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Chapter 1- Introduction

1.1 Calcium-silicate MTA based cements

Endodontic therapy consists in the managementwaraktissues such as pulp tissue,
periodontal tissue, periapical bone and dentines&Hissues are often contaminated
by blood, periapical exudates and biological flutkich may compromise the
setting reaction and stability of many materiatgooyed for endodontics. An ideal
orthograde or retrograde filling material should f@n toxic, noncarcinogenic,
nongenotoxic, biocompatible with the host tissuaspluble in tissue fluids, and
dimensionally stable (Torabinejad 1996, Ribeiro&00

The existing materials used in endodontics didpusises these ideal characteristics,
especially in clinical application the moist highlffects the sealing ability and
stability of endodontic cements. For these reasoreral trioxide aggregate (MTA)
was developed and recommended initially as a rodt-&lling material and
subsequently has been used for pulp capping, puipgt apexogenesis, apical
barrier formation in teeth with open apexes, repanoot perforations, and as a root
canal filling material.

Calcium-silicate MTA cements are biocompatible btoge hydrophilic materials
(Gandolfi 2009-2011) and are able to release aalcand hydroxide ions. The
calcium releasing and the alkalinization of surminog environment have been
demonstrated as the main factor of calcium-s#icBtTA cement chemical and

biological properties.



1.2 Chemical Properties

MTA based cements contains a fine hydrophilic pawafePortland cement with
radiopacifyng agent such as bismuth oxyde (camil@05). The main constituents

of the hydrophilic powder are tricalcium siliea(3Ca0Si02), tricalcium
aluminate (3CaO+AlI203), dicalcium silicate (2CaO2jand only for GrayMTA
(GMTA) tetracalcium alluminoferrite (tetracalcium  lueninoferrite

4CaOAI203Fe203) (Islam 2006).

The MTA cements setting reaction is trigged by ithging of the hydrophilic
powder with water. The hydration of calcium sileaand aluminate causes the
formation of a porous solid gel (Camilleri 2007)thvicalcium and hydroxide ions
(CH) release. The precipitated CH produce an highliaization of surrounding
environments during the hydration steps.

The ideal powder-to-liquid ratio was set in 3:1 (@lmnejad 1993), in order to
obtain a proper setting reaction. It has been detmated that physical and chemical
properties of MTA cement might be negatively aféect by changing in
powder/liquid ratio, method of mixing, pH of the vionment and temperature
(Watts 2007, Islam 2006, Gandolfi 2009).

Unfortunately MTA cement setting is over 170 masi{Gandolfi 2009) much
longer than clinical requirement, so the long Bsgtttime is one of the major
drawbacks (Gandolfi 2010, Parirokh 2010).



1.3 Biocativity

As reported by Kokubo & Takadama (2006) a bioactederial can bind to living
bone by the formation of a bone-like apatite laper its surface in the body
environment.

The hydroxyapatite (HA) is the main inorganic com@ot of human hard tissues
such as bone, dentine and enamel with a Ca/P maglarof 1.67 and a structure very
similar to that of natural apatite.

The bioactivity of calcium-silicate cement was tfissiggested by Sarkar (2005), and
later confirmed by Coleman (2007), Tay and Pasf2607), and Gandolfi (2010). In
these studies MTA cements were immersed in phosghdfered solutions (PBS) in
order to simulate the body fluids (SBF) interactsuch as blood, saliva and cervical
fluids.

During the hydration steps of calcium-silicatég tCaions released combine with
the P ions of the SBF forming calcium-phosphatescipitation on the cement
surface. The OHions released from the CSH phase contribute taalkedinization
of the surrounding environment and induce the alhmup Ca-P precipitates to
mature into a B-type HCA phase (Gandolfi 2010).

Hydroxyapatite is biocompatible and osteoconductseethe bioactivity (i.e. apatite
formation ability) of MTA based cements might gaesignificant clinical advantage

over the other commercial cements in rootend ot-peoforation reparation.
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Setting time and expansion in different soaking iaed
experimental accelerated calcium-silicate cements a
ProRoot MTA

Maria Giovanna Gandolfi, Bio, DSc, PHD Francesco lacono, DOFKelli Agee, BSS
Francesco Siboni, BSFranklin Tay, BDS, PhD,David Herbert Pashley, DMD, PhDand

Carlo Prati, MD, DDS, PhB Bologna, Italy, and Augusta, GA
UNIVERSITY OF BOLOGNA AND MEDICAL COLLEGE OF GEOR®

Objectives. The setting time and the expansion in deionized water, phosphate-buffered saline (PBS), 20% fetal bovine
serum (FBS)/80% PBS or hexadecane oil of experimental accelerated calcium-silicate cements and ProRoot MTA were
evaluated.

Study design.Different compounds such as sodium fluoride, strontium chloride, hydroxyapatite, and tricalcium
phosphate were separately added to a basic experimental calcium-silicate cement to test their effect on setting and
expansion.

The initial and final setting times were determined using appropriate Gilmore needles. A linear variable
differential transformer (LVDT) device was used to test the restricted hygroscopic linear expansion over 180 minutes of
cements immersed in different solutions. Results were statistically compared using a 2-way ANOVA test (cement type
versus solution type).

Results. All experimental cements showed initial setting times between 28 and 45 minutes and final setting times
between 52 and 80 minutes. MTA showed a final setting time of 170 minutes. Final setting time of all experimental
cements was faster than MTA.

All cements showed slight (0.04%-0.77%) expansion in water, PBS, or FBS/PBS. Only fluoride-containing
cement showed a significant expansion in water (6.68%) and in PBS (6.72%). The PBS/FBS contamination significantly
reduced the expansion of fluoride-containing cement (2.98%) and MTA (0.07%). In contrast, cements showed a slight
shrinkage when immersed in hexadecane, especially fluoride-containing cement.

Conclusions.The study demonstrated that: (1) the setting time of calcium-silicate cements may be effectively reduced;
(2) the expansion is a water dependent mechanism owing to water uptake, because no expansion occurred in cements
immersed in oil; (3) a correlation between setting time and expansion in water and PBS exists; (4) fluorine-containing
cement showed a significant expansion in water and in PBS; (5) the immersion in FBS/PBS strongly reduced the
expansion of MTA and fluoride-doped cement suggesting that fluid contamination (ie, blood) during surgical
procedures may greatly affect the expansion of some calcium-silicate cements. (Oral Surg Oral Med Oral Pathol Oral
Radiol Endod 2009;108:e39-e45)

Calcium-silicate cements (like ProRoot MTA [mineral ping agents and root canal seafefsHowever, these
trioxide aggregate] and other Portland-based ceshent materials present some disadvantages, such as pro-
are mainly composed of hydrophilic particles ofalic ~ longed setting time and poor handling when used as
cium silicate and tricalcium silicate. They are raulic root-end fiIIingsrf‘ A root-end filling material should set
cements able to set in presence of blood or othiglsf s soon as it is placed in contact with oral hagsues
They have been proposed in dentistry as root-end an t0 allow dimensional stability of the restoratiomdato

root perforation repair materials and later as madp- ~ confer adequate strength to avoid displacemennduri
restorative procedures. Recent studies attemptéd-to

prove the physical and chemical properties of cafei
silicate cements in regard to their relatively skstting

aDepartment of Dental Sciences, Endodontic Cline¢tion, Uni- time_4'14 To reduce setting time and extend their clin-
versity of Bologna, Bologna, Italy. . . o .

®Department of Earth Science, University of BologBelogna, Italy. ~ 1c@l use, new calcium-silicate materials may be de-
*Department of Oral Biology, School of Dentistry, 8leal College  Signed by adding different compounds. Experimental
of Georgia, Augusta, GA, USA. cements demonstrated adequate in vitro margingd-ada

Received for publication Jun 22, 2009; acceptedfdslication Jul tation and sealing ab”iwf’:lﬁ and good biocompatibil-

20, 2009. 9,10 ; e . . .
1079-2104/$ - see front matter ity™ " and b|qact|V|ty by f_ormat|on of an apatite coating
© 2009 Published by Mosby, Inc layer when immersed in phosphate-containing solu-
, Inc. =L
doi:10.1016/j.tripleo.2009.07.039 tions:
11
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Table I. Composition of experimental cements
Designations Composition

WPC (control) White Portland cement (thermally and
mechanically treated), calcium sulphate,
calcium chloride

TC1 WPC and montmorillonite 1 wt%

TC2 WPC and montmorillonite 2 wt%

TC5 WPC and montmorillonite 5 wt%

TC-TCP WPC, montmorillonite 1 wt% and tricalcium
phosphate 5 wt%

TC-HA WPC, montmorillonitel wt%, and hydroxyapatite
5 wt%

TC-Sr WPC, montmorillonite 1 wt% and strontium
chloride 5 wt%

TC-CaP WPC, montmorillonite 1 wt%, calcium hydrogen
phosphate 4 wt% and calcium carbonate 2 wt%

TC-F WPC, montmorillonite 1 wt% and sodium fluoride

1 wt%

ProRoot MTA is often placed in moist environments
where it can take up more water than might be ideal
The presence of different moisture during surgagal
plication (such as blood, plasma, and other fluiis)
modify the physical properties of these materfais.

The purpose of this study was to investigate the

setting times and the linear expansion between th
initial and final setting times of experimental al=r-

ated calcium-silicate cements and ProRoot MTA after

immersion in various soaking solutions such as phos
phate-buffered saline (PBS), fetal bovine serumS3FB
hexadecane oil, and deionized water.

MATERIALS AND METHODS

A white Portland cement (CEM | Aalborg, Aalborg,
Denmark) was used as base material for the experime
tal calcium-silicate cements because it contaims th
same active components of white ProRoot MTA

December 2009

dry powders, mixing glass, and mixing water were
maintained at 23 3°C. The mold was completely
filled and the excess material was removed to oldai
flat surface. The samples were then stored in &= g
phase of a sealed chamber containing a saturated so
tion of magnesium nitrate hexahydrate to hold #le r
ative humidity (RH) at 50% as required by ASTM
standard® and maintained at 37°C. The temperature of
37°C was used instead of 23°®ecause the cements
inserted in root canals are set at physiologicalpter-
ature. The use of an electronic hygrometéanna
Instruments, Model HI9065/C, Woonsocket, RI) con-
firmed that the gas phase above this solution had a
relative humidity of 50%  1%.

The initial setting time represents the time regdiir
by the test cement to set and rigidify enough fopsut
the lighter Gilmore needle; the final setting tilsehe
time necessary for the test specimen to bear theidre
Gilmore needle without appreciable indentation.

The initial setting time was measured using a Gil-
more needle weighing 113.4 g with a tip diameter of
2.12 mm. After the initial setting time was measljre
the specimens were tested every 10 minutes with a
Gilmore needle weighing 453.6 g with a tip diameter
1.06 mm. As the final setting time approached, spec

ens were tested every minute to determine thetexac
inal setting time. The test was repeated 3 tinwes f
each material and the means were statistically com-
pared using a 1-way analysis of variance (ANOV/A} te
seeking significant differences. When significatfited-
ences were found, they were identified and compared
using Tukey multiple comparison tests at 0.05.

Expansion

A linear variable differential transformer (LVDT)
device was used to test the expansion of each rakter
during 180 minutes. Before starting the expansi@a-m

(Dentsply, Tulsa, OK) that was used as control. Thesurements the samples were stored (immediately afte

compositions of the experimental cements are shown
Table 1

Setting time
The setting time of calcium-silicate cements and
MTA was determined using Gilmore needles (ASTM

mixing) for 30 minutes at 37°C and 50% RH, to avoid
the deterioration of cement surface by the LVDTharo

Aluminium stock was milled to create cylindrical
wells measuring 11 mm in diameter and 5 mm in depth
(volume of 475 mr?l). The mold was only open at the
top to constrain the material displacement in tagiv

International, West Conshohocken, PA) in accordancecal direction in a manner similar to its use inese

with ASTM standard C266-3% with the following
exceptions. Ten grams of cement were mixed instéad

root-end fillings. The materials were mixed andcpld
into the mold as described previously. Samples were

650 g (because of the high cost of materials). Thestored for 30 minutes in an incubator at 37°C ad%5

experimental cements and MTA were mixed with
deionized water (powder:liquid ratio of 3:1) on lass
slab with a stainless steel spatula. The mixturesew
placed into a mold measuring 14 mm in diameter and

RH to set the cements.

A thin coating of a viscous cyanoacrylate was pdace
on the bottom side of the aluminium wells to fix it
beneath the contact probieig. 1) of an LVDT device

2.5 mm in thickness instead of the 13-mm thickness(Model TMS-2, Perkin Elmer, Boston, MA). A weight

required by the ASTM standard. Room temperature,

12

pan on top of the LVDT was loaded with 0.01 N of
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€—————— Weight Pan Table II. Initial and final setting times of centien

Cement Initial setting time Final setting time
B WPC 31 2 55 9
[T TC1 36 1°° 70 1%
TC2 31 2¢ 52 1
3 " b j,k
Differential 1851_0'3 ?;; l?if ?‘11 g
Transformer ToHA a0 P 5 #
TC-Sr 28 14 65 X
TC-CaP 39 2¢f 80 3
TC-F 45 7 77 3
MTA 41 1f 170 20
Quartz Probe Initial and final setting times of cements store@2C and 50%

relative humidity.

Different superscript letters indicate significatifferences (P
.005).N 3.

MTA, mineral trioxide aggregate; other acronyms pable |

Cement in Mold

Fig. 1. Schematic figure of LVDT used to test theear
constrained expansion of cements immersed in e@iffieso-

luti WPC (31 2 minutes). Longer initial setting times
utions.

were obtained with TC-TCP (39 1 minute), TC-CaP
(39 2 minutes), and MTA (41 1 minute), whereas
TC-Fwas 45 1 minute. The final setting times of

all the experimental materials were between 52 and
80 minutes, whereas MTA required 170 2 minutes
(P .05).

force. This was necessary to balance the buoyahay o
hydraulic damper system to keep the probe in contac
with the cement during dimensional changelse T
LVDT has a sensitivity of 0.5 m over a range of )
4 mm. Expansion

The expansion of the cements was evaluated 6 times Pilot experiments using LVDT on the materials be-
in 4 different solutions: (A) deionized water, (BBS  9inning 10 minutes after initial mixing revealedttthe
(Mediatech Inc, Herndon, VA), (C) 20% FBS (Medi- Surface texture of the cements deteriorated wiglio

atech Inc) mixed with 80% PBS, and (D) hexadecane®0 minutes when any of aqueous solution was placed
oil (Fisher Chemicals, Fair Lawn, NJ). on the cements. For this reason, a humid envirohmen

The samples were removed from the incubator and(®0% RH) was used to set the cements (for 30 minute
then covered by these solutions approximately lurein &t 37°C) before sample immersion. None of the exper
after the probe contacted the surface of the cerfieiet ~ imental cements or MTA showed any shrinkage in
materials remained covered by 1 of the 4 test golgt ~ @queous solutions. All materials exhibited iable
until the experiment was finished. A computer logjge a@mounts of linear expansion in water, varying from
the probe position every 3 seconds for 180 minates ~ 0-06%  0.00% for TC51t0 6.68  0.83 for TC-F
the expansion of the samples was monitored as@ fun céments Table Il)). When the cements were covered
tion of time. The results were statistically comggaby ~ With 20% FBS/80% PBS, TC-TCP and TC-CaP ex-

using a 2-way ANOVA test (type of cement as one Panded significantly more than in PBS, whereas TC-F

factor versus type of solution). and MTA were more dimensionally stablEaple I1I).
When initial setting times were plotted against eam

RESULTS expansion in water or PBS (water P .005, PBS P

Setting time .05) significant correlations were found (watér R

The initial and the final setting times of the cense  0.67, PBS R 0.46) Fig. 2.
are shown inTable IL The final setting times of all
calcium-silicate cements were faster than MTA. tA# DISCUSSION
materials tested demonstrated initial setting tirhes The study investigated the linear expansion between
tween 28 and 45 minutes. TC-Sr had the shortet&lini  the initial and the final setting times of MTA and
setting time (28 1 minute). Cement containing hy- experimental cements in different soaking solutions
droxyapatite (TC-HA) showed an initial setting timole MTA and the experimental cements contain the same
30 1 minute, similar to TC2 (31 2 minutes) and active hydrophilic compounds, mainly dicalcium-sili

13
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Table Ill. Expansion (positive values) and shrig&gnegative values) of cements

Cement Water PBS 80% PBS/20% FBS Hexadecane
WPC 0.10 0.03 0.22 0.08 0.12 0.04 0.06 0.02
TC1 0.23 0.00 0.22 0.09 0.25 0.08 0.07 0.02
TC2 0.07 0.02 0.14 0.08 0.15 0.08 0.12 0.0%
TC5 0.06 0.08° 0.14 0.07 0.13 0.04 0.04 0.0%
TC-TCP 0.27 0.10 0.04 0.0 0.29 0.08 0.22 0.08
TC-HA 0.24 0.09 0.28 0.12 0.33 0.08 0.10 0.0%
TC-Sr 0.17 0.03 0.08 0.0% 0.16 0.08 0.11 0.02
TC-CaP 0.31 0.70 0.50 0.18 0.83 0.2% 0.14 0.08
TC-F 6.68 0.83 6.72 0.88 2.98 0.13 0.48 0.06
MTA 0.77 0.27° 1.04 0.28 0.07 0.08° 0.15 0.08

Expansion (positive values) and shrinkage (negatalees) during 150 minutes of cements immersesater, PBS, FBS/PBS and hexadecane.
Values are % linear expansion. Groups identifiediifferent superscript lowercase letters in hortabnows are significantly different at P

.05.N 10.

PBS, phosphate-buffered saline; FBS, fetal boverara; MTA, mineral trioxide aggregate; other acnosyperTable |

400

4 0.18x
m 350 y = 0.025¢
350 0 R app R?=0.46 »
—- =E ggg r =068 .
Eaon g2is P08
=4 § 100
@ 250 s
b 250 w 0
= 25 30 35 40 45 50
£ 200 Initial Setting Time (min)
=
2
@ 1507 y=000816"™
a8 R?=067
» 100 r =082
- p <0.005
50

25 30 35 40 45 50
Initial Setting Time (min)

Fig. 2. Initial setting times plotted against cemnexrpansion
in water or PBS. Significant correlations were fdulm water
P .005andR 0.67;inPBSP .05andR 0.46.

cate and tricalcium silicate, that allow the matksrito
set in presence of water or other fluids.

Under the conditions of this study (50% RH and
37°C), the experimental cements showed an inig&l s
ting time of 28 to 45 minutes, whereas MTA showad a
initial setting time of 41 1 minute, which was faster
than TC-F (45 1 minute). MTA was used as a
comparison material to establish the consistency of
our results with previous investigations. The resul
of this study are in agreement with the prolonged
final setting time of MTA previously reporte4 0-23
Ber et al* showed a final setting time of 202 minutes,
which was greater than the time reported by Tor-
abinejad et at. (175 minutes), but they used a Vicat
needle. Islam et &' using a Gilmore needle, found
a setting time of 140 minutes and 175 minutes for
white MTA and grey MTA, respectively. The results
of the present study indicated a final setting tiofie
MTA of 170 2 minutes. The use of different
needles with differing weights (300 g Vicat versus
453.6 g Gilmore needle), humidity conditions, and
temperatures may be responsible for the differences
in setting time$?

The experimental material exhibited final iseft

To investigate the setting time, all specimens weretimes between 52 and 80 minutes, which were aéfas
stored in a chamber at 37°C with 50% RH, to avoid setting than MTA. The inclusion of Ca{h the com-
both water uptake and dehydration of the samples, a position of all experimental cements reduced tiense

required by the ASTM specificatior]i%.

time, according to earlier studi@dh?°

The setting time of specimens stored at 37°C and The montmorillonite seemed to delay the final sgtti

25% RH was previously assessed in the pilot stiy.
these conditions, the setting time occurred toadtgp

time in TC1. According to previous studies on glass
ionomer and calcium-phosphate ceméhtéand in

because of water loss from the specimens. The comcements used as building materi&lsnontmorillonite
parison of the results obtained from the 2 differen was added to improve the dimensional stability ef ¢

humidity conditions (ie, 25% versus 50%) revealesl t

ments. Montmorillonite is a phyllosilicate minexale-

direct proportionality between RH and setting time. rived from deposits of weathered volcanic ash) abar
That is, at 25% RH, the time the cements needed tderized by high and irreversible swelling aeiy
reach the initial and final setting time was exgactl owing to water adsorptio??.‘sOThe effect of montmo-

half of the time required to reach the setting tiate
50% RH.

14

rillonite on initial and final setting times andpansion
was negligible.
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Other chemical compounds have been proposed byhuman serum to simulate a more in vivo-like condi-
earlier investigations to modify the setting tinrelahe tion.*> We mixed 20% FBS with 80% PBS to simulate
expansion and to improve the biological propertés body fluids. Others previously used pure bovinaiser
different cementg’ 3138 albumin?®

The experimental materials containing strontium Expansion of calcium-silicate Portland cements is
chloride (TC-Sr) and apatite (TC-HA) had shortelr se  thought to be because of water and fluid sorption o
ting times, whereas the cements containing tricalci  other hydrolytic events. This can not occur in(@ih-
phosphate (TC-TCP) and calcium hydrogen phosphateer-free soaking solution). We used hexadecanenas a

(TC-CaP) had slightly longer initial setting times; example of a very pure oil to act as a negativerotn
though much lower than MTA. Interestingly, the uncl The immersion in FBS/PBS significantly reduced the
sion of NaF substantially increased the initialtiset expansion of TC-F, WPC, and MTA compared with the
time of cement. immersion in PBS. It is likely that the serum pinge

The hygroscopic linear expansion of cement samplesadsorbed to the cements and reduced the dimersions
was investigated afte80 minutes of setting before their surface porositie‘tg_
immersion in the different solutions (deionized erat The significant positive correlation betweeane
PBS, 80% PBS-20% FBS, and hexadecane oil). Ourstrained linear expansion in water and initial ingtt
clinical experience suggested that 30 minutes és th time was observed in samples stored in water and in
time required for MTA preparation, its insertionan  pBS. The longer it takes a cement to rigidify stiéit
suitable consistency, and periapical surgical flews  to support the lighter Gilmore needle, the moreaexp
placement. Storm et 3.measured the linear con- sion occurs. A delayed water uptake may be responsi
strained expansion by LVDT and reported a slight pje for longer setting time and higher expansiofteA
linear expansion of 0.47% for gray MTA (GMTA),  the initial setting time, it is unlikely that modémen-
0.04% for white MTA (WMTA), and 0.24% for port-  sjona| change can occur by water uptake because the
land cement when the specimen were submerged ifncreasing stiffness of the cement opposes furttier
water immediately after mixing. The linear expamsio yensional changes.
values of our experimental cements are within traes The water-free hexadecane oil was used to determine
order of magnitude of those obtained by Storm & al if the expansion of these cements was a resultaoén
except for TC-F that showed a 6.7% linear expansion e glight expansion showed by the cements in the
water. This expansion may explain the optimal s€ali  resence of water and the slight shrinkage deteoted
ab|I|tylgemonstrated by th|s cement in a microlegeka presence of hexadecane indicates the expansiomwas
SFL_de' Water-soluble F |n<_:reased the water-penetra-oqt of the consequence of water uptake suggeatin
bility of cement paste. FIuprme may cause the éaed water-dependent mechanism. The slight shrinkage of
cement paste by promoting the formation of & porousy,e cements immersed in hexadecane was probably

structure W'th increased tota_l pore volume _and ey because of dehydration of the cement surface by oil
of large capillary pores. A likely explanation ftre

retardation of setting by F may be (1) fluorinettha

dissolves from NaF during hydration, precipitates a CONCLUSIONS

fine crystals of Caf (2) the formation of water-insol- All the experimental accelerated calcium-silicage c
uble protective film of Cafon the surface of cement ments showed setting time values suitable for smt-
minerals suppressing the water penetration insite m filling surgical procedures (30-40 minutes) arai
erals and their dissolution/hydration and of movete other clinical applications where short setting difis

of ions; (3) the formation of calcium-silica-fluorine required, such as in root perforations.

complexes (containing SiF groups) by reacting sili- A correlation between setting time and expansion
cate ions with F dissolved from NaF additive. was demonstrated in water and PBS.

Water was used as a control because calcium-gilicat The expansion is a water-dependent mechanism at-
Portland cements set by reacting with water. Duringtributable to water uptake, because no expansien oc
hydration and setting, these cements can react witlcurred in cements immersed in oil.
phosphate ions present in solutions to form hydapxy The expansion may occur inside the surgical sites i
atite crystals on their surface, as recently preddsy presence of physiological fluids and may play aitpes
different studie§®** we expected this may occur on role in improving the sealing ability, an essenfiedp-
the cement immersed in PBS. Most biological fluids erty for the endodontic filling materials. Only fitide-
such as blood and plasma contain a complex mixttire containing cement showed a significant expansion.
proteins that can adsorb to cement surfaces. FBS wa The inclusion of additional chemical compounds
used because of its similar biochemical compositton  produced small changes in setting time and expansio

15
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so they may be added in the composition to impthee
biological properties of the cements.

The authors express their gratitude to Fabiola Dafan
and Michelle Barnes for providing secretarial suppo

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Torabinejad M, Watson TF, Pitt Ford TR. Sealaflity of a
mineral trioxide aggregate when used as a rooffiimgy ma-
terial. J Endod 1993;19:591-5.

. Sluyk SR, Moon PC, Hartwell GR. Evaluation oftise prop-

erties and retention characteristics of minerakide aggregate
when used as a furcation perforation repair mdteti&ndod
1998;24:768-71.

. Walker MP, Diliberto A, Lee C. Effect of settimgnditions on

mineral trioxide aggregate flexural strength. d&h2006;32:
334-6.

. Ber BS, Hatton JF, Stewart GP. Chemical modificaof Pro-

Root MTA to improve handling characteristics andréase
setting time. J Endod 2007;33:1231-4.

. Camilleri J, Montesin FE, Di Silvio L, Pitt FofiR. The chem-

ical constitution and biocompatibility of accelezdtPortland
cement for endodontic use. Int Endod J 2005;384834-

. Camilleri J, Montesin FE, Juszczyk AS, Papaican®, Curtis

RV, Donald FM, et al. The constitution, physicabperties and
biocompatibility of modified accelerated cement.nD&later
2008;24:341-50.

. Camilleri J. Modification of mineral trioxide ggegate. Physical

and mechanical properties. Int Endod J 2008;419843

. Gandolfi MG, Sauro S, Mannocci F, Watson TF,rza8,

Capoferri M, et al. New tetrasilicate cements aogeade filling
material: an in vitro study on fluid penetrationEddod 2007;
33:742-5.

. Gandolfi MG, Perut F, Ciapetti G, Mongiorgi RaR C. New

Portland cement-based materials for endodonticeanith
articaine solution: a study of cellular respons&ndiod 2008;
34:39-44.

Gandolfi MG, Pagani S, Perut F, Ciapetti G,dgalN, Mon-
giorgi R, et al. Innovative silicate-based ceméotendodon-
tics: a study of osteoblast-like cell responseiahi@d Mater Res
A 2008;87:477- 46.

Wiltbank KB, Schwartz SA, Schindler WG. Effedft selected
accelerants on the physical properties of minei@aitle aggre-
gate and Portland cement. J Endod 2007;33:1235-8.

Kogan P, He J, Glickman GN, Watanabe |. Theatfbf various
additives on setting properties of MTA. J Endod@6@:569-72.
Ding SJ, Kao CT, Shie MY, Hung C Jr, Huang THe physical
and cytological properties of white MTA mixed withA,HPO,
as an accelerant. J Endod 2008;34:748-51.

Dos Santos AD, Araujo EB, Yukimitu K, Barbosa, Moraes
JCS. Setting time and thermal expansion of two dodtic
cements. Oral Surg Oral Med Oral Pathol Oral Raéiotlod
2008;106:77-9.

Gandolfi MG, Prati C. Bio-Sealers derived fromdified Port-
land cement. Apical sealing longitudinal studipeht Res 2008;
87c(Spec Issue):PEF-Division Abstr 743.

Gandolfi MG, lacono F, Pirani C, Chersoni StP€. Marginal
adaptation and SEM-EDX analyses of Portland-baseaent. J
Dent Res 2008;87c(Spec Issue):PEF-Division Abs®. 76
Taddei P, Tinti A, Gandolfi MG, Rossi PL, Pr@ti Vibrational
study on the bioactivity of Portland cement-basederials for
endodontic use. J Mol Struct 2009;924-926:548-54.

16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

December 2009

Budig CG, Eleazer PD. In vitro comparison af getting of dry
ProRoot MTA by moisture absorbed through the rdd&ndod
2008;34:712-4.

ASTM standard C-266-07 Standard test methodifioe of
setting of hydraulic-cement paste by Gilmore needénual
book of ASTM standards. ASTM International,e$V Con-
shokocken, PA: 2007.

Torabinejad M, Hong CU, McDonald F, Pitt ForR.TPhysical
and chemical properties of a new root-end fillingtemial. J
Endod 1995;21:349-53.

Islam I, Chng HK, Yap AU. Comparison of the pizal and
mechanical properties of MTA and portland cemeiiindod
2006;32:193-7.

Huang TH, Shie MY, Kao CT, Ding SJ. The effetsetting
accelerator on properties of mineral trioxide aggte. J Endod
2008;34:590-3.

Chng HK, Islam I, Yap AUJ, Tong YW, Koh ET. Pesties of
a new root-end filling material. J Endod 2005;35:@6

YIimén R, Jaglid U, Steenari BM, Panas |. Ehsfglration and
setting of Portland cement monitored by IR, SEM aficht
techniques. Cem Concr Res 2009;39:433-9.

Abdullah D, Ford TR, Papaioannou S, NicholsokdDonald F.
An evaluation of accelerated Portland cement &storative
material. Biomaterials 2002;23:4001-10.

Dowling AH, Stamboulis A, Fleming GJP. The ughce of
montmorillonite clay reinforcement on the perforroa of a
glass ionomer restorative. Dent Mater 2006;34:802-1

Kwon SY, Cho EH, Kim SS. Preparation and charazation of
bone cements incorporated with montmorillonite.idnfied Ma-
ter Res Part B: Appl Biomater 2007;83B:276-84.
Peethamparan S, Olek J, Diamond S. Mechanistabflization
of Na-montmorillonite clay with cement kiln duste@ Concr
Res 2009;39:580-9.

Laird DA. Model for the crystalline swelling &f1 layer phyl-
losilicates. Clays Clay Minerals 1996;44:553-9.

Bray HJ, Redfern SAT. Kinetics of dehydratidrCa-montmo-
rillonite. Phys Chem Minerals 1999;26:591-600.

LeGeros RZ. Properties of osteoconductive bterels: cal-
cium phosphates. Clin Orthop Relat Res 2002;395®1-
Bohner M. New hydraulic cements based on aftiom phos-
phate-calcium sulphate dehydrate mixtures. Bionelte2004;
25:741-9.

Padilla S, Roman J, Carenas A, Vallet-Regi ke influence of
the phosphorus content on the bioactivity of salgiass ceram-
ics. Biomaterials 2005;26:475-83.

Panzavolta S, Torricelli P, Sturba L, Bracci@ardino R, Bigi
A. Setting properties and in vitro bioactivity dfentium-en-
riched gelatin-calcium phosphate bone cementsoth&il Mater
Res Part A 2008;84A:965-72.

Jegou Saint-Jean S, Camire’ CL, Nevsten P, é¢fafs Ginebra
MP. Study of the reactivity and in vitro bioactiviof Sr-substi-
tuted and alfa-TCP cements. J Mater Sci Mater M@@b2L6:
993-1001.

Ben-Dor L, Rubinsztain Y. The influence of ppbate on the
hydration of cement minerals studied by TDA and TGermo-
chim Acta 1979;30:9-14.

Taddei P, Tinti A, Gandolfi MG, Rossi PL, Pr@ti Ageing of
calcium silicate cements for endodontic use inusited body
fluids: a micro-Raman study. J Raman Spectrosc 200%ess.
Gandolfi MG, Taddei P, Tinti A, Siboni F, Pr&ti Bio-coating
formation on bio-active endodontic materials dedifieom port-
land cement. J Dent Res 2008;87c(Spec Issue):P#Bidi
Abstr 733.

Storm B, Eichmiller FC, Tordik PA, Goodell GSetting ex



Volume 108, Number 6

Gandolb et al.e45

40.

41.

42.

43.

44,

pansion of gray and white mineral trioxidggeegate and
Portland cement. J Endod 2008;34:80-2.

Sarkar NK, Caicedo R, Ritwik P, Moiseyeva Rw&ahima I.
Physicochemical basis of the biologic propertiesaferal tri-
oxide aggregate. J Endod 2005;31:97-100.

Bozeman TB, Lemon RR, Eleazer PD. Elementalysisaof
crystal precipitates from gray and white MTA. J BA@®006;
32:425-8.

Coleman NJ, Nicholson JW, Awosanya K. A pretiaty inves-
tigation of the in vitro bioactivity of white Pdaind cement. Cem
Concr Res 2007;37:1518-23.

Tay FR, Pashley DH, Rueggeberg FA, Loushine/Raller RN.
Calcium phosphate phase transformation producedebinterac-
tion of the Portland cement component of white mahg&ioxide
aggregate with a phosphate-containing fluid. J Br2907;33:1347-51.
Huffman BP, Mai S, Pinna L, Weller RN, PrimulslGGutmann
JL, et al. Dislocation resistance of ProRoot Endal&, a

17

calcium silicate- based root canal sealer, fronictddr dentine.
Int Endod J 2009;42:34-46.

45. Tingey MC, Bush P, Levine MS. Analysis of mialetrioxide
aggregate surface when set in the presence offetate serum.
J Endod 2008;34:45-9.

46. RoRler C, Eberhardt A, Kucerova H, Mdser Blueffce of
hydration on the fluidity of normal Portland cemeastes. Cem
Concr Res 2008;38:897-906.

Reprint requests:

Maria Giovanna Gandolfi, PhD

Department of Odontostomatological Sciences
Alma Mater Studiorum

University of Bologna

Via San Vitale 59

40125 Bologna, ltaly
mgiovanna.gandolfi@unibo.it






Research Article

Push-out strength of modified Portland cementsrashs

FRANCESCOIACONO, DDS, MS, MARIA GIOVANNA GANDOLFI , MBIioL, DSc, MBIo, PHD, BRADFORDHUFFMAN , BS, J
EREMY SWORD, BS, KELLI AGEE, BS, FRANCESCOSIBONI , DDS, FRANKLIN TAY, BDSc (Hons), PHD,
CARLO PRATI , MD, DDS, PHD & DAVID PASHLEY , DMD, PHD

ABSTRACT : Purpose: Modified calcium-silicate cements \d&difrom white Portland cement (PC) were formulatetest
their push-out strength from radicular dentin aftemersion for 1 month. Methods: Slabs obtainednfd2 single-rooted
extracted teeth were prepared with 0.6 mm diantetérs, then enlarged with rotary instruments. Aftemersion in
EDTA and NaOCI, the holes were filled with modifi€€Cs or ProRoot MTA, Vitrebond and Clearfil SE. feient
concentrations of phyllosilicate (montmorilloniteMT) were added to experimental cements. ProRoot Mias also
included as reference material. Vitrebond and @leaE were included as controls. Each group watetk after 1 month
of immersion in water or PBS. A thin-slice push-tegt on a universal testing machine served talespush-out strength
of materials. Results were statistically analyzethg the least squares means (LSM) method. Resilis: modified PCs
had push-out strengths of 3-9.5 MPa after 1 mohtimmersion in water, while ProRoot MTA had 4.8 MA#e push-out
strength of PC fell after incubation in PBS for bmth, while the push-out strength of ProRoot MTAremased. There
were no significant changes in Clearfil SE Bon&itrebond after water or PBS storage. (Am J Derlit®®P3:43-46).

CLINICAL SIGNIFICANCE : Incorporation of phyllosilicate in the experint@l Portland cements did not improve the pushout
strength compared to the commercially availableRea MTA. PBS immersion decreased the push-oungthe of]
modified Portland cements while ProRoot MTA extehitigher push-out strength after immersion in PBS.

: Dr. Francesco lacono, Department of Oral Scignglsa Mater Studiorum, University of Bologna, V&an Vitale
59, 40125 Bologna, Italy. E- : francesco.iacono @tk it

Introduction PCs. A dentin adhesive and a resin-modified glassiiner
cement were used as control materials. All the resewere
Modified Portland cements (PCs) like mineral tridxi evaluated after 1 month of incubation in water &SP The
aggregate (MTA) have multiple uses in dentisttyThese null hypothesis was that the push-out strength amésliffer
materials contain tricalcium and dicalcium silicatad con- in the modified PCs and ProRoot MTA.
sist of a powder of fine hydrophilic particles tis&ts in water.
Several studies are available on the chemical dnysipal Materials and Methods
properties of these material§.Many authors agree that a
significant feature of these materials is theirligbto create
an adequate sefl’ Evidence of the interaction of Portland
cements with phosphate buffered saline (PBS) rieguib the
formation of hydroxyapatite (HA) crystals? indicates that
these cements can create HA in physiological tifisis.*

Although PC-based cements fulfill most of the reguients
for an endodontic filling material, their workinggperties are
less than ideal. When these cements are mixedweéthr, the
resulting cement pastes are difficult to handle tredsetting
times are long. Calcium chloride has often beenriparated in
PC-based cements as an accelerator to shorteettmggime
with a minimal impact on their physical properti@slea-
kage!**® Calcium chloride and phyllosilicatémontmorillo-
nite)-containing materials based on Portland cement re-
cently developed for endodontics to improve hargliémd
physical characteristics and extend the clinicgliaptions.
The new materials showed improved in vitro progsrsuch as
marginal adaptation and sealing abiityand biocompatibil-
ity.’®*° These studies used phyllosilicate clay as a piasiy

Sample preparation - Forty-two single-rooted testtracted
for orthodontic/periodontal reasons were collecteder a
protocol reviewed and approved by the Human Assigan
Committee of the Medical College of Georgia. Focketooth,
a 0.90 £ 0.10 mm thick longitudinal slab was pregaby
making buccolingual cuts perpendicular to the |tmdjnal
axis of the tooth using a slow-speed diamond®savder
water-cooling. A 0.6 mm drill bit was used to prepailot
holes in the radicular dentin. Each pilot hole wasefully
drilled so that it was equidistant from the cememtand the
canal wall. Six pilot holes were prepared for etmith. Each
hole was then enlarged using a size 40, 25 mm 0od4 taper
Profile nickel titanium rotary instrumehtA miniature drill
press was configured so that the Profile files prabed to the
D16 diameter of the rotary instrument along thdase of the
tooth slab. This permitted preparation of 252 tated holes
that simulated standardized circular defects. Tdutht slabs
were immersed in 17% EDTA and ultrasonicated 5
minutes to remove the smear layer created durieghtbie-

) . s . . shaping procedures. The slabs were then immersédL&%
agent to improve the handling characteristics aimodedsion sodium hypochloritgNaOCl) and ultrasonicated fér

stability of t.h.e PC-based cements. . ) . minutes to dissolve organic debris.

The ability of endodontic materials to resist defation The 42 root slabs containing 252 holes were diviigd
of established seals via micromechanical retentiofriction  geyen groups, each containing 36 holes: Group Ifillad
is essential to the survival of the material-derititerface  ith white PC (CEM 9) mixed with anhydrous calcium
during intraoral tooth flexur#, 1gulphate and calcium chioride (PC1); Groups Il aifid IV

This study assessed the push-out strength of neadifi” (PC2, PC3, PC4, Table 1) were filled with the eanodified
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Table 1. Composition of tested materials..

American Journal of Dentistry, Vol. 23, No. 1, Redmy, 2010

Code Composition
PC1 White Portland cement (thermally and mechdpiteated),
calcium sulphate, calcium chloride

PC2 Same as PC1 but with addition of 1% phyllcsiéc

PC3 Same as PC1 but with addition of 2% phyllasiéc

PC4 Same as PC1 but with addition of 5% phyllcstiéc

ProRoot Same as PC1 but with addition of bismutteofor radiopacity
MTA  sterilization and sieving to narrow parédize.

Vitrebond Polyacrylic acid with pendent vinyl gisiand diphenyliodonium
chloride to make it light curable, plaus acid-spsable glass
fillers.

Clearfil SE Primer: hydroxyethyl methacrylate (ME), water, ethanol, 10-
methacryloyloxydecamethylene phosphotic acid (MDP)
Adhesive: HEMA, MDP, dimethacrylates.

Portland cement but mixed withl, 2 and 5 wt% of
phyllosilicate? The experimental modified PCs are patented
formulations(University Patent EP 07425074.7 and USA
US60/900.467; extension PCT/EP2008/051583) designdd
prepared at the Centre of Biomineralogy, Crystatipgy and
Biomaterials® Group V holes were filled with ProRoot MTA,
Group VI holes were filled with Vitrebohdnd Group VIl
holes were filled with Clearfii SE BorfdThe PCs and
ProRoot MTA were mixed with a powder/liquid ratid /1.
Vitrebond and Clearfil SE Bond were used accordmghe
manufacturer’s recommendations, and cured vatiiED
light-curing unit (Elipar FreeLight'2with an output intensity
of 600 mW/cm. All cavities from one tooth slab were fille
with one type of cement or adhesive. Each tooth slas

Load
Cell

restarative
material

Metal Support

Fig. 1. Diagram of the clear plastic push-out matf mounted below the 0.7
mm diameter steel plunger that in turn was mounted 100 N load cell. Note
the hole in the platform is directly beneath thengler. A fiber-optic light guide
inserted into a horizontal channel in the plastateprovides high intensity
illumination of the restored truncated hole duraignment procedures.

g inserted into the horizontal channel to providehhigtensity

illumination of the restored truncated hole durihg alignment

placed over a Mylar stripwhich in turn was placed over a procedure.

microscope glass slide. The cement material wa®dbinto the
cavities with a small spatula so that each hole filigsl to
excess with the material. The surface of the tetah was then
covered with another Mylar strip and a gladgle. The
assembly was secured with binder clips so thatssxosterial
was expressed laterally from the surface and bottbytar
strips. The assemblies were transferred to a htymtiamber
to be stored under 100% relative humidity for 4&iiso The
surfaces of each tooth slab were polished with &d0silicon
paper under water to remove excess material.

Push-out strength - The push-out strength of thierizd was
investigated after 1 month of incubation imater or in
phosphate buffered saline (PBS). To prevent miatajrowth,
0.02% sodium azide was included in the solutions.

The push-out strength of the set root canal sealars
evaluated using a thin-slice push-out test desaom@ling to
the method of Chandra & GhonémPrior to testing, the
thickness of each tooth slab was measured usingjraop
calipers. A 0.7 mm diameter carbon steel cylindrglanger
was used for the push-out test. The plunger waslkd to a
100 N load cell connected to a universal testingmree
(Vitrodyne, Model V1000 Universal TesterAll specimens
were loaded at a cross-head speed of 0.6 mm/minute.

The push-out device consisted of a clear Plexiglagorm
with a vertical cylindrical channel, which servesithe support
for the tooth slab and provided space for the e&@rtnovement
of the plunger through the truncated hole (Fig.T.ensure
optimal alignment of the plunger with the sealdledl hole, a
horizontal channel was drilled through the Plexgtdatform

Statistical analysis of strength tests - Push-treingth of the
materials was computed by dividing the maximum |¢kdl
derived from the load displacement curve by theemalt
dentin interfacial area (mMand expressed in megaPascals
(MPa). Initial attempts to analyze the data withwa-way

ANOVA (material vs. storage media) revealed tha tata
were not distributed normally, had unequal varianaed had
significant interactions. Therefore, the data wamalyzed using
the least square means (LSM) method. Least squeamsrare
the expected value of group means that one expects
balanced design involving the group variableth all

covariates held at their mean value. The variandée LSM

value are given in standard error of the mean (SkEbtead of
standard deviation (SD). Multiple comparisons o thiSM

were performed by the Holm-Sidak metho8tatistical
significance was set in advance at = 0.05. The paf¢he

LSM test was 1.0 for material, 0.9 for storage raemid 0.85
for material vs. storage media.

Results

The push-out strength results are shown in Figitz
mean 1-month push-out strength of PCl wasMBa
regardless of the storage solution (water or PB§)contrast,
PC2 had a very low push-out strength after 1 marfith
storage. When PC3 specimens were tested, althdwah t

mean values were lower than those of PC1 due io the

relatively high variance, they were not signifidgrdifferent
from PC1, and they did not change in water or PB&tland
cement 4 (PC4) 1-month push-out strengths in waté?BS

into the vertical channel (Fig. 1). A fiber aptiight guide was2@lid not significantly differ from those of PC1-ProRoot MTA
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Table 2. Push-out strength of test materials in BBSater.

Push-out strength of cements and resins 45

Material Time Storage  Push-out strength (MPa)*
PC1 + 0% ps 1 month PBS 12.3+15¢
PC2 + 1% ps 1 month PBS 13+12a
PC3 + 2% ps 1 month PBS 70+£13b
PC4 + 5% ps 1 month PBS 84+14b
Pro Root MTA 1 month PBS 116+16¢C
Vitrebond 1 month PBS 242+1.2d
Clearfil SE Bond 1 month PBS 21.2+16d
PC1 + 0% ps 1 month Water 95+14c
PC2 + 1% ps 1 month Water 31+15a
PC3 + 2% ps 1 month Water 65+12b
PC4 + 5% ps 1 month Water 51+12b
Pro Root MTA 1 month Water 48+1.4b
Vitrebond 1 month Water 19.7+1.2d
Clearfil SE Bond 1 month Water 254+1.1d

*Values are least squares + standard error of tbe&nmPC = Portland cement,
ps = phyllosilicate.
Values identified by different letters are sigriitly different (P< 0.05).

push-out strength was twice as high (P< 0.05) irSRB in
water (Table 2).

The two resin-based restoratives, Vitrebond andu@leSE
Bond had significantly (P< 0.05) higher push-outisgths than
those of the modified PCs, and their bond strengtase
unaffected by time or storage solution (Fig. 2).

Discussion

The present study assessed the 1-month push-eng#trof
phyllosilicate-modified Portland-based cements folated to
improve their handling characteristics. Montmoniiii@ is a
phyllosilicate mineral (deriving from deposits ofeathered
volcanic ash) formed by stacked silicate sheet® @ilica-
oxygen tetrahedral sheets sandwiching an alumirgumag-
nesium octahedral sheet) interposed by water acidaggeable
interlayer cations (charge-balancing counterioWg)ntmoril-
lonite is characterized by high cation exchangétghswelling
capacity and strong adsorption. Because of its dpfuific
nature the montmorillonite swells with the additiohwater
and may expand considerably due to water penegraktia
interlayer molecular spaces and concomitant adisorpBwel-
ling produces an increase in the 001 interlayepakig®
Crystalline swelling of 2:1 layer phyllosilicates & thermo-
dynamically irreversible procegs* and dehydration (removal
of interlayer water) is an endothermic reactiorrtgstg below
150°C? Previous studies included montmorillonite time
composition of glass-ionomer and bone substituteeres>>*®

Shrinkage is a detrimental problem affecting maements
and is responsible for gap formation and margiealiag
reduction. The irreversible swelling of montmorilite may
counteract the shrinkage and enhance dimensiaatailitst over
time. With the exception of PC2 in water and PBSshpout
strength did not differ among the modified PCs &ndRoot
MTA. Thus, the null hypothesis is accepted, exéepPC2.

The use of 1 mm thick root slabs perforated bydsedized
truncated cone holes made all holes for rinsingtidal,
rinsing with EDTA/NaOCI lasted exactly the samedinand
all specimens were tested with the same-sized pluriye
previously found that there were no regional défares in the
dislocation resistance of modified PCs among thermal,
middle and apical thirds of the radicular dentio,tbat data

81 month PBS d
81 month Water

Push Out Strength (MPa)

-
Vitrebond Clearfil SE
BOND

=
Pro-Root
MTA

Fig. 2. Push-out strength (MPa) of modified Portland eets PC1-PC4,
ProRoot MTA, Vitrebond and Clearfil SE Bond. Theidi¢ of each bar
represents the mean value of 10 specimens. Hatkérs indicate plus one
standard deviation. Different lower cadetters indicate significant
differences (P< 0.05) between groups tested afteodth of immersion in
water or phosphate buffered saline (PBS).

thirds of the root canal, could be pooféd.

Several studies have used thin slice push-out tests to

evaluate the dislocation resistance of root fillmgterials®*®
Our study adopted a modified push-out protocol Sjpedy
designed to examine the retentive potential of mealer
materials in radicular dentiii. Gancedo-Caravia & Garcia-

Barberd® demonstrated that humidity increased the push-out

strength of ProRoot MTA. Huffman et®alcompared the
push-out strength of an experimental calcium dididaased
root canal sealer, AH Plus Jet and Pulp Canal &e@hey
demonstrated a higher push-out strength @& ¢alcium
silicate-based cements, particularly after ager in PBS
wherein carbonated apatites may be formedgalthe
material-radicular dentin interfa¢éjmproving the frictional
resistanc® of the cement to dislocation.

Modified PCs resist displacement from dentin dueht®
intrinsic roughness of EDTA/NaOCI treated radicudantin,
the intrinsic roughness of the cements, and thiinisic
cohesive strength. There is some micromechanicehtien
due to interfacial friction and the cohesive shs@ength of
cement particles extending into microscopic undes oo the
dentin. As displacement force is applied to thesments
vertically, it creates shear stress on the cemarticpes within
dentin undercuts. When these shear streszese@ the
cohesive strength of the material, the bulk cenerertically
displaced slightly but may stop as another cemaeuntigbe
encounters another dentin undercut.

The effect of immersing calcium-silicate cement$PBS
on a push-out test was first tested by Huffman®taad then
in the present study. Neither the resin-based nahteor
those of the PC-based materials Clearfil B&d and
Vitrebond push-out strengths were significantljfferent
when stored in water vs. PBS, except for Pro-Ro®AMPro-
Root MTA stored in water gave lower push-out stteagP<
0.05) than those stored in PBS (Table 2. R?). The
biocoating of apatite formed on the surface of Romt MTA
after immersion in PB'$*" may modify the retention and
friction of cements on dentin walls. ProRoot MTAosted

from all regions, including the sclerotic dentloray the apical 2 Tesults not statistically different from whiteofland cement
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the active ingredient in white ProRoot MPAThe incorpora-
tion of phyllosilicate (MMT) in white Portland cemts (PCs)
did not improve the push-out strength of these nmlte
compared to commercially available ProRoot MTEhe
push-out strength of ProRoot MTA was significantligher
(P< 0.05) after immersion in phosphate buffereditsoh,
suggesting that simulated body fluids play an intgalr role
in increasing its mechanical properties. Furtheestigations
are necessary to evaluate the chemical amdhanical
transformation of white MTAs induced by PBS.
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Abstract evaluated after 1 or 28 days using the fluid filoa
method.

Results Mineral trioxide aggregate sealer exhibited
crystalline deposits rich in calcium and phosphooas

its surface when in contact with a physiatag
Aims To evaluate (i) the sealing ability of two sealerssolution. These crystalline deposits were nbs@
mineral trioxide aggregate sealer (MTAS) andlpP PCS and on MTAS stored at 100% humidity.e Th
Canal Sealer (PCS), used with gutta-percha ut@izire  sealing ability of MTAS was similar to that of PCS.

fluid filtration method, (ii) leaching and surfacdar- Conclusions The novel sealer based on mineral
acteristics in Hank’s balanced salt solution (HB®8¢r trioxide aggregate had comparable sealing abittyat

a period of time. proprietary brand sealer cement. In contact with a
Methodology Surface characteristics in HBSS weresimulated body fluid, the MTA sealer released caiti
evaluated under the scanning electron microscaee af ions in solution that encouraged the depmsitiof

1 and 28 days, and the leaching of both sealers wetalcium phosphate crystals.

assessed by inductively coupled plasma atomic pbsor

tion spectrometry (ICP-AAS). In additio4 single . . o
I b y ( ) itioz4 sing tively coupled plasma, mineral trioxide aggrtyg

rooted extracted teeth were root filled usingrm Portland cement, Pulp Canal Sealer, scanning electr
vertical compaction with either MTAS or PCS used as ’ P ' 9

. microscopy.
sealers with gutta-percha. Four teeth wereduas 24
positive and negative controls. Sealing apilitas Received 27 March 2010; accepted 13 May 2010

Camilleri J, Gandolfi MG, Siboni F, Prati C. Dynamic
sealing ability of MTA root canal sealer. International Endodon-
tic Journal, 44, 9-20, 2011.

Keywords: endodontic sealer, fluid filtration, induc-

pulpotomies in permanent teeth (Holland et al. 2001
and during apexification procedurég/itherspoon
Mineral trioxide aggregate (MTA) is used primartty et al. 2008). It is a bioactive material that produces
seal lateral root perforations (Lee et al. 199%, Ford  calcium hydroxide (Camilleri 2007, 2008a), which is
et al. 1995) and as a root-end filling material (Tora-released in solution (Fridland & Rosado 2003, Tano-
binejad et al. 1995, 1997, Chong et al. 2003, Sexsnd maru-Filho et al2009) and induces formation of
2008). MTA can also be used for a variety of othehydroxyapatite structures in simulated bodwidfl
applications(Schwartz et al.1999, Torabinejad & (Sarkar et al. 2005, Bozeman et 2006). Newer
Chivian 1999) including pulp capping (Pitt Forda#t developments of MTA include its use as a root canal
1996, Bakland 2000, Aeinehchi et al. 2003, Faracsealer. Currently, three MTA sealer formulationg ar
Junior & Holland2004) and as a dressing over available; Endo-CPM-Sealer (EGEO srl, Buenos Aires,
Argentina), MTA Obtura (Angelus, Soluco’es Odon
tolégicas, Londrina PR, Brazil) and ProRoohd&
Correspondence: Dr. Josette Camilleri Ph.D., Depant of  gggjer (Dentsply Maillefer, Ballaigues, Switaed).

Building and Civil Engineering, Faculty fohe Built . L. .
Environment, University of Malta, Msida MSD 2080 ala The composition of CPM sealer after mixing is repor

(Tel: 00356 2340 2870; fax: 00356 21330190; e-maill0 be 50% MTA (Si@ KO, Al,0;, SG, CaO and
josette.camilleri@um.edu.mt). Bi»03), 7% SiQ, 10% CaCQ, 10% B,O3, 10% BaSQ,

Introduction
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1% propylene glycol alginate, 1% propylene glyct#p  Bouillaguet et al. 2008). The fluid filtration method
sodium citrate and 10% calcium chloride (Gomes4drilh has already been used to evaluate the sealingyadifili
et al. 2009). MTA-Obtura is a mixture of white MTA ProRoot MTA used for root-end filling with (Batesa.
with a proprietary viscous liquid (Monteiro Bramant 1996, Tang et al. 2002) and without (Pelliccioniaét
et al. 2008). ProRoot Endo Sealer is calcium silicate2007) the use of water for hydration, furcationaiep
based endodontic sealer. The major componentseof tiiweldon et al. 2002, Hardy et al. 2004), and ortho-
powder of ProRoot Endo Sealer are tricalcium diéica grade plugs (Martin et al. 2007). It has also besed
and dicalcium silicate, with inclusion of calm for MTA Angelus (De-Deus et al. 2007) and MTA B,
sulphate as setting retardant, bismuth oxide ampad laboratory-controlled water-based ceméDe-Deus
acifier and a small amount of tricalcium aluminateet al. 2007, 2008). The sealing ability of sealeased
Tricalcium aluminate is necessary for thetiahi on MTA namely ProRoot Endo Sealer (Weller et al.
hydration reaction of the cement. The liquid compo2008), other variants of MTA (Gandolfi et al. 2007)
nent consists of viscous aqueous solution of amwatehave also been evaluated with this method.
soluble polymer (Weller et aP008, Huffman et al. The aim of this study was to evaluate the sealing
2009). The use of water-soluble polymers mixed withability of two sealers, MTA sealer and PCS, useth wi
materials based on Portland cement added to ther wagutta-percha utilizing the fluid filtration methaas well
to improve the workability has been reported (Chamil as leaching and surface characteristics imkHa
et al. 2005a, Camilleri 2008b,c,d,e). The polymer didbalanced salt solution (HBSS) over a period of time
not seem to affect the biocompatibility of the rmetis
(Camilleri et al.2005a, Camiller2008e), and the
hydration characteristics were similar to thoseoréegd
for MTA (Camilleri 2009). Materials used in this study included PCS (Kerr-idaw
Sealers based on MTA have been reported to I&A., Bioggio, Switzerland) and mineral trioxidegag-
biocompatible, stimulate mineralization (Gomes-&ilh gate sealer (MTAS). The MTAS consisted of a mixtofe
et al.2009), and encourage apatite-like crystallind0% white Portland cement (Aalborg white, Aalborg,
deposits along the apical and middle thirds of tan®enmark) and 20% bismuth oxide (Fischer Scientific,
walls (Weller et al. 2008). These materials exlaithit Leicester, UK). The PCS was mixed according
higher push-out strengths than Pulp CanalleBea manufacturer’s instructions, whilst the MTASasv
(PCS) particularly after storage in simulated bdldyd  mixed in water to powder ratio 6f30 with an
(Huffman et al. 2009) and had similar sealing prepe addition of20 IL g)1 of cement of water soluble
ties to epoxy resin-based sealer when evaluatetjusipolymer (Degussa Construction Chemicals, Manches-
the fluid filtration system (Weller et al. 2008). ter, UK) added to the mixing water (Camilleri 2009)
Root canal sealers are used in conjunctiath w The materials were tested after immersion in a simu
gutta-percha to fill root canals in various methodslated body fluid namely Hank’'s Balanced salt solnti
namely cold lateral condensation, warm vertical com(HBSS H6648; Sigma-Aldrich, Gillingham, UK). The
paction or carrier-based techniques. The functibthe composition of the HBSS was (dl)_0.4 KCI, 0.06
sealer is to obliterate discrepancies such as gmand KH,PO, anhydrous, 0.35 NaHGO 8.0 NaCl, 0.05
lateral depressions (Zielinski et al. 2008) thatrezt be Na,HPO, anhydrous and 1.0 d-glucose.
filed with gutta-percha, to improve the maiag
adaptation to the dentinal wa{l8obankara et al.
2006) and to fill lateral canals (Venturi et al.0B0).
The final root filling should prevent microleakaged Diskettes 10 mm in diameter and 1 mm high of PCS
bacterial contaminatiofSiqueira & Roca2007). and MTAS were prepared. Half the diskettes weredur
Gutta-percha is impermeable; thus, any leakage reccuat 100% humidity and the other half were cured in
at the sealer to gutta-percha and sealetoodth HBSS for either 1 or 28 days. Surface morphologg wa
interfaces (Hovland & Dumsha 1985). Microleakage isvaluated after 1 and 28 days under the environmen-
routinely assessed by leakage to tracers, namalg dytal scanning electron microscope (ESEM Zeiss EVQ 50
(Beckham et al1993, Zaia et al2002), bacteria Carl Zeiss, Oberkochen, Germany) and X-ray energy
(Barthel et al.1999) and endotoxifiTrope et al. dispersive analysis (EDX) at an accelerating vataf
1995). Alternatively, the assessment can be peddrm 20 kV was performed using a secondary elactro
using a fluid filtration device (Wu et dl998a, detector (EDAX, Oxford INCA 350 EDS detector). The

Methodology

Scanning electron microscopy of the cements
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elemental analysis (weight % and atomic %) of th@.5 mm short of the radiographic apex usthg
specimens was performed applying ZAF correctiocrown-down technique with ProTaper rotary nickel-
method. The powders of each cement type were alsibanium instruments (Dentsply Maillefer). The aglic
analysed by EDX. preparation was performed to a size 30 master lapica
file. The diameter of root-apex was standardize@lin
samples with a size 30 K-file. The canal was ireégla
with 10 mL of 5% NaOCI(Ogna, Milano, Italy)
The chemical analysis of the cement products retbasbetween instruments followed by 2 mL EDTA (Glyde
into simulated body fluid was performed using inducfile prep; Dentsply Maillefer, Montigny de Bretonne
tively-coupled plasma atomic absorption spectrogcopFrance) to remove the smear layer. The canals were
(Varian Medical Systems, Palo Alto, CA, USA). Theé® dried with paper points and a master Gutta-percha
and MTAS were mixed in a similar way as the presiou cone(Dentsply Maillefer) was fitted to length and
experiments producing diskettes 10 mm in diameterhecked for tug-back. The canals were coated \kigh t
and 1 mm high. Six diskettes for every materiategs sealers under study using a size 20 reamer rotated
were prepared. The specimens were cured for 24 h agnticlockwise. The master cone was coated witheseal
37 C and 100% humidity after which they ever and placed in the canal to working length. The cone
weighed to an accuracy of 0.0001 g and immersed iwas cut to the orifice and compacted with System B
either 3 mL water or HBSS in closed sterile corgesn plugger (Sybron Endo, Orange, CA, USA) leaving a
(Labplex, Birmingham, UK). The specimens werespace of 2 mm coronally. Each root was radiographed
removed after 1, 14 and 28 days. Contairfdlesd to establish the adequacy of filling. An 18.ge
with water and HBSS were used as contrdlse needle inserted across a plexiglass platfovas
leachates were analysed for aluminium, bismuthntroduced in the canal orifice and the root sample
calcium, silicon, silver and zinc. The amousit were attached to the platform with cyanoaaisy!
leachate was calculated in I@i‘ &y using the follow- glue. The external root surface was coated with two

Evaluation of leaching

ing formula: layers of nail varnish (Paris, Bellure, Belgium)deal
the surfaces. For the positive control, the roatats
Amount of leachate per weight of cement = of two teeth were cleaned and shaped as described
amount of leachate per litre0:003 1000 earlier and filled with a master cone and no sealer
weight of cement pellet The negative control was prepared as destribe

earlier, filled with gutta-percha and PCS and thexa
was sealed off with bonding agd&Btotchbond;
3M ESPE, Milan, Italy) and nail varnish. The plexi-
Sample preparation glass support and tooth assembly was placed inl10 m
Twenty-four single-rooted teeth extracted for pgono- of HBSS keeping the free end of the needle
tal reasons were used. The study was performedvon t un-immersed to mimic the clinical situation, where
experimental groups consisting of 10 teeth in eacthe coronal end of the tooth is not in contact with
group. Four teeth were used as positive and negatibiological fluids. The samples were stored at 3tC
controls. The teeth selected had similar dimensibn sealed containers.
root-apex namely a size 30 K-file, a similar diaenet
of root canal, no sclerotic dentine, circular crssstion Leakage evaluation
of canal and no elliptic section, absence of casimd The set-up was connected to a fluid condacti
previous root fillings, absence of lateral canaisl oot  system working at a hydraulic pressure of 6.9 lda t
curvature. measure fluid movement (Fig. 1); the systenedus
Radiographs were taken in the bucco-lingual andas as reported previous{andolfi et al.2007,
mesio-distal directions to establish the casbbpe Pelliccioni et al.2007) The fluid filtration rate was
(circularity of cross-section) and to deterenithe measured over three 4-min periods at 1-min-dinter
presence of any root curvature and lateral cafdls. vals and the mean calculated. The resultse we
teeth were decoronated, and the root lengtis expressed as IL mih The following procedure was
standardized td2 mm. The root canals wererepeated aftet and 28 days following root filling.
accessed, and canal patency was established usinglee specimens were kept at @7and the HBSS was
sizel5 K-file. Instrumentation was performed to changed weekly.

Evaluation of sealing ability
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Figure 1 Set-up for determination of sealing ability usaafluid conductive system.

porosity (Fig. 2B7, B9, C5, C7). The curing methaid

not affect the PCS surface and its chemical contiposi
The data was evaluated using spss (Statisticala@ack (Fig. 2B8, B10) at an early age. At 28 days, howgae

for the Social Sciences) software (SPSS Inc., Goicl,, chlorine peak was observed in the PCS cured at 100%
USA). Analysis of Variance (anova) with P = 0.05swa humidity (Fig. 2C8).

used to perform multiple comparison tests.

Statistical analysis

Evaluation of leaching

Results The results for leaching of both sealers in watet @

HBSS are shown in Table 1a,b, respectively. Theltev
of sodium and phosphorus ions in HBSS blank satutio
The results for the scanning electron microscopy foand the ions detected in both materials are shawn i
both MTAS and PCS are shown in Fig. 2. The MTASTable 2. MTAS leached a high level of calcium ians
powder had a granular surface appearance wiboth soaking solutions. The calcium ion reéea
elongated bismuth oxide particles interspersed iwith increased with time and the levels were @igin
the structurgFig. 2A1). EDX analysis showed the water than in HBSS. Bismuth was also released in
material to be composed of calcium, silicon, alummim  solution with more bismuth being released in HBSS
and bismuth (Fig. 2A2). The PCS had a larger gartic than in water. PCS leached zinc and silica in gmiut
size distribution (Fig. 2A3) and was composed ofczi This leaching was more marked in water. Both sealer
and silver (Fig. 2A4). Immersion of MTAS in HBSS had high levels of sodium when soaked in HBSS, but
resulted in a crystalline deposition over the ceimerihe levels of phosphorus were high for PCS but much
surface after 7-day immersion (Fig. 2B3, B5) angbal lower and reducing to practically below detectiamits
after 28-day immersior(Fig. 2C3) in HBSS. These at 28 days for MTAS.

crystalline deposits were not present in the MTAged

at 1OQ% humldlt)_/(Flg. 2B1, C1). The_ crystalline Evaluation of sealing ability

deposits were mainly composed of calcium and phos-

phorus(Fig. 2B4, B6) initially, with sodium and The sealing ability of the two sealers evaluateidgis
chlorine peaks at later curing times (Fig. 2C4)e Ththe fluid filtration method is shown in Fig. 3. Tieewas
pulp canal sealer surface demonstrated considerableno difference between the two sealers both at g day

Scanning electron microscopy of the cements

International Endodontic Journal, 44, 9-20, 2011 22010 International Endodontic Journal

26



Camilleri et al. Dynamic sealing ability of MTA

Powders
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Figure 2 Scanning electron micrographs and X-ray energpeat@ve analysis of A: powders (1,2): mineral tiitex aggregate

sealer (MTAS), (3, 4): pulp canal sealer (PCS)niterials cured for 7 days, (1-6): MTAS, (7-10):$1,2,7,8): cured at 100%
humidity, (3-6,9,10): cured in Hank’s balanced sallution (HBSS); C: materials cured for 28 days4): MTAS, (5-8): PCS,

(1,2,5,6): cured at 100% humidity, (3,4,7,8): cuire¢HBSS; (-1.5K magnification).

(P = 0.301) and at 28 days (P = 0.381). The negativesins, 11% thymol iodide and the liquid of Canada
control exhibited little or no leakage, whilst thesitive  balsam and eugenol (Kerr data sheet). The peaks for
control demonstrated a high level of leakdabat zinc and silver were also demonstrated in thisystud
increased over the 28-day period. MTA powder is constituted of tricalcium and dicalci
silicate, tricalcium aluminate and bismuth dxi
(Camilleri 2007, 2008a). Elemental composition of
MTAS reported in this study is similar to the elerted

In this study, a new material based on MWas composition published for ProRoot MTA (Camiller
investigated. This novel material was composdd et al.2005b, Asgary et al. 2006). Pulp canal sealer
Portland cement and bismuth oxide, which were mixedvas characterized by a porous structure as demon-
with water and a water-soluble polymer. PCS waslusestrated by the environmental scanning electron anicr
as control. This material was chosen because itahadscope. Contact of PCS with a simulated body fluéd h
powder and liquid formulation and has been usedafor no effect on the surface characteristics of thigemal.

long time in clinical dentistry. The PCS powder wasOn the other hand, a crystalline deposit consistihg
reported to be composed of 34% ZnO, 25% Ag, 30% calcium and phosphorus was present on the MTAS

Discussion
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Figure 2b(1-6) (Continued).

surface when the MTA sealer was in contact with a eaching. These calcium ions bind to the phosphates

simulated body fluid. MTAS released a high level of that are present within the simulated body flTidis
calcium ions in solution as indicated by the resoft ~ again was verified from the ICP results, whibe
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Figure 2b(7-10) (Continued).

phosphate ions were depleted over the 28-day periogdot-end filling material (Bates et al. 1996, Tastgal.
for MTAS but higher levels were registered for PCBe  2002) and as a root canal sealer cement in comjumct
deposition of calcium phosphates in the form ofti@a with gutta-percha (Weller et al. 2008). It is supeto
and carbonated apatite has already been reported the other methods of evaluation of coronal micriblea
MTA (Sarkar et al. 2005, Bozeman et al. 2006, Tagpge; it is nondestructive and allows long-term esal
et al. 2007, Reyes-Carmona et al. 2009, Taddei et ation of the filling. The results of sealing abiligbtained
2009, Gandolfi et alk010) and Portland cementusing the fluid penetration method are similar theo
(Coleman et al. 2007) in contact with simulated yod test methods (Souza et al. 2008) and assessmeabif
fluids. fillings using bidirectional radiograph®/u et al.
The sealing ability of the two sealers usad 2009). This method does not employ the use of tsace
conjunction with gutta-percha was assessed using fl which may affect the sealers under test (Ahlberglet
filtration. This method is an established methoddus 1995, Wu et al. 1998b, Camilleri & Pitt Ford 2008).
for the determination of permeability of deet Fluid filtration is more reliable than the standatye
(Pashley et al1983, Tao et al. 1991) and has als@enetration method of evaluating sealing abilityrodt
been adapted to be used for the evaluation ofrgealicanal sealers (Camps & Pashley 2003). A pressure of
ability of dental materials including MTA used as a 1 psi (6.895 kPa) was used in this study insteatief
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Table 1 Elements leached out in Idlgpf Pulp Canal Sealer
(PCS) and mineral trioxide aggregate sealer (MTAf&r 1, 14
and 28 days in water (a), Hank’s balanced salttisolu
(HBSS) (b)

PCs MTAS
Element
detected 1day 14days 28days 1day 14days 28days
@
Ag 0.0 0.0 0.0 00 0.0 0.0
Al 0.0 0.0 0.0 21 02 0.0
Bi 0.0 0.0 0.0 37 56 3.9
Ca 0.0 0.0 0.0 4904 6867 7050
Si 102.9 101.0 79.3 00 0.0 0.0
Zn 0.8 68.6 179.4 0.0 0.0 0.0
(b)
Ag 0.0 0.0 0.0 00 0.0 0.0
Al 0.0 0.0 0.0 05 0.0 0.0
Bi 0.0 0.0 0.0 272 74 58.9
Ca 0.0 0.0 0.0 2619 5597 5939
Si 0.0 2.2 54.1 37.2 0.0 434
Zn 0.0 0.0 0.0 00 0.0 0.0

physiological pressure through dentine, whish

In this study, nickel-titanium rotary instrunie
were used to prepare the root canals in conjunction
with gutta-percha cones that matched the tapenhef t
canals. It has been demonstrated that the apiedihge
ability of matched-taper single-cone root fillingss

comparable with that of lateral condensatiamnd
Thermafil techniques (Inan et al. 2009). A numbkr o
publications have reported the sealing ability QfSP
using the fluid filtration method (Yared & Bou Dagh
1996, Dagher et al. 1997, Pommel et al. 2003, Bouil
laguet et al. 2008). All the different sealers edsdid
not fully prevent fluid flow (Bouillaguet et al. P8).
The sealing ability was reported to reduce withetim
(Bouillaguet et al. 2008) and also to increase \iitie
(Dagher et al. 1997). PCS was also reported to have
similar or better sealing ability to resin-basedlses
(Yared & Bou Dagher 1996, Pommel et al. 2003) and
conversely in other studies using the samstirtg
methodology it performed worse than the resin-based
sealers (Adanir et al. 2006, Bouillaguet et al. 00n
this study, the novel sealer MTAS has a sealingjitgbi
similar to PCS and the sealing ability decreaseith wi

1.3 kPa (Camps et al. 1997) to enhance apical ¢gakatime, whilst that of PCS showed the trend to inseea

and to obtain detectable leakage values.

with time. Conversely, research conducted on alnove

Table 2 Solution concentration of ions in parts per milligpm) detected in Hank’s balanced salt solutldB$S) and Pulp canal
Sealer (PCS) and mineral trioxide aggregate sésI€AS) after 1, 14 and 28 days

PCS MTAS
Element
detected HBSS 1 day 14 days 28 days 1 day 14 days 28 days
Na 3289 3755.6 3725.2 3495.8 3929.3 3477.3 3303.3
P 25.4 26.1 28.7 17.1 5.1 0.0 0.37
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Asgary S, Parirokh M, Eghbal MJ, Stowe S, BrinkB@6) A
qualitative X-ray analysis of white and grey miriéreoxide
aggregate using compositional imaging. Journal afévials
Science Materials in Medicine 17, 187-91.

Bakland LK (2000) Management of traumaticaijured
pulps in immature teeth using MTA. Journal of thedifornia
Dental Association 28, 855-8.

Barthel CR, Strobach A, Briedigkeit H, Gobel UB, Ukt JF
(1999) Leakage in roots coronally sealed wdifferent
temporary fillings. Journal of Endodontics 25, 781-

Bates CF, Carnes DL, del Rio CE (1996) Longitubgealing
ability of mineral trioxide aggregate as a root-éitithg
material. Journal of Endodontics 22, 575-8.

Beckham BM, Anderson RW, Morris CF (1993) An eviilia

Figure 3 Permeability measurement of teeth obturated with of three materials as barriers to coronal microdeakin

gutta-percha and either Pulp Canal Sealer or nlineoaide
aggregate sealer immersed in HBSS after 1 and 28 fdam
obturation £SD.

sealer based on MTA namely ProRoot Endo eeal

demonstrated the superior sealing ability of thisten
rial comparable to resin-based sealers and bédtser
PCS (Weller et al. 2008).

Conclusions

endodontically treated teeth. Journal of Endodentie, 388-
91.

Bouillaguet S, Shaw L, Barthelemy J, Krejci |, WaaaJC
(2008) Long term sealing ability of Pulp Canal eahh-
Plus, GuttaFlow and Epiphany. Internationald&aontic
Journal 41, 219-26.

t Bozeman TB, Lemon RR, Eleazer PD (2006) Elememtalyais

of crystal precipitate from gray and white MTA. doal of
Endodontics 32, 425-8.
Camilleri J (2007) Hydration mechanisms of mindraixide
aggregate. International Endodontic Journal 40;2&2
Camilleri J (2008a) Characterization of hydratisaducts of

The novel sealer based on mineral trioxide aggeegat mineral trioxide aggregate. International Endodoritdurnal

had comparable sealing ability to a proprietaryndra

41, 408-17.

sealer cement. In contact with a simulated bodidflu Camilleri J (2008b) The physical properties @fcelerated

the MTAS released calcium ions in solutiond a

Portland cement for endodontic use. Internatiomaldelontic

encouraged the deposition of calcium phosphate- crys Journal 41, 151-7.

tals.
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Aim. An innovative light-curable calcium-silicatement containing a HEMA-TEGDMA-
based resin (Ic-MTA) was designed to obtain a Hiwadast setting root-end filling and
root repair material.

Methods. Ic-MTA was tested for setting time, sdlityg water absorption, calcium release,
alkalinizing activity (pH of soaking water), bioadty (apatite-forming ability) and cell
growth-proliferation. The apatite-forming abilityas investigated by micro-Raman, ATR-
FTIR and ESEM/EDX after immersion at 3Z for 1-28 days in DPBS or DMEM + FBS. The
marginal adaptation of cement in root-end cavité®xtracted teeth was assessed by
ESEM/EDX, and the viability of Saos-2 cell on censewas evaluated.

Results. Ic-MTA demonstrated a rapid setting tiden(in), low solubility, high calcium release
(150-200 ppm) and alkalinizing power (pH 10-12}M@A proved the formation of bone-
like apatite spherulites just after 1 day. Apatitecipitates completely filled the interface
porosities and created a perfect marginal adaptalkieMTA allowed Saos-2 cell viability
and growth and no compromising toxicity was exerted

Signi“cance. HEMA-TEGDMA creates a polymeric netl@able to stabilize the outer surface
of the cement and a hydrophilic matrix peable enough to allow water absorp-
tion. SiO /Si-OH groups from the mineral particles und heterogeneous nucleation
of apatite by sorption of calcium and phosphates.iddxygen-containing groups from
poly-HEMA-TEGDMA provide additional apatite nucléag sites through the formation of
calcium chelates. The strong novelty was that thrahination of a hydraulic calcium-
silicate powder and a poly-HEMA-TEGDMA hydrophiliesin creates the conditions (calcium

Abbreviations: HEMA, 2-hydroxyethyl methacrylafBEGDMA, triethyleneglycol dimethacrylate; DMEM, [hecco’s modified eagle
medium; FBS, fetal bovine serum; DPBS, Dulbeccdwgphate buffered saline; MTA, mineral trioxide esggte; ESEM with EDX,
environmental scanning electron microscope with eneafigpersive X-ray analysis; FTIR, Fourier transfommfrared spectroscopy;
ATR, attenuated total reflectance; SBF, simulated badg.f
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release and functional groups able to chelate @sg)ifor a bioactive fast setting light-
curable material for clinical applications in ddrnaad maxillofacial surgery. The first and
unique/exclusive light-curable calcium-silicate MTeé&ment for endodontics and root-end
application was created, with a potential strongdunt on surgical procedures.

© 2011 Academy of Dental Materials. Published bgeizier Ltd. All rights reserved.

1. Introduction

Bacteria penetration into root canal is respondibtepulpitis
and periapical tissue inflammation which may evalvepi-
cal granuloma, cystic lesions and large bone ddfdctThese
lesions require the removal of infected dentin tajpéx and
large portions of periapical bone tisg2¢ and the filling of the
root-apex cavity with a root-end sealing materigdferably
biocompatible, osteoconductive or osteoinductiviee Tailure
rate of surgical root-end therapy with conventiomslterials,
such as zinc-oxide cements and silver-amalgam, rejasrted

strated [10-16]. An essential requirement for a bioactive
material is the formation of a biologically actibene-like
apatite layer on its surface in a biological enniment[32].
The concept of bioactivity is closely correlatedhnbioint-
eractivity, i.e. the ability to exchange informattiavithin a
biological systen{33]. This means that a bioactive material
reacts chemically with body fluids in a manner catige
with the repair processes of the tissue.

The examination of apatite formation on a maternaa
simulated body fluid (SBF) is a commonly acceptesthod to
predict the in vivo bone bioactivity of a specifiaterial[34].

approximately as 8-249%8-6]. The consequences are bone The aim of the study was to characterize an inrewat

resorption and tooth extraction. Millions of perscare sur-
gically treated for endodontic diseases. The suwcoéghe
endodontic treatment allows to keep the tooth fionetlity.

Calcium-silicate hydraulic cements conventionalbfided
MTA (mineral trioxide aggregate) cements have belanically
proposed as root-end materi§fs7,8], and prospective studies
have reported a failure of 9.8-16% at 1 yEaP] and 8% at 2
years[4,9].

The biological behavior and the apatite-formingligb(i.e.
bioactivity) of MTA cements have been recently adsgly
documented10-22].

The main clinical limitation of MTA cements is theng set-

light-curable resin-modified calcium-silicate cerhdlt-MTA),
containing a HEMA-TEGDMA-based anphiphilic mesias
organic light-curable matrix and a calcium-silicgtewder,
specifically designed for applications in contadthwbone
and dentin for oral surgery and dentistry. The gmas to
obtain a material with more adequate charactesisticd
properties for applications in wet apical cavitmmntami-
nated by blood during the preparation of a bonedamn
as it occurs during root-end surgery procesluand root
repair procedures. Chemical-physical propertias, setting
time, solubility, water absorption, calcium releaatalinizing
activity were evaluated. The in vitro apafiteming abil-

ting time [23-25] and the consequent risk for a fast dissolutionty was assessed by ESEM/EDX, micro-Raman and ATRRF

and removal of the cement and wash-out of the f(ask

techniques after soaking in phosphate-containirgtisas.

set) cemenf{25] from the surgical site of root-end obturation Osteoblast-like cells (Saos-2) were used to essntiz bio-

due to the blood and fluid contamination at thecalpregion
of root canal. The incorporation of light-curabksins has
been proposed for many materials, such as the-nesdified
glass-ionomer cements, to improve mechanical ptigser
and reduce setting time. The reduced setting tim&A
materials may extend their clinical use and maled thppli-
cation advisable in extremely wet and blood-conteat&d
surgical sites.

HEMA (2-hydroxyethyl methacrylate) is a hydhi
monovinyl monomer (i.e. it contains a single-C double
bond, Fig. 1). Its polymer poly-HEMA is a hydrogel widely used
together with other methacrylic resins in biomebmaplica-
tions. Poly-HEMA can imbibe large amounts of watieom 10
to 600%) by swelling without dissolving, due to thedrophilic
pendant groups of the moleculeid. 1); it has been extensively
tested for bioactivity26-29] and biocompatibility{30].

TEGDMA (triethyleneglycol dimethacrylatefig. ) is a
hydrophobic monomer that contains twe-C€ double bonds;
its introduction into the resin formulation allowlse forma-
tion of covalent crosslinks after curing and thightt networks
and solid structure81].

Bioactivity of calcium-silicate Portland cementsdaother

logical compatibility of solid cements and cemexttacts.

2. Materials and methods

2.1. Sample preparation

The light-curable resin-modified calcium-silicatenwent (lc-
MTA) was prepared by mixing a calcium-sileatement
powder (WTC-Ba) and an anphiphilic light-curablsirelig-
uid phase (Gandolfi MG & Prati C, patent of the nsity of
Bologna).

The wTC-Ba powder was constituted by di- and tdiceth-
silicates, tricalcium aluminate, barium sulfatealcium
sulfate and calcium chloride; it was prepated a con-
ventional melt-quenching techniqyi@5]. The liquid phase
contained 2-hydroxyethyl methacrylate (HEMA), tnigeneg-
lycol dimethacrylate (TEGDMA), camphorquinone (Cend
ethyl-4-(dimethylamino)benzoate (EDMAB).

To obtain the wTC-Ba cement, the wTC-Ba powder was
mixed with Dulbecco’s phosphate buffer solnt{dPBS,
Lonza, Lonza Walkersville Inc., Walkersville, MD,34, cat. no.

MTA materials such as ProRoot MTA has been recatgiyon- 3é3E17—512) for 30 s in a powder/liquid ratio of 3:1.
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Fig. 1 - Chemical structure, name and acronym efuted monomers.

To obtain the Ic-MTA cement, the wTC-Ba powder wasy the manufacturer, according with 1ISO6876 clanse2.) [41]

mixed with the liquid phase for 30 s in a powdquld ratio of
4:1 and light-cured for 120 s with a halogen lamhig_ED elca,
Anthos Cefla, Imola, Italy).

A commercial hydraulic calcium-aluminosilicate Ramnd

cement named ProRoot MTA (white ProRoot MTA, Dehtsp

Maillefer, Tulsa, Ok, USA—Iot no. 08003395) was dises refer-
ence (a reference material is required by 1ISO a@bse 3)[36]
since biocompatible osteoconductive mateffaB7]. ProRoot
MTA powder was mixed with the supplied deionizedevdor
30 s in a powder/liquid ratio of 3:1.

Vitrebond (3M ESPE AG, Dental Products, SilPavIN,
USA—Iot. no.70-2010-2611-2)

and then demolded.

The Ic-MTA and Vitrebond specimens were lighted
through a mylard streep (Directa Matrix Strips, d2ita AB,
Upplands Vasby, Sweden) and immediately demolded.

The obtained cylindrical specimens (8 mm in diamete
1.6 mm thick and 0.3 g of weight) exposed an exghasur-
face of 90.43t 0.01 mmA (upper surface 21= 50.24 mr and
lateral surface 2r h = 40.19 rﬁ)n

2.2. Setting times

is a resin-modified glass-

ionomer cement and was used as light-curable do@ro The initial and final setting times of the cemewese evalu-

positive control is required by both ISO 7405 aS8®110993-

ated using Gilmore needles according to ASTM C2866fd

5 clause 3)36,38] since is a material able to evoke a positiveapa  specifications [42,43] Briefly, the Gilmore initial set-

or reactive response (i.e. cytotoxic mater[89]. The cement
was prepared according to the manufacturer dinestend
light-cured for 30 s with a halogen lamp. As statgdhe man-
ufacturer, Vitrebond is composed by a fluoro-aluositicate
powder (constituted by SKQAIF3, ZnO, SrO, NgAlFg (criolite),
NH4F, MgO, and BOs) mixed with a light-curable liquid (con-
taining polyacrylic acid with pendant methacrylap®ups
(PAA), 2-hydroxyethylmethacrylate (HEMA), water amptho-
toinitiator camphorquinong0].

Standard cell culture plastic surfa€€issue Culture
Polystyrene, TCPS) was used as negative controé sinmate-
rial that proved a non-reactive response in theggstem as
required by both ISO 7405 and ISO 10993-5 claugss38]

ting time was the elapsed time (min) between theingi
of the cement with liquid and the first penetratiorea-
surement that does not mark the specimen surfatte awi
complete circular impression. As the initial ordirsetting
times approached (i.e. no indentation), the spautinveere
tested every minute to determine the exact Gilnsatting
time. The initial setting time needle was 113.4gnieight
and 2.12 mm in tip diameter. After the initial gagttime was
measured, the specimens were tested every 5 mintkeat
final setting time needle with a tip diameter c®@&.mm and a
weight of 453.6 g.

The wTC-Ba and ProRoot MTA samples were removeth fro
the curing chamber (32 and 98% relative humidity) and

Once mixed, all cements were compacted to the excegmediately tested for setting time to prevent dedydra-

into PVC molds (8 mm in diameter and 1.6 mm thick)e
wTC-Ba and ProRoot MTA were cured at G7and 98% rela-
tive humidity. For solubility, calcium release aatkalinizing
activity tests, the samples were cured (aC3z&nd 98% rel-
ative humidity) for a period corresponding to 70%fipal
setting time, i.e. 40 min for wTC-Ba and 117 mim RroRoot
MTA (period of time 50% longer than the setting ¢ilstated

tion of cement surface. The Ic-MTA and Vitrebonangdes
were light-cured (for 120 or 60 s, respectivelyl ammedi-
ately tested for setting time to standardize thigrperization
level and to prevent any polymerization progresschEsam-
ple was used only for one penetration/indentatest aand
then discarded. A large number of samples were tesédd
the approximate initial and final setting timeglod cements.
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Their exact evaluation was performed on three cafdis for
each material.
2.3. Solubility

The solubility of the materials was determined gsihe

method described in ISO 687#1]. The mass of the cements

was measured gravimetrically using an analyticéhroze (Bel
Engineering series M, Monza, lItaly) with an accyra€ 0.001 g
after 1, 14 and 28 days of soaking in deionizedewat in
DMEM + FBS, i.e. Dulbecco’s modified eagle mediuBMEM,
Lonza, Lonza Walkersville Inc., Walkersville, MD,S4, cat. no.
12-604) added with 10% fetal bovine serum (FBS,ZagrLonza
Walkersville Inc., Walkersville, MD, USA, cat. n@E14-801E).
Each weight measurement was repeated three times.

The specimens (n =5 for each material) wemxsghed
(Initial weight) and placed in sealed cylindricadlystyrene
holders (3 cm high and 4 cm in diameter) contairbngyL
of deionized water or DMEM + FBS, at ‘@7 At the pre-
determined intervals, the samples were removed fitoen
solutions, blotted dry at 3Z for 48 h, i.e. till the weight was
stable and then weighed and finally discarded.

The solubility (percentage weight variation, W&é&)each
time t was calculated according to the followingi&ipn:

dry weight at timet — initial weight

Wo% = initial weight > 100

2.4. Water absorption

The water uptake was determined gravimetricallye Speci-
mens (n = 5 for each material) were placed in seabtmtainers
containing 5 mL of deionized water and maintained icab-

a selective temperature compensated electrode TB&e8ur
WTW, Weilheim, Germany). Calcium release was measur
using a calcium probe (Calcium ion electrode, Butestru-
ments Pte Ldt, Singapore) after addition of 0.200 (22%) of
ionic strength adjuster (ISA, 4 mol/L KCI, WTW, We2im,
Germany) to the collected soaking medium (10 mL).

The probes were inserted into the soaking medraah
temperature (Z€) under magnetic stirring. Each measure-
ment was repeated three times.

The obtained results (setting time, solubility, eraabsorp-
tion, calcium release and pH) were statisticallalpred. The
1-way analysis of variance (ANOVA) was used to festdif-
ferences among the groups. Tukey’s HSD (honesyigifsgtant
differences) test was used in conjunction with ANOO
determine the statistical significance of the d#feces.

2.6. In vitro apatite-forming ability (bioactivity)
The ability of the different materials to form aipaton their
surface was tested in vitro as an index of bie#agt{33,34]
Bioactivity tests were carried out in DPB&2-16] DPBS is a
physiological-like buffered (pH 7.4) Ca— and Mgsdreolution
with the following composition (mM): K (4.18), N& (152.9),
Cl” (139.5), P@s (9.56, sum of BPO;- 1.5 mM and HPQ:-
8.06 mM).
DPBS (DB cament a0 L7 mUo) in & SeAsd eyiindrical ©
io 17 m ] in a sealed cylindrical

polystyrene holder (3 cm high and 4 cm in diameaexd was
maintained at 3T until the pre-determined endpoint time (1,
7, 14, and 28 days). The storage media were renatweedch
endpoint.

Additional samples were soaked in DMEM + FBS (thee

inet at 37C under static conditions. The wet weight wassame medium used for cell culture) for 1 and 7 dags

recorded throughout a 24-h time period. At pre-deteed

control specimens for cell culture studies. DMEMaigell cul-

intervals (1,6h and 1 day) the specimens were carefulljure medium containing salts (calcium chloride,agstum

removed from water, wiped free from any visibleface mois-
ture (blotted on filter paper for 3 s to remove sheface water)
and immediately weighed (within 30 s to eliminate influ-

ence of desiccation). After the last endpoint (24he samples

chloride, magnesium sulfate, sodium chloride, sodhicar-
bonate and monosodium phosphate) and rich in wvitami
(folic acid, nicotinamide, riboflavin and B-12), amo acids and
glucose.

were dried at 3T until the weight was stable and then the dry At the established endpoint times, the disks weradyaed

weight was recorded. Each weight measurement wasated
three times using an analytical balance (Bel Ergging series
M, Monza, Italy).

The water absorption at each time t was calculatsubrd-
ing to the following equation:

water absorption

ial . ial |
= x 100

dry weight at time24 h

2.5. Alkalinizing activity and calcium release

Cement specimens (n = 5 for each material) werpapeel
as previously described and immersed in 10 mL adrieed
water (pH 6.8) in polypropylene sealed containeéosesl at
37°C. After 3 and 24 h and 7, 14 and 28 days soakiatew
was collected and renewed.

A multi-parameter laboratory meter (inoLab 7%0TW,
Weilheim, Germany) previously calibrated with stamidaolu-
tions was used. The pH of soaking water was medsisiag

by micro-Raman, ATR/FTIR spectroscopy and ESEM/EDX.

To evaluate the possible bioactivity of poly-HEMpoly-
TEGDMA and poly-HEMA-TEGDMA polymers, a still delsat
subject[44 and references cited theremdditional resin sam-
ples composed of pure poly-HEMA or pure pbBGDMA
or pure poly-HEMA-TEGDMA were prepared by light-cuy
under the same experimental conditions used foATé. The
specimens were soaked for 4 weeks in a metastaldédying
medium at pH 7.3 containing &a and PQs- ions in a Ca/P
ratio of 1.67, according to Chirila et §15] and analyzed by
FTIR.

2.6.1. Micro-Raman spectroscopy

Micro-Raman spectra were obtained using a Jasco-20R8C
instrument (Jasco Inc., Easton, MD, USA) conned¢ted micro-
scope with 28 magnification. In these conditions the laser
spot size (i.e. the excitation source) was a fewronis. All
the spectra were recorded in back-scattering conditvith
5cm? spectral resolutions using the 488 nm blue limadgla
70, Coherent Inc., Santa Clara, CA, USA) with a eoaf 50 mW.
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A 160 K frozen CCD detector from Princeton Instrumselnc.

(Trenton, NJ, USA) was used. To minimize the valigbderiv-

ing from possible sample inhomogeneity, at least 8pectra
were recorded on five different points of both tipper sur-
face and inner fractured side of each specimen.tBuke high
fluorescence of Vitrebond upon excitation in theiblie range
(i.e. at 488 nm), the Raman spectra were recorgdad) la Nd*-

YAG laser emitting in the near-infrared region (406m) with

a Bruker MultiRam Fourier Transform FT-Raman spauie-

ter (Bruker Optik GmbH, Ettlingen, Germany) equigpeith

a cooled Ge-diode detector. The focused laser biame-
ter was about 10@n, the spectral resolution 4 ch and the
laser power at the sample about 300 mW. The Rapectra
were recorded on wet cement samples (i.e. whentaia&d

in their storage media) as well as on unhydratedece pow-
ders and poly-HEMA-TEGDMA resin polymerized undeet
same conditions used for Ic-MTA samples.

2.6.2. ATR/FTIR spectroscopy
IR spectra were recorded on a Nicolet 5700 FTIRe(mo Fisher
Scientific Inc., Waltham, MA, USA), equipped withSamart
Orbit diamond attenuated total reflectance (ATRgessory
and a DTGS detector; the spectral resolution wam4 and
the number of scans was 64 for each spectrum. THe &ea
had a 2 mm diameter. The IR radiation penetratias about
2 microns. To minimize the variability deriving fropossible
sample inhomogeneity, at least five spectra weterded on
five different points of both the upper surface amder frac-
tured side of each specimen. IR spectra were alsorded on
unhydrated cement powders and poly-HEMA-TEGDMA mesi
polymerized under the same conditions used for T)AM

To evaluate the presence of interactions betweemndsin
and the silicate component, unhydrated samples asatb
of wTC-Ba (20%) and resin (80%) were prepared aradyaed.

Before IR analysis, the poly-HEMA, poly-TEGDMA armmbly-
HEMA-TEGDMA samples tested for bioactivity were etti

2.6.3. ESEM/EDX surface analysis

The samples were examined with an Environmentah-Sca
ning Electron Microscope ESEM (ESEM Zeiss EMBD, Carl
Zeiss, Oberkochen, Germany) connected to conskary
electron detector for Energy Dispersive X-ray an@alyEDX
(Oxford INCA 350 EDS, Abingdon, Oxfordshire, UK) roputer-
controlled software Inca Energy Versid8, using an
accelerating voltage of 20-25 kV. The elemenaalalysis
(weight % and atomic %) of the samples was perfdrageply-
ing ZAF correction method. At 25 kV acceleratione tX-ray
electron beam penetration of ESEM/EDX (inside aamak
with a density of about 3 g/cﬁ)ﬁproved to be 2.981 and con-
sequently the volume excited and involved in theéssion of
characteristic X-rays from the constituting elensemtust be
considered 10n°. The disks were placed directly onto the
ESEM stub and examined without any form of prepamnat
(the specimens were not coated for this analysid) taen
inspected under wet conditions by ESEM/EDX as naesly
described15].

2.6.4. Marginal adaptation
To evaluate the morphology and the marginal admptadf
materials to dentin, freshly extracted single-rddteaman

teeth were instrument and a root-end cavity wapagred
at apical area, according to previous stud4s and filled
with Ic-MTA (n = 6) or ProRoot MTA (n = 4) or wTC#8(n = 6)
or Vitrebond (n = 4). After preparation, the filledots were
immersed in DPBS at 3Z and inspected in wet conditions
under ESEM/EDX after 10 min, 24 h and 28 days ofage.
EDX was used to evaluate the formation of calciumgphate
deposits or any surface change. Optical microsddfotic,
Motic Incorporation Ltd., Hong Kong) was also ugedobserve
the restoration of filled roots.

2.7. Cell culture and testing

Each material was layered on a 13 mm diameter Téreosi™
Plastic coverslip (Nalgene, Nunc International, NJYSA) to
obtain disks. Mechanical vibrations were used tdemthe
surface flat and regular. The surface area of dathwas
1.9+ 0.1 cnf, the weight was 0.8 0.02 g.

The sample disks of wTC-Ba and ProRoot MTA wer¢ tef
cure at 100% humidity and X7 for 2 h, to obtain a partial set-
ting of the cements, before their immersion in w@dtmedium
for the in vitro experiments.

The biological compatibility of the new s#ie-based
cements has been tested in vitro by chailhendsaos-2
osteoblast-like cells (Istituto Zooprofilattico B@a, Italy) with
cements as solids and with cement extrfgs38]

2.7.1. Test on extracts (indirect toxicity test)

The indirect toxicity evaluation was performed bitraction
method. The extracts were obtained using extractliions
(24 h at 37C) and extraction vehicle (culture medium with
serum) in accordance with ISO recommendations (F806
clause 6, ISO 10993-5 clause 4 and ISO 10993-1&ela0)
[36,38,47] A higher extraction ratio (1.9 &mL expressed as
surface area of the sample/extractant volume omgOsam-
ple/mL expressed as mass of the sample/extractdnme)
higher than that suggested by ISO 10993-12 claQdé7] was
used.

Saos-2 cells (5% 10° per well) were seeded in 96-well flat-
bottom microplate. After 5 h at 37 to allow cell adhesion,
0.2 mL of pure extract was added to the wells. @ialbility of
four replicate samples (n = 4) was assessed by #dd@iue test
at 1 and 3 days.

2.7.2. Test on solid materials (direct-contagidity test)

Each cement disk was placed in a well of a 24-pwelystyrene
plates(Costar, Cambridge, MA, USA). Pre-wetting tfe
cement surfaces was obtained by covering the ceswatit

1 mL of complete culture medium for 24 h ai@G7At 24 h the
medium was collected and stored-&80C to be used as an
extract of the materigdB8].

The culture medium was a modification of Eagle’sdiaen
(DMEM, Sigma-Aldrich Corp., St. Louis, MO, USA) c@ining
10% fetal bovine serum (Sigma-Aldrich Corp.) and fpéfi-
cillin/streptomycin (10,000 U penicillin, 1§ streptomycin,
25g amphotericin B/mL, Sigma-Aldrich Corp.).

Cells were inoculated on cement surface at a gjaden-
sity of 20 x 10° cells/cnf. After an adhesion time of 30 min,
the cells were carefully covered with the completedium
and incubated at 3z, 5% CQ and saturated humidity.
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Three samples for each cement were used in replicd

experiments, with cells seeded on polystyrene pl&I€PS)
without cement used as negative controls. The htyaluif cells
was assessed by Alamar Blue assay in six replzateples
(n = 6) and by Neutral red test in three replicdtes 3) after 1,

3 and 7 days of culture.

2.7.3. Cell viability and proliferation

Alamar blue (intracellular redox status, ithe metabolic
activity) and neutral red (membrane integrity) rdestructive
tests were performed to measure cell vitality araiferation,
i.e. as indicators of the degree of cytotoxicityszed by the test
material.

Alamar blue assay provides measures of ntetabolic
rate and the maximal functional capacity of mitauthdal
respiratory-chain and was used for quantifying itnovviabil-
ity of cells and as an indicator of cell health.eTiontoxic and
stable nature of the Alamar blue dye allows comtirsumon-
itoring of cultures over time and permits long-teexposure
of cells without negative impact.

Alamar blue assay is quantitative with respecinaetpro-
viding information on the ability of metabolicalbctive cells
to convert the reagent into a fluorescent and @uoletric
indicator. The amount of fluorescence or absorbasmgqeopor-
tional to the number of living cells and correspsrd the cell
metabolic activity. Damaged and nonviable cellsehbower
innate metabolic activity and thus generate a prtopmally
lower signal than healthy cells.

Alamar blue assay uses a visible blue flgero probe
resazurin, which is reduced to a red fluorescempmnd
(resorufin) by cellular redox enzymes of the mitoatirial
respiratory-chain. Viable cells continuously cortvexsazurin
to resorufin, thereby generating a quantitative snea of via-
bility and cytotoxicity.

At pre-determined intervals of culture (1, 3, andags),
200 L of Alamar blue dye (BioSource International, Caifta
CA, USA) was added to the culture wells (1:10 vAdter 4 h of

Table 1 - Initial and final setting times (mearstandard
deviation, n = 3 for each material) determined bynGre
needles [42,43] at 3C and 98% relative humidity.
lc-MTA and Vitrebond were light cured for 120 and 8,

respectively. Data with the same superscript letter
not differ significantly (p > 0.01).

Materials Initial setting Final setting time
time (min) (min)

Ic-MTA 2+0% 2412

wTC-Ba 31+ 3 57+ 3°

ProRoot MTA 36+ 3 168+ 5

Vitrebond 1+0% 1+02

not take up the dye. The incorporated dye is thteerdted
fro the cells in an acidified solution. Ai increagsedecrease
in the number of cells of their physiological staesults in a
concomitant change in the amount of dye incorpdrate the
cells in the culture.

Following culture onto cements the cells were iratad for
2h with neutral red medium, i.e. neutral red dyeo(@/mL)
dissolved in serum free medium (DMEM). Cells wenent
washed with phosphate buffered saline (PBS) an@dddth
of 1 mL of elution medium (EtOH/AcCOOH, 50%/1%) lfmhed
by gentle shaking for 10 min to achieve completsalu-
tion. Aliquots of the resulting solutions were ts&rred to
96-well plates and absorbance at 540 nm was redargieg
the microplate spectrophotometer system (Speckradtan,
Austria).

The results, recorded as optical density, wereesgad as
meant standard deviation of replicate samples (n) aatisst
tically analyzed with the nonparametric one-way ANOtest
with a p value <0.05 considered as significant.

3. Results

3.1. Setting times

incubation at 37C, 100 L of culture medium (supernatant) of Table 1shows the initial and final setting times of trements

each well was transferred to a 96 well-plate, dndréscence
(oxidation of Alamar blue) in the sample and cohwells

were read at 490 excitation-540 emission wavelengging
a Cytofluor 2350 fluorimeter (Millipore Corporatip®edford,

MA, USA).

The results of replicate samples (n) were recoatedela-
tive fluorescence units (RFU) and expressed meatandard
deviation. Statistical analysis was performed by tionpara-
metric one-way ANOVA test (with a p value <0.05 smered
as significant).

Neutral red uptake cytotoxicity assay , recommended by the 3.2.
ISO 10993-5 annex A38] is based on incorporation of the

supravital neutral red dye into living cells wittoisage of the
neutral red dye in the lysosomes of viable, unagucells.
Alterations of the cell surface or the sensitiveolyomal mem-
brane lead to lysosomal fragility. Such changesipced by
toxic substances cause decreased uptake and bioflimeu-
tral red dye, making it possible to distinguish ammwiable,
damaged or dead cells. This test provides a seastgnal of
both cell integrity and growth inhibition.

Viable cells take up the dye by active transpord ator-
porate the dye into lysosomes, whereas non-viaile do

determined using Gilmore needles.

The Ic-MTA cement showed statistically shorterialiand
final setting times than both conventional calcisiicate
MTA cements (WTC-Ba and ProRoot MTA), i.e. 120 slight
curing exposition were enough to create an extepogimer-
ized layer able to resist to the Gilmore needldageWond, the
control light-curable material, exhibited a settihge of 60 s.

wTC-Ba showed a statistically shorter final settinge
than ProRoot MTA (5% 3 vs 168+ 5 min).

Solubility

Table A reports the solubility, i.e. the % weight varaati
( W%) of the tested cements (ISO 6944]) after 1, 14 and 28
days of soaking in deionized water. All the cemetisplayed a
loss of material (a weight loss, i.e. W% < 0) @asing over
soaking time. Ic-MTA showed the statistically lowsslubility
at all times. wTC-Ba and ProRoot MTA proved higheright
loss than Ic-MTA and Vitrebond. No statisticallygsificant dif-
ferences were found comparing ProRoot MTA vs wTCvBudle
statistically significant differences were measuoeatnparing
Vitrebond vs both wTC-Ba and ProRoot MTA.
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Table 2 - Solubility (mear: standard deviation, n = 5 for each material) exgped as percentage weight variation ( W%)
after different times of soaking at &7in (A) deionized water (ISO6876) [41] and (B) DME- FBS. Different superscript

letters denote significant differences (p < 0.01).

Materials W% at 1 day W% at 14 days W% at 28 days
(A

lc-MTA -52+1.13 —6.34+ 0.85 -7.38+ 1.39*°
wTC-Ba -17.17+ 1.69' -20.16+ 3.33"" -22.02+ 2.85
ProRoot MTA -18.34+ 0.51%¢ —-20.65+ 1.72"ef —22.54+ 1.49
Vitrebond -9.44+ 0.44° -11.04+ 0.82° ~11.42+ 1.5T
(B)

lc-MTA -3.64+ 1.5 6.25+ 2.91° 6.67+ 1.36'
wTC-Ba -11.52+ 1.2% -5.22+ 3.4 3.94+ 3.26'
ProRoot MTA -11.50+ 2.8T —4.06+ 0.48 3.62+ 1.12'
Vitrebond -9.20+ 2.59°¢ -4.19+ 0.43 —3.30+ 0.23

A different trend of weight variation was obserwetlen
the samples were immersed in DMEM + FERlfle B). After
1 day, Ilc-MTA, wTC-Ba and ProRoot MTA showed a loewe
weight loss in DMEM + FBS than in deionized watdrmile Vit-
rebond showed the same weight loss in both mechTIA
displayed a loss of material only after 1 day ofmernsion
in DMEM + FBS while wTC-Ba and ProRoot MTA specimsen
showed a reduction of weight till 14 days. Ic-MThAosved an
increment of weight since 14 days, while wTC-Ba &rd-
Root MTA displayed an analogous behavior only adags.
Vitrebond underwent weight loss over all the period

3.3. Water absorption

The results of water uptake (n = 5 for each md)esize shown

and 1, 7, 14 and 28 days. Early release of caloua® very
high for Ic-MTA (211 ppm) and wTC-Ba (271 ppm) wéhista-
tistically lower for ProRoot MTA (32 ppm). Vitrebdndid not
release calcium ions, according to its compositlemoid of
calcium. Calcium releasd &ble 5 showed a different trend in
the first 7 days of soaking. Ic-MTA still showechah calcium
release after 7 days of soaking (145 ppm), wTC{Baved a
drastic reduction of calcium release after 1 day gpm) and
ProRoot MTA showed a low calcium release (35-16 pporing
the whole soaking time. Cumulative calcium rele@dsSg. 2)
was significantly higher for lc-MTA (537 ppm) thamTC-Ba
(437 ppm) and ProRoot MTA (121 ppm).

3.5. In vitro bioactivity tests

in Table 3 All the materials revealed an increase of water

uptake from 1 h to 1 day. lc-MTA absorbs more wétesight
increase of approx 3%) than the other materials.

3.4. Alkalinizing activity and calcium release

3.5.1. Micro-Raman analyses
Fig. 3reports the Raman spectra of the cements age®BSD
Band assignments have been given according taténature
([13,14, and references cited therein]

The spectra of unhydrated wTC-Ba and ProRWGIA

Table 4shows the pH of soaking water after immersion ofevealed the presence of calcium carbonate asteand/or

the cements. The pH values of water increased Bdto
approximately 11.0 already after 3 h of immersidriceMTA,
wTC-Ba and ProRoot MTA samples. This time of anialygas
selected because it corresponds to the final getitime of Pro-
Root MTA. After 14 days of immersion, ProRoot MTAowed
a significant reduction of the alkalinizing activifpH 7.8),
while wTC-Ba and Ic-MTA were still able to noticdatbasify
the soaking water after 28 days (pH values of 8@ @8,
respectively). Differently, Vitrebond slightly adfigtd the soak-
ing medium until 1 day, and then the pH increased.® after
7 days and decreased again to 6.4 after 28 days.

Calcium release and cumulative calcium releaseshosvn
in Table 5andFig. 2 respectivelyTable 5reports the calcium
release at 3 h (immediately after final settindPcdRoot MTA)

aragonite, calcium sulfate (as gypsum and/or arite)dmrlite,
belite as well as barium sulfate in the former &EMmuth
oxide in the latter. If compared with the wTC-Bawnpter, Pro-
Root MTA powder showed a higher amount of calcid/ar
aragonite and lower quantities of calcium sulfgesvalently
as anhydrite; moreover, the silicate component nvase crys-
talline, as revealed by the higher resolution &f #tfite and
belite bands.

The Raman spectra recorded on the surface of tMeTk,
wTC-Ba and ProRoot MTA cements after one day oh@dn
DPBS showed with different relative intensities tharker
band of apatite at about 960 Tmin the same spectral range,
no spectral changes were observed for Vitrebone. Spgec-
trum of the Ic-MTA surface displayed the bands ¢gpof

Table 3 - Water absorption (mearstandard deviation, n = 5 for each material) altfferent times of soaking in

deionized water. Different superscript letters dadié statistical significant differences (p < 0.01)

Materials 1h 6h 1 day
lc-MTA 9.61+ 1.14° 11.96+ 1.27° 12.94+ 1.6G
wTC-Ba 12.07+ 1.6 12.26+ 1.69*P 13.87+ 1.63
ProRoot MTA 11.67+ 3.9G*° 12.11+ 3.45P 13.96+ 3.92
Vitrebond 8.17+ 0.47 9.57+ 0.63° 10.77+ 0.36"°
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Table 4 - Values of pH (meanstandard deviation, n = 5 for each material) atkimg water after immersion of the

cements for different times. No coincidence inshperscript letters indicates significant differea¢p < 0.01).

Materials 3h 1 day 7 days 14 days 28 days
lc-MTA 10.6+ 0.1° 11.7+ 0.2 10.5+ 1.6°¢ 9.6+ 1.0° 9.8+ 0.7
wTC-Ba 11.5+ 0.2 11.4+ 0.12° 10.8+ 0.6>4 93+ 05 9.2+ 0.7
ProRoot MTA 11.5+ 0.12° 11.5+ 0.4° 11.2+ 0.8P¢ 75+ 0.29 8.2+0.29
Vitrebond 5.9+ 0.1 6.0+ 0.1 7.0%0.2 6.7+ 0.1 6.4+ 0.4"
Deionized water 6.8+ 0.4 7.0+ 0.1 7.1+0.1 6.6+ 0.1 6.9+ 0.1

Table 5 - Calcium released (meastandard deviation, expressed as ppm, n = 5 fdr geterial) in soaking water after

immersion of the samples for different times. Sgpapt letters indicate statistical significance<(p.01).

Materials 3h 1 day 7 days 14 days 28 days
lc-MTA 211+ 20.7 134+ 4.0 145+ 13.% 28+ 4.6*° 19+ 11.89
wTC-Ba 271+57.9 77+ 9.1 49+ 38.0 28+ 8.6 12+ 8.6
ProRoot MTA 32+ 4.5° 35+ 2.4 24+ 3.8° 14+ 2.7 16+ 2.9
Vitrebond 1+09 0+0.5 1+0.9 1+0.5 0+0.4
Deionized water * 1.0° 1+0.6 2+0.6" 1+0.6 1+0.6

a B-type carbonated apatite (in particular the comemt at

of bismuth oxide) or Vitrebond. The spectra recdrite the

1070 crﬁl) superimposed to those weaker due to the cemeimnterior of ProRoot MTA clearly showed the formatiof ettrin-

components and calcite; the Ic-MTA cement appe&oeidrm
the thickest deposit, as revealed by the highaenhgity ratio
between the bands of apatite and belite (at ab60tsghd
855 cm *, respectively).

At increasing storage times, the deposit becamgrpse
sively thicker on all the calcium-silicate cemerttse bands
of the cement components progressively weakenet g
bands typical of a B-type carbonated apatite pisjvely
appeared. After 28 days of aging, ProRoot MTA apgdao
be characterized by less mature apatite deposts tie
experimental cements, as revealed by its BP@n band at

gite, as hydration product of calcium sulfate anchtcium

aluminate. In the experimental cements this compbmnas

not spectroscopically revealed due to the intenfegeof bar-
ium sulfate; however, ettringite was observed sithee early
stages of hydration in both wTC cement (i.e. theesponding
cement free from barium sulfatf)3-15] and in its composite
with poly-HEMA-TEGDMA.

The CSH phase (i.e. the hydration product of adiel
belite), which shows a broad and very weak Ramand baas
detected with higher intensity in the experimert@aments
than in ProRoot MTA.

about 1000 cnt. No changes were observed in the spectrum

recorded on the surface of Vitrebond after 28 dafyaging in
DPBS.

The portlandite (i.e. Ca(Oh)) band at 360 cnt was never
detected on the surface of the cements, due t®lgase
into the storage medium which increased its pHa(d=it
reported). However, the portlandite component veasaled
in the inner area of all the lc-MTA and wTC-Ba censeuntil 28
days of aging. No portlandite component was deteetther
in ProRoot MTA (due to the overlapping of the sgdrands

3.5.2. ATR/FTIR analyses

Figs. 4 and Seport the IR spectra of the cements aged in

DPBS and DMEM + FBS, respectively. Band assignméaatse
been given according to the literatyfe3 and references cited
therein]

IR spectroscopy confirmed the Raman findings oncibra-
position of the unhydrated powders. In ProRoot MTEAlcium
carbonate was prevalently present in its aragdoita.

Cumulative calcium release (ppm) in deionized water

[ =+=lmma -~ Vitrbord

=2y TC-Ba ~r=PoRootMTA |

600

500

400

7

EBUD /
=1

200
100
0 # T = = T - T -
3 howrs 1 day Tdays 14days 28 days
Time

Fig. 2 - Cumulative calcium rﬁ?ase (ppm) in detedi water.
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Fig. 5 - IR spectra recorded on the surface of IEAVIwTC-Ba and ProRoot MTA after 1 and 7 days ohggn DMEM + 10%
FBS. The bands due to barium sulfate (Ba), ca(€l)e aragonite (Ar), resin (R), and amorphous caicphosphate (ACP) are

indicated.

After one day of aging in DPBS, the IR spectracMTA
and ProRoot MTA surfaces showed the presence aipatite
and calcite/aragonite deposit about 2 microns thickbands
of the underlying cement were observable for PraR&BA,
while for Ilc-MTA weak bands due the resin and barisul-
fate components were visible. On wTC-Ba, the apatéposit
appeared thinner than on the other calcium-silicaiments,
as revealed by the lower intensity of the apatédrds, and the
detection of prominent components due to calciag/anite,
CSH silicate phase and barium sulfate.

After aging in DPBS for 14 and 28 days, the surfsgectra
of ProRoot MTA, Ic-MTA and wTC-Ba showed the preserof a
B-type carbonated apatite and a small quantityaddite. No
bands of the underlying cement were observed.

With regard to Vitrebond, the spectral changes afeskon
the surface of the cement were analogous to thetweted
in its interior and thus not ascribable to the fation of an
apatite deposit, according to the chemical comjosibf the
cement lacking in calcium.

The IR spectra recorded until 28 days of aginghi inter-
nal region of the experimental cements and ProRODA
showed the presence of portlandite, ettringite éolzble only

for ProRoot MTA according to Raman results) and Gibldse,
in addition to belite and calcite/aragonite. Notlaordite was
observed for Vitrebond, according to its chemiaainposition.
After one day of aging, cement polymerization appdamore
advanced for the experimental cements than ProRIdaéy; as
revealed by the higher wavenumber of the CSH bds#rved
for the former.

The IR spectra of Ic-MTA, wTC-Ba and ProRoot MTArsu
faces after 1 and 7 days in DMEM + FBS showed tiesgnce
of a high quantity of calcite/aragonite deposigdther with
lower amounts of amorphous calcium phosphate; after
day of aging, the spectrum of the lc-MTA surfadé showed
bands due to the resin and barium sulfate.

To assess the occurrence of resin-mineral ionsaictiens,

a just-prepared Ic-MTA cement was analyzed andRtspec-
trum is shown irFig. § the spectra of the just polymerized
poly-HEMA-TEGDMA resin and unhydrated wTC-Ba powder
are reported for comparison. As can be easily seethe
spectrum of Ic-MTA Fig. 6, spectrum c), the 1640 cfband
due to the &€C group of the HEMA and TEGDMA monomers
(Fig. 1) is significantly weaker than in the spectrum lo¢ tresin
(Fig. 6 spectrum a); this result suggests that in Ilc-Mhé&
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Fig. 6 - IR spectra of the just polymerized poly&-TEGDMA resin (a), unhydrated wTC-Ba powder (Imdgust-prepared

lc-MTA cement (c).

resin attained a higher polymerization degree thate pure
poly-HEMA-TEGDMA resin.

In lc-MTA, the band due to the OH group (prevalentl
attributable to the OH stretching vibration of HEMmM-

samples were covered by an apatite deposit thazaapg
inhomogeneous and of different thicknesses tlom var-
ious samples, but always thinner thamm Zdue to the
detection of the bands of the polymeric componer®s)

ponent,Fig. 1) is shifted to lower wavenumber values withthe basis of the relative intensity of the apalitends, it

respect to the pure resin (from 3460 to 53dm Y); also
the band due to silicate groups (2O stretching vibration)
shifted downwards with respect to the wTC-Ba unhyeht
powder (from 874 to 863 c_rﬁ). Both these trends indicate the

can be deduced that the thickness of the deposiedsed
along the series: poly-HEMA (the 963 chn band was also
detectable) > poly-HEMA-TEGDMA > poly-TEGDMA.

The spectra corresponding to poly-HEMPRId. 7A) appeared

presence of hydrogen bond interactions betweecatdliand particularly interesting. Upon apatite depositisome poly-
OH groups of HEMA. mer bands underwent wavenumber shifts and/or iityens
The possible formation of Si-O-C covalent bonds besn changes. As reported in the figure, the msigmifi-
taken into account. These groups are charactebyesirong cant changes involved the bands at about 3350 c(@H
absorptions near 1100 Eﬂn[48], i.e. in a spectral range covered stretching vibration), 1700 crh (C—O stretching vibration),

by strong bands due to barium sulfate. Therefare;lar-
ify this aspect, a composite containing wTC (i.ement free
from barium sulfate) and poly-HEMA-TEGDMA was prepd
and analyzed (spectrum not reported): no spectatiufes
ascribable to the formation of Si-O-C bonds wersesbed,
in agreement with other authdet].

To evaluate the possible bioactivity of pure polgMA,
pure poly-TEGDMA and poly-HEMA-TEGDMA polymers,
the resins were soaked for 4 weeks in aasteble cal-
cifying medium, according to Chirila et §44,45] At this
time, the samples that were transparent at thenbiegj,
appeared slightly opaque (the most opaquepkamwas
poly-HEMA); their IR spectra are reported Kig. 7 The

1270-1248-1150 cnt (C-O-C stretching vibrations), 1070 ch
(C—O stretching vibration). Since control and soakathgles
were characterized by similar polymerization degrehese
changes can be ascribed to the chelation of calmam

Similar changes have been observed also for pol@DHA
and poly-HEMA-TEGDMA Fig. /B and C); however, for these
polymers, the polymerization degree of control aondked
samples appeared different, so that spectral ckacgad be
due to both calcium chelation and polymerizatioogpess.

3.5.3. In vitro dentin marginal adaptation: ESEMDX
and OM analyses
The morphology of cement-dentin interface in freshtora-

bands at about 1025, 600 and 560 tmevealed that all the 4 dions soaked 10 min in DPBSigs. 8 and 8 and b) was analyzed
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Fig. 8 - Morphology and chemical composition andgireal adaptation of Ic-MTA filling human roots aft10 min (a-c),

24 h (d-f) and 28 days (g-i) of soaking in DPBSAC.

using ESEM/EDX. A first evaluation was made imméelya
after restoration. The margins of all cements teslufree
from porosities or gaps, suggesting the optimaptataon to
dentinal cavity walls of all cements. EDX on Ic-MTWTC-Ba
and ProRoot MTA (not shown) revealed calcium (Gdijcon
(Si) and phosphorous (P) pealksgs. 8 and €) while on Vitre-
bond aluminum (Al), Si, zinc (Zn) and fluorine (pgaks were
detected (not shown).

After 24 h of immersion in DPBS a great amount &gipi-
tates completely covered the surface, the margih pantially
also the peripheral dentin surface of lc-MTRid. 8 and e),
wTC-Ba (Fig. 9 and e) and ProRoot MTAR(g. 1(a and b). All
margins resulted filled and crowded by apatite d#&po EDX
revealed Ca and P peaks, while Si was completedgrabon the
surface of lc-MTA and wTC-BaHgs. 8 and § and still detected
on ProRoot MTA FKig. 1&). The Ic-MTA, wTC-Ba and Pro-
Root MTA displayed similar morphology at the cenidentin
interface-margin; lc-MTA showed a thicker apatiggdr. Vitre-
bond surface showed irregular precipitates and Eixylayed
Al, Si, Zn and F, and also traces of Ca an&ig.(10-h).

Additional apicected, root-filled maxillary rtso soaked
for 24 h in DPBS were observed by optical microscdpey
showed the presence of a thick layer formed onatrex
(Fig. 11a-d).

After 28 days in DPBS a thick layer of apatite vaesected
on lc-MTA (Fig. 8 and h), wTC-BaKig. 9y and h) and ProRoot

and covered by apatite deposits. EDX revealed @aPapeaks
(Figs. 8, 9i, and 1Qe Vitrebond showed the presence of irregu-
lar deposits and EDX revealed the presence of AIZ& F, and
detected weak Ca and P pedkig/ (10 and ).

3.5.4. ESEM/EDX analysis of cement disks

The ESEM/EDX inspection of freshly prepared sample&e-
MTA, wTC-Ba and ProRoot MTA revealed the presenta o
water film when evaluated at 9.9 Torr pressure %40H and
4°C. The water film completely masked the cementasaf
At 3.9-2.9 Torr and 40-0% RH the cement surfaceeapgd
completely smooth with few nanosized porositiesm€ets
observed at 2.9 Torr in wet environment showed nramy
domly oriented needle-like crystalline formatiomsnmersed
and embedded in a sort of gel matrix.

EDX analyses of freshly prepared Ic-MTA amdlC-Ba
revealed the presence of Ca and Si peaks and wabasium
(Ba), Al and sulfur (S). ProRoot MTA displayed Gasmuth (Bi)
and Si peaks while Vitrebond showed Al, Si, Zn &mkaks.

After 24 h in DPBS the surface of all Ic-MTA, wTCaBand
ProRoot MTA samples was covered by a newly formadiem
phosphate layer consisting of aggregated apathersptes
(0.5-1 m diameter). Little porosities were observed on the
surface.

EDX on Ic-MTA and wTC-Ba surface revealed the prese
of Ca and phosphorus (P), chlorine (Cl) and soddiian) peaks

MTA (Fig. 1a), either on their surface, or at the cement-denti 59 the disappearance of Si, S, Ba and Al peakgesting
interface, or on the adjacent dentin. All margiesuited filled 4éhe formation of a deposit thick enough to maskdbmese
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Fig. 9 - Morphology and chemical composition andgireal adaptation of wTC-Ba filling human rootseaftLO min (a-c),
24 h (d-f) and 28 days (g-i) of soaking in DPBSAC.

surface of the cement. EDX analysis of inner affelractured  3.6. Cell viability

samples showed the presence of Ca, Ba, Si andeSsudrface of

ProRoot MTA displayed Ca, P, Cl and Na while theeinarea of 3.6.1. Response to the extract exposure

fractured samples showed Ca, Si, S, Bi and Al pedikeebond  Alamar blue assay uses a visible blue flgero probe

surface showed Al, Si, Zn and F peaks. resazurin, which is reduced to a red fluorescenmpmnd
After 28 days the entire surface of Ic-MTA cemelig( 122 (resorufin) by cellular redox enzymes. Viable cealtmtinu-

and b) resulted covered by a thick porous apatfeodit con- ously convert resazurin to resorufin, thereby gatieg a

sisting of large spherulites (148 in diameter), so that the quantitative measure of viability and cytotoxicifjhe amount

dense cement surface was completely hidden. EDXvetio of fluorescence is estimated proportional to thenber of

Ca and P, traces of Na and CI. Similar results vodtained living cells and corresponds to the cell metabatitivity.

for wTC-Ba Fig. 12 and d) and ProRoot MTAF{(g. 12 and f) The exposure of Saos-2 cells to the extracts shdated

surfaces. increase of the cell viability and number with tifioe all the
Differently, Vitrebond disks soaked for 28 daysDiPBS  materials’ extractsRig. 13A).

(Fig. 123 and h) showed the absence of apatite precipitates No statistical differences were detected at 24 thinvia-

EDX revealed Si, Al, Zn, F and traces of Mg and CI. bility of cells exposed to the extracts of any aalt-silicate

TA 24h in DPBS b 9" ProRoot MTA 28 d in DPBS

i Vitrebond 28 d in DPBS

R T . o LR
B [l e 132t e 2000 Gy A = R s it s s 200 e

Fig. 10 - Morphology and chemical composition anarginal adaptation of ProRoot MTA (a-e) and Vitredqf-I) cements
filling human roots after 24 h and 28 days of sngkin DPBSEbj'C.
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le-MTA 24h in DPBS le-MTA 24h in DPBS

wTIC-Ba 24h in DPBS wTC-Ba 24h in DPBS

Fig. 11 - Optical microscopy observation of the piarlogy of retro-filled roots surface, obturatedhmic-MTA (a and b) or
wTC-Ba (c and d) and soaked in DPBS for 24 h. Apateposits are visible on the surface of cemardsoa adjacent dentin.

material and controls, while the exposure to thieaets of liferation of Saos-2 along the experiments, and natsused
Vitrebond allowed a statistically lower cell viabil, suggesting as control surface against the cement surface sheceeac-
the presence of damaged and nonviable cells. Tteealdc- tion of cells to the chemistry and to the (smoathjface area
MTA, wTC-Ba and ProRoot MTA were all statisticalilffferent  of the culture plastic cannot be compared with rigponse
from Vitrebond at 1 day. to the 3D rough surface of the cements.

Statistically lower viability value was detectedeaf3 days Similar results were obtained using two differeassays of
of exposure to the extracts of Ic-MTA compared tBGasBa and cell cytotoxicity, i.e. Alamar blue reduction (mbtdic activ-
ProRoot MTA extracts. No statistical differencesrevebtained ity, Fig. 13B) and neutral red uptake (membrane integrity,

between Ic-MTA and Vitrebond at 3 days. Fig. 1C).

The viability and cell number increased with tinoe $aos-
3.6.2. Response to the solid cements 2 cultured onto wTC-Ba and ProRoot MTRig. 13 and C).
All the materials showed a statistically reducealbility and At 24 h and 3 days the viability on the calciumesite
cell number compared to the control TCPS. Howegeli, cements was similar while was statistically lower \ditre-
response on TCPS was measured to check the wadnilit pro- bond Fig. 13B8).

2 lc-MTA 28 din DPBS i “'|" giwrcBa 28 dinDPBS

Fig. 12 - ESEM/EDX analyses of sample disks so&@&days in DPBS at 3Z showing the formation of apatite (bioactivity)
the surface of Ic-MTA (a and b), wTC-Ba (c and djil @roRoot MTA (e and f) and the complete lackiofbtivity of
Vitrebond (g and h). 50
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relative fuprescence units

SENEENERL

relative flucrescence units

Saos-2 cells exposed to cement extracts (Alamar blue test)

le-MTA wI'C-Ba ProRoot. MTA Vitrebond TCPS

Saos-2 cells grown on solid cements (Alamr blue test)

g

:

o

lc-MTA wIC-Ba ProRoot MTA Vitrebond TCPS

Saos-2 cells grown on solid cements (Neutral red test)

;

2000

0500

0.000 .
le-MTA wIC-Ba ProRoot MTA Vitrebond TCPS

Fig. 13 - Viability of Saos-2 cells: evaluationtbe health state of cells (metabolic activity aell mtegrity). The diagrams
include the one-way ANOVA results (*significant fdifence per p < 0.05 within each material grougg®s vs 24 h); is the
significant difference per p < 0.05 vs Ic-MTA at 24 is the significant difference for p < 0.05lesMTA at 3 days; is the
significant difference per p < 0.05 vs Ic-MTA atldys). (A) Alamar blue cytotoxicity assay showihg viability (metabolic
rate and functional capacity of mitochondria) dfscexposed to the materials’ extracts (n = 4). Whetabolic activity of cells
statistically increased over time for all the matist extracts. No statistical differences wereedé&td at 24 h in the

51
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A decrease in viability and cell number was obsérae7
days for Ic-MTA Fig. 138 and C). At this time the viability on
lc-MTA was statistically lower than on wTC-Ba andoRoot
MTA but statistically higher than on VitrebonHEig. 13C).

4. Discussion
Blood contamination is inevitable through all ctial proce-
dures in oral and root-end apical surgery and mayease
the risk for a complete washout of the materialsrautheir
setting phase. Moreover, the materials can takenage water
than might be idedl50,51] and may change their physical
propertieg52] when in moist environment.

The setting time of calcium-silicate MTA ceme is

HEMA/TEGDMA-based resin into a calcium-silicate pow
der resulted in a HEMA/TEGDMA-Si hybrid shawi
hydrophilic nature, in agreement with previous sad
[49,58]

(iv) After the initial polymerization of theesin matrix
induced by light-curing, a second settingct®n is
triggered by the absorbed free water and involhes t
hydration and polymerization reactions of natc
silicate mineral particles (CSH formation).It isgsible to
affirm that despite the external light-cured seatow
layer, the cement is permeable enough to absorerwat
(confirmed by water uptake tests) due to its hyHiap
ity. The permeability and water sorption of HEMAsea
systems has been previously proy4él].

30-70 min[53,54] but is longer when in presence of serum
and blood[54,55] The presence of serum proteins increases ESEM/EDX, Raman and FTIR analyses demonstrated that

the setting time and modifies the expansion ofiaaicsilicate

upon soaking in DPBS, the exposed externmfase of

cements[54,55] So, the use of fast setting light-curable matelc-MTA is a reactive substrate that is rdpicovered by

rials to fill root-end cavities represents an inatbve approach
to prevent the cement wash-out and to ensure thieall
success.

calcium-phosphate spherulites forming a biocoatimanly
composed of carbonated apatite. The apatite-forralvitty
of calcium-silicate MTA cements has been recendyndn-

The present study demonstrated that Ic-MTA possessétrated[12,15,16] The study proved that the experimental

improved chemical-physical properties (fast settih@pactiv-
ity) mainly due to the presence of calcium-silicateneral
particles and poly-HEMA polychelating amphiphilicaterial.
After 120 s of light-curing the surface of the cernwas hard
enough to support both the initial and final Gilmareedles.
Differently, the setting time of the commercial dable con-
trol cement ProRoot MTA was 170 min, in agreemeitih w
previous studiefs4,56,57]

The surface structure of the experimental lc-MTAneat,
observed by ESEM/EDX, resulted pore-free and mamadi
geneous than the surface of both wTC-Ba and ProRIgat
cements.

A complex setting mechanism is proposed for Ic-MTA:

(i) After light-curing the presence of HEMA and GBMA
monomers creates a polymeric network able to stabil
the outer surface of the cement.

Hydrogen bond interactions occur between @e¢ groups
of HEMA and silicate groups of the mineral pow¢soly-
HEMA-Si bond, Fig. 14A).These chemical interactions may
confer to the cement bulk fast hardness and earigis-
tency and stability.

Once immersed into aqueous media, the dexigresin
matrix is permeable enough to absorb walee to
the hydrophilicity of HEMA, and to keep it entragpe
inside the cement. Consequently, the inclusibna

(i)

(iii)

Ic-MTA cement is more bioactive than conventionalcamum-
silicate MTA cements; upon aging in DPBS, the IcM&ement
appeared to form the thickest carbonated apatpedie sug-
gesting that the incorporation of poly-HEMA-TEDGMAto
the cement increased its bioactivity.

Many different chemical reactions may expldime
improved bioactivity of lc-MTA.

4.1. Release of calcium ions

Calcium-silicate MTA cements were able to releaskeiom
ions. Calcium ions released by calcium-silicate eets favor
the ability to form apatite deposifS9] and increase the num-
ber of pores inside the cemg&8,60]

Calcium-silicate MTA cements are porous media, ipkyt
or completely saturated with a pore solution. Doehis
porosity, material-environment mass exchanges @doupar-
ticular ion diffusion through the porosity. Calciumlease of
ProRoot MTA was in agreement with previous stud@ts62]
Ilc-MTA, although less soluble than ProRoot MTA amd@C-
Ba, was characterized by calcium release and alkadg
power statistically higher than the others. It tenhypoth-
esized that the hydrophilicity of Ic-MTA allows vesitmobility
(inward-outward flux) and penetration into the cembulk
through the meshes of the resin molecular net;ethprs-
cesses are responsible for the high calcium releasethe

mitochondrial function of cells exposed to the axts of any calcium-silicate material and contrelbjle the exposure to
the extracts of Vitrebond allowed a statisticabiyvker viability of cells. Statistically lower numbef cells was detected after

3 days of exposure to the extracts of lc-MTA comepao wTC-Ba and ProRoot MTA extracts. (B) Alamhrebcytotoxicity

assay of cells cultured on solid cements (n = B Viability increased with time for Saos-2 culdiento wTC-Ba and

ProRoot MTA. At 24 h and 3 days the mitochondriaidtion of cells cultured on the calcium-silicamrents was similar

while was statistically lower on Vitrebond. A noigrsificant decrease of metabolic activity was obsdrat 7 days for

lc-MTA,; at this time the viability on lc-MTA was atistically lower than on wTC-Ba and ProRoot MTAt Btatistically higher
than on Vitrebond. (C) Neutral red cytotoxicity aggcell surface integrity and lysosome viabilibf)cells grown on solid
cements (n = 3). The trend of the Neutral red asssy/similar to the Alamar blue. A significant dease of metabolic

activity was observed at 7 days for Ilc-MTA.

52
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Fig. 14 - (A) Hydrogen bonding interactions betweaditate ions and the resin. (B) lonic interactidretween the CSH

matrix and C&' ions and the subsequent nucleation of an apdtasep (C) Hydrogen bonding interactions between the
CSH matrix and HPg- ions and the subsequent nucleation of an pR©ontaining apatite phase. (D) Hydrogen bonding
interactions between the CSH matrix and,;®20ons and the subsequent nucleation of an apdtaee

lc-MTA cement. The water absorption inward the loggh
structure promotes the solubilization of minerais'o(Co?t*)
and the formation of portlandite and CSH; the watebility
favors the calcium release from the cement bullkfeRxntly,
the formation of a sheath protective layé8] on the surface
of hydraulic calcium-silicate cements (and simifaoin wTC-
Ba and ProRoot MTA) reduces the inward flux of watgo
the cement bulk after the first stages of the hyainareac-
tion and consequently decreases the material-enmieot
mass exchanges and leaching (outward flux of caldiom
the cement).

The initial high calcium release detected after 8ohld
be explained by the surface hydration ansisalution of
calcium-silicate particles due to their high reaityi with
water. The formation of portlandite (calcium hydd®) in
the early hydration stages of lc-MTA (as well asotdier MTA
cements) has been confirmed by both the strongaser in
pH of soaking water and by Raman and FTIR analysaher
apatite-formation ability is related to calcium sosupplied

by both CaCd] and calcium sulfate present in wTC-Ba formula-
tion. Calcium chloride has been demonstrated abl@adrease
the bioactivity of HEMA-based hybrid materig64].

As expected on the basis of its chemical compaosititt-
rebond was absolutely unable to produce calciunrdxyde,
to release calcium and to increase pH. High caldielease is a
requisite for a material to be bioactifs9].

2+

4.2, Mineral component: sorption of Ca and

phosphate ions

After hydration of calcium-silicate particles, aliddiquid
interface forms on the mineral particles and iossdiution
occurs almost immediately. &a ions are rapidly released
(calcium hydroxide formation) and migrate into tbelu-
tion. Silicates are attacked by Okbns (hydrolysis of Sigy-
groups in alkaline environment) and a CSH phasm$oon
mineral particles. CSH is a porous, fine-grained highly dis-
organized hydrated silicate gel layer containing$f silanol
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groups and negative surface charges. Actually)katiae pH,
the deprotonation of silanol groups should predataf65]
with the consequent formation of Sidegative groups. The
attraction between CSH particles has been repagea con-
sequence of the very high negative charge densitgeoCSH
particles and the presence onC'mns[66].

So, calcium ions incorporated into the HEMBGDMA
calcium-silicate cement hybrid bind the Si@roups to form
Si-O-Ca bonds, in agreement with a previous sfudy.

It has been previously demonstrated that thedpa
charged polar groups must be present at the sufdace cat-
alytic effect on apatite nucleatidi@2]. In lc-MTA negatively

The SiO negative groups induce heterogeneous nucleharged Si-O groups from CSH (derived from the hydrolysis

ation of apatite by bonding calcium ions from thenenal
particles on the silica-rich CSH surfadég. 14B), according
to:

=Sj-0 +C&" — -Si-0 - - ca&"

The sorption of phosphate (PO43-) and mono-
hydrogenphosphate(HPOy4,-) ions may occur through
hydrogen bondingHig. 14C and D), according to:

— _ — 2-
=Si-0 + HPO»- — -Si-O --HPO

=Si-OH + POy3- —-Si-OH- - POy

Alternatively, the HPQ,- ions can enter the apatite struc-4 4.

ture through the formation of BQ- -
interactions.

HPO,,- hydrogen bond

4.3. Organic phase: oxygen atoms present in tlie res
(hydroxyl, ester and ether groups, see Fig. 1) are able to
chelate calcium ions

Bioactivity experiments showed that poly-HEMAoly-
TEGDMA and poly-HEMA-TEGDMA polymers are abl®
induce apatite deposition after a 4-week imsioa in a
metastable calcifying medium. IR spectroscopy shbitet
the thickness of the deposit decreased along ttiessg@oly-
HEMA > poly-HEMA-TEGDMA > poly-TEGDMA. In other wais,
the most hydrophilic polymer is also the most bivac

of silica groups of calcium-silicate particl&0,71) may exert
this catalytic action. At the same time, the comabon of
calcium-silicate particles with a HEMA-TEGDMA-basedsin
enhances the bioactivity of the cement.

Silanol groups are responsible for the agpatiucle-
ation in acellular simulated body flui@3]. The bioactivity
of calcium-silicate cements and ProRoot MTAs hbeen
recently demonstratefl2-16], but conventional MTA cements
have only CSH groups available for apatite nucteatiT his
study is in agreement with previous investigatiovisich
demonstrated that hydrated silica gel is crucialtfe for-
mation of bone-like apatite and consequent bondalibngn
[11,19,20,32,74]

Environmental alkalinity

The increase of environmental pH would agcesée the
apatite nucleation, since apatite solubility desesaat basic
pH valueg75] and OH may be a component of apatjf,60]
Therefore, when exposed to a phosphate-contairohg s
tion such as DPBS, the silanol groups of the siica CSH
surface induce heterogeneous nucleation of apdticeigh
the adsorption of calcium from the mineral parscknd
phosphate from the solution (due to local superattn);

an HPQ,--containing apatite precipitates and matures into a

B-type carbonated apatite phase at increasinggednaes.
The nucleation of apatite is triggered by the cai@mleffect

of SiO /Si-OH groups from mineral particles and oxygen-

containing groups from HEMA and TEGDMA present o t

The IR spectra corresponding to poly-HEMA showeat th cement surface. This process is accelerated bhitepH and

upon apatite depositiorFig. 7A), the bands assignable to OH,

the release of calcium ions from the mineral congpdrof the

C-O, C-O-C and C-O groups underwent wavenumber shiftsement (calcium-silicate particles, calcium chlerigdalcium

and intensity changes. This trend can be explayedon-
sidering that oxygen atoms from hydroxyl and egt@ups
may chelate calcium ions released by mineral pastiand
induce apatite depositiorrig. 15A). This process occurs on
poly-TEGDMA thanks to analogous interactions bemveal-
cium ions and oxygen atoms from hydroxyl, ester atiger
groups Fig. 198). Apatite deposition on poly-HEMA-TEGDMA
can be explained consequently.

In other words, the hydroxyl, ester and ether dheda

sulfate, portlandite, and CSH) that increase tmiciactivity
with respect to apatite. Among the above mentidiaetbrs,
the high calcium release of Ic-MTA seems the preidant in
determining the highest bioactivity.

Interestingly, Ic-MTA was statistically less solabithan the
other MTA cements. Ic-MTA showed a low weight lass
deionized water at all times (1-28 days) demornsgaa low
solubility in water. Differently, when immersed DMEM-FBS,
lc-MTA samples showed a moderate weight loss only day,

groups Fig. 1) of HEMA and TEGDMA exposed on the surface but a significant weight increment after 14 andd2§s. This

of the polymer are the coordination sites for ctetacal-
cium ions acting as nanotemplates for the growihgpatite
nanoparticles. So, the calcium ions bonded by btHEIVIA
and TEGDMA contribute to the formation of additibragatite
nucleating sites.

The formation of a HEMA-calcium chelate complexis
agreement with previous in vitro investigations,iclthdemon-
strated that poly-HEMA-based materig&7-70] and silica
gel-HEMA hybrid nanocompositel26,27] possess bioactivity
and that poly-HEMA increases the reactivity of é&ciean phos-
phate bone cemef28,29]

trend of weight increase may be explained by thexipita-
tion of calcite and/or aragonite and Ca-P minetages, after
an initial release of Ca and Si from the cement @uthe
hydration reaction of calcium-silicate mineral pegs. The
formation of this deposit is due to the precipadatireaction
between calcium ions (released by the cement) &odphate
and carbonate ions originating from DMEM.

Actually, the hydration reaction of calcium-silieapar-
ticles (involving the hydration, surface dissoluticend
decalcification of mineral particles) occurs in tteside the

5Lt:ement matrix (sub-surface areas), as proved bfoth&ation
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Fig. 15 - (A) Chelation of calcium ions by hydroxgister and ether groups from poly-HEMA and theseghient nucleation
of an apatite phase; (B) Chelation of calcium ibpsster and ether groups from poly-TEGDMA andgbhbsequent

nucleation of an apatite phase.

of portlandite and CSH (typical hydration produofsPortland-
derived cements) demonstrated by Raman and FTIBRsban
Previous studies demonstrated that calcium-silid4Te\
cements are good substrates for osteoblast grfiat20,37]
and are able to induce cell proliferation imha when
they are freshly prepareff1,22] Their biological activity
is mainly related to calcium release, to theesence of
silicon ions on their surface and to the formatadrbone-
like apatite[12-16,21,22,37] Calcium-silicate MTA cements
proved to be more biocompatible compared to theipues
root-end filling materials such as SuperEBA, IRMdamal-
gam [19,20,37,76-78] Calcium-silicate MTA cements allow
osteoblast growth and differentiati¢®7] despite these mate-
rials provoked a strong alkalinization of tiseirrounding
medium/fluids (pH 11 or more) due to the formataifrcal-

cium hydroxide. In the present study both the cativeal
calcium-silicate MTA cements (wTC-Ba and ProRoot AJTdid
not induce any compromising cytotoxicity on Saosells,
according to previous studi¢37] and Saos-2 cell viability was
good mainly at 7 days.

Unexpectedly, the presence of the HEMA/TEGDMA-based
resin in Ic-MTA cement did not reduced the viayilénd the
number of cells with respect to both calcium-stikcaements
(wTC-Ba and ProRoot), as demonstrated by the o vityto-
toxicity tests at 1 and 3 days. The fast formatéa bone-like
apatite layer probably reduced the expected nemyatifect
of the resin. Moreover, polymer-protein interactofpoly-
HEMA interacts with proteins)58] and the presence of silica
gel (CSH) may improve the cell viability and adloesj21,22]
As expected20,39,79,80] Vitrebond showed some cytotoxic
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effect on exposed cells. Vitrebond, is composedibyalumino-
fluoro-silicate mineral powder mixed with a HEMA+aining
light-curable liquid, proved a complete lack of dtivity upon
soaking in DPBS, according to its chemical compasjtunder
these conditions, no formation of apatite and cachydrox-
ide was observed, due to the lack of calcium inféneulation.

It has to be underlined that the direct applicatbbrcells on
materials, as reproduced in this study, represamtextreme
challenge, because of the static conditions andattie of
defensive mechanisms able to moderate the injuposad
to the cells, such as biological fluids and reatimolecules
in vivo. Therefore, it is reasonable to believet tthee response
of these cells in this type of experiment overeates the
outcome expected in a clinical situation.

The effect of cement extracts used as culture nmedin
cell viability was carried out to test the presemdecyto-
toxic chemicals (extractables or leachables) lechahg in
the medium from the material. In the present stadyhigh
extraction ratio, i.e. surface area of the matedime of
extractant medium (higher than that suggested By18993-
12 clause 10) was used to attain the maximum amofunt
extractables. Exaggerated extraction is appropf@atdaz-
ard identification (ISO 10993-12 annex[&7]). Actually, many
authors used extraction rat[81-83] different from those
recommended by the ISO 10993-fU7] to test resin dental
materials, and obtained reliable and probable tesul

The data of cell viability in presence of lc-MTA texcts
showed that the leachables released in the mediom eell
proliferation, with no differences with respectwd C-Ba, Pro-
Root or control TCPS.

To verify the clinical use of the new material, togations
were prepared in root-end cavities and ESEM/EDX wsed to
evaluate marginal adaptation. All cements displaggddquate
marginal adaptation to dentin, i.e. no gaps angpaowsities
were observed along the margin either in freshbppared
restorations or in 24-h aged restorations. Howeaiklc-MTA
restorations were coated by a thick layer of Cadvipitates
which demonstrated the high reactivity of the newaten
rial. The restorations with the experimental wTC-#@iaplayed
similar adequate marginal adaptation, but thinnafrPCcoat-
ings. Finally, Vitrebond restorations showed theseaire of
marginal gaps and the presence on the surfacelatica
and phosphate peaks but not of apatite spherulitas. result
can be explained by considering that dentin retta@sdcium
under the acidic conditions (pH of about 3) attdiirethe early
stages of cement mixing.

5. Conclusion

The study demonstrated that it is possilWledevelop a

light-curable calcium-silicate MTA cement alie set in

2 min through the combination of a HEMA/TEGDMA-bdse
hydrophilic resin and a calcium-silicate powderisTimno-
vative material displayed high bioactivity, as derstoated
by the early formation of an apatite deposit aftemersion
in phosphate-containing solutions. Poly-HEMA-TEGDM#e-
ates a polymeric network able to stabilize the oateface
of the cement and a hydrophilic matrix permeableugh to
absorb water. Heterogeneous nucleation of apatitare in

56

nucleating sites (Si@Si-OH groups from CSH and oxygen-
containing groups from poly-HEMA-TEGDMA) througheth
sorption of calcium and phosphate ions. The foromatf an
apatite biocoating on the cement surface and thiesktting
time represent extremely interesting propertiesafanate-
rial specifically designed for the applicationshard tissues
in dental and maxillofacial surgery (root-end ohtions and
bone defects) and make it an attractive alternatveonven-
tional calcium-silicate cements.
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abstract

Introduction. The hypothesis was that expental ion-leaching bioactive composites
enhance remineralization of apatite-depleted dentin

Materials and methods. Calcium-aluminosilicatd C-Ba) or fluoride-containing calcium-
aluminosilicate(FTC-Ba) Portland-derived mineral powders weargxed with HTP-M
methacrylate HEMA/TEGDMA/PAA-based resin to prepasgerimental composites. Con-
trols were Vitrebond and Gradia Direct LoFlo.

Calcium- and fluoride-release, pH of soaking wasetubility and water uptake were
evaluated in deionized water using material diSka(nh diameter and 1.6 mm thick).

The apatite-formation ability (bioactivity) anthe ability to remineralize previously
demineralized dentin were assessed by ESEM-EDXFAHR after soaking in a phosphate-
containing solution.

Human dentin slices (0.8 mm thickness) were deralized in EDTA 17% for 2 h, placed
in close contact with the material disks and imreérisn a phosphate-containing solu-
tion (Dulbecco’s Phosphate Buffered Saline, DPBBadsess the ability of the materials to
remineralize apatite-depleted dentin.

Results. Only the experimental materials releasgcdium and basified the soaking water
(released hydroxyl ions). A correlation betweercicath release and solubility was observed.
FTC-Ba composite released more fluoride than Vareband formed calcium fluoride (flu-
orite) precipitates. Polyacrylate calcium compledestween COO groups of polyacrylate
and released calcium ions) formed at high pH.

Abbreviations: HEMA, 2-hydroxyethyl methacrylate; TEGDMA, trietlerieglycol dimethacrylate; UDMA, urethane dimethéartiey;
EDMAB, ethyl 4-(dimethylamino)benzoate; CQ, camphonone; PAA, polyacrylic acid; DPBS, Dulbecco’sd8phate Buffered Saline;
MTA, mineral trioxide aggregate; ESEM-EDX, Enviroamntal Scanning Electron Microscope with Energy Bispve X-ray analysis; FTIR,
Fourier transform infrared spectroscopy; ATR-FTHenuated total reflectance-Fourier transform pRRecsroscopy; SBF, simulated body

fluid.
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The formation of apatite was noticed only on theezkmental materials, due to the com-
bination of calcium ions provided by the materialfel phosphate from the DPBS. Apatite
deposits (spherulites showing Ca and P EDX peallsiRrbands due to phosphate stretch-
ing and bending) were detected early on the exmariah material disks after only 24 h of
soaking in DPBS.

Only the experimental composites proved to haveabiiity to remineralize apatite-
depleted dentin surfaces. After 7 days in DPBSy tm¢ demineralized dentin treated with
the experimental materials showed the appearancarbbnated apatite (IR bands at about
1400, 1020, 600 cm ). EDX compositional depth pro“le through thadtured demineralized
dentin slices showed the reappearance of Ca amdisgremineralization of dentin surface)

to 30-50 m depth.

Conclusions. The ion-leachable experimentammosites remineralized the human
apatite-depleted dentin. presiotthe formation
carbonated-apatite dentivithin 7 days of
DPBS.

The use of bioactive “smart” composites containiegctive calcium-silicate Portland-
derived mineral powder as tailored filler may beimnovative method for the biomimetic
remineralization of apatite-depleted dentin surfaemd to prevent the demineraliza-

lon release of a bone-like

on demineralized immersion in

tion of hypomineralized/carious dentin, witlotentially great advantage

applications.

in clinical

© 2011 Academy of Dental Materials. Published bgelzier Ltd. All rights reserved.

1. Introduction

Dentin is a complex tissue, which contains apat#tenineral
phase, collagen and other proteins, and wdt@j. Initial car-

ious lesions affect the mineral phase of dentin exjbse the
collagen fibers creating the conditions for a fésstruction of
the entire dentin networR].

An important requirement for operative and prewenti
dentistry is the development of restorative “smamiteri-
als able to induce the remineralization of hypomatiered
carious dentin (demineralized/carious dentin). Aedsent no
restorative materials with proven capability touod dentin
remineralization are available on the market.

The remineralization of demineralized denftiriorem-
ineralization) is the process of restoring minerals thioug
the formation of inorganic mineral-like aterials
[3].

Recently, experimental remineralizing resin-lbaseal-
cium phosphate cements (ion-leaching compositegg lh@en
proposed as restorative materials to induce destimineral-
ization[4-8].

Biomimetic remineralization (bioremineralization)of
dentin has been investigated with different methosisig
ion-containing solutions or ion-leaching siliconataining
materials(mainly bioactive glasses): solutions containin
c&, SiOys-, F or PQi3- ions[9], bioactive glasses placed on

In most of these studies dentin was immersed utisols
containing ions leached from different silicatedxsnateri-
als without dentin-material contact, and consedudonng
times (14 days to 1 month) are required to achteeerem-
ineralization of dentin.

Calcium-silicate cementgconventionally termed mineral tri-
oxide aggregate MTA cements, such as ProRoot MTAAM
Angelus, Tech Biosealer) are Portland-derived cesérat
have been introduced in dentistry as materialsdffferent
endodontic clinical applicatior{48,19]

Calcium-silicate cements are hydrophylic materediée to
tolerate moisture (hydraulic materials) and to pwdyize and
harden (setting) also in the presence of biolodicidis (blood,
plasma, saliva, dentinal fluid). They are ion-leaghmaterials
able to release calcium and hydroxyl ions (alkalitg activity)
into the surrounding fluids, creating the condiidor apatite
formation [20-23]. In detail, calcium-silicate particles hydrate
and decalcify after mixing with water following tHermation
of CSH gel (calcium-silicates hydrates) and calciuyadroxide
[22,24]

Calcium-silicate cements possess bioactive behawgor
stimulate the formation of new apatite-containimngsues,
since they are biointeractive materials able toettgy apatite
on their surface in a short induction perifgD-23] and
able to elicit a positive response at tigerface from
the biological environmeni3,19,25] They showed excellent
clinical results[19] possibly related to their biocompatibil-

dentin [10], remineralization solutions supplemented with 3ty and bioactivity (i.e. apatite-forming alylj properties

bioactive glasd11] and remineralizing solutions containing
the ions leached from ultrafine bioactive glasgiplas [12],
glass-ionomer cements containing a bioactive glasiog

[20-23,26]
The aim of this study was to develop bioactive icahe
releasing light-curable hydrophilic composites wi#tilored

restorationg13], MTA cement layered on the dentin Surfaceremineralizing properties, to be used as restaaiase-liner

[14], Portland cement blocks (as a source dfiwwa and
hydroxyl ions) immersed in a biomimetic analog dstiisg
of simulated body fluid added with polyaceylacid and
polyphosphonic acid)15,16] or poly(vinyl phosphonic acid
(PVPA)[17].

materials in sandwich restorations. Moreover, & the rem-
ineralization of dentin by the experimental compesi a
new experimental set-up was proposed involvingdéetin-
material contact, with the aim to mimic clinicalnzbtions.
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2. Materials and methods

2.1. Materials

Two experimental composites (named wTC-Ba + HTPakid

FTC-Ba + HTP-M) containing calcium-silicate Portladerived

hydrophilic mineral fillers (2-20n-sized particles) with tai-
lored enhanced reactivity and a light-curabjelrophylic

resin (1 g mineral powder/0.8 g of resin) were gesd and
prepared [Gandolfi, University of Bologna, Italy].

2.2.2.  Solubility
According to 1ISO 6876, 200R29], the specimens were weighed
(Initial weight) and placed in sealed cylindricallystyrene
holders (3 cm high and 4 cm in diameter) contairiBgnL of
deionized water, at 3. After 1 and 28 days, the samples were
removed from the solutions and dried to constang e

The solubility (percentage weight variation, W 8&t)each
time t was calculated according to the followingi&tipn:

Wo = Dry weight at timet — Initial weight ] 100
X
Initial weight

The experimental composite wTC-Ba + HTP-M was com-

posed of a reactive calcium-aluminosilicate powddrC-

Ba [containing tricalcium-silicate 3CaOSiO,, dicalcium-
silicate 2Ca0SiO,, tricalcium-aluminate3CaOAl,O3 cal-
cium sulfate and barium sulfate], mixed widm experi-
mental light-curable hydrophylic resin, HTP-M [cairting
HEMA, TEGDMA and polyacrylic-co-maleic acid, DEMAB
and camphorquinone]. HEMA, TEGDMA and polyditry
co-maleic acid obtained from Sigma-AldricheiSheim,
Germany.

The experimental composite FTC-Ba + HTP-M wasm-
posed of a fluoride-containing calcium-aluminositie pow-
der, FTC-Ba [i.e. wTC-Ba added to sodium fluoridelixed with
the light-curable hydrophylic resin HTP-M.

Vitrebond [3 M, St. Paul, MN, USA; Iot9NN] was used
as HEMA-PAA-containing control base materiditrebond
(resin-reinforced glass-ionomer cement) consisted @uoro-
aluminosilicate powdefSiO,, AlF;, ZnO, SrO, NgAlFg
(criolite), NH4F, MgO, ROs] and a light-curable liquid [PAA,
HEMA, water and photoinitiator]27]. Vitrebond was prepared
following manufacturer directions [1 spoon (0.033lgdrop
(0.05 g)].

Gradia Direct LoFlo A3 [GC, Tokyo, Japan; lot 1Q@1] was
used as light-cured flowable control composite/baseerial.
Gradia contained a silica prepolymerized filler8®.m size)
and UDMA methacrylate monomers.

The materials were prepared by mixing the mineoalger
with the resin on a glass plate to form a homogesegiaste.
PVC molds (8 mm diameter and 1.6 mm thick) weraduse
prepare material disks. Each disk was light-curedeach side
using a LED unit (Anthos, Imola, Italy). Light-cag time was
30 s for the commercial materials and 100 s foretkigerimen-
tal composites.

The materials were characterized faheir
chemical-physical properties (setting timesplubility,
water absorption, alkalinizing activity, calciumdafluoride
release) and bio-properties (apatite forming abildentin
remineralization).

2.2. Chemical...physical properties

2.2.1. Setting times

Gilmore setting times (initial and final settingnis) were
evaluated by the penetration measurements of specé-
dles (initial setting Gilmore needle weight 113.4rgl diameter
2.12 mm; final setting Gilmore needle weight 458 @iameter
1.06 mm). Setting times corresponded to the lack obmplete
circular impression (i.e. no indentation mark) be specimen
surface[28,29]

2.2.3. Water absorption

The water uptake at 1, 6 and 24 h was determinadrget-
rically, upon aging in 15 mL of deionized water3atC. The
water absorption at each time t was calculatedrdoup to
the following equation:

Water absorption

— Wet weight at time — Dry weight at time ]
X
Dry weight at timet

100

2.2.4. Alkalinizing activity, and calcium antioride
release
The alkalinizing activity (pH of soaking deionizedhter) and
calcium release in soaking water were measuredolisnpio-
metric methods. A multiparameter laboratory meteol(ab
750, WTW Weilheim, Germany) connected to specifece
trodes was used. A temperature compensated elec(&eh
Tix Sur WTW, Weilheim, Germany) was used to meashee
pH of soaking water. Selective probes (Calcium loofide ion
electrodes, Eutech instruments Pte Ldt., Singapesre used
for c&€” and F quantization in15 mL of deionized water at
37cC.

The C&* and F ions released in the elapsed time between
two consecutive analysis times were measured.

2.2.5. Statistical analysis
The data (expressed as mean and standard devatibd
samples for each material) were statistically aredyusing
one-way ANOVA with Tukey'’s test (p < 0.05).
2.3. Bio-properties
2.3.1. Apatite deposition on the surface of materiasksl
(apatite-forming ability test)
The apatite-forming ability (biointeractivityfmctivity [3])
was investigated by evaluating the apatite fornrmata the
material disks in the presence of a simdlabedy fluid
[25].

Material disks (8 mm diameter 1.6 mm thick,
0.3 g weight, surface area= 51 +# 2 rh = 2(3.14x 16) +
(2x3.14%x 4x 1.6) = 140.672 mﬁ) were prepared and
soaked inr6 mL of DPBS (Dulbecco’s Phosphate Buffered
Saline) phosphate-containing solution in sealedndyical
polystyrene holders (3 cm high and 4 cm in diameaed
maintained at 3T until the pre-determined endpoint times
(24 h and 7 days). A DPBS/cement ratio of 17 mL&swsed.

61The surface chemistry (surface composition and efeah
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distribution of phases) and morphology of the dislt®r
immersion in DPBS were studied in humid dtods
using ESEM-EDX and ATR-FTIR methodologies for cheahi
characterization (ISO 10993-18:2005 clausg30).

DPBS is a physiological-like buffered (pH 7.4) Gaxd Mg-
free solution with the following composition (mMK* (4.18),
Na' (152.9), CI (139.5), PQs- (9.56, sum of PO~ 1.5 mM and
HPQOy,- 8.06 mM).

2.3.2. Dentin remineralization
technique)

The dentin-remineralization ability (bioremineraliion of
demineralized dentin) has been evaluated as thabidiyp
to induce the formation of apatite on previouslyndeeral-
ized human dentin. Human dentin slicest(8 mm side and
0.8+ 0.1 mm thick, surface area 30 mm 24 mnf = 54 mn%)
from molar teeth extracted for orthodontic/surgicshsons
were prepared and demineralized in 15 mL of EDTAGIBr
2h at room temperatur€ig. 1A).

Disks of set materials (8 mm diameter and 1.6 mick}h
were prepared using PVC rings as molds. An innegadiet-up
(DRT Gandol“ technique,Fig. 1B) was used for dentin reminer-
alization: each material disk was maintained irsel@contact
with a demineralized dentin slice using a tailoRAdC sup-
port and soaked in 15 mL of DPBS at@%or 7 days. After this
time, the dentin slice was removed from the supparsed
with deionized water and then analyzed in wet ciors by
ESEM-EDX and ATR-FTIR.

tes(DRT Gandol*

2.3.3. Environmental Scanning Electron Microscopy with
Energy Dispersive X-ray analy§ESEM-EDX)

Samples were examined with an EnvironmentahnS
ning Electron Microscope (ESEM Zeiss EVO 50, Cazlsg,
Oberkochen, Germany) connected to a seconedeyg-
tron detector for Energy Dispersive X-ray lggis EDX
(Oxford INCA 350 EDS, Abingdon, Oxfordshire, UK) roputer-
controlled software Inca Energy Versid8, using an
accelerating voltage of 20-25 kV. The elemenaalalysis
(weight % and atomic %) of samples was performeaulyémg
the ZAF correction method.

EDX was carried out on the surface of the wet niatelisks
and on the surface of the wet dentin slices. Tineptes were
placed directly onto the ESEM stub and examinedhaut
preparation (the samples were not coated for tiatyais).

Moreover, an EDX compositional depth profialysis
(depth pro“ling EDX analysis) was carried out thgb the cross-
sectional sample of longitudinally fractured (pergieular to
the surface ) dentin disks to scan/monitor theigaldblue
scan lines) and phosphorous (red scan lines) throlug
dentin thickness. Both the surfaces of dentin d{sksface
in contact with the composite and opposite fredase) were
analyzed. Sudden roughness of scan line profilespaitable
to the lack of smoothness of the fractured surface.

EDX spectra refer to the whole image and the EDe¢nelnts
percentages are an average over the whole image.

2.3.4. ATR-FTIR spectroscopy

IR spectra were recorded on a Nicolet 5700 FTIRtspme-
ter, equipped with a Smart Orbit diamond attenuateal
reflectance (ATR) accessory and a DTGS detectersplectral

resolution was 4 cnt and 64 the number of scans for each
spectrum. The ATR area had a 2 mm diameter. Thediation
penetration was about 2 m.

To minimize the variability deriving from possib&am-
ple inhomogeneity, at least five spectra were medrat five
different points on the upper surface of each speuwi

3. Results

3.1 Chemical...physical properties

3.1.1. Setting times

All the materials were set after light-curingo circular
impression was left by the light or the heavy Gitmmmeedles

(Table 1.

3.1.2.  Solubility

Experimental composites showed the highesubddly
(Table 1), which did not show any significant increase otrere
(from 1 day to 28 days).

3.1.3.  Water absorption

The amount of water absorption tended to increase soak-
ing time for all the materialsT@ble 1. Both the experimental
composites absorbed statistically more water thanother
materials. Gradia absorbed the statistically leamsbunt of
water.

3.1.4. Alkalinizing activity(pH of soaking water)

Both the experimental composites possessed signtfialka-
linizing activity throughout the whole soaking peti (pH
raised to 9-11)Table 3. Gradia and Vitrebond did not cause
any significant pH variation of the water.

3.1.5. Calcium release

High c£’ release was noticed from both the experimental
composites, especially from wTC-Ba + HTP-Maple 3. Gradia
and Vitrebond did not release calcium.

3.1.6.  Fluoride release

The experimental F-containing composite releasatisst

cally more fluoride than Vitrebondréble 3. Gradia did not

release fluoride.

3.2, Bio-properties

3.2.1. Apatite deposition on the surface of materiatks

(apatite-forming ability test)

« ESEM-EDX analysis
Freshly prepared materials ESEM-EDX analysis of the materi-
als surfaceRig. 2) revealed the presence of their respective
constituent elements. The P peak was detected ambit-
rebond, due to the,Ps component. The strontium EDX
peak (Sr L-alpha at 1.8 keV) was not detected dueter-
ference from the silicon peak (Si K-alpha at 1.8¥k
Materials soaked for 24 h in DPBS: ESEM/EDX showleg pres-
ence of calcium phosphate deposits (Ca/P 1.89-2x04he
surface of wTC-Ba + HTP-M and FTC-Ba + HTP-M. Orgb
samples, EDX proved the appearance of the P [peégkd).
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A Dentin discs preparation & demineralization

thickness 0.8 £ 0.1 mm

Dentin slices

Dentin demineralization
in 15 mL of EDTA 17%
for 2 hours

B Remineralizing test

Material disc

+ =iy

material disc in contact with the
demineralized dentin slice

o
~n

Demineralized
dentin slice

soakin in 15 mL DPBS at 37°C

ot

analysis of dentin surface
in wet conditions
by ESEM-EDX, ATR-FTIR

Fig. 1 - DRT Gandolfi technique: experimental sptfor Dentin remineralization tests (DRT). The imaton of the
experimental set-up consists in the close contatwtden the sample disk and the dentin slice oldaiyehe PVC

support. The DRT Gandolfi technique allows to theyeseparation of the dentin slice from the mdtdisk after soaking in
DPBS. The debris present in the polystyrene coetaire precipitates of apatite.

The Vitrebond surface showed the presence of tpedk
(possibly due to DPBS sorption, according to watesorp-
tion data), but was free from any Ca peak.

No calcium phosphate deposits (and no P )peake
detected on Gradia disks immersed in DPBS.

Materials soaked forf7 days in DPBS: After 7 days in DPBS,
apatite formation was noticed only on calcium-sitee filled
materials Fig. 3. WTC-Ba + HTP-M displayed uniform cal-

calcium phosphate deposits and an increase in theak
due to further DPBS absorption. Gradia proved #uok lof
calcium phosphate deposits (and in the P peak).

e FTIR spectroscopic analyses

Fig. 4 shows the IR spectra recorded on the surfaceeof th
cement disks after aging for 1 and 7 days in DPB&hd
assignments have been given according to the tlitera
[23,31-33]

cium phosphate deposits and an increase in thealP pe FTIR analyses proved:

over soaking time (Ca/P 2.27). FTC-Ba + HTP-M shdwé-
fuse calcium phosphate deposits and an increate i
peak over time (Ca/P 2.28). Vitrebond proved theeabe of

(i) the presence of a carbonated apatite on bathekper-
imental composites at both aging times (1 and B)day
(Fig. 4A and B);

Table 1 - Polymerization time (seconds for sidelility (percent variation of weight,

W %) amdater sorption.

Polymerization Solubility Water sorption
time (seconds
on each side)

1 day 28 days 1h 6h 24 h
wTC-Ba + HTP-M 100 -24.70 (0.60)"° -28.00 (3.00)"° 10.60(1.90)"° 10.70(1.90f*° 12.00(2.00f*°
FTC-Ba + HTP-M 100 -23.00 (3.00)"° -26.00 (3.00)"° 10.40 (0.70)°¢ 11.50(0.60)*° 14.20(0.90f°
Vitrebond 30 -9.40 (0.40§° -11.30 (0.90)° 8.20 (0.50§"¢ 9.60(0.60)"° 10.80(0.40f"°
Gradia 30 -0.57 (0.08)"? -5.70 (0.60%2 0.96(0.11)*° 1.39(0.13)*° 2.90 (0.30)

Samples disks (n = 10 for each material) were u3éé. data were expressed as mean and standardidevaad statistically analyzed using
one-way ANOVA with Tukey’s test (p < 0.05). Diffeve CAPITAL superscript letters in the same row dfedent small superscript letters in the
same column, mean statistically significant diffezes.

[0 o)



1060

dental materials27 (201 1) 1055-1069

Element | Weight | Alom%
cK o320 a1
I EIRED
ALK (5] o0
k4 135 on
SK n 058
ak 135 065
X BT 10
Bal 413 045
Totals 10000
Element | Weight's | Atomic.
CK 4538 bR
oK 3423 BN
FK 124 101
Ns K 121 on
AlK 042 024
Sk 164 090
SK 139 0857
CK 100 044
Cak 734 291
Bal 312 058
Totals 100.00
Flement | Weight’s | Atomicst
cK an 885
e oK Bl 59
K | 152
Mgk 0x oug
AlK 150 104
sk |1 [
PE o7 003
ClK 047 onr
InK 380 086
Wi | a0 om
= yancx BTTROW St g 14t Tos | 10000
Element | Weightts | Atome?.
cK na 4467
ox |m®m |®mn
FE 37 216
TEED 261
SK o0 366
WM 1233 e
z Tous | 10000
Element | Weight®s | Atomic%
oK 086 0%
MKk | 2% 235
sk [oxw [F)
PK 1557 10
arg | 1s 104
Gk B3N 1532
Bal 085 013
Br-mmw 85 VTS Cm Rl 010 0 05 1 15 2
s : ) “‘:." ull Scale 2122 cts Cursor 2 578 (103 cts) Tolas 10000
Elment | Weightts | Atomic%h
e R EGE
FK 3% 405
Nk |38 33
PK 133 |91
ok |2z 13
Gk pial 1434
e At BRI Epansvoch G v 0
- E e e | Ful Scale 2185 cis Cursor: 2958 (40 cts) Tokk. | 0w
Vitrebond disc 24h in DPBS Elemest | Weightt. | Atomiet.
oK x5 sm
Fi el [1517
Mgk | 1@ 103
AIK 624 626
sk | 53 4
PE @ 358
KK 030 019
ZnK 1963 744
wM_ | um |1
o os
ufl Scale 1581 cis Cursor: 3015 (28 cts) Totds | 10000
Gradia disc 24h in DPBS Elment | Weight’h | Atonichh
B EEREL
0K 3635 na
FK | 4m 308
S EE 08
AIK 4B 20
sk [ 364
ak o 003
-~ 1 1
Ak L i e ey 7 Totks | 10000

ull Scale 2472 cls Cursor. 0684 (104 cts)

Fig. 2 - (Continued )

64




dental materials27 (2011) 1055-1069 1061

Table 2 - pH of soaking water, calcium and fluonideeased in soaking water.

3h 24 h 7 days 14 days 28 days
Calcium released (ppm) in soaking water
wTC-Ba +HTP-M 500(30)*° 207 (1.5)° 160 (20)°"° 60 (10)>° 66 (5)°°
FTC-Ba + HTP-M 112 (11 79 (105° 150 (8)™¢ 65 (4)5° 69 (2)B°
Vitrebond 3.0 (2.00§"¢ 3.0 (1.20%¢ 0.32(0.01)*¢ 1.21(0.01)*° 0.8(0.60y"°
Gradia 2.1 (0.60%"° 1.0 (0.60§"¢ 1.12(0.01)¢ 0.32(0.01)*° 0.36(0.01)*°
Water 2.0 (0.60%*° 1.1 (0.60§"¢ 1.1(0.60f*° 1.02(0.01)*° 10.4(0.60)*°
Fluoride released (ppm) in soaking water
WTC-Ba + HTP-M 1.0(0.1)*? 1.7 (0.1 0.3(0.5/ 0.3(0.1* 1.1(0.10*?
FTC-Ba + HTP-M 71 (5.0*° 17 (2.0°¢ 12.1(0.5°° 10.4(0.5°° 9.3(0.5
Vitrebond 9.7 (1.1 11 (3.0y*Bd 18 (6.0)°° 14.1(1.58C¢ 6.1(1.0P°
Gradia 1.4(0.5/* 0.1(0.5/* 0.3(0.5/* 1.6(0.1*¢ 0.3(0.5/*
Water 1.3(0.5)"? 1.2 (0.5 0.6 (0.5 0.6 (0.5 1.2(0.5/*
pH of soaking water
WTC-Ba + HTP-M 8.58 (0.12)" 9.44(0.165¢2 9.65(0.05F"° 9.3(0.20P° 8.98(0.04) C0C
FTC-Ba + HTP-M 9.3(0.30)" 10.82(0.16f" 9.8(1.10*° 9.8(0.60)*" 9.3 (0.40§""¢
Vitrebond 6.59(0.03)"° 7.54(0.18F° 7.36(0.16° 6.70(0.16)°° 7.56(0.04P°
Gradia 6.80(0.10)*° 7.87(0.150° 6.99(0.07)*° 7.3(0.20)*B¢ 6.7 (0.20f°
Water 6.88(0.04)*° 7.00(0.02)*° 7.10(0.11)*¢ 6.96(0.06)"° 7.2(0.40f°

Samples disks (n = 10 for each material) were u$éd. data (expressed as mean and standard deyiatgra statistically analyzed using
one-way ANOVA with Tukey’s test (p < 0.05). Diffete CAPITAL superscript letters in the same row dfedent small superscript letters in the

same column mean statistically significant differes.

The C&" and F release in the elapsed time between two consexatialysis times was reported (i.e. not a cumwgatilease).

(i) a more crystalline apatite phase on wB&+ HTP-
M at both aging times, as primarily revealed by the

were observed, suggesting that only the water afid-c
gen/proteinaceous matrix were left in plagg(5).

higher resolution of the phosphate bending bands atThe EDTA-treated dentin immersed for 7 days in DRES

598-556 cm! (Fig. 4A and B);

(iii) more prominent carboxylate bands (at abos®d and
1410 cm?, due to calcium polyacrylate (PAA-Ca com-
plexes) on FTC-Ba + HTP-M at both aging timegy( 4B);

(iv) the absence of apatite (lack of bioactivity) Vitrebond
and on Gradia at any aging tintdd. 4C and D).

With regards to Vitrebond=g. 4C), the strengthening near

1000 cm?! observed upon aging was not ascribable to the

formation of an apatite deposit, since an analogpeastral

feature was observed in the interior of the sam(spec-
tra not shown). Moreover, it is interesting to ntitat the
bands due to polyacrylate (PAA) were observed wgmpng

(Fig. 4C); in fact, at pH 6, the ionization degree of @alsylic

acid has already been reported to be[848 in other words,

as confirmed by the IR spectra, most of the carbgrqups
of polyacrylic acid were in the COGorm.

3.2.2. Dentin remineralization tests

* ESEM-EDX analysis
EDX compositional depth pro“le through theactured dem-
ineralized dentin slices : EDX depth profie fractured
demineralized dentin sections proved that the rreat
used (EDTA 17%, 2 h) completely removed the minefredse
of dentin to approx. 5éh depth. Actually, no Ca or P peaks

analyzed to check that no dentin remineralizationuos
when demineralized dentin is soaked in DPBS: indeBX
data showed the lack of Ca and P on the dentimcaito a
depth of approx. 5t (Fig. 6).

Demineralized dentin after contact with wT@-BHTP-M for

7 days in DPBS: On the demineralized dentin serfean-
ditioned by the cement, Ca and P peaks were ddtéate
a depth of 30-50 mK{g. 6), meaning that dentin rem-
ineralization occurred on the surface in contadhwie
composite. On the other surface, no Ca and P peeks
revealed.

Demineralized dentin after contact with FT&-BHTP-M for

7 days in DPBS: Traces of Ca and P were detectateosur-
face conditioned by the cement and some reminataliz
occurred on the surface in contact with the contppsvhile
no Ca and P were displayed by the other surfiice €).
Demineralized dentin after contact with GradiaVitrebond for

7 days in DPBS in DPBS: No Ca and P were deteatethe
dentin surface to a depth of approx. ®Omeaning that no
dentin remineralization occurred on the surfacedntact
with these materiald={g. 6).

* FTIR analyses

Demineralized dentin : According to EDX data, FTdRalyses
confirmed that the used EDTA treatment was ablestoove
the mineral phase of dentin; in fact, the spectracorded

Fig. 2 - ESEM-EDX of freshly prepared material disithd of the disks soaked in DPBS for 24 h. EDXpeaefer to the

whole image and the EDX elements percentages aageaage over the whole image. ESEM-EDX analysihefreshly
prepared materials revealed the presence of tteal gnly for Vitrebond (due to the®s component). After soaking in

DPBS for 24 h in DPBS, the surface of wTC-Ba + HWIRnd FTC-Ba + HTP-M was covered by calcium phospldaposits
(apatite spherulites, Ca/P 1.89-2.04) and EDX pdoee appearance of the P peak of calcium-phosplegesits. Vitrebond
surface showed P but no Ca peak. No calcium phd:smimoogiés (and no P peak) were detected on Gradia
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Fig. 3 - ESEM-EDX of the material disks soaked iRES for 7 days. EDX spectra refer to the whole ienagd the EDX

elements percentages are an average over the infage. Apatite formation was noticed only on caleisilicate filled
materials. WTC-Ba + HTP-M displayed a uniform cafoi phosphate deposit (Ca/P 2.27) and evident P. f€&®-Ba + HTP-M
showed diffuse calcium phosphate deposits (Ca/®) 2a2d P peaks. Vitrebond proved the presencepafak, the absence of

calcium peak and of deposits. Gradia proved tHe dd€a and

P peaks and of surface precipitates.

after the treatment~{g. 5, showed only the bands due to
collagen, while the spectral features typical af #patite
component were no longer observed.
Demineralized dentin after contact with expemtal
ites for7 days
treated with the experimental cements remineralized
different extents. After contact with wTC-Ba + HTP-the
remineralization was more pronounced than aftertamin
with FTC-Ba + HTP-M. In the spectrum correspondinghe
former treatment, a carbonated apatite phase fqriexed

compos-

revealed by the appearance of the bands at ab@@, 144,

1020 and 600 cit (Fig. 7A); the band at about 1550 cin
increased in intensity with respect to the 1630 tband,
due to the contribution of the carboxylate grouppofy-
acrylate calcium complexes. This group can conteltalso
to the band at about 1400 chn

Analogous spectral changes were observed atsahe
dentin sample treated with FTC-Ba + HTP-Md. 7B); how-
ever, the apatite component was detected in afisignily
lower amount, according to calcium release data.

It is interesting to note that the apatite phasen&m upon
contact with wTC-Ba + HTP-M was significantly diféat
from that typical of sound dentin as well as frdra apatite

in DPBS: The demineralized dentin samples

powder isolated from the DPBS storage meditHig.(9);
in fact, the phosphate asymmetric stretching modtheé
above mentioned samples fell at different wavenunvag-
ues, i.e. at 1020, 1001 and 1014_9:rmespectively.
Demineralized dentin after contact with Mitoad or Gradia :
Minor or no significant spectral changes were olerafter
treatment with Vitrebond or Gradia, following thanse
trend as calcium releaseig. 7C and D).

Discussion

The study demonstrated that the presence of theriexp
mental calcium-silicate based composites imtat with
demineralized dentin surfaces induced a significantiner-
alization of the demineralized dentin surface.

The inclusion of a reactive calcium-silicapewder as
tailored filler in resin restorative materials enbead (biocat-
alyzation) apatite formation. Interestingly, thenieeralizing
test in phosphate-containing solution demonstraétad the
experimental materials placed in close contact w&miner-
alized dentin are able to induce the remineralratf the

é)hosphorous—depleted demineralized dentin surfasendo
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Fig. 4 - IR spectra recorded on the surface ofrthterial disks before (t = 0) and after aging irB3Hor 1 and 7 days: (A)
wTC-Ba + HTP-M, (B) FTC-Ba + HTP-M, (C) Vitrebondnd (D) Gradia. The bands prevalently due to caicilicates (Si),
barium sulfate (Ba), resin (R), water (w), polydatg (PAA), polyacrylate calcium complexes (PAA-Gad apatite (Ap) have

been indicated.

Dentine surface
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Fig. 5 - ESEM-EDX and IR analyses of whole dentid demineralized dentin. EDX showed the complesapjijearance of P
peaks after demineralization in EDTA 17% for 2 hgdpphorous-depleted demineralized dentin surféiReypectra recorded on
the surface of a dentin slice before and aftettmeat with EDTA 17% for 2 h (apatite-depleted deenalized dentin). The
bands prevalently due to collagen (Col) and apé&tif mineral phases have been indicated.
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Fig. 6 - ESEM-EDX of treated and untreated dentiara/ days in DPBS. EDX compositional depth pefhalysis (depth
pro“ling EDX analysis) trough the cross-sectiosaimple of longitudinally fractured dentin diskalaum (blue scan lines)
and phosphorous (red scan lines) contents thrdugbentin thickness are shown. No dentin remirexadin occurred in
demineralized EDTA-treated dentin soaked in DPBSXHKlata showed the lack of Ca and P on dentin sarfill a depth of
approx. 50 m. After contact/treatment of the demsihezed dentin with wTC-Ba + HTP-M for 7 days in B8, dentin
remineralization occurred: Ca and P peaks weretisten the dentin surface till a depth of 30/h00n the opposite
untreated surface, no Ca and P peaks were revé&adatk remineralization occurred on the surfaceimact with
FTC-Ba + HTP-M: traces of Ca and P were detectedammiin surface, while no Ca and P were displayethé untreated
dentin side. No Ca and P were detected on dentiacsgutill a depth of approx. 5@ after contact with Gradia or
Vitrebond, meaning that no dentin remineralizatbonurred on the surface in contact with each cfehmaterials. (For
interpretation of the references to color in tlgsife legend, the reader is referred to the webioerof this article.)
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Fig. 7 - IR spectra recorded on the surface of demaiized dentin after contact with the four diffier materials for 7 days
in DPBS: (A) wTC-Ba + HTP-M, (B) FTC-Ba + HTP-M, J&itrebond, (D) Gradia. The bands prevalently tlueollagen (Col),
apatite (Ap) and polyacrylate calcium complexesAP®@a) have been indicated.

a 30-50 mm depth within a period of 7 days, as edoby the
EDX compositional depth pro“le and IR analysedfédently, the
HTP-M resin did not show any ability to enucleateagpatite
phase from CH- and PQs--containing solutions (data not
shown).

In this remineralizing process the bioavailabildf min-
eral ions (calcium, fluoride) from restorative nrats is the
basic requirement to enhance the apatite gbom and
the mineralization of the dentinal tissue in thegemce of
phosphate-containing solutions. The mineral uptakdem-
ineralized dentin was allowed by the detected Hualcium
release from the calcium-silicate filler in the ermental
liners.

The concept of remineralization is based tba rein-
corporation of mineral (apatite) in dental tiss@ydsntin or
enamel). Remineralization of demineralized/caricesntin
occurs by incorporation of mineral ions (calciurhopphate,
fluoride) from the oral fluid or from external s@as (specific
treatments), through the growth of existing apatitgstals
(belonging to remnant crystallites in the subswef485,36]
The mineral precipitated may act as a constantfaitéurther
nucleation of mineral promoting a continuous rematiea-
tion over time when in presence of environmentaheral
ions.

The capability of a material to induce the formatiof
apatite on demineralized dentin (remineralizatidlitst) is
strictly related to the biointeractivity and bioadty, i.e. the
ability to evoke a positive response from the lgatal envi-
ronment.

Various methods have been used for evaluating fflee-e
tiveness of the remineralization procedure in detigaues.
Assessment methods can provide quantitative antitativee
information. Recent studies have assessed theorpio@ation
of mineral into demineralized dentin using indirectalitative
analysis, such as polarized light microscdpy], semiquanti-
tative analysis such as transverse microradiogrdp8)39]
Transmission Electron Microscof EM) [15] and spectroscopic
analyses, such as Raman and Fourier transfornréafrspec-
troscopy[40-42] However, some limits are present in each
method of analysis.

In polarized light microscopy analyses, the quatitie
relationship between changes in mineral contentharedrin-
gence has not been fully established. TEM imagirayides
information on crystal shape and structurewéwver, the
analyzed tissue volume is very small and may natepee-
sentative of the material bulk; moreover, TEM does allow
any distinction between the mineral chemically kbum the

69organic matrix and that located close to it.
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[ TN _—pawder from DPBS

after 7d DPBS
+wTC-Ba+HTP-M

dentin
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Fig. 8 - IR spectra recorded on the surface of demalized
dentin after contact with wTC-Ba + HTP-M for 7 dags
DPBS. The spectra of the powder isolated from tiRBB
storage medium and dentin are reported for comparis
The bands prevalently due to collagen (Col), apatitp)
and polyacrylate calcium complexes (PAA-Ca) havenbe
indicated.

Spectroscopic analyses provide a lot of mfation in
dentin remineralization studies. Vibrational teciuds: (i)
allow the determination of the nature of the mihe(ig pro-
vide quantitative information on the changes in hiaeral
and matrix compositions as mineralization procesus also
(iii) supply separate responses on the mineralthadrganic
structures in the dentin matrix. Unfortunately, c&pescopic
methods are not able to differentiate between trribu-
tions of intra- and extrafibrillar mineral. The Bpectrum gives
information on mineral content (i.e. collagen/ajgatiatio)
and mineral crystallinity.

In the present study, IR spectroscopy in the ATéhnéue
has been used to non-destructively verify the iefficy of the
demineralization procedure as well as the exterthefrem-
ineralization process. The same technique has beed to
characterize the composition changes, which ocdusrethe
surface of the cement disks aged in DPBS.

Remineralization of dentin can occur either by shaple
precipitation of mineral into the loose demineratizdentin
matrix between collagen fibrils (net remineralipali or by
the chemical tight association of mineral to thatolematrix
structure (functional remineralization). The simpleecipita-
tion of mineral generates an increased mineralectinbut
may not necessarily provide an optimal interactiath the
organic components of the dentin matrix.

In the present study, the position of the phosplaten-
metric stretching IR band at about 1000_3:r(Fig. 8 suggested
that the newly formed apatite, although not pelyecoinci-
dent with that of sound dentin, had a differenturatwith
respect to that isolated from the DPBS storage umedi

This result demonstrated that the apatite formedientin
was intimately bound to it, and not simply a phdsposited
on its surface. Moreover, it is interesting to ntiat the

on the powder isolated from the storage medi&ig.(8). On
the contrary, the same bands were not observeHdeirspec-
trum of the dentin treated with Vitrebon#ig. 7C). These
data suggested that polyacrylate interacted with dhalcium
ions belonging to the apatite deposits, while interac-
tion occurred between polyacrylate and collagemmfrdentin.
Actually, under alkaline conditions, both polyadcybcid and
collagen are negatively charged and repulsive fofmevent
complex formation (i.e. no aggregate forrf8%].

Achieving remineralization of dentin remains onetloé
most difficult tasks in dentistry. There & lack of com-
mercially available composites with declaredd aproved
remineralizing activity. Therefore, the developmeftnew
materials for remineralization of dentin should éecour-
aged. Remineralizing dental composites must beaotize
materials able to release mineral ions that magpuwage the
formation of dentin-like apatite.

Calcium hydroxide-containing materials are ently
used as liners. These materials dissolve in tiflsigs, are
able to release calcium and hydroxyl ionsd axert an
antibacterial action generally associated withrthi&h pH.

Glass ionomer cements have been used as linerrbatse
rials for their ability to release fluoridé3] available for
the formation of a less soluble fluorapatigg44] Despite
the great mass of information on the positeffects of
fluoride on enamel, no data have demonstrated ftee-e
tiveness of fluoride ions to induce new matieation of
demineralized dentin and no nucleation of new apatiys-
tallites within an apatite-free dentin has beemiified in the
demineralized dentin immersed in a calcium-and-phate-
containing remineralization media in preserafe a glass
ionomer cemeni5].

Resin-based calcium-phosphate cements have been
posed as potential restorative base-liner mnadge for
their ability to induce the remineralizatioof hypo-
/demineralized/carious (mineral-deficient) denf{#6,46]
These materials showed the ability to release reithkium or
phosphate or fluoride, but no apatite formationtloa dentin
surface and into the thickness of demineralizedinehas
been evidenced.

In the present study designed reactive calailicate
mineral powders have been introduced in the exparim
tal formulations to confer to the experimental cosifes
the ability to release calcium ions and foom apatite.
The bioavailability of calcium in the surroundingedium
demonstrated a significant effect on dentin renalzation:
the data showed that freshly placed experimentaiura-
aluminosilicate composites had a significant impawctthe
processes occurring in their vicinity, and the fation of
apatite deposits on the experimental compositesearby
dental tissues may occur in the intra-oral condgioThe pres-
ence of the experimental composites induced a fgignt
remineralization of the hypomineralized adjacemtifeby
calcium/mineral uptake, as demonstrated by FTIR BBX
data.

According to calcium release dafBaple 3, the experimen-
tal composite containing wTC-Ba showed greater menail-
ization ability than that containing the FTC powd€&he two

spectra reported iRig. 7A and B showed the bands due to poly-calcium silicate fillers showed a different behavitso in the

acrylate calcium complexes, as well as the spectroorded

76)ioac:tivity tests: at all aging times, wTC-Ba + HWshowed

pro
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a more crystalline (i.e. more mature) apatite deptbsin
FTC-Ba + HTP-M. Interestingly, the latter compossteowed
more prominent bands than the former duepabdyacry-

is correlated to the leaching of high amounts d€iagen and
hydroxyl ions.

late calcium complexed-{g. 4A and B). This result can be
explained in relation to the higher alkalinizingtiaity of
FTC-Ba + HTP-M Table 3; actually higher pH values favor the
formation of higher amounts of COOgroups (i.e. polyacry-
late), able to interact with calcium ions forminglyacrylate
calcium complexes. The lower calcium release oleskifor
FTC-Ba + HTP-M Table 3 can be partly related to the forma-
tion of such complexes, and partly to the formatdrcalcium
fluoride (fluorite) as precipitate.

The detection of higher amounts of polyacrylatd=wC-
Ba + HTP-M may also explain the slower bioactidtyd the
lower remineralization ability observed for thisngoosite.
Actually, several authors have reported the presence
of even a small quantity of PAA inhibits apatitepdeition
[33,47,48] As confirmation, wTC-Ba and FTC-Ba cements (i.e.
with no HTP-M addition) showed higher bioactivitpdarem-
ineralization ability than the composites with HWP(data not
shown).

In a pilot study[49] the calcium-silicate wTC-Ba and FTC-

5.

Conclusions

Demineralized dentin may be remineralized by newmposite
materials with enhanced reactivity.

The inclusion of reactive calcium-silicate powdess tai-

lored filler in hydrophylic resin confers to themposites the
ability to release mineral ions.

The bioavailability of remineralizing ions ithe basic

requirement for the apatite formation (biocataly@at in
presence of a phosphate-containing solution.

Innovative restorative base-liner hybrid composiat

attractive basic properties have been producedth, asic

(i) light-curable materials with controlled sollityi in water
and oral fluids

hydrophylic nature to tolerate moisture duriplace-
ment and to interact with oral fluids and moisitto

structures

Q)

Ba designed powders have been inserted into Gibidért (',") |ons-r§I§§S|ng f|I'Ie'r .

LoFlo A3 to assess if the ion-leaching experimeptaders (iv) alkalinizing activity (hydroxyl ion releasad buffer the

may confer some bioactivity to this commercial cosige. environmental acids, and antibacterial properties

Actually, calcium-silicate powders in combinatiorittwGra- (v) bioavailability of remineralizing ions (calciu and fluo-

dia triggered calcium release, the alkalinizatidrthee soaking . r|.de rgl§ase) . . -

solution, the formation of apatite and dentin reenalization, (Y_') bIOi-ilthIVIty (apatite forming ability) . . .
(vii) ability to enhance the natural remineralginapability

although to a lesser extent than in the compowgitisHTP-M.

A major drawback of dental composites is polyméidra
shrinkage with the subsequent negative effexts bond-
ing integrity and formation of gaps at the compssientin
interface, and increased possibility of restorafiaiture for
bacterial microleakage and secondary caries foomati

In this study the selection of an adequate hydrbphgsin
to prepare the experimental composites playedtealrrole
to confer water absorption ability and bioactiviyoperties:

of dental structures (biocatalyzation) and to rearatize
dentin (bioremineralization).

A new generation of “smart” materials able italuce

apatite formation in demineralized dentin has bebtained
as promising composites to be tested in clinigalstr
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Abstract on 28 day-aged cements. The rate of apatite forma-
tion was FTC > F10TC > wTC. Fluorapatite was
detected on FTC and F10TC after 1 day of ageing,
with a higher fluoride content on F10TC. Ahe
cements released calcium ions. At 5 and 24 h, the
wTC had the significantly highest calcium eade
(P <0.001) that decreased significantly ovee
Aim To test the chemical-physical properties andtorage time. AB-28 days, FTC and F10TC had
apatite-forming ability of experimental fluorideqoed  significantly higher calcium release thanTC
calcium silicate cements designed to creatgeln (P < 0.05). The F10TC had the significantly highest
bioactive materials for use in endodonticad aral fluoride release at all times (P < 0.01) that daseel
surgery. significantly over storage time. No significant fdif
Methodology A thermally treated calcium silicate ences were observed between FTC and wTC. All the
cement (WTC) containing CaCb%wt was modified by cements had a strong alkalinizing acti\(QH)
adding NaF 1%wt (FTC) or 10%wt (F10TC). Cementselease) that remained after 28 days of storage.
were analysed by environmental scanning elactr Conclusions The addition of sodium fluoride acc-
microscopy with energy-dispersive X-ray analysi, | elerated apatite formation on calcium silicate cetsie
and micro-Raman spectroscopy in wet conditionBluoride-doped calcium silicate cements haghér
immediately after preparation or after ageiimg a bioactivity and earlier formation of fluorapatit€o-
phosphate-containing solution (Dulbecco’s phosphatedium fluoride may be introduced in the formulatioh
buffered saline). Calcium and fluoride release phidof  mineral trioxide aggregate cements to enhance their
the storage solution were measured. The teesubiological behaviour. F-doped calcium silicate ceise
obtained were analysed statistically (Tukey’'s H®Btt are promising bone cements for clinical endodousie.
and two-way anova. Keywords: apatite, bioactive materials, calcium
Results The formation of calcium phosphate pre- o o . o)
. . hydroxide, calcium release, calcium-silicate ceragnt
cipitates (spherulites) was observed on the suidace endodontic cements, fluorapatite, fluoride aste
24 h-aged cements and the formation of akthi ' ’

bone-like B-type carbonated apatite layer (bioragt fluoride-doped MTA, mineral trioxide aggregate.
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Gandolfi et al. Fluorapatite formation on fluoride-doped MTA cements

Introduction Materials and methods

Calcium silicate cements, well known as maher
trioxide aggregate (MTA), are novel self-settingrba-
terials for oral and endodontic surggBarirokh & The experimental thermally treated calciumicate
Torabinejad 2010). The setting reaction of icac cement(identified as wTC) composed of di- and
silicate cements requires water, so that they hlet@ tricalcium silicate, tricalcium aluminate, calciusul-

set in a wet environment through the formation of @hate, calcium chloride (setting accelerator) aisd b
nanoporous calcium silicate hydrate (CSH) gel. muth oxide(radiopacifying agent) was prepared

Calcium silicate MTA cements are biointeraetiv (Gandolfi et al.2010d). Sodium fluoride 1% wt or
bioactive materials, i.e. materials able tochmnge 10% wt was added to wTC to produce two experimental
information with a biological system (this ent  fluoride-doped cements, identified as FTC and F10TC
passes a physicochemical interplagtween the respectively(Gandolfi, Laboratory of Biomaterials,
material surface and the biological environthen University of Bologna, Bologna, Italy).

(biointeractivity) and materials able to evoke The cements were mixed with Dulbecco’s phosphate-
positive response from the host bdHdipactivity) buffered saline(Dulbecco’s phosphate-buffered saline
(BSI, 2007). A number of investigations have dem{DPBS), cat. n.BE17-512; Lonza, Verviers, Belgiuas)
onstrated that when calcium silicate MTA catee a source of phosphate ions, using a liquid/powdé&nr
are exposed to simulated extracellular fluids donta of 0.3 to produce a homogeneous paste. After prepa-
ing a phosphate source, they form calcium phosghateation, the cement pastes were placed in PVC moulds
and apatite precipitates on their surfé@endolfi (8 mm diameter and 1.6 mm thick) to prepare stan-
et al.2009a, 2010a-d, Taddei et al. 2009a, 2009Mlard discs.

Torrisi et al. 2010; Taddei et al. 2011). Calciumns
released from MTA react with phosphates provided b
the simulated fluid causing apatite formatiobhe
sealing ability, biocompatibility and dentinoge The ability of the different materials to form aip@ton
activity of MTA cements may be improved andtheir surface was tested in vitro as anexnaf
favoured by their bioactivity properties arlde bioactivity (BSI, 2007, Kokubo & Takadama 2006).
formation of apatite. Bioactivity tests were carried out in DPBS (Gandolf

Fluoride-doped calcium silicate MTA cements haveet al. 2010a-d, Taddei et al. 2009a, 2009b, Taddel.
recently been designed and studi@dndolfi et al. 2010). DPBS is a physiological-like buffered (pHt)7.
2009b, Gandolfi & Prati 2010e, Colin et al. 201@). Ca- and Mg-free solution with the following composi
has been reported th@t the addition of sodium tion (mmol UY): K* (4.18), N& (152.9), CI (139.5)
fluoride 1%wt to calcium silicate powders causes and PQg (9.56, sum of EPO, 1.5 mmol P* and
delay in the setting time and increases msipa HPO,; 8.06 mmol Ill).

(Gandolfi et al.2009b) and long-term apical sealing Each cement disc was placed in a hermetically deale
ability in the root canal (Gandolfi & Prati 2010end cylindrical polystyrene container (3 cm high andm

(i) an increase in NaF content (from 0% to 10%wt)n diameter) containing 5 mL DPBS (15 mL of medium
results in an enhanced solubility of F-dopedA  for 1 g of cement paste) and was maintained af 37
cements in water or in Dulbecco’'s modifiedgle until the pre-determined end-point time Tland
medium (DMEM) (Colin et al. 2010). 28 days).

This study aimed to evaluate the effect of the wadi The phosphate iongas HBPO,; and HPQy)
fluoride content in experimental MTA cements on thewere continuously supplied by the DPBS solution
kinetics of apatite formation and ion releadéhe that was renewed after 5 and 24 h and 7, 14 and
bioactivity of experimental fluoride-doped calciusil- 28 days.
icate cements was investigated by environnienta The cements were analysed by ESEM/EDX, micro-
scanning electron microscopy coupled with gmer Raman and FTIR spectroscopy immediately after prep-
dispersive X-ray analysis (ESEM-EDX), micro-Rama aration (fresh unset samples 10 min old) and dfter
and Fourier transform infrared spectrosc@VIR) and 28 days of ageing in DPBS (1 day-aged group and
analyses, after storage in a simulated extracelliléd 28 day-aged group). The constituent cement powders
solution. (anhydrous powders) were also analysed.

Cement preparation

¥n vitro apatite-forming ability (bioactivity)
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Environmental scanning electron microscopy with pH of storage solution and calcium and fluoride
energy-dispersive X-ray analysis release

Samples were examined under an environmental scaBach cement disc was placed in a hermetically deale
ning electron microscope (ESEM Zeiss EVO 50; CaisZ, cylindrical polystyrene holde3 cm high,4 cm
Oberkochen, Germany) connected to a secondary elediameter) containing 10 mL water and was maintained
tron detector for energy-dispersive X-ray analysBX  at 37C until the pre-determined end-point time (5 h,
(INCA 350 EDS, Oxford Instruments, Abingdon, UK) 24 h, 3, 7, 14 and 28 days). At each end-point,time
computer controlled software INCA energy version 18&he storage water was analysed for pH ali a®
(Oxford Instruments, Abingdon, UK), using an accele calcium and fluoride content and renewed. The pk wa
ating voltage of 20-25 kV. The elemental asay measured using a (selective) temperature-compahsate
(weight % and atomic %) of samples was carried oudlectrode (Sen Tix Sur WTW, Weilheim, Germany)
applying the ZAF correction method. At 25 kV accele connected to a multiparameter laboratory meter
ation, the X-ray electron beam penetration of ESERX  (inoLab 750; WTW).
(inside a material with a density of about 3 g)3<)m For calcium quantization0.100 mL (2%) of ISA
proved to be 2.98 Im and consequently the volumgl mol * KCI; WTW) was added to 5 mL of storage
excited and involved in the emission of characteris medium, and the calcium content was evaluated using
X-rays from the constituting elements was considé¢ce calcium probe (Calcium ion electrode; Eutech instru
be 10 Inf. Cement discs were placed directly on thements Pte Ldt, Singapore) connected to a multiparam
ESEM stub and examined without preparation (samplester laboratory meter (inoLab 750; WTW).
were not coated for this analysis). For fluoride assessment, 5 mL of TISAB (sodliu
chloride5.8% wl/v, acetic acid 5.7% w/v, sodium
hydroxide 3.0% (w/v), CDTA 0.4% (w/v) and water;
WTW) was added to 5 mL of storage solution, and the
Micro-Raman spectra were obtained using a Jasco-NR8uoride content was evaluated using a fluoridebgro
2000C instrumengJasco Inc., Easton, MD, USA) (Fluoride ion electrode; Eutech instruments Pte) Ldt
connected to a microscope with 20- magnification. | connected to a multiparameter laboratory meter-(ino
these conditions, the laser spot size (i.e. thétatian Lab 750; WTW). The probes were inserted ie th
source) was of the order of a few microns. All thestorage media at room temperature (34 under
spectra were recorded in back-scattering ¢immd$i magnetic stirring. Each measurement was repeat
with 5 cm* spectral resolutions using the 488-nm linethree times.
(Innova Coherent 70; Coherent Inc., Santa Clara, CA The results obtained were analysed statistical
USA)) with a power of 50 mW. A 160 K frozen ChargeTukey's HSD (honestly significant differences) tesis
Coupled Device detector from Princeton Instrumentased in conjunction with the two-way analysié
Inc (Trenton, NJ, USA) was used. variance (two-way anova), to determine the statsti

IR spectra were recorded on a Nicolet 5700 FTIRignificance of the differences among the groups.
spectrometer (Thermo Electron Scientific Instrumsent
Corp., Madison, WI, USA) equipped with a Smart @rbi Results
diamond attenuated total reflectance (ATR) accegssor
and a Deuterated Tri-Glycine Sulphate detector; th
spectral resolution was 4 ¢mand 64 scans were
made for each spectrum. The ATR area had a 2 m
diameter. The IR radiation penetration was abowt twStarting cement powders (unhydrated cement powders)
microns. (Figs 1a,2a and3a) showed the reflexes of Ca

To minimize the variability deriving from possible (calcium), Si(silicon) and Al (aluminium) from the
sample inhomogeneity, at least five spectrerew cement particles, Bi (bismuth) from the,®i radiop-
recorded on five different points on the upper acef acifier, Cl (chlorine) from the Caglsetting accelerator,
of each specimen. The Raman spectra were reconded © (oxygen) from the cement particles and the radiop
wet cement samples (i.e. when maintained in thegcifier. In addition, the F-doped powders showed Na
storage media). (sodium) and F (fluorine) from sodium fluoride.

Micro-Raman and ATR/FTIR spectroscopy

Environmental scanning electron microscopy with
(rannergy-dispersive X-ray analysis
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Figure 1 F10TC cement: environmental scanning electron esmpy with energy-dispersive X-ray analyses ofydndted
powder (a), freshly prepared (b), 24 h-aged (c) 2thday-aged (d) samples.

The surface of fresh cements (Figs 1b, 2b and 3leposits, the calcium silicate component and th€lCa
appeared rough/irregular and free from porositiE€3X  ingredient.
showed prominent peaks because of Ca, Cl and @(fro Punctual EDX on spherulites showed only Ca and P
the cement particles, the radiopacifier and water), peaks, suggesting the formation of calcium phosphat
(sulphur), Si (also from the silanol groups of C&idll Bi.  precipitates.

The surface of 24 h-aged samples (Figs 1c, 2c andEnvironmental scanning electron microscopy obser-
3c) showed diffuse deposits with differenzesiand vations of the surface of 28 day-aged samples (Eis
shape, composed of globular precipitates (sphesylit 2d and 3d) showed a continuous irregular layer of
0.2-1 micron diameter). The deposit was more eviderdeposits. No morphological differences weretedo
and thicker on F-containing cements (Figs 1c ajd 2c among the cements.

Energy-dispersive X-ray analysis microanalysia Energy-dispersive X-ray analysis detected prevalent
the area (approximately 3006 displayed prominent Ca and P peaks and traces of typical elementseof th
Ca, P (phosphorous) and O reflexes and traces,@iSi cement, suggesting the formation of a thick calcium
and Cl components. The intensity of the dgpi phosphate layer that is able to mask the underlying
elements of the cement (mainly silicon) decreasest o components of the cement. FTC and F10TC samples
storage time because of the formation of the caiciu displayed lower Ca/P ratio than wTC.
phosphate layer (biocoating). Punctual EDX registered Ca and P with a Ca/P ratio

FTC and F10TC samples displayed higher P peaKapproximately 2) close to that of bone-like caratea
and lower Ca/P ratio approximately 2.2-2.5) thanGvT apatites.

(approximately3.2): the Ca peak detected on the The Ca/P ratio on the calcium phosphate
wTC cement originated from the calcium phosphate layer decreased during immersion in DRB&m
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FTC cement
(@) Unhydrated

Figure 2 FTC cement: environmental scanning electron miawpyg with energy-dispersive X-ray analyses of umhed powder
(a), freshly prepared (b), 24 h-aged (c) and 28aimd (d) samples.

approximately 2.5-3.0 at 24 h to approximately 2 at 855 and 845 c?ﬁ) and bismuth oxide (bands below
28 days) for all the cements. The presence of Ca@y 600 crﬁl).
have slightly affected the Ca/P ratio detectedlent The freshly prepared samples revealed the appear-
samples covered by a calcium phosphate layer thinnance of the marker band of ettringite (i.e. the ragidon
than the X-ray electron beam penetration, i.e. @ppr product of the reaction between anhydrite/gypsuih an
imately 2.98 Im. The contribution of Calb the tricalcium aluminate) at about 990 Bmparticularly
observed Ca/P ratio decreased at increasimgpsite strong on the F10TC cement.
thickness, i.e. at increasing ageing time. After 1 day of ageing in DPBS, all the cements
showed an apatite + calcite/aragonite deposit. ifgat
was revealed by the appearance of the hkand
960 cm’, and the bands a000, 1045and
Figure 4 reports the micro-Raman spectra recoraded d.070 cmt (typical of a B-type carbonated apatite)
the cements. Bands were assigned according to thed 607 and 590 c)f'n(FTC) were also detected on the
literature (Taddei et al. 2009a,b, 2011 and refegen F-doped cements. The intensity ratio between thelba
cited therein). of apatite and belitéat about 960 and 855 ¢
The spectra of the unhydrated powders practicallyespectively) was taken as a marker of the thickroés
coincided and disclosed calcium carbonate (band tite apatite deposit. This ratio was higher the
1087-1088 crﬁ), calcium sulphate as both anhydriteF-doped cements than on wTC. The Qﬁdlmpatite
(band at 1017 CH) and gypsum (band at 1002-band was broader on F10TC than on FTC, and an
1003 cnt), alite (band at 845 cf), belite (bands at  analogous trend was observed after 7 days of ageing

Micro-Raman analyses

International Endodontic Journal, 44, 938-949, 2011 22011 International Endodontic Journal

79



Gandolfi et al. Fluorapatite formation on fluoride-doped MTA cements

wTC cement
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Figure 3 wTC cement: environmental scanning electron mmopyg with energy-dispersive X-ray analyses of umhyed powder
(a), freshly prepared (b), 24 h-aged (c) and 28aimd samples (d).
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Figure 4 Micro-Raman spectra recorded on the surface ofhitee cements: freshly prepared (after 10 min)adted 1 and

28 days of ageing in Dulbecco’s phosphate-buffeedihe. The bands owing to calcium carbonate (Cagiite (C), aragonite

(Ar), anhydrite (An), gypsum (G), ettringite (E)llie (B), alite (A), apatite (Ap) and bismuth ogi@Bi) are indicated. The spectra of
the unhydrated cement powders are reported for adsgn.
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@ O
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Figure 5 (a-c) IR spectra recorded on the surface of theethcements after 1 and 28 days of ageing in Datidec
phosphatebuffered saline (DPBS). The bands owingatoium carbonate (Carb), calcite (C), aragonie),(anhydrite (An),

gypsum (G) ettringite (E), hydrated calcium silicate gel, blig polymerized silicates (CxS), belite (B), al{t®) and apatite (Ap) are
indicated. The spectra of the unhydrated cementdeeosvare reported for comparison. (D) IR spectended on the powders
isolated from the DPBS storage media after 1, 72hdays of ageing.

At increasing storage times, the bands of the cémed150, 1130, 677, 613 and 596)3:)'ngypsum (bands
progressively weakened, while the bands typicah of at 1150, 1130, 677 and 613 )&)n and slightly
B-type carbonated apatite progressively strengithenepolymerized silicate groupgbands at510 and
After 7 days of ageing in DPBS, the intensity ratio450 crﬁl) in the alite (marker band at 930 )&)n
between the bands of apatite and belite had demieasand belite (marker bands at 873 and 8461)cfnrms.
along the series: FTC > F10TC > wTC. An analogous After 1 day of ageing in DPBS, all the cements had
result was obtained after 28 days of ageing: thedba B-type carbonated apatite deposit varying in thésen
of bismuth oxide were observed with a progressivelpn the different samples, according to thamBn
increasing intensity going from FTC to F10T&hd results. The spectra recorded on the surface of &TdC
wTC. F10TC surfaces did not show any band of the under-
lying cement, and the deposit was mainly constitute
by B-type carbonated apatite (bands at about 1450,
1410, 1024, 960, 87600 and 560 cly and
Figure 5 reports the IR spectra recorded on thealcite/aragonite indicating that the deposias
cements. Bands were assigned according to theiterthicker than 2 Im.
ture (Taddei et al. 2009a, 2011 and references cite The apatite bands on F10TC were broader than on
therein). FTC (in particular those 410024 and 963 c)rJr),

The IR spectra of the unhydrated cements coincidedlccording to the Raman findings. Besides [ty
and confirmed the presence of calcium cartsonacarbonated apatite and calcite/aragonite, the spact
(bands at 1420 and 1470 )&)nanhydrite (bands at  recorded on the surface of wTC showed the compsnent

ATR/FTIR analyses
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owing to the hydration of the ceme(@SH and The alkalinizing activity of all the cements remaih
ettringite), suggesting that the deposit whsner after 28 days of storage.
than 2 Im (i.e. thinner than on the F-doped cements  The calcium release of cements when soaked i
After 7 days of ageing, the cement components alsdeionized water is shown in Table 1b. All the cetaen
became undetectable on wTC, owing to the increasedleased calcium ions. The calcium release from wTC
thickness of the deposit. Afterand 28 days, the decreased statistically over the storage time. ané
apatite bands on F10TC were also broader than @4 h, the wTC had the significantly highest calcium
FTC. The same trend was observed in thectigpe release (P < 0.001), but at 3-28 days, FTC and E10T
recorded on the powders isolated from theirmg had significantly higher calcium release thaiC
media (Fig. 5d). These spectra showed a diffenamidt (P < 0.05).
for the different cements also in the rangsar The fluoride release of cements when soaked
630 cm', where the OH bending mode falls. At alldeionized water is shown in Table 1c. TheDTKL
the ageing times, the prominent feature observed fehowed the statistically highest fluoride releasalh
wTC progressively weakened going to FTC and F10TClimes (P < 0.01). The fluoride release statistically
According to a previous study (Amberg et al. 1974)decreased over time. No significant differencesewer
this trend suggests that the apatite deposit on &T&C proved between FTC and wTC.
F10TC contained increasing amounts of fluorideha t
lattice. . .
Discussion
Bioactive calcium silicate cements precipitate loygr
carbonated apatite onto their surface (Gandolflet
The pH of storage water after immersion of the agme 2010a-c, Taddei et al. 2009a, 2009b) on dentine and
is reported in Table 1a. All the cements had anstro inside the dentinal tubules (Gandolfi et al. 2008a)
alkalinizing activity (ability to release hydroxybns): It has been demonstrated that silanol groups form
the pH of the deionized storage water (approxinyatelfrom hydrated calcium silicate upon cement powder
pH 6.8) increased significantly up to pH 12 durthg hydration (after mixing with water). Phosphate ions
first 5 h of immersion and decreased significamtyer  from DPBS are absorbed by the silanol groups atigwi
time. the formation/nucleation of small round-shaped cal-
NaF-doped cements caused a statistically higheium phosphate precipitates named apatite sphesulit
increase of the pH at all end-points, and the gd ri (Gandolfi et al. 2010c).

pH of storage water and calcium and fluoride redeas

(alkalinizing activity) of F10TC was stronger th&TC. Calcium silicate MTA cements for endodontic sur-
The addition of fluoride increased the pH mainly agery (root-end filling materials and endodontic lees)
short storage times. are used directly in contact with alveolaonb: a

Table 1 (a) pH of soaking water, (b) calcium and (c) flaerireleased (ppm) in soaking water. Samples disks 10 for each
material) were used. The data (expressed as mehstandard deviation) were statistically analyzeoh@g one-way anova with
Tukey test (P < 0.05). Different CAPITAL superstrigtters in the same row or different small sspept letters in the same
column mean statistically significant differences.

Material 5h 1 day 3 days 7 days 14 days 28 days

()

F10TC 12.49 + 0.04"2 11.80 +0.10%2 9.74 £0.22°° 9.63 +0.42°2 8.81 + 0.50° 8.93 +0.34°2
FTC 11.82 +0.08*P 11.24 +0.16°° 10.37 +0.31°° 8.96 + 0.16°° 8.95 + 0.07°% 8.84 +0.1202
wTC 11.73 +0.11°P 11.23 +0.125° 9.52 +0.26°2 9.26 + 0.06°P° 9.05 +0.21°° 8.50 +0.115°
(b)

F10TC 21.13 + 4.40"2 6.57 +4.70%? 35.80 +5.47°2 23.10 + 2.25"2 11.23 +0.93%2 24.35 + 1.52"2
FTC 21.88 + 7.65"2 8.12 + 1.45%2 32.30 +0.94°7 29.77 +1.19°° 19.71 + 1.63*° 18.40 + 1.06™?
wTC 440.22 +17.10"° 193.92 + 16.955° 25.21 +0.96° 11.56 + 1.40°° 10.14 + 3.04°2 12.89 + 1.72°°
(©)

F10TC 9.33+3.13"? 3.78 £0.66%? 1.89 +0.24%? 1.71 +0.25%? 1.51+0.16%? 2.35+0.35%2
FTC 1.24 +0.19"° 0.50 + 0.08%"° 0.35 + 0.03%° 0.58 +0.10°° 0.58 +0.07°° 0.52 +0.08%°
wTC 0.48 +0.19"° 0.37 + 0.4 0.22 +0.02*° 0.26 + 0.03"° 0.27 + 0.08"° 0.25 + 0.04"°
22011 International Endodontic Journal International Endodontic Journal, 44, 938-949, 2011
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root-end filling material is positioned in the reetd F-containing cements released significantly dow
cavity to seal the resected apex, and an endodonamounts of calcium ions into the storage water than
sealer is frequently extruded from the apex inicih wTC (Table 1b). This result was not surprising hesea
practice. Therefore, osteoconductive activisy an the F-containing cements allow the precipitatiof
essential property to support an adequate biolbgicealcium fluoride (fluorite) because of the presen(:eF)

response and new bone tissue formation. ions. This phase was detected (data not shownhen t
It is well known that sodium fluoride possessesdjoo surface of the F-doped cements aged in water.
biological activity on bone/osteoblast cells andhtdé Raman and IR spectroscopies have been used t

pulp cells (Lau & Baylink 1998, Nakade et al. 1999 nvestigate the thickness of the deposit as weitsas
Abdullah et al. 2002) and may be introduced in thehemical nature. Both techniques revealed fhat
formulation of MTA cements to improve their biolegi DPBS, FTC and F10TC had a more pronounced apatite-
behaviour (Gandolfi et al. 2008b). Moreover, flypma forming ability than wTC. Because of its low sanmgji
tite Cay(POy)sOH-F is more active on osteoblastdepth, ATR/FTIR spectroscopy was able to yield info
activity and bone formation than hydroxyamatit mation on the relative thickness of the depositg ah
Ca(P0O,)3:0H (Qu & Wei 2006). The introduction of 1 day of ageing when the bands of the underlying
fluoride into apatite has been shown to iower cement were observed only for wTC. This behaviour
osteoblast response in terms of adhesion (Qu & Wsasiggested that the deposit was thinner on wTC tran
2006), differentiation (Qu & Wei 2006), proliferati  the F-doped cements. Because of its higher sampling
(Yoon et al. 2005, Qu et al. 2008) and mineral@mati depth, Raman spectroscopy was able to discriminate
processes (Zhang et al. 1998) when compared to puaenong the three cements at all ageing tinTdse
hydroxyapatite. The incorporation of fluorapatitéa  intensity ratio between the bands of apatite arldebe
implant coatings improves implant integratiomto  differed significantly among the three cemeratsd
bone (Bhadang et al. 2010). showed that bioactivity decreased along teees:
Sodium fluoride has been added to bone cements EIC > F10TC > wTC.
speed up the early formation of bone at the interfa  Vibrational Raman and IR spectroscopy also yielded
and thereby improve fixation (Sundfeldt et al. 2002information on the chemical composition ofe th
Cartmell 2009). A recent studgLin et al. 2009) deposits. Both techniques showed that for thé
investigated the effects of CaFO, 1, 2 and 3 wt%) cements, the apatite lattice contained carteoria
on the apatite formation ability of tricalcium s#ites B-site (i.e. carbonate substitutes the phosphaterio
(C&SiOs) and the mechanism of apatite formation irthe lattice), as revealed by the marker bands ofp8-
simulated body fluid. CaFdoped tricalcium silicates carbonated apatites at abdix70 cnt (Raman),
showed a better bioactivity than {05 owing to the 1450-1410 and 870 d?n(IR). The broadening of the
formation and stability of F-substituted apatiLin  phosphate bands observed for F10TC in bbth t
et al. 2009). Fluoride-containing tricalcium silicates Raman and IR spectra suggested that on this cement,
(Xu et al. 2008, Lin et al. 2009) or bioactive glas the apatite deposit was less crystalline than en th
(Brauer et al. 2008, 2010)) doped with Gdfave been other cements. IR spectroscopy appeared more sensi-
studied for their ability to form F-substituted &pa  tive than Raman spectroscopy in the analysis of the
However, Cakhas a only limited solubilitfK, fluoridation degree of the apatite formed on F-dbpe
3.9 - 1())11), which decreases in an alkaline environcements. It is well known that the fluoridat
ment. Therefore, NaF was selected in the presemlyst mechanism involves a hydroxyl substitution aad
for its greater solubility. subsequent adjacent hydroxyl rearrangement. aAs
The results demonstrated that the NaF-doped calensequence, the intensity of the OH bending made a
cium silicate cements were able to increase styotigg  about 630 cll has been reported to decrease as the
pH of storage water up to pH 12 during the firsy @& extent of fluoridation increases (Amberg et al. 497
immersion. The addition of fluoride enhanced thiis p As shown in Fig. 5d, at all ageing times, the sp@éct
rise mainly for short storage times. This resutbvgbd feature at about 630 ¢ appeared with decreasing
that NaF has a significantly different (i.epposite) intensity along the series wTC > FTC > F10TGn
effect from that exerted by CafLin et al. 2009), which this basis, it can be affirmed that the cementsund
has been reported to decrease cement hydratistudy formed different apatite phases upon ageing i
resulting in a lower alkalinizing activity (i.e.Mer pH DPBS: a hydroxy-carbonated apatite formed tbe
values). surface of wTC, while from 1 day of ageing, thetépa
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phase on FTC and F10TC contained increasir(ylaeno et al. 2005, Sun et al. 2009a,b) and may hav

amounts of fluoride ions in the lattice. The incar@  several biologically important functions in manynel

tion of fluoride ions into the lattice can explailme ical applications such as pulp capping procedulssr(

higher bioactivity of the F-doped cements in DPBSet al. 2008, Tuna & Olmez 2008) and apexogenesis

because F-substituted apatites have a lowgrtan (Holden et al. 2008). Apatite formation represeats
hydroxy-carbonate apatite. biological substrate for all clinical applicatioirs bone

The trend of the micro-Raman spectra suggested thassue and may have a clinical effect ormaged
FTC should have a higher bioactivity than F10TC. Irtissues where new bone formation is required (Nair
other words, the increase in the fluoride contgntar 2006). These data may explain the positive repants
10%wt did not lead to an improvement in the apatitethe use of calcium silicate cements such as ProRoot
forming ability. This finding was not surprising the MTA, MTA Angelus and Tech Biosealer in chal
light of a previous study (Lin et al. 2009) who ogfed  situations (Saunders 2008, Pace et al. 2008, Rhariro
that among the tricalcium silicate samples dopetth wi & Torabinejad 2010).

1, 2 and 3 wt% of CaF the specimen with the

intermediate fluoride conterfte. 2%wt) had the

highest bioactivity.

The mechanism of apatite formation on NaF-dopedFluoride-doped calcium silicate cements form fly@a
calcium silicate MTA cements may be proposed in théite in phosphate-containing solutions. These cdmen
following stages: are better able to form apatite (bioactivity) amd a
e Stage |: when the calcium silicate powder reactsiore reactive than conventional calcium siéca

with water, CSH gel and Ca(OHpare the main  cements. The improved bioactivity can be attributed
products; Ca(OH) was detected in the IR spectrato the formation of F-substituted apatites, whicavé a
recorded in the interior of the cement discs (noK, lower than hydroxy-carbonate apatite. F-doped
shown). As C% and OH were rapidly released into calcium silicate cements are promising materials fo
the storage solution, the pH values increased. lmse in contact with bone in endodontics andl
addition, NaF-doped cement pastes can relelse durgery.

(Table 1c).

e Stage Il: before the apatite formation, the acef
layer of CSH gel formed in the calcium silicate teas
mainly consists of silanol groups Si(QHWwhose Abdullah D, Ford TR, Papaioannou S, Nicholson JDkttald
presence can be inferred from the IR bahd a F (2002) An evaluation of accelerated Portland exgnas a
960 cmt (Lin et al. 2009). This band was observed restorative material. Biomaterials 23, 4001-10.
in the IR spectra recorded in the interior of thémPerg CH, Luk HC, Wagstaff KP (1974) The fluoriat of
cement discs (not shown). nonstoichiornetric calcium hydroxyapatite. Amfrared

- Stage Ill: the CSH gel layer provides the negsyi study. Canadian .Journal of‘Chemistry 52, 4001-6.

3) Bhadang KA, Holding CA, Thissen H, McLean KM, Faitsy
charged sites for the migration of Cand PQ JS, Havnes DR(2010) Biological responses of human
ions to the paste surface, followed by growth of an osteoblasts and osteoclasts to flame-sprayeatings of
F-substituted apatite (Fig. 5d) layer by the incerp  hydroxyapatite and fluorapatite blends. Acta Bioaniatia 6,
ration of soluble F because F-substituted apatite 1575-83.
has a lower K, (6.5 - 1% than that of hydroxy- Brauer DS, Karpukhina N, Seah D, Law RV, Hill R@(8)
apatite Cg(PQy)30H (Kgp=7.36 - 1(?0). Fluoride-containing bioactive glasses. Advandédterials

e Stage IV: the F-substituted apatite acts asva ne  Research 39-40, 299-304.
nucleation centre promoting the crystallization ofBrauer DS, Mneimne M, Lynch E, Gillam DG, Hill R@Q10)

Conclusions

References

the CaO-BOs layer by the incorporation of @j‘a Fluorapatite-forming bioactive glasses for usdentifrices
PQys, COs and Eto form an apatite layer. treating dentine hypersensitivity. Journal of DérRasearch
89A, 3758.

The study demonstrated that fluoride-doped calcium " o )
- . . ; BSI, British Standards Institution (2007) Termingyofor the
silicate cements are biointeractive materialdle to

. . bio-nano interface. PA@ublicly Available Specification)
release calcium and hydroxyl ions and form fluorapa 132 2

tite on their .S,urface. Cartmell S (2009) Controlled release scaffoldsone tissue
The calcium released by these cements affectsengineering. Journal of Pharmacological Scienced38-41.
osteoblast viability, proliferation and diffetéation

22011 International Endodontic Journal International Endodontic Journal, 44, 938-949, 2011

84



948

Fluorapatite formation on fluoride-doped MTA cements Gandolfi et al.

Colin A, Prati C, Pelliccioni GA, Gandolfi MG (201®olubility
in water or DMEM of F-doped MTA cements with inaséng
F-content. Dental Materials 26S, e67.

Gandolfi MG, Farascioni S, Pashley DH, Gasparottd@ti C
(2008a) Calcium silicate coating derived frdtortland
cement as treatment for hypersensitive dentinernaowf
Dentistry 36, 565-78.

Gandolfi MG, Perut F, Ciapetti G, Mongiorgi R, Ri@t(2008b)
New Portland cement-based materials for endtick
mixed with articaine solution: a study of cellulasponse.
Journal of Endodontics 34, 39-44.

Gandolfi MG, Ciapetti G, Perut F et al. (2009a) Rimetic
calcium-silicate cements aged in simulated bodiytiems.
Osteoblasts response and analyses of apatite godtnrnal
of Applied Biomaterials & Biomechanics 7, 160-70.

Gandolfi MG, lacono F, Agee K et al. (2009b) Sejttrme and
expansion in different soaking media of ekpental
accelerated calcium-silicate cements and ProRddA.
Oral Surgery, Oral Medicine, Oral Pathology, Orati®logy &
Endodontics 108, €39-45.

Gandolfi MG, Taddei P, Tinti A, Dorigo De StefanpEossi PL,
Prati C(2010a) Kinetics of apatite formation on a
calcium-silicate cement for root-end filling durirmgeing
in physiological-like phosphate solutions. @al Oral
Investigations 14, 659-68.

Gandolfi MG, Van Landuyt K, Taddei P, Modefa Van
Meerbeek B, Prati C (2010b) ESEM-EDX and raman-tech
nigues to study MTA calcium-silicate cemerits wet
conditions and in real-time. Journal of Enclatics 36,
851-7.

Gandolfi MG, Taddei P, Tinti A, Prati C (2010c) Ajte-
forming ability of ProRoot MTA. International Endouditic
Journal 43, 917-29.

Gandolfi MG, Ciapetti G, Taddei P et a(2010d) Effect of
ageing on bioactivity and in vitro biological pemties of
calcium silicate-cements for dentistry. Dental Mets 26,
974-92.

Gandolfi MG, Prati C (2010e) MTA and F-doped MTAments
used as sealers with warm gutta-percha. Long-teaiing
ability study. International Endodontic Journal 489-901.

Holden DT, Schwartz SA, Kirkpatrick TC, Sctlier WG
(2008) Clinical outcomes of artificial root-end bars with
mineral trioxide aggregate in teeth with immatugecas.
Journal of Endodontics 34, 812-7.

Kokubo T, Takadama H (2006) How useful iBFSin
predicting in vivo bone bioactivity? Biomatds27,
2907-15.

Lau KHW, Baylink DJ (1998) Molecular mechanism atian
of fluoride on bone cells. Journal of Bone and Mih&esearch
13, 1660-7.

Lin Q, Li Y, Lan X, Lu C, Chen Y, Xu Z (2009) Thepatite
formation ability of Cafdoping tricalcium silicates in
simulated body fluid. Journal of Biomedical Maté&siResearch
4, 1-6.

International Endodontic Journal, 44, 938-949, 2011

85

Maeno S, Niki Y, Matsumoto H et al. (2005) The eftfef
calcium ion concentration on osteoblast viabilgyglifer-
ation and differentiation in monolayer and 3lture.
Biomaterials 26, 4847-55.

Nair PNR (2006) On the causes of persistent ape&bton-
titis: a review. International Endodontic Journ&l, 249-81.

Nair PNR, Duncan HF, Pitt Ford TR, Luder KRD08)
Histological, ultrastructural and quantitative istigations

on the response of healthy human pulps to expetahen

capping with mineral trioxide aggregate: aad@mized
controlled trial. International Endodontic Jourddl, 128-50.

Nakade O, Koyama H, Arai J, Ariji H, Takada J, Kak(1999)
Stimulation by low concentrations of fluoride ofetlprolif-
eration and alkaline phosphatase activity of hurdantal
pulp cells in vitro. Archives of Oral Biology 44982.

Pace R, Giuliani V, Pagavino (®008) Mineral trioxide
aggregate as repair material for furcal perforatcase
series. Journal of Endodontics 34, 1130-3.

Parirokh M, Torabinejad M (2010) Mineral trioxidggregate:
a comprehensive literature reviewart lIll: clinical
applications, drawbacks, and mechanism of actioarnal
of Endodontics 36, 400-13.

Qu H, Wei M (2006) The effect of fluorideontents in
fluoridated hydroxyapatite on osteoblast behawidcta
Biomaterialia 2, 113-9.

Qu WJ, Zhong DB, Wu PF, Wang JF, Han B (2008) Swodiu
fluoride modulates caprine osteoblast prddifien and
differentiation. Journal of Bone and Mineral Methbm 26,
328-34.

Saunders WP (2008) A prospective clinical studypefira-
dicular surgery using mineral trioxide aggregat@ aoot-
end filling. Journal of Endodontics 34, 660-5.

Sun J, Wei L, Liu X et al. (2009a) Influence of iomlissolution
products of dicalcium silicate coating on osteotitgsrolif-
eration, differentiation and gene expression. ABtamate-
rialia 5, 1284-93.

Sun J, Li J, Liu X, Wei L, Wang G, Merfg (2009b)
Proliferation and gene expression of osteobladtared in
DMEM containing the ionic products of dicalciumisiite
coating. Biomedicine & Pharmacotherapy 63, 650-7.

Sundfeldt M, Persson J, Swanpalmer J ef2002) Does
sodium fluoride in bone cement affect implant firat Part
II: evaluation of the effect of sodium fluoride atimhs to
acrylic bone cement and the fixation of titaniunplants in
ovariectomized rabbits. Journal of Materials ScéerMaterials
in Medicine 13, 1045-50.

Taddei P, Tinti A, Gandolfi MG, Rossi PL, Prati 2009a)
Vibrational study on the bioactivity of portlandroent-
based materials for endodontic use. JourrdaMolecular
Structure 924-926, 548-54.

Taddei P, Tinti A, Gandolfi MG, Rossi PL, Prati 2009b)
Ageing of calcium silicate cements for endodongse in
simulated body fluids: a micro-Raman studypurdal of
Raman Spectroscopy 40, 1858-66.

22011 International Endodontic Journal



Gandolfi et al. Fluorapatite formation on fluoride-doped MTA cements

Taddei P, Modena E, Tinti A, Siboni F, Prati C, Galfi MG
(2011) Vibrational investigation on the in vitraobictivity
of commercial and experimental calcium-silicate eats
for root-end endodontic therapy. Journal of Molacubtruc-
ture 993, 367-75.

Torrisi A, Torrisi V, Tuccitto N, Gandolfi K&, Prati C,
Licciardello A(2010) Tof SIMS images and spectra of
biomimetic calcium-silicate based cements afteragfe in
solutions simulated the human biological flugdfects.
International Journal of Mass Spectrometry 289,850

Tuna D, Olmez A (2008) Clinical long-term evaluatiof MTA
as a direct pulp capping material in primary teétiterna-
tional Endodontic Journal 41, 273-8.

22011 International Endodontic Journal

Xu Z, Lin Q, Li Y, lan X, Lu C (2008) An evaluatioof CaF2
doping tricalcium silicate as dental restorativeenals.
Advanced Materials Research 47-50, 1339-42.

Yoon BH, Kim HW, Lee SH, Bae CJ, Koh YH (2005) St
and cellular responses to fluorapatite-collagenpmusiies.
Biomaterials 26, 2957-63.

Zhang WG, Wang LZ, Liu Z (1998) The influence ddidtide
on the development of the osteoblast pherotyp rat
calvarial osteoblasts: an in vitro study. Shandgtai Qiang
Yi Xue 7, 88-93.

International Endodontic Journal, 44, 938-949, 2011

86

949



International Endodontic Journal |

doi:10.1111/j.1365-2591.2012.02013.x

Chemical-physical properties of TheraCal, a novel
light-curable MTA-like material for pulp capping
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Italy

Abstract surrounding fluid initially to pH 10-11 (3 h-3 dgys
and subsequently to pH 8-8.5 (7-14 days). TheraCal
had a cure depth 4f7 mm. The solubility of
TheraCal (D)1.58%) was low and significantly less
than that of Dycal (D4.58%) and ProRoot MTA (D
Aim To evaluate the chemical-physical properties 0j18.34%). The amount of water absorbed by Thera-
TheraCal, a new light-curable pulp-capping materiaCal (D +10.42%) was significantly higher than Dycal
composed of resin and calcium silicé®ertland (D +4.87%) and significantly lower than ProRoot
cement), compared with reference pulp-capping matédTA (D +13.96%).

rials (ProRoot MTA and Dycal). Conclusions TheraCal displayed higher calcium-
Methodology Calcium (Ca) and hydroxyl (OH) ion releasing ability and lower solubility tharither
release oveR8 days, solubility and water uptakeProRoot MTA or Dycal. The capability of TheraCal to
(weight percentage variation, D%) at 24 h, curetllep be cured to a depth of 1.7 mm may avoid the risk of
and radiopacity of TheraCal, ProRoot MTA and Dycaluntimely dissolution. These properties offerajon
were evaluated. Statistical analy@s < 0.05) of advantages in direct pulp-capping treatments.

release of ion was carried out by two-way repeatel%eywords- calcium and hydroxyl ion release

measures anova with Tukey, whilst one-way anova - .
with Tukey test was used for the other tests. calcium hydroxide, Dycal, ProRoot MTA, pulpape

S ing materials, resin-modified calcium silicate, €Fh
Results TheraCal released significantly more cal-zlcgl ! ! ” u .
cium than ProRoot MTA and Dycal throughout the '

test period. TheraCal was able to alkalinike Received 14 July 2011; accepted 29 December 2011

Gandolfi MG, Siboni F, Prati C. Chemical-physical proper-
ties of TheraCal, a novel light-curable MTA-like material for pulp
capping. International Endodontic Journal, 45, 571-579, 2012.

upon dissolution (Horsted-Bindslev & Lovshall 2002,
Desai & Chandle2009, Mohammadi & Dummer
Direct pulp capping involves the application of enthl 2011). Unfortunately, these materials are solulmd a
material to the exposed pulp in an attempt to ack a raise local pH with the formation of a necrotic dayat
barrier, protect the dental pulp complex and preser the material-pulp interface.
its vitality (European Society of Endodontology BQO Dycal (Dentsply, Milford, DE, USA) (Dougherty
Calcium hydroxide [Ca(OH)based and calcium 1962) is a self-setting (2.5-3.5 mi(§hen et al.
oxide (CaO)-based materials are the most populd010) radiopaque calcium hydroxide-based material
agents for direct and indirect pulp capping, giteeir employed in direct and indirect pulp capping proce-
ability to release hydroxyl (OH) and calcium (Can$ dures and as a liner under restorations, cemeits an
other base materials. Its alkaline i 9-11)
] ] ] stimulates the formation of secondary dentine when
Correspondence: Maria Giovanna Gandolfi, Head Latiooy

of Biomaterials and Oral Pathology, Department adb@tosto- the_ r_nate”al 1S n d||.’ect contact with the pulps
matological Sciences, University of Bologna, VianSétale 59,  toXicity to pulp cells is well documented (Furey adt
40125 Bologna, Italy (e-mail: mgiovanna.gandolfi@amit). 2010, Shen et al. 2010).

Introduction
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Radiopaque Portland cements, commonly named The aim of this study was to evaluate calcium and
mineral trioxide aggregate (MTA) cements (such abydroxyl ions release, cure depth, solubilityater
ProRoot MTA, MTA-Angelus, Tech Biosealer andabsorption and radiopacity of TheraCal compared wit
others), are therapeutic, endodontic repailciem reference pulp capping materials (ProRoot MTA and
silicate materials introduced at first as a gresneet  Dycal).

(Torabinejad & White 1995). MTA cements exhibit
calcified tissue-conductive activity and facilgathe .

. - . Materials and methods
differentiation of human orofacial mesenchymal stem
cells (Gandolfi et al2011a) and the mineralization
process in human dental pulp cells; they also hhee
potential to be used as pulp capping materials (MimheraCal (Bisco Inc, lot. 603-189-A) consists dafiagle
et al. 2009). paste containing CaO, calcium silicate particlgpétlil

White ProRoot MTA (Dentsply, Johnson City, TN, Portland cement), Sr glass, fumed silica,iumar
USA) is a bioactive (Gandolfi et al. 2009, 2010a,b, sulphate, barium zirconate and resin containing Bis
2011b,c, Taddei et al. 2009), biocompatible (Tanabi GMA and PEGDMA (Suh et al. 2008).
jad & Parirokh 2010) and self-setting hydrdijghi White ProRoot MTA (Dentsply, lot. 09001920) is
calcium silicate cement (Gandolfi et al. 2008, Rdin  composed of white Portland cement and bismuth oxide
& Torabinejad 2010a) now successfully used for ctire (Parirokh & Torabinejad 2010a). ProRoot MTA was
pulp capping (Tuna & OIme2008, Parirokh & prepared following the manufacturer’s instructidms
Torabinejad 2010b). MTA is more effective and hettemixing a 3 : 1 powder-to-liquid ratio.
than calcium hydroxide materials, as it has Dycal (Dentsply, lot. 081007), a two-paste system
enhanced interaction with dental pulp tissue (Teakitmade of a base paste (1,3-butylene glycol disalieyl
et al.2006) with limited pulp tissue necrogiess zinc oxide, calcium phosphate, calcium tungstate i
caustic effect) shortly after its application ams$d pulp oxide pigments) and a catalyst paste (calcium hydro
inflammation (Moghaddame-Jafari et al. 2005). MTAide, N-ethyl-o/p-toluene sulphonamide, zinc dexi
facilitated the proliferation/differentiation ohuman titanium oxide, zinc stearate, iron oxide rpants)
dental pulp cells (Takita et #2006, Sawicki et al. (Shen et al. 2010), was prepared following the manu
2008) and exhibited calcified tissue-conductiveivityt ~ facturer’'s instructions by mixing equal amaunof
with the ability to stimulate more/faster quete catalyst paste and base paste.
dentine bridge formation and new hard tissue forma-
tion (Moghaddame-Jafari et a2005, Bogen et al. . . .

2008, Okiji & Yoshiba 2009). ;thcmm ions (ppm) and hydroxyl ions (pH) release

TheraCal (Bisco Inc, Schamburg, IL, USA) is a new

light-cured resin-modified calcium silicate-filleblase/ The different cement pastes were compacted to sxces
liner material designed with direct and indirecipu into PVC mould8 mm in diameter and 1.6 mm
capping containing approximately 45% wt minerathick).
material (type Il Portland cement), 10% wtdira Each filled mould was placed on the bottom of a
opaque component, 5% wt hydrophilic thickeningecylindrical polystyrene-sealed containg cm high
agent (fumed silica) and approximately 45% rresiand 4 cm in diameter) in 10 mL of deionized water a
(Suh et al2008). The patent stated that the resiB7 C. The exposed surface area of each sample was
consists of a hydrophobic componécdmprising 50.24 + 0.01 mrﬁ(upper surface). The storage water
hydrophobic monomers) such as urethane dimethaaras collected (for Ca and pH analyses) and replaced
rylate (UDMA), bisphenol A-glycidyl methacrylate after 3 and 24 h, and 7, 14, 28 days.
(BisGMA), triethylene glycol dimethacrylate (TriEDM Calcium ions (ppm) and hydroxyl ions (pH) were
or TEGDMA) and a hydrophilic component (contain-analysed in deionized water with a magnetic stirrer
ing hydrophilic monomers) such as hydroxyethylsing a multiparameter laboratory meter (inoLab 750
methacrylate (HEMA) and polyethylene glycol dimeth-WTW, Weilheim, Germany) connected to a calcium
acrylate (PEGDMA) (Suh et al. 2008). TheraCal haprobe (Calcium ion electrode; Eutech instruments Pt
good sealing capabilitie€Suh et al.2008) and was Ldt, Singapore) or a (selective) temperature-compen
well-tolerated by immortalized odontoblagtells sated pH probe/electrode (Sen Tix Sur WTW, Weilheim
(Hebling et al. 2009). Germany).

Materials

International Endodontic Journal, 45, 571-579, 2012 22012 International Endodontic Journal
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For calcium quantizationQ.200 mL (2%) of The solubility of the set materials should not ede

4 mol * KCI (ISA WTW, Weilheim, Germany) was 3% mass fraction (ISO 6876 clause 4.3.6.). Forwat
added to 10 mL of deionized water. The results werabsorption(water uptake), the specimens were im-
recorded when the data had stabilized to the secontkersed in deionized water for 24 h (Wet weight) and

decimal place blotted dry at 37C for 48 h, that is, until weight

stabilization (Dry weight). Water absorption wad-ca

- ) . culated as follows:
Solubility and water absorption: weight percentage

variation (D%) after storage in water Water absorbtiois Y20 Wet weight at time t

The different cement pastes were compacted to sxced'y Weight at 24 b= Dry weight at time 24 h 100
into PVC mould4d8 mm in diameter and 1.6 mm
thick). ProRoot MTA and Dycal samples were curéd (2 Depth of cure

37 C and 98% relative humidity) for a period eqial )
70% of the final setting time, that is, 2 min foydl The depth of cure (DOC) was evaluated following ISO

and 117 min for ProRoot MTA (a period 50% Ionger4049 (SO 4049 2000 Dentistry Polymer-based

than the time stated by the manufacturer, accortting 11ing, restorative and luting materialgpO 4049
ISO6876 clause 7.7.2. Dental root canal sealingjooo)'

materials) (ISO 6876 2002) and then removed from.TheraCal samplgs were placed in a mould (4 mm
the mould. diameter, 9 mm thick) and light-cured for 20 s ba t

TheraCal specimens were light-cured for 20rs upper_surface and demoulded. The non_cured/uncured
both surfaces using a 1700-mW 8nLED lamp (T- material aF the bottom was removed. using a spatula,
and the thickness of the cured material was medsure
with a digital micrometer (0.01 mm accuracy). The
measurement was repeated in three different pasitio
Each cylindrical specimen was placed in a cylinairic in each sample, and these data were recorded as mea

polystyrene-sealed container (3 cm high and 4 cm ¥2lue. 1504049 requirement suggests a DOC

diameter) in 20 mL of deionized water at @7 The >1.5 mm.

lower surface of the samples was not in contacdh wit

the container but inclined, so the entire surfacthe Radiopacity

sample was in contact with the water. The exposed

surface area of each sample was 140.67 + 0.0% mrih accordance with 1ISO 6876 (ISO 6876 clause 7t8 fo

(upper and lower surface 2 fp,: 100.48 mrh and Dental root canal sealing materials) (ISO 6876 2002

lateral surface 2 prh = 40.19 rﬁ)n completely set samples (10 £ 0.1 mm diameter;
Solubility and water absorption were assessgd bl-0 + 0.1 mm height) were radiographed using a

gravimetric determination as the percentage weighadiographic unit (Myray Cefla, Imola, Italyyith

variation (D%) using an analytical balan¢gel reference aluminium step wedge (60 mm long,

Engineering series M, Monza, Ital§,001 g accu- 10 mm wide). Operative conditions were as follows:

racy). Each weight measurement was repeated thr8ecm distance, 0.13 s exposure at 70 KVp and 8 mA.

times. The solubility of the materials was calcetht The film (Kodak dental film, Eastman Kodak Company,

using the method described in ISO 6876 (ISO 6g76arestream Health Inc., Rochester, New YW,

2002). USA) was processed (automatic developer, 4 min at
The cylindrical specimens were weighed beforé0 C) and scanned. The radiographic density (colou

immersion in wate(Initial weight). After24 h of intensity) data were converted (software Imagentl) i

soaking, the samples were removed from the deidnizealuminium step-wedge equivalent thickness (mm Al).

water and blotted dry at 37 C for 48 h, that istilun radiopacity 3 mm Al is suggested by ISO 6976.

the weight was stable and then re-weigfiag

We.ight) gnq finally discarded. Solubilitipercentage Statistical analysis

weight variation, DW%) was calculated as follows:

LED elca, Anthos, lItaly) through a polyestsirip
(Directa Matrix Strips; Directa AB, Upplands, Vasby
Sweden) and removed from the mould.

The data are reported as mean + standard deviation.
The results of the Ca and OH release were analysed
Initial weight 100 using two-way repeated measures anova with Tukey.

Solubility ¥448Dry weight at time t Initial weighw

22012 International Endodontic Journal International Endodontic Journal, 45, 571-579, 2012 578
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The data on solubility and water absorptimere (Table 2), but the pH of Dycal was not stable and
analysed by one-way anova with Tukey test. On thehowed a significant decrease at 7 and 14 days.

table, different capital letters representtistiaally The solubility of TheraCal was significantly lower
significant difference¢P < 0.05) in the same line, than Dycal and ProRoot MTA (Table 3). TherbCa
whilst different small letters represent differemda the absorbed significantly more water than Dyeald
same column. significantly less than ProRoot MTA (Table 3).

After irradiation for 20 s, TheraCal was cured to a
approximately 1.7 mm thickness (Table 3). The DAC o
Dycal and ProRoot MTA was not tested as they ate no
TheraCal released significantly more calciumant light-activated materials (ISO 4049, clause 7.10).
either ProRoot MTA or Dycal throughout the tested Dycal and TheraCal were weakly radiopaque (Ta-
period(Table 1). The amount of leached calciunble 3). ProRoot MTA had a nonhomogeneous radio-
decreased with the time for all the matsrialThe pacity inside the samples (showing the highest
release of calcium by ProRoot MTA fluctuated duringstandard deviation amongst the materials); however,
the first 3 days. only the ProRoot cement had a radiopacity in lirthw

TheraCal was able to alkalinize the surroundingdflu ISO 6876.
initially to approximately pH 10-11 (3 h-3 days)dan
subsequently to pH 8-8.5 (7-28 days). The pH of the . .
medium conditioned by ProRoot MTA was significantlyBISCUSSIOn
higher than either TheraCal or Dycal up to 7 daysDirect pulp capping is the treatment of the exposed
Dycal maintained the pH at a constant vgpi vital pulp by sealing the pulpal wound with a dénta
approximately 10) throughout the experimental gkerio material to induce a reparative dentinogenic respon

Results

Table 1 Ca ions release test. TheraCal released staligtinare calcium than either ProRoot MTA or Dyclatdughout the tested
period.

Calcium (ppm) leaked soaking water (n = 10)

Material 3h 1 day 3 days 7 days 14 days 28 days
ThearCal 74.74 +9.20°2 37.41 + 4,545 25.18 +6.54°% 2456 +1.96°°  24.13+1.12%? 19.63 +3.06°
Dyal 34.25 +9.74"° 14.76 + 5.33%° 12.50 +1.40%°  12.83+4.27%°  17.08+0.815%" 1293 +3.93°°
ProRoot MTA  32.21+4.52°% 20982 +351""  3544+233%  2451+385"%  14.32+273%® 16.11 +2.94°3°
Water 1.66 + 0.574° 1.33 +0.57°° 1.33 £ 0.10" 0.33+0.57%¢ 0.24 +0.345¢ 0.54 +0.21°°

Table 2 OH ions release test. The pH of the medium coni#til by ProRoot MTA was statistically higher thither TheraCal or
Dycal till 7 days.

pH of soaking water (n = 10)

Material 3h 1 day 3 days 7 days 14 days 28 days

ThearCal 10.96 + 0.03"% 10.19 + 0.245%2 9.28 +0.41°° 8.32 +0.062 8.63 +0.155 8.04 +0.18%
Dyal 10.83 + 0.44"2 10.99 + 0.51°° 10.14 + 0.28"BP 9.60 + 0.38%° 9.94 +0.16°° 10.25 + 0.49"°
ProRoot MTA 11.52 +0.75"° 10.91 +0.13° 11.52 +0.41° 11.25 + 0.82° 7.84 +0.135¢ 8.25 +0.24%2
Water 6.88 +0.04"° 7.00 +0.02"° 7.07 £0.09"¢ 7.10 £ 0.10"¢ 6.96 + 0.06"° 7.22 +0.12%¢

Table 3 Solubility, water absorption, depth of cure, rgdioity. The solubility of TheraCal was very lowatsstically less than that
of Dycal and much less than ProRoot MTA. TheraGzoabed statistically more water than Dycal andissteally less than
ProRoot MTA. Dycal and ProRoot did not polymeriZgena light-curing. TheraCal and ProRoot MTA showess radiopacity than
ProRoot MTA.

Water absorption Depth of curve Radiopacity
Solubility (n = 10) (n=10) (mm, n=3) (mm of Al, n = 6)
ThearCal )1.58 +0.35% 10.42 +0.34% 1.69 +0.04 1.07 £0.06%
Dyal )4.58 +1.11° 4.87 +0.61° - 2.30 +0.10°
ProRoot MTA )18.34 + 0.51° 13.96 + 3.92° - 4.34 £ 0.64°
International Endodontic Journal, 45, 571-579, 2012 22012 International Endodontic Journal
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(Horsted-Bindslev & Lovshall 2002, Goldberg & Smith significantly more calcium ions than Dycal througho
2004, Desai & Chandler 2009, Modena et al. 2009he experimental period, in accordance witfheo
and is one of the most important endodontic modaktudies (Takita et al. 2006). However, it is difficto
ities for maintaining dental pulp vitality. A linenust compare directly the findings of calcium releaseewh
act as a barrier to protect the dental pulpal cempl the experimental protocols are different. Thigh
and induce the formation of new dentine bridge oamount of calcium provided by ProRoot MTA was in
dentine-like bridge between the pulp and restoeativagreement with other studi€Bakita et al.2006,
material. Gandolfi et al. 2011d).

The bioavailability of calcium (Ca) ions plays ayke It has been suggested that the positive effect 8AM
role in the various biological events on cells iiweal i cements on proliferation of human dental pulp cills
the new formation of mineralized hard tissues. @i enhanced potentially by the continuous and constant
stimulate the expression of bone-associatedteprs release of calcium ions: the elution componenth g
mediated by calcium channels (Jung et al. 201@J, arcalcium ions (approximately 0.3 mmo?ll_from MTA
large quantities of Ca ions could activate ATP, aiahi increased the proliferation of human dental pulibicea
plays a significant role in the mineralization pees dose-dependent manner compared with Dycalthed
(Torneck et al. 1983). control (Takita et al. 2006).

Ca-releasing materials accelerate osteoblast differ  Interestingly, in the present study, the amount of
tiation: a 2-4 mmol L* (80-160 ppm) concentration calcium ions released from TheraCal was hie t
of calcium ions had a stimulatory effect onus® concentration range with potential stimulatory \atfi
primary osteoblasts, whil€-8 mmol ' induced  for bone-forming cells (Maeno et al. 2005), dergalp
differentiation and >10 mmol’t showed a cytotoxic cell (Takita et al. 2006) and odontoblasts (Rastidl.
effect (Maeno et al. 2005), considering normal @&xtr 2003, Lopez-Cazaux et al. 2006).
cellular calcium concentration is approxiaha The findings of this study suggest that thsire
2 mmol * (80 ppm) (Clapham 1995). portion of TheraCal (comprising hydrophobic and

Ca ions are necessary for the differentiateomd  hydrophilic monomers) is able to promote/sustain Ca
mineralization of pulp cells (Schroder 1985), an€@& and OH ion release within the wet surgical site {(oa
rich medium induces both proliferation and diffdien tooth pulp and/or dentine) and could favdabe
ation into odontoblast-like cells (Lopez-Cazaexal. interaction of the formulation with the hygfudlic
2006). The eluted Ca ions increase the prolifenatid  tooth dentine. The results of the water absorptest
human dental pulp cells in a dose-dependent mannghowed that the hydrophilic resin in TheraCal formu
(Clapham 1995, Takita et al. 2006). In addition, Céation allows some water absorption that likely
ions specifically modulate osteopontin and bone-mormresponsible for the initiation of the hydration cgan
phogenetic protein-2 levels during pulp calcifioati of the Portland cement particles with subsedqu
(Rashid et al. 2003), and the release of Ca enkathee formation of portlandite or calcium hydroxid&he
activity of pyrophosphatase, which helps to mamtai occurrence of similar chemical-physical events in a
dentine mineralization and the formation of a deati light-curable MTA-based material containing an amph

bridge (Estrela & Holland 2003). philic resin was recently reporté@andolfi et al.
In view of this, the continuous release of Ca ion2011d).
from a pulp capping material is likely the main sea The ability of TheraCal and ProRoot MTA to release

for a material-induced proliferation and differetitbn  calcium and alkalinize the surrounding fluids isree
of human dental pulp cells. All the pulppping lated to the formation of calcium hydroxide Ca(@H)
materials tested in the present study prot®dbe that separates into calcium and hydrox! ions, tesul
calcium-releasing formulations. Unexpectedly, Therain Ca and OH ion release and increased Phe
Cal proved to be an ion-leaching materialeatb  alkalinizing power of a pulp capping material repre
release calcium and hydroxyl ions for a period tof asents a key property for different alkalirdated
least28 days, and it released significantly moréiological properties. The release of hydroxghs
calcium than either ProRoot MTA or Dycal throughoutduring the hydration reaction creates an esdve
the test period. Some calcium ion release from Dyca&nvironment for bacterial survival and proliferatio
occurred during the 28-day experimental period, iThese antibacterial properties are primarily reegiiat
agreement with other studies (Shubich efl@lF8, the dentine/restoration interface where residuatda
Tamburic et al. 1993), but ProRoot MTA relehse ria could further increase the risk of re-infectammd
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secondary caries, in particular when usingtale
composites lacking any antimicrobial activity. Idd&

Unfortunately, there is a lack of an international
standard and test methods for both conventional and

tion, alkaline pH is known to cause an inflammatoryesin-modified calcium silicate MTA-like cementshi§

reaction with the formation of reparative tlea
(Horsted-Bindslev & Lovshall 2002, Okiji & Yoshiba

deficiency has been also mentioned by others (Nfakoo
et al. 2007). There is a need for a standard rement

2009) and also favours the formation of hydroxyapafor the aforementioned materials in relationshigheir

tite (Meyer & Eanes 1978, Lazic 1995).

specific clinical application (root end filling neatals,

The decrease in hydroxyl ion release from TheraCandodontic sealers, pulp capping materials, eTthg
after 7-14 days approaching the physiological pH matests suggested in the available specificationsofigmn

create a favourable environment for pulp cell Viabi
and metabolic activity with the formation ofew/
reparative tertiary dentine.

inappropriate/unfeasible and inapplicable to AMT
materials.
ISO 6876 for dental root canal sealing materials wa

The present study showed that Ca and OH ion releassed for the solubility test (ISO 6876 clause 7)7a3 it
from the pulp capping materials would continue overs commonly used on MTA materials. However, this

time, and the action of these ions on vital tissaeld
induce the deposition of hard tissue andehawn
antibacterial effect. The chemical dissociationuwscin
the presence of fluids, and the free calciamd
hydroxyl ions dissociated from calcium hydroxideuttb
likely penetrate the surrounding dentifieonstad
et al. 1981, Hosoya et al. 2001). In a clinicaliaiion,
it is possible to speculate that a wet emritent/
surgical site (presence of exudates and dentiné)fl

specification has been conceived and refers ta ‘roo
canal sealing materials which set with or withdu t
assistance of moisture and are used for geent
obturation of the root canal applicable only to
sealers intended for orthograde use, i.et ridtng
placed from the coronal aspect of a tooth’ (ISO&87
comma 1). It does not concern specifically pulppiag
materials and does not comply its test to the &ffec
clinical conditions such as the setting in the pneg of

may maintain the dissociation constant becauséef t biological fluids.

presence of fluid in contact with the material.

ISO 4049 Dentistry - Polymer-based restorative

One of the major drawbacks of the traditional selfmaterials refer/intend to materiafsr use in the
cure Ca(OHybased and CaO-based materials is higlsementation or fixation of restorations and appémn

solubility and dissolution over time (within 1-2 ars
after application) in tissue fluids. This dsato the

disappearance of the material and the formation géxternal-energy-activated) or

such as inlays, onlays, veneers, crown and bridged’
includes luting materials of class 1 (self-curinggss 2
cla8s(dual cure)

tunnel defects/patencies in reparative dentine mindematerials. However, some suggested tests are inade-

neath the capping, thereby failing to provide anper
nent seal against bacterial invasion (Horsted-Bew&
Lovshall 2002, Desai & Chandler 2009). In the prése
study, TheraCal showed low solubility values, wilasre
the high solubility of ProRoot MTA was likely retd to
its long setting time, with consequent disintegnatof
unset material, rather than its real solubility.

There is a criticism on the 1ISO definition of salitip
as the test measures the elution of wateibko
material. The physicochemical definition of solitlil
for a solid involves/implies a situation where au

quate for MTA-like materials such as water sorption
and solubility testinglclause7.12.2.1for class1
materials) that suggest to use specimens afteri60 m
at 37C, that is, MTA samples completely dried with
sure alteration of the hydration, setting and hairlg
reactions that require several hours and humidity.

ISO 9917 Dentistry - Water-based cements concern
cement ‘for use as a luting agent, a base or limeas a
restorative material’ (clause 1), but does notudel
the specifications for many tests such as solyhidlit
water sorption.

chemical compound is in thermodynamic equilibrium ProRoot MTA is a water-based cement, and Dycal is

with its solution, but equilibrium is not attainéar a
dental cement (Wilson 1976).

a polymer-based cement, although both are class 1
materials, that is, ‘materials in which thettig

Moreover, the I1SO tests (ISO 6876 clause 7.7.2) amreaction of the polymerizable component is actigate

not ideal, as often the methods to perform the dest
different from the clinical situation and thresults
obtained are far from the clinical outcomes. Infaen
mation of this, the high solubility of ProRoot MT&

not consistent with its excellent clinical performeas.

International Endodontic Journal, 45, 571-579, 2012
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chemically following mixing components’ (ISO 9917
part 2 clause 4.1.). TheraCal is a resin-modifiedAvI
like material and a class material ‘in which the
setting reaction of the polymerizable compdnén
light-activated’ (ISO 9917 part 2 clause 4.1.). bnf
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tunately, appropriate standard specificatioms the bility to light-cured pulp capping material is atpntial
solubility and water absorption test of calcium fpd  major advantage for clinicians. TheraCal is se¢raft
ide-releasing hydrophilic pulp capping materialsrat  light curing of 20 s with a DOC of approximatelyngn,
exist. 1S09917 for water-based cements does ndb give rapid attainment of its physical properties
include these tests, and 1SO 4049 for polymer-basedThe ability to release biologically active ions dini-
restorative materials does not consider hylifimp teractivity) is a prerequisite for a materi@ be
materials that require water/moisture to set and/dmoactive and trigger the formation of apatite. \Roas
need to absorb water to release bioactive ionscaesro studies demonstrated the formation of apatite @n th
for the studied cements. For this reason, the 187066 surface of calcium silicate MTA cements whan-
has been partly followed for the solubility and tweter mersed in phosphate-containing solutig@andolfi
absorption tests, in agreement with previous studie et al.2010a,b,c2011a,d). Apatite formation offers
ProRoot MTA (Danesh et al. 2006, Islam et al. 2006)many advantages such as the exposure of a suitable
The solubility after4 h of soaking was tested, insurface for cells (Gandolfi et al. 2010d, 2011aai)d
agreement with 1ISO 6876 and with previous studies omay induce odontoblast-like cells to producew
ProRoot MTA (Danesh et al. 2006, Islam et al. 2006¢entine tissue and remineralize the adjacent dentin
Gandolfi et al. 2011d) and Dycal (Shen et al. 2010) through the deposition of apatite crysi{@ay &
Some modifications to 1S06876 methodology Pashley2008, Gandolfi et al2011le, Prati et al.
because of the different typology of the test miater 2011). Encouraging preliminary evidence on the for-
have been introduced. In this study, theerimal mation of apatite on TheraCal as well as ProRootAMT
diameter of the mould (8 mm, instead of 15 mm) wasnd Dycal has been obtained: the phosphate ions of
the same diameter as the LED light tip, in ordext il  biological fluids (blood, exudate, plasma, dentifiaid)
the sample surface was exposed. Moreover, the weighmay react with Ca and OH ions leached frim
loss of the test samples instead of the disintedrat materials and trigger the precipitation ofatie
material recovered in the soaking containes crystals.
considered/recorded, in agreement with previoud-stu
ies (Danesh et al. 2006, Gandolfi et al. 2011d) witd
ISO 4049. Finally, as in direct pulp-capping, tigher ~Conclusions

risk of dissolution of Dycal and mainly of ProRA4TA  heracal is a new light-curable pulp capping materi
is during the first hours, before setting and ham@ ;| to release calcium ions and create an environ-

has been co.mpleted, aljd the samples were immersr%%mw pH close to physiological pH after 7 days. |

after a few minutes of being prepared. ~ ability to polymerize to a depth of 1.7 mm may avoi
Adequate specifications to test the radiopa®f ¢ isk of untimely dissolution. The ability of &aCal

hydrophilic - calcium hydroxide-releasing MTA-base , ,o\ide free calcium ions could favour the fotioa

materials do not exist. The radiopacity data migimat ¢ 5natite and induce the differentiation of oddésts
the ISO 6876 (Dental root canal sealing materialq)/ith the formation of new dentine.

requirement of a radiopacity 3 mm Al; however, the

data of all the materials complied the ISO 991mite

5.6. (Water-based cements - Resin-modified cementfeferences

for luting and base/lining materials, namely thdioa

pacity ‘shall be equal to or greater than of thmea - T i

thickness of aluminum’. Previous studies ud&D 2:'2:2;:;XSgn"’t‘gfzgsiﬁgg‘:nCigsgeglgg_ollal Stuyimal

6876 to test the radl.opacr.[y of ProRoot MTA (Danesrblapham DE (1995) Calcium signalin’g. Cell 80, 259-6

et al. 2006). The radiopacity results of ProRoot MTA hanesh G, Dammaschke T, Gerth HUV, Zandbiglari Ghaer

and Dycal were similar to that reported in previous g (2006) A comparative study of selected prips of

studies (Danesh et al. 2006, Devito et al. 200&k&®  proRoot mineral trioxide aggregate and twartigod

et al. 2011). No radiopacity values are stated by the cements. International Endodontic Journal 39, 213-9

manufacturer in the data sheet of the products. Desai S, Chandler N (2009) Calcium hydroxide-baset!
Another serious disadvantage of Ca(@Hased and canal sealers: a review. Journal of Endodontics43%-22.

CaO-based materials for pu|p Capping is Setting”fai Devito LK, Ortega Al, Haiter-Neto (2006) Effect of the

to set in the presence of blood and other biolddloals storage in water on the radiopacity of calcium bydte

with related clinical/operative problems. So, tiosgi- cements. Brazilian Journal of Oral Sciences 5, ©58-

Bogen G, Kim JS, Bakland LK (2008) Direct pulp capgpwith
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