aid the growth of new tissues.[17]
The blood clot consists of fibrin matrix that traps cells
necessary for tissue regeneration.[1] It also provides a suitable
pathway for cells from the periapical area including macrophages
and fibroblasts to migrate into the root canal and enhance the
new tissue growth.[17,18] The rich content of growth factors allows
the blood clot to play an important role in cell diﬀerentiation[18,19]
and thus, promotion of tissue regeneration.[20] These growth
factors include platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), and platelet-derived epithelial
growth factor, known also as vascular permeability factor.[21,22]

The limitation of the blood clot as a scaﬀold for pulp
regeneration comes from the fact that the composition of a clot
is variable. The concentrations of cells trapped in a clot might
diﬀer leading to unpredictable outcomes. Therefore, using
PRP as a controlled scaﬀold to replace the blood clot in tissue
regeneration was suggested.[12,23,24]
PRP and PRF

The PRP was introduced to dentistry world in 1997 by
Whitman.[25] Since then it was widely used to promote wound
healing after oral maxillofacial, implant, and endodontic
surgery.[23,25-29] Because it is rich with important growth
factors, PRP has been nominated as a scaﬀold for pulp tissue
regeneration.[12,30,31] The revascularization of pulp-like tissue in
necrotic immature teeth using PRP was reported.[32,33] It was
suggested that PRP is able to attract stem cells from surrounding
periapical tissues.[12] When PRP is combined with dental pulp
cells, increased vital tissue regeneration was observed in root
canals of dogs’ immature teeth.[34]
Some of the growth factors and cytokines found in platelets
are transforming growth factor-β (TGF-β) 1 and 2, PDGF,
VEGF, epidermal growth factor, fibroblast growth factor,
insulin-like growth factor-2 (IGF-2), IGF-1, keratinocyte
growth factor, interleukin-8, and connective tissue growth
factor.[35,36] These factors have the ability to enhance wound
healing and stimulate matrix remodeling and angiogenesis.[37]
In addition, they have a role in controlling local inflammatory
response and promoting cell proliferation and diﬀerentiation
during osteogenesis.[38]
To prepare PRP, blood is extracted, collected with
anticoagulant and immediately centrifuged for a variable time
which is completed within an hour. By first centrifugation
process, blood is separated into three layers, the bottom is red
blood cells, the second is a buﬀy coat layer and the supernatant
layer which is acellular plasma known as platelet-poor plasma.

Table 1: Materials used for dental pulp revascularization by different researchers
Materials
Blood clot

Researcher
Ostby, 1961[13]

Results
Growth of granulation tissues, fibrous tissues or cementum-like tissues into the root canals

Myers and Fountain, 1974[14]
[2]

Banchs and Trope, 2004
[15]

Generation of soft connective tissues into the root canal
Successful revascularization of immature permanent teeth with apical periodontitis

Iwaya et al., 2001

Successful revascularization of an immature permanent tooth with apical periodontitis
and sinus tract

Thibodeau and Trope, 2007[17]

Successful pulp revascularization of a necrotic infected immature permanent tooth
associated with swelling

Ding et al., 2009[31]

Exhibit complete root development, with a positive response to pulp testing

Platelet-rich plasma Torabinejad and Turman, 2011[12] Regeneration of vital tissues in a tooth with necrotic pulp and a periapical lesion

Platelet-rich fibrin

2

Bezgin et al., 2014[32]

Concentrated PRP resulted in narrowing of the apical foramen and convergence of the
apical walls in the treated teeth

Jadhav et al., 2015[33]

Periapical healing, apical closure, root lengthening and dentinal wall thickening
Revascularization of an immature, non-vital permanent tooth with apical periodontitis

Fakhr Tabatabayi et al., 2015[43]

Resolution of periapical lesion, root development and apical closure of necrotic immature
tooth

International Dental & Medical Journal of Advanced Research ● Vol. 2 ● 2016

Alshehadat, et al.

The following steps diﬀer between protocols but always aim to
collect the buﬀy coat layer and discard the other layers.
Clinically, the ability of PRP to create vital tissue in the root
canal is relatively faster.[12] PRP clots into the root canal within
5 min.[12] It is faster than blood which needs about 15 min to
clot.[2,17] In addition, PRP is easier to apply, harder, and more
suitable for the subsequent placement of mineral trioxide
aggregate and permanent restorations.[12] Unlike blood clot
procedure, anesthesia is not necessary for PRP application
since periapical bleeding is not indicated. PRP has an additional
value in patients where bleeding into root canal cannot be
established.[31] However, blood extraction from young patients
and the need of additional equipment are the main disadvantages
of PRP procedure.
Currently, PRP is referred as a first-generation platelet
concentrate, and the PRF is known as a second-generation
platelet concentrate.[39] PRF was developed first by Choukroun
et al. (2001)[39] It has the benefit of slow release of growth factors
for a prolonged period of 7-14 days. Hence, it is superior to PRP
which shows fast release growth factors in 7-14 h.[40] Successful
pulp revitalization cases using PRF were reported.[41-43]
Dentin

The root canal space is wholly enclosed by acellular dentin
matrix rich with growth factors.[44,45] Some of them are Growth
hormone,[46] IGF-1 and -2,[47-49] bone morphogenetic protein-2
(BMP-2), -4 and -6,[50] and TGF-β-1, -2 and -3.[45,51,52] When
release from dentin matrix, these growth factors play a key
role in regulation the inflammatory response, tissue healing
and regeneration and odontoblast diﬀerentiation.[45,47,53] The
release of growth factors can be enhanced if dentin is treated
with chelating agents such as an ethylene diamine tetraacetic
acid (EDTA). Although it was reported that removal of the
whole smear layer from the root canal walls is with a less value
for cell attachment,[54] it is believed that dentin treated with
EDTA releases some growth factors necessary to stimulate
dentin regeneration such as TGF-β.[45,55] EDTA-treated dentin
was able to induce the regeneration of complete dentin tissues
in vivo.[45,56]

Scaffolds for pulp regeneration

simple hydrolysis.[66] Table 3 shows some synthetic polymers
used previously for dental pulp regeneration.
The first clinical use of PGA was as an absorbable suture.[67]
It was also used in head and neck surgery as an implant for bone
regeneration, cartilage repair,[68] cartilage reconstruction,[69]
and as a potential membrane for periodontal therapy.[70] PGA
is considered an immunologically inert material although
migration of inflammatory monocytes were observed following
PGA implant.[71] No infection or reaction of a foreign body
were observed following using PGA pins to fix displaced elbow
fractures in children.[72]
The first attempt for pulp tissue engineering in vitro was
achieved using PGA with human pulpal fibroblasts. A new
tissue-like construct with similar cellularity as in normal pulp
tissue could be observed.[73] When compared to alginate and
a Type I collagen hydrogel, PGA was more conducive for cell
proliferation.[62] PGA scaﬀold enhanced the growth of new blood
vessels and the odontogenic diﬀerentiation of human fibroblasts
when cultured on it.[74] However, collagen sponge scaﬀold was
found to be superior to PGA in vitro and in vivo for tooth-tissue
engineering purposes using porcine dental pulp cells.[75]
Similarly, the poly-L-lactic acid (PLLA) polymer is a widelyused, FDA-approved biodegradable polymer.[76,77] PLLA
scaﬀold was able to produce tissue similar in architecture and
cellularity to dental pulp tissue when transplanted with human
dermal microvascular endothelial cells,[78] or stem cells in human
exfoliated deciduous teeth (SHED)[79] into immunodeficient
Table 2: Possible scaffolds for dental pulp regeneration
Classification
Synthetic polymers

PLA
PLLA
PLGA
OPLA
PGA/PLLA
Bioactive ceramics

BCP
BG

Silicate bioactive glass
borate and borosilicate glass

Synthetic polymers
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HA
β-TCP

Possible scaffolds for pulp tissue regeneration [Table 2]

Synthetic biodegradable polymers, such as polyglycolic acid
(PGA), polylactic acid (PLA) and poly-lactic-coglycolide, have
been initially approved by the Food and Drug Administration
(FDA) as drug delivery systems.[57,58] The application of these
polymers as matrices for cell transplantation was the first
suggested by Vacanti et al.[59] Their biocompatibility and a
broad range of reproducibility make them attractive for tissue
engineering studies.[60-63] Polymers scaﬀold shape, porosity,
mechanical properties, pores diameter, and degradation time
can be successfully controlled in the preparation techniques.[64,65]
Degradation of synthetic polymers are generally occurred by

Scaffold
PGA

Naturally derived scaffold

Fibrin
Collagen
HYA sponge
Amniotic membrane
Polysaccharides (chitin, chitosan,
cellulose, alginate, agar, pectins,
dextran and glycosaminoglycans)

PGA: Polyglycolic acid, PLA: Poly-lactic acid, PLLA: Poly-L-lactic
acid, PLGA: Poly-lactic-coglycolide, OPLA: Open-cell polylactic acid,
HA: Hydroxyapatite, β-TCP: Beta-tricalcium phosphate, BCP: Biphasic
calcium phosphate, HYA: Hyaluronic acid, BG: Bioactive glass
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Table 3: Synthetic polymers used for dental pulp regeneration by different researchers
Scaffold
PGA

Researcher
Mooney et al., 1996[73]

Results
A new tissue-like construct with similar cellularity as in normal pulp tissue

Buurma et al., 1999[74]

Growth of new blood vessels and odontogenic differentiation of human fibroblasts

[62]

Bohl et al., 1998
PLLA

Growth of dental pulp-like tissues with a very high cell density and significant collagen deposition

Nör et al., 2001[78]

Growth of tissue similar in architecture and cellularity to dental pulp tissue

[79]

Sakai et al., 2004

Differentiate of stem cells seeded on PLLA into angiogenic endothelial cells and odontoblasts
capable of generating tubular dentin

OPLA

Gotlieb et al., 2008[82]

Stem cells seeded on OPLA and transplanted into cleaned and shaped canals of human extracted
teeth were able to attach to the root canal dentin

PGA/PLLA

Young et al., 2002[80]

Regeneration of a tooth crown contained enamel, dentin and a well-defined pulp chamber

[81]

Duailibi et al., 2008

Engineering of tooth crowns, containing dentin, enamel, pulp, and periodontal ligament tissues

mice. A PGA/PLLA scaﬀold was also successful for the
regeneration of a tooth crown contained enamel, dentin and a
well-defined pulp chamber using cells isolated from tooth buds
and transplanted into rat omentum.[80] When similar constructs
were transplanted into rat jaws, periodontal ligament tissues
could be observed around the generated crown.[81] Finally, the
synthetic open-cell PLA (OPLA) is another promising polymer
for dental pulp regeneration. SHED seeded on OPLA and
transplanted into cleaned, and shaped canals of human extracted
teeth were able to attach to the root canal dentin.[82]
Bioactive ceramics

in the in vivo conditions after implantation.[97] However, to the
best of our knowledge, the advantages of the combination of
a polymer and a ceramic for pulp tissue regeneration have not
been tested yet.
Bioactive glass (BG)

BG is a group of synthesized surface reactive biomaterials that
have an amorphous structure and high mechanical strength.[84] It
has been investigated extensively for the use as implant materials
in the human body to repair and replace diseased or damaged
bone. BG is able to support osteogenesis[98] and its ability to
support pro-angiogenesis has been reported recently.[99] This
suggests the application of BG in soft tissue repairing and
engineering.[84] Silicate BG (known by its commercial name:
Bioglass) has been traditionally used in BG researches.[100]
However, for tissue engineering purposes, new BGs based on
borate and borosilicate compositions have been suggested,[101-103]
the biocompatibility and controllable degradation rate of these
new glass scaﬀolds have been reported.[104,105] When degrades,
BG will be converted into an HA-like substance that is able to
bond to soft and hard tissues. The degradation also releases
ions that contribute in osteogenesis and angiogenesis.[106,107] It
is well recognized that odontogenesis pathway is very similar to
osteogenesis pathway and that odontogenesis and angiogenesis
are essential for the successful generation of the dentin-pulp
complex. Taken together, all these facts suggest that using BG
as a scaﬀold for dentin and dental pulp engineering might be
promising.

Calcium phosphate ceramics such as hydroxyapatite (HA), betatricalcium phosphate (β-TCP), and biphasic calcium phosphate
(BCP) are totally biocompatible and bioactive crystallized
materials.[83,84] These bioactive ceramics were widely used as
bone graft materials and showed a great ability to form a strong
direct bond with the host bone.[85] Cells cultured on the porous
form of ceramics could attach, proliferate, and expressed dentin
sialophosphoprotein, which is a dentin marker.[86]
HA [(Ca10 (PO4)6(OH)2] has been suggested as an
eﬀective scaﬀold for regeneration of dentin and dentin-pulp
complex.[87-90] HA is a non-biodegradable ceramic while
β-TCP [β-TCP Ca3(PO4)2] is considered a biodegradable.[91]
However, the mechanical properties of TCP are inferior to those
of HA. BCP has been developed from HA and TCP to display
the advantages of the both ceramics.[92,93] BCP was widely
investigated as a possible scaﬀold for pulp and dentin tissue
regeneration. When pulp-derived cells were mixed with HA
or HA/TCP and transplanted subcutaneously in nude mice,
bone and dentin-like mineralized tissues were generated.[92,94,95]
Moreover, the formation of dentin bridge after pulp capping in
pig teeth model was stimulated using pulp cells seeded on HA/
TCP scaﬀold.[96]
Another combination of a polymer [poly (D,L-lactide-coglycolide)] and a ceramic (β-TCP) was also tested.[97] The resulted
scaﬀold showed excellent mechanical and physicochemical
properties and was ideal when seeded with osteoblast-like cells
for 3D bone regeneration. One of the good advantages of this
scaﬀold was that the non-porous scaﬀold would become porous

The biological properties of natural extracellular matrix
(ECM) actively contribute in regeneration processes of
damaged tissues. This makes ECM attractive as scaﬀolds
for tissue engineering.[108] Some examples of natural ECM
scaﬀolds are Fibrin,[109] collagen,[110] hyaluronic acid (HYA)
sponge,[111] amniotic membrane (AM),[112] and many types
of polysaccharides.[113] Table 4 shows some naturally derived
scaﬀold used for dental pulp regeneration in previous studies.
Fibrin was first used in 1909 to induce
hemostasis.[114] Subsequently, fibrin sealants, also known as
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Table 4: Naturally derived scaffold used for dental pulp regeneration by different researchers
Naturally derived scaffold
Collagen

Researcher
Zhang et al., 2006[86]

Results
Collagen scaffold allowed stem cells attachment and proliferation, and
stimulated the odontogenic differentiation of in vitro but not in vivo

Gotlieb et al., 2008[82]

Stem cells seeded on collagen and transferred into prepared root canals
attached to canal walls

Inuyama et al., 2010[111]

In vitro, dental pulp cells adhered to collagen scaffold
In vivo, dental pulp proliferation and vessel invasion were observed

HAM

Alshehadat et al., 2014[132]

HAM provided a suitable environment for stem cell attachment,
proliferation and odontogenic differentiation

Glycol chitin-based hydrogel

Park et al., 2013[138]

Promoted the odontogenic differentiation of human dental pulp cells

Chitosan (monomer)

Matsunaga et al., 2006[142]

Increased the ALP activity and BMP2 gene expression significantly (in vitro).
Promoted the proliferation of pulp fibroblasts and induces mineralization by
odontoblast-like cells (in vivo)

Alginate

Dobie et al., 2002[153]

Induced the differentiation of pulp cells into odontoblast-like cells and
secreted tubular dentin matrix

Kumabe et al., 2006[154]

Induced the differentiation of pulp cells into functional odontoblast-like cells

Agar

HYA

[157]

Kikuchi et al., 1996

Induced the differentiation of dental mesenchymal cells into functional
odontoblast-like cells

Kikuchi et al., 1996[158]

Induced the differentiation of dental mesenchymal cells into tubular
matrix-forming cells

Sasaki and
Kawamata-Kido, 1995[171]

Stimulated the formation of reparative dentin after dental pulp capping by
inducing the differentiation of mesenchymal cells of the amputated pulp

Inuyama et al., 2010[111]

In vitro, cells adhered to HYA scaffold. In vivo, cell-rich reorganizing new
tissue was observed near the HYA scaffold

HAM: Human amniotic membrane, HYA: Hyaluronic acid, ALP: Alkaline phosphatase, BMP2: Bone morphogenetic protein-2

“fibrin tissue adhesives” or “fibrin glues,” were developed and
used to seal tissues together and to control bleeding.[115] The
fibrin-rich network was placed at the site of tissue defects after
trauma and participated eﬀectively in the regeneration process by
attracting diﬀerent cell types including the inflammatory cells.[116]
3D fibrin gel was useful for tissue engineering as it allowed the
homogenous growth of fibroblasts and the production of
confluent collagen.[109] In addition, native fibrin-based matrices
provided a good substrate for endothelial cells and thus, could
be considered for angiogenesis.[117] Since successful angiogenesis
is critical for the success connective tissue engineering,[118] using
fibrin-based scaﬀold might help in pulp tissue regeneration and
engineering. However, additional studies are required to confirm
this suggestion.
Although the pulpal extracellular matrix consists mainly
of fibrillar collagen (Type I and Type III) which is similar in
composition to other soft tissue collagen,[119] However, the
two types did not provide a suitable environment for dental
pulp cell growth.[120] The spongeous collagen scaﬀold allowed
stem cells attachment and proliferation, and stimulated the
cells to express odontoblast markers in vitro, but the in vivo
evaluation experiment showed that the scaﬀold gave rise to
form connective tissues more than dentin-like tissues.[86] In an
interesting study,[82] SHED were cultured on a collagen scaﬀold
and transplanted into cleaned and shaped canals of human
extracted teeth placed in Dulbecco’s Modified Eagle’s Medium

culture medium. The SEM observation showed that SHED
had attached to canal walls which indicated that using collagen
scaﬀold as a stem cell carries might be promising. However,
additional in vivo studies for the behavior and fate of cells are
still required.
AM is the innermost layer of the placenta. It consists of
a single epithelial layer, a thick basement membrane and a
stromal which has no blood vessels or nerves. AM was used
successfully for a long time as a dressing in wound areas,[121]
to treat ocular disorders and diseases, and for ocular surface
reconstruction.[122] In oral and maxillofacial surgery, AM was
nominated for guided bone regeneration,[123] to accelerate
the gingival epithelialization and vascularization in the
gingival wound,[124] to close the oronasal fistula,[125] and to
prevent ankylosis of temporomandibular joint when used as
interposition graft material.[126]
The high biocompatibility[127] of human AM (HAM), in
addition to its low immunogenicity[128] and the presence of
several growth factors[129] recommend it to be used as a tissue
engineering scaﬀold.[112] HAM was found to support the
chondrocyte attachment and proliferation,[130] to get mineralized
in osteogenic media and thud, has the potential for bone tissue
regeneration.[131]
The structure of HAM meets with dental pulp tissue in
several points. First, both of them are soft connective tissues.
Second, the presence of monolayer cells in the peripheral zone
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of both of them, i.e., epithelial cells in HAM and odontoblasts
in pulp tissue. This gives a notable distinguished similarity.
HAM was evaluated as a natural scaﬀold for dental pulp tissue
regeneration in vitro in our Dental School. The preliminary
results[132] showed that both sides of denuded HAM,
i.e. basement and stroma, provided a suitable environment
for SHED attachment, proliferation, and spread. SHED
cultured on HAM also showed high expression of some of the
odontoblast specific markers with a low level of inflammatory
gene expressions.
Polysaccharides are long carbohydrate molecules that
present promising materials for tissue engineering due to their
availability, biocompatibility and good biological properties.[133]
Some examples of polysaccharides used in tissue engineering
are chitin, chitosan, cellulose, alginate, agar, pectins, dextran
and glycosaminoglycans. Polysaccharides have been applied in
various forms and have been tested for engineering of a lot of
tissues including blood vessels, bone, cartilage, neural tissue and
others.[134-137]
Chitin is a long-chain polymer of N-acetylglucosamine found
in cell walls of fungi, shells of crabs and shrimps, and exoskeletons
of insects. Studies on chitin as a tissue engineering material are
rare. However, in a recent study, a biodegradable porous glycol
chitin-based thermoresponsive hydrogel scaﬀold was found to
promote the odontogenic diﬀerentiation of human dental pulp
cells, and thus it may provide a promising material for pulp and
dentin regeneration.[138]
Unlike chitin, chitosan, which is the deacetylated form of
chitin, has been widely tested as a tissue engineering material.
Chitosan has been used as a root canal dressing in teeth with
periapical lesions because of its antibacterial properties.[139]
Other pharmacological eﬀects such as antihypertensive, wound
healing promotion and serum cholesterol lowering were
reported.[140,141] Chitosan has been suggested as a scaﬀold for
dental pulp regeneration. In cell culture works, treated the culture
media with chitosan monomer (D-glucosamine hydrochloride)
resulted in a significant increase of alkaline phosphatase activity
and BMP-2 gene expression of osteoblasts. When used as a direct
pulp capping in rats, the chitosan promoted the proliferation of
pulp fibroblasts and induced mineralization by odontoblast-like
cells.[142]
Cellulose is a polysaccharide consists of a linear chain of
β (1→4) linked D-glucose units. It is found in the cellular walls
of green plants and can be synthesized by fungi and some
bacteria. Bacterial cellulose is preferable for tissue engineering
because it is more biocompatible and has better mechanical
properties.[133] Cellulose scaﬀold can be used in the form of
porous membranes,[143] electrospun porous microfibrous 3D
scaﬀolds[144] and microporous scaﬀolds.[145] Cellulose scaﬀolds
have an angiogenic eﬀect[146] and provided a suitable matrix
for a human saphenous vein to attach and proliferate.[147]
When combined with chitosan, microfibrous cellulose acetate
scaﬀolds improved the formation of capillary tube-like structures
in vitro.[148] Therefore, cellulose scaﬀolds are promising for dental
pulp revascularization and regeneration.

Alginate is a biocompatible natural polysaccharide
with relatively poor mechanical properties.[149] It has been
applied for tissue regeneration researches in the form of
injectable hydrogels,[150] porous scaﬀolds,[151] and electrospun
nanofibrous scaﬀolds.[152] The stiﬀness and mechanical strength
of alginate could be improved by increasing calcium content
and cross-linking density.[149] For dentin-pulp regeneration,
alginate coated with TGF-β or treated with acid were able
to induce the pulp cells diﬀerentiated into odontoblast-like
cells and secreted tubular dentin matrix.[153] Similar findings
were reported when subcultured human dental pulp cells in
an alginate scaﬀold were transplanted subcutaneously into the
backs of nude mice.[154]
Agar is a jelly-like substance discovered in the 17th in Japan.
It is derived from the polysaccharide agarose, which forms the
supporting structure in the cell walls of certain species of algae
and released on boiling.[155] Agar has been used in dentistry
as an impression material and as a solid substrate to contain
culture media in which microorganisms can grow.[156] The
diﬀerentiation of dental mesenchymal cells into functional
odontoblast-like cells was observed on the agar surface.[157]
Similar finding was reported when the culture media was treated
with EDTA-soluble dentin components, TGF-β1, BMP-2
combined with heparin or fibronectin, or the activin-binding
protein follistatin.[47,158]
Dextran is a complex polysaccharide used as an antithrombotic
(antiplatelet) to reduce blood viscosity, or as a volume expander
in hypovolemia.[159] It is synthesized from sucrose by certain
lactic acid bacteria. In tissue regeneration researches, heparanlike polymers prepared from dextran, named RGTA, were found
to stimulate bone regeneration in diﬀerent models of bone
defects. This is mainly because they have the ability to promote
the diﬀerentiation of bone-forming alone or in association with
heparin-binding growth factors.[160] Properties of dextrans as
tissue scaﬀolds were developed when gelatin-based biomaterials
were added to form hydrogels. These hydrogels can release
their cargo of proteins in a controlled manner and may provide
eﬀective levels of growth factors during all stages of tissue
regeneration.[161,162] A hydrogel scaﬀold fabricated from dextran
(Dex-GMA)/gelatin and loaded with BMP growth factors was
able to enhance the periodontal tissue regeneration in a dog
model.[77]
HYA is one of the major glycosaminoglycans in the
extracellular matrix[163,164] of the new developed dentin and
pulp tissues.[165] HYA sponge is a good potential scaﬀold for
tissue engineering because it can be modified structurally
and chemically for a wide range of applications.[166-170] HYA
stimulates the formation of reparative dentin after dental pulp
capping by inducing the diﬀerentiation of mesenchymal cells
of the amputated pulp.[171] The biocompatible structure and
biodegradation rate of HYA have suggested it as a suitable scaﬀold
for blood vessel proliferation and dental pulp regeneration.[111]
Interestingly, HYA was added to β-TCP and used as a graft
material after periradicular surgery in a dog model. However,
this combination did not lead to extra improvement in the bone
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tissue healing.[172] To the best of our knowledge, the eﬀects of the
3D HYA sponge on the regeneration of dental pulp tissue has not
been detected yet.
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Conclusion
Several scaﬀolds have been found to be attractive for dental
pulp regeneration. Traditional inert scaﬀolds that are merely
passive cell carriers have shifted into sophisticated and
inductive matrices with controlled material behavior. Each
type of the scaﬀolds has its own properties which may match
one proposed regenerative procedure more than the others.
Optimal scaﬀolds with novel biomimetic properties are still
needed to provide an adequate environment with appropriate
morphogenic signaling for responsive stem/progenitor cells
that will develop into a complete functional dental pulp. It
is still challenging to fully understand these properties and
realize how they can be integrated to the clinical procedures of
the dental pulp regeneration. We hope that this review article
will provoke novel ideas of using specific scaﬀold in a specific
regenerative technique that will yield the desired pulp-dentin
complex.
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