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ABSTRACT

The ultimate goal of endodontics therapy is theeregation of tooth supporting tissues. This casdysevaluated
whether the transplantation of autologous dentadppstem cells with chitosan scaffold into pulplesst canals
could mediate pulp regeneration in human maturéhteEhe dental pulp stem cells isolated from théep&'s pulp
tissue. The cells were then seeded onto a chitssaffold and then transported into the root canfithe patient.
After eight weeks the tooth was extracted and pezb#or histological and immunohistochemical exaation in
purpose to identify the nature of tissues formethéncanal space. After endodontic regeneratiorcedures, pulp-
like tissue characterized by the presence of oddast-like cells aligning dentin-like hard tissuaswbserved. This
is the first clinical and histological evidencetime dental literature that shows that pulp and defike tissue can
be generated in a human tooth using dental pulm stells.
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INTRODUCTION

The health of teeth depends on the integrity oftthed tissue and the activity of the pulp and phoigal tissues,
which are responsible for supplying nutrition tette The Lack of nutrition provided by the pulpstie can increase
the risk of tooth fracture.[1] Regeneration of tentin and pulp tissues in the pulp space of teethes the ultimate
goal of preserving teeth via endodontic approach#sempts to induce tissue regeneration in the alpal space
have been a longstanding investigation.[1, 2] Risigue regeneration has been explored using thaediadable
synthetic material polyglycolic acid seeded withmidd pulp stem cells (DPSCs), and results showépllgke tissue
formation in both in vitro and in vivo models.[1] Bhese previous approaches were the proof-of-uliecstudies
that only tested the formation of a pulp-like stidsue without dentin formation. From a clinicalrgpeective, the
following issues must be considered when attempgbnggenerate functional pulp and dentin tissnesrioot canal
space: (1) regenerated pulp tissue must be vasmdaalthough the blood supply is only availablenirthe apical
end; (2) newly differentiated odontoblasts showldrf on the existing dentinal wall in the root caspace, and (3)
new dentin should be produced by the new odonttsbtago the existing dentin.[4, 5]

To date, there is a lack of evidence demonstratiagthe human pulp tissue can be regenerated @mguied root
canal space with only one opening to the blood supgsing human DPSCs from permanent teeth seedtda
dentin surface, small amounts of discontinuous iddikee mineralized tissue on the existing dentinface have
been observed in vivo.[6] Stem cells can have abrgomic or adult origin.[7, 8] Adult stem cells gpoeesent in a
wide range of tissues such as the pancreas, bon@wnaadipose tissue and umbilical cord. Becausy tre
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obtained from the patients themselves, these d®llee the advantages of not triggering immune rgjegct
responding to growth factors inherent in the hastd not incurring ethical or moral objections.[8¢dently,

researchers have tried to use tissue engineerchgitgies in pulp regeneration, with some promisewylts. Huang
et al; reported that pulp-like and dentin-like tiss were formed on subcutaneous root canal imptarttaining

synthetic scaffolds seeded with stem-progenitdis dem apical papilla and dental pulp.[9] Kodorssal; seeded
swine DPSCs on organic or synthetic scaffolds leefmplanting them as hybrid root implants in the jaones of
mini pigs. The results showed the formation of delike structures.[10] In another research a tosltbe model
was used, and showed that the stem cells from h@xfatiated deciduous teeth seeded onto the syotbeaffolds
which were fabricated in the pulp chamber spacenéar well-vascularized pulp-like tissue in an inovistudy

model. In addition, odontoblast-like cells derivieaim the pulp-like tissue were localized against éxisting dentin
surface.[11]

As essential elements in tissue engineering, ddaffaterials have shown their importance in suppgorhewly

formed tissue in pulp regeneration studies. A numdfebiodegradable materials including synthetid amatural
polymers have been successfully used as suppatiaffolds for dental pulp tissue engineering.[12-ABhong

them, naturally derived polymers are of speciatriest due to, as natural components of living aires, their
biological and chemical similarities to naturakties.[16] In recent years, many studies have beasstigated the
application of scaffold materials for regeneratwedicine and tissue engineering.[17] Chitosan & aiithe widely
recommended scaffold materials for its unique festusuch as no toxicity, biodegradability, andligbto be

produced in different forms for tissue engineeringrepair and regenerate injured tissues and ofd&a20]

Separate studies have also demonstrated that dimesional (3D) scaffolds can create a microemvirent for
the cells to attach and growwv vitro andin vivo. The scaffold can transport the cells by holdihgn in their
particular 3D structure, as well as regulate bimlalgfunctions of cells.[21] Chitosan can be preess into
interconnected porous 3D structure by freeze—drynregze-gelation, and other techniques.[22, 23]

However, no studies have investigated the natutbeofissue present in mature teeth after regeoarptocedure in
humans. The aims of this clinical case study i$ teantal pulp stem cells combined with chitosarnhesscaffold
material might mediate dental pulp regeneratioméiure permanent teeth.

EXPERIMENTAL SECTION

Ethics

An eighteen year old female patient has been cergidto extract her lower first right premoler tothodontics
therapy. The patient had an unremarkable medicdbty, no other oral or systemic diseases. She nean
medications and denied any allergies. Informed eonwas obtained from the patient and this study reaiewed
and approved by Ethics Committee of the dentabgellof Damascus University (no.8; 30/01/2011).

Tissue collection

Radiographic and intraoral examination of the pramtwoth did not show any carious lesions. Pulpsislity tests
were performed with Endo-lce (Coltene, Switzerlaraadd heated gutta-percha, and the premolar tooth wa
responded to the tests within normal limits and natssensitive to palpation or percussion.

Human dental pulp stem cells were obtained as pusly described by other studies.[24-26] The prapedequires
strict control of the aseptic chain due to wideagdr@resence of microorganisms in the oral envirgrintécaling
with ultrasonic devices and hand instruments, exéleasepsis and intraoral prophylaxis were peréatand rinsing
with chlorhexidine 2%. local infiltrating anesth@s{2% lidocaine with 1:100,000 epinephrine) was liadp
followed by rubber dam isolation and access topillp chamber was made using sterilized diamamd fkomet,
Germany) at high speed handpiece under constatiledi water irrigation, and the pulp tissue remdwvith
endodontic files k-file#20 (Mani, Japan), and wémenediately placed in individual containers filledth a-
Minimum Essential Medium (a-MEM; Gibco-InvitrogetJk), with 100 units/mL penicillin-G, 100 pg/mL
streptomycin, and 0.25 mg/mL fungizone (Gibco-Litechnologies, Usa), stored under controlled temperai°C,
and sent to a laboratory for cell isolation (Fig.1)
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Figure 1. The pulp tissue after isolation from the canal space of the tooth

Root canal preparation

Working length was estimated with an apex locateotRzx Il (Jmorita, Japan) and confirmed with ppital
radiograph. Then, the root canals were preparedgu$irotaper universal rotary files (Dentsply Mdéle
Switzerland) up to file F5 with 17% EDTA (Pulpdebisa) irrigation. The prepared canal received al fimse with
5 mL physiological saline and was dried with steplaper points and the access cavity was seal&éd4witm of
Vitrebond (3M ESPE, Usa) as a temporary restoration

Culture of dental pulp stem cells

The entire procedure of cell culture was perfornieda laminar flow unit (Microflow, Advanced Bio Satf
Cabinet-Class Il). the pulp tissue was placed ituoe dish containing a-MEM and minced (FigAR,then digested
in a solution of 3mg/mL collagenase type | and 4nigtispase (Sigma-Aldrich, Usa) for 30-60 minute8#& C
(Fig. 2B). The digested mixtures were passed through an7@ell strainer (Falcon; BD, Usa) to obtain singés+
suspensions. Cells were seeded in 25-cuiture flasks and cultured with a-minimum essentiedium (Gibco-
Invitrogen, UK) supplemented with 15 % fetal boviserum (FBS, Gibco—-Life Technologies, Usa), 2mM L-
glutamine, 100 mM L-ascorbic acid-2-phospate, 100Upenicillin-G, 100 pg/mL streptomycin, and 0.2%/mL
fungizone (Gibco-Life Technologies, Usa) and celtuunder 5% CO2 at 37°C. The culture was monittmed
means of an inverted optical microscope (Nikonjgse-TS100, Japan) combined with digital cameraySBSC-
H1, Canada).

The medium was replaced every three days duringriag of approximately 21 days when cells cultuzached
about 80-90 % confluence, and was passage attio3€&lls were expanded for experimentation aspgs 3.

Figure 2. (A): theisolated pulp tissue was cut into small segments. (B): after digestion of the pulp tissue

M or phological study of the DPSCs culture

Colony formation units of fibroblastic cells werermally observed within 1-2 weeks after cell segdifig. 3A).
After adherence to the plastic surface, stem gatigily exhibited an ovoid shape that evolvedigaluring the first
24 hours to a typical fibroblast-like form, whiclmained until confluence (Fig.B,
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Figure 3. (A): Primary culture of Dpscsduring thefirst week. (B): Culture of Dpscswith total confluence

Fabrication of chitosan porous scaffolds
Chitosan scaffolds were prepared by a combinatidreeze gelation and leaching out technique ofiSucthloride
crystals used as porogen.[27-30]

Chitosan (76 % deacetylated; Sigma Aldrich, Usaj)(®%as dissolved in 1% (v/v) acetic acid solutf@0 ml) and
agitated with magnetic stirring for 48 h at roomnperature (Fig. 4). The resulting solution was filtered and stored
at 4°C until use. Sodium chloride salt (125-280) was mixed in the chitosan acidic solution tov@@6. The
mixture frozen at —80°C for 24 h, and then lyopeti for 24 h at -56°C by a freeze-dryer (Jlabtewel) (Fig. 8B).
The chitosan—salt mixture was washed in ethand,(20, 80, 70 and 50%, v/v) sequentially for 2 bhedinally,
after salt-leaching for 48 h in distilled watere thcaffold was frozen at —80°C for 24 h and thepiylized for 24 h.

Figure 4. (A): dissolving chitosan powder in acetic acid solution with magnetic stirring. (B): lyophilizing the chitosan with freeze-dryer

Dental pulp stem cellsand scaffold construct

The size of scaffold used for cell culture was 7 ofength and 2 mm of thickness so as it resertit@eprepared
root canal space. Before culture, the scaffold staslized by placing under an ultraviolet lamp (blab, Germany)
for 30 minutes, and then was soaked in 70% ethtmgre-wet for 30 minutes and then was exchanget wi
phosphate-buffered saline (PBS, Gibco-Life Techgiekn Usa) for three times (30 minutes each). Taffad was
then washed twice with culture medium (1 hour eatf) DPSCs were seeded on the scaffold and the cdfbita
constructs were cultured in 5 mL culture mediumZérhour; and then transported into the patienbght

Transplantation of DPSCs and scaffold construct to the patient

Four weeks later the second visit was scheduledfdbth was asymptomatic subjectively. Objectivéihg tooth
was functional with normal periodontal conditiondaimsensitive to percussion and palpation, andetieas no
presence of swelling. However, the tooth was ngpoasive to cold testing.

Local anesthesia was obtained by using 2% lidocaitie 1:100,000 epinephrine. After rubber dam isola the

temporary restoration was removed, and the roatloaas irrigated with saline and 17% EDTA (5 ml,thotes)
(Fig. 5A), then a final rinse with 5 mL saline and was dittiee canal with sterile paper points (Fid3)5,
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Immediately, the Dpscs/chitosan construct werertadeinto the root canal space of the tooth, amdatcessed
cavity was sealed with ProRoot white Mineral TrabxiAggregate (MTA) (Dentsply Tulsa Dental, TN, Ugaig.
5,C), and Vitrebond (3M ESPE, Usa) (FigDj,followed by final restoration using adhesive nammposite resin
(Filtek Z350; 3M ESPE, Usa) (Fig.H,

Figure5. (A): irrigating the canal with EDTA 17 %. (B): after drying the canal with paper point. (C): MTA placement at the orifice of
the canal. (D): after Vitrebond placement abovethe MTA. (E): the final restoration with adhesive composite

Extraction thetooth and histological analysis

At the third visit 8 weeks later, the tooth congduto be asymptomatic and negative to pulp seitgitshowed no
obvious change in shade or color, and postoperasidegraphs were taken. The presence or absenapicl
radiolucency was evaluated by two blinded examiners

Next, infiltrating anesthesia was applied, followbg extraction of the tooth with forceps and preess for

histological and immunohistochemical evaluationft Sissue remnants and crown restorations were vechdo

ensure adequate penetration of fixative into thakaAnd the tooth was immediately placed in indual containers
filled with formol 13 %.

The tooth decalcified in 10% Nitric acid for 4 weekhe specimen was then soaked with ethanol @®0and
90%) sequentially for 3 hours each, followed inatyfor 1 hour, and embedded in paraffin. Serialtisas of
approximately 5 um thickness were cut along the laxis of the tooth, and stained with routine hemytn and
eosin (Merk, Germany) for histological analysis @xdmined under a light microscope.

Immunohistochemical staining

To evaluate the nature of the tissue immunohistoited staining was performed. The sections werehedsn
phosphate-buffered saline (PBS) and immersed itanel containing 3% hydrogen peroxide to block geamus
peroxidase activity and incubated with primary laodiies overnight at 48°C. Primary antibodies usedewas
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follows: dentin sialoprotein (DSP, LF-21), and bai@oprotein (BSP IlI; LF-25), from (Santa Cruz &ichnology,
Santa Cruz, Usa).

For enzymatic immunohistochemical staining, Zymeghe3PicTure polymer detection kit DAB (Invitrogddsa)
was used according to the manufacturer's protdsettions were counterstained with Mayer's Hematoxghd
eosin.

RESULTS

Clinical and radiographic findings of the tooth sleal no signs of mobility, no swelling or sinus teamegative
response to pulp sensitivity and the restoratios wwtact.

Histological findings of vital tissuesin the canal space

The sample showed a regeneration of a vasculacaedective tissue, capillaries were not congesteltiae fibers
scattered randomly as in normal healthy connedissue (Fig. 6.A). Surprisingly, in the superficelea of the
connective tissue and just next to the dentin arlay cells were clearly distinguished, these ce#se cuboidal,
centered ciphered nuclei and had a visible progesstrating a newly formed dentin-like structurd dgpassing to
the old dentin of the tooth (Fig. 6,B-C).

Figure 6. Histological analysis of pulp/dentin regeneration. (A): regeneration of pulp-like and dentin-like tissue. (B): thejunction of
original dentin and dentin-like tissue (green arrows), in addition the blood vesselsin the pulp-like tissue (blue arrows). (C): continuous
layer of uniformed thickness of dentin-like tissue (yellow arrows), well aligned odontoblast-like cells (bluearrows). D, original dentin.

DL, dentin-liketissue. PL, pulp-like tissue. OdL, odontoblast-like cells

We applied immunohistochemical staining to clattig nature of this layer of cells. They were 1008sifive for
Dentin sialoprotein, while they were negative fam® sialoprotein (Fig. 7,A-B).

Meaning that we had a new pulp formation and mageave had a newly-formed odontoblast cells laydrictv
does resemble morphologically odontoblast, but flsction as odontoblasts.
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Figure 7. Immunohistochemical analysis of pulp/dentin regeneration. (A): dentin sialoprotein. (B): bone saloprotein
DISCUSSION

The normal dental pulp is a loose connective tisaureounded by dentin. The dental pulp and dentiittion as a
unit, and the odontoblasts represent a crucial ehein this system. The odontoblasts are locatedemperiphery of
the pulp tissue, with extensions into the innert pafr dentin. Dentin would not exist unless produdey
odontoblasts, and the dental pulp is dependenhemptotection provided by the dentin.[3] Regeneratf dental
pulp tissue is not only necessary to the constnabif a fully functional bio-root but also repretean alternative
treatment for dental pulp diseases.[9] To dategaehers have tried to replicate vital reproducpup tissue by
seeding stem cells from dental tissue into varimioslegradable scaffolds.[31-33] The purpose of thise study is
to describe the histological observation of a hummture permanent tooth after regeneration proesdun our
knowledge, this is the first histological obserwgatiof a human regenerated mature permanent toath.stdy
demonstrated the synthesis of vascularized humdp/damtin-like tissues in human root canal spaceraf
application an endodontic regeneration proceddrbke.promise and potential of regenerative endoddhgrapies
in teeth was first explored by Nygaard-@stby in 196th limited success.[34] Histological analyssmbnstrated
that a functional pulp-dentine complex was not irmly induced. Current and future research intcenegative
endodontics is focused on tissue engineering giiesiincluding root canal revascularization, posthatem cell
therapy, pulp implantation, scaffold implantatiomjectable scaffold delivery, three-dimensionall geinting and
gene delivery.[3] The challenge for the cliniciantd recognize the potential of these new theragies where
appropriate incorporate them into everyday praclicgatients, the outcomes of teeth with previnasrotic pulps
and open apexes that have been treated with regemeendodontics have always been evaluated aligiand
radiographically.[35-37] These clinical cases shbat continued hard-tissue deposition inside thealsaof these
teeth can occur under certain conditions. Therenarhistological reports regarding the nature sdues present in
the canals of these teeth treated with regeneratidedontics.

In this study, clinical examination, histologicaidalmmunohistochemical analyses were used to etealDRSCs-
mediated pulp regeneration. On the basis of tissigineering theory, the first step in tissue reggtien is to obtain
appropriate stem cells.[3] In this study, the aagolus DPSCs were isolated from human dental psspiei.

Previous experiments have shown that an importeatufe of the DPSCs is their odontoblastic diffeéegion

potential.[26] In early research with DPSCs, huni#SCs showed the ex vivo potential for self-reneeaad

differentiation into osteoblasts, adipocytes, chongites, and neurons; transplantation of human RBR8iRed with

hydroxyapatite/tricalcium phosphate formed an ectquip-dentin—like tissue complex in nude mice][Zte

formation of a pulp-dentin—like complex in immunageromised mice suggested that these cells havetauastic

differentiation potential. A recent in vivo studgrgeting root dentin perforation repair with the w$§ DPSCs and
dentin matrix protein 1 (DMP1) carried by collageatrix showed that soft connective pulp-like tisswes formed
in the perforated site, but no hard tissue was rge¢ee.[33]

The results of this study showed eight weeks dfterregeneration procedure a loose connectiveetibed the
canal space up to the coronal third. The tissubércanal space was rich in cells and well vasiagdr This tissue
is similar to the connective tissue in the nornatal space. A layer of flattened cells similar tloetoblasts were
polarized along the dentin-like in the root cankl.is evident that these odontoblast-like cells averewly
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differentiated odontoblasts from the dental pulkpnstcells after regeneration procedure of the magperenanent
tooth.

To generate new dentin, stem cells must first cifiiate into odontoblasts.[9] In vivo studies halemonstrated
that stem cells from human exfoliated deciduoushteeere able to differentiate into odontoblast-lidls lining
against the existing dentin surface.[31] Theseifigsl suggest that existing dentin is sufficiengtide stem cells in
the canal space to differentiate into odontoblist-tells. Even the chemical treatment of dentoh mt appear to
affect this capacity. From our results, it appethest dental pulp stem cells seeded in the chitezaffold are
attracted to the dentinal wall, differentiate irtdontoblast-like cells, and extend their cellulaogesses into the
dentinal tubules. The mechanism underlying thisnpngenon has been speculated to be the releaseowthgr
factors such as transforming growth factor-b (TGRHat is known to be embedded in dentin, whichaats and
induces odontoblasts differentiation of the seesteth cells.[25, 38]

The most interesting and important finding of thigdy is the formation of a continuous layer oftitetike tissue

with uniform thickness on the existing canal dentialls. This fulfills a major requirement of functial tissue

engineering/regeneration because dentin produigione of the major functions of pulp. Regeneraitodefined as
the replacement of damaged tissue by the same[8kl$owever, regeneration is a histological obs¢inn and

cannot be determined radiographically. Based ormpthsent case study, the tissue in the canal sygueared to be
an extension from dental pulp stem cells. Becausdid not create bleeding before placing DPSCherrdot canal
of the present case, we believe whatever tissubdéms produced in the canal is a result of theemas of DPSCs.
Expression analysis of DSP, BSP key genes inditht¢éghe regenerated pulp tissues closely resenatigal pulp

tissue.

We agree with previous in vitro studies which destmated that DPSCs seeded onto a processed tnaesfonto
odontoblast-like cells each with a cellular procestending into the dentinal tubule which is veiyitar to the
natural pulp tissue.[25, 39]

Taken together, our findings show that pulp/demégeneration can be accomplished with stem cedshated
tissue engineering approach. Our in vivo study gtbthat autologous DPSCs combined with chitosaffaida
transplanted into pulpless root canals laid to pelgeneration. Furthermore, a histological analgsiswed that
these cells demonstrated an excellent capacitgrim flentin and blood vessels, results supportiegctincept of
using DPSCs together with scaffolds as a potemi&) to treat mature teeth. Another key componentisisue
engineering is the scaffold.[3] Scaffolds have besed in tissue regeneration to facilitate the from and
maturation of new tissues or organs, where a balhetween temporary mechanical support and masspé (eg,
degradation and cell growth) is ideally achieved$ice the discovery of human DPSCs, the regeineratf

dentin-pulp complex has been mediated by usingemdifft scaffolds such as hydroxyapatite/tricalciuogphate
ceramic powder, hydrogels, synthetic scaffoldsacec scaffolds, organic scaffolds and platelet-git&isma.[40-
43] However, none of these scaffold materials é&aldor pulp regeneration, because they are eitbesuitable for
soft tissue regeneration or are too complicated simthesis and manipulation. Chitosan is one ef ithost
commonly used dressings for the promotion of wobadling.[27] Previous reports have suggested thiadsan
could be used as a scaffold material in soft tisegeneration and tested in clinical regeneratieglioine.[44, 45]
The chitosan scaffold is a porous scaffold thatlmamolded into any shape.[46] several studies Haweonstrated
that chitosan is a nontoxic, biodegradable, anddrgatible material that can potentially be usedvamious

biomedical applications, including drug deliverypumd dressing, tissue engineering, skin substitutesve
regeneration, hemostatic action, implants, ancaaterial coating.[27, 46] In addition, it is comially available
and easy to manipulate, therefore we used chitasdhe scaffold material in our study.

Our results corroborate these findings and furttiew that DPSCs can adhere to and proliferate ersuhface of
the chitosan scaffold, demonstrating the chitosaadmpatibility and lack of cytotoxicity. The alifiof chitosan to
support cell attachment and proliferation is atttéal to its chemical properties and hydrophilicrelster.[47, 48]
our findings proved that chitosan is considereditakle scaffold for dental pulp regeneration. Rertstudies are
required to understand the mechanisms of DPSC teeldialp regeneration and to explore strategiegtitiancing
pulp tissue regeneration, including the applicatibgrowth factors.

CONCLUSION
Based on histological observation of the presentivo case study, regeneration of the pulp-liksuesis possible
after an endodontic regeneration procedure. Usingam DPSCs and chitosan scaffolds showed for thetfime

the regeneration of vascularized pulp-like tissog the formation of dentin-like structures in tloetrcanal space of
the human teeth.
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