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Abstract

Objectives—In tissue regeneration research, the term “bioactivity” was initially used to describe

the resistance to removal of a biomaterial from host tissues after intraosseous implantation.

Hydraulic calcium silicate cements (HCSCs) are putatively accepted as bioactive materials, as

exemplified by the increasing number of publications reporting that these cements produce an

apatite-rich surface layer after they contact simulated body fluids.

Methods—In this review, the same definitions employed for establishing in vitro and in vivo

bioactivity in glass–ceramics, and the proposed mechanisms involved in these phenomena are

used as blueprints for investigating whether HCSCs are bioactive.

Results—The literature abounds with evidence that HCSCs exhibit in vitro bioactivity; however,

there is a general lack of stringent methodologies for characterizing the calcium phosphate phases

precipitated on HCSCs. Although in vivo bioactivity has been demonstrated for some HCSCs, a

fibrous connective tissue layer is frequently identified along the bone–cement interface that is

reminiscent of the responses observed in bioinert materials, without accompanying clarifications

to account for such observations.
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Conclusions—As bone-bonding is not predictably achieved, there is insufficient scientific

evidence to substantiate that HCSCs are indeed bioactive. Objective appraisal criteria should be

developed for more accurately defining the bioactivity profiles of HCSCs designed for clinical

use.
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1. Introduction

A bioactive material may be broadly defined as “one which has been designed to induce

specific biological activity”.1 Based on this generic definition, biologically active materials

may include those that promote tissue regeneration by adhesion to soft and hard tissues of

the human body, those that possess cell-instructive and molecular signalling properties via

functionalized ligands or incorporating growth factors for regulating cell proliferation,

migration, differentiation, protein expression and mineralization processes. Other bioactive

materials include those that are designed for biosensing via physicochemical interactions,

those that contain recognition sites for cleavage of enzymes involved in cell functions, and

those that possess antimicrobial or immunoregulatory activities by incorporating

antimicrobial agents or molecules that mimic natural host-defense peptides.2–6 Along the

same line of thought, bioactive materials may also include those that incorporate bioactive

peptides with antithrombotic, antihypertensive, opioid or antioxidative properties for

controlled release.7

Prior to the adoption of this contemporary interpretation of bioactivity, scientists in the field

of tissue regeneration have been using a more focused definition of “bioactivity” to describe

the resistance of a calcium phosphosilicate glass to be removed from the host hard and soft

tissues, after it was implanted in femurs and muscles in a rat model.8 Interfacial bonding

between the implant and living tissues has subsequently been observed in other synthetic

calcium phosphate ceramics, silicate-based, borate-based and phosphate-based glasses.9,10 A

bioactive material, as defined by Hench and coworkers, is one that elicits a specific

biological response at the interface of the material, which results in the formation of a bond

between living tissues and the material.11 A feature commonly identified from these

materials is a time-dependent kinetic modification of the material’s surface via the formation

of a carbonated apatite surface layer following its implantation in vivo.12,13

The tissue regeneration definition of bioactivity has undergone a subtle paradigm drift, after

the feature of in vivo carbonated apatite formation14 was found to be reproducible in vitro by

immersing the material in a simulated body fluid (SBF) designed to mimic human blood

plasma.15 Thus, according to Kokubo and Takadama, a bioactive material is one on which

bone-like carbonated apatite will form selectively after it is immersed in a serum-like

solution.16 Over the years, the scientific community at large has putatively accepted this

paradigm drift, with the assumption that demonstration of “in vitro bioactivity” is the

indirect equivalent of affirming a material’s bone-bonding potential. Although in vitro

bioactivity evaluation is appealing because of its simplicity and rapidity in data generation, a
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recent review cautioned the lack of adequate scientific evidence to support the assumption

that a material that initiates the deposition of calcium phosphate salts on its surface after

immersion in SBF will bond directly to bone following intraosseous implantation.17 For

example, a host of sol–gel reaction-derived metallic oxides, including SiO2, TiO2, ZrO2,

Nb2O5 and Ta2O5 were found to possess in vitro bioactivity after immersing in simulated

body fluid18–22; however, the ability of these metallic oxide gels to bond to bone in vivo has

not been demonstrated.

The introduction of hydraulic calcium (alumino) silicate cements has provided clinicians

with alternative biomaterials for dentine replacement, pulp capping, pulpotomy, creation of

apical barriers in teeth with open apices, repair of root perforation and resorptive defects, as

well as orthograde or retrograde root canal fillings.23–26 Among their many desirable

properties, hydraulic calcium silicate cements (HCSCs) have been described as possessing

bioactive properties that influence their surrounding environments.24 A discussion of

bioactivity based on its generic definition is beyond the scope of this review. Rather, the

bioactivity of HCSCs will be discussed from a tissue regeneration perspective.

2. Biologically inactive versus bioactive inorganic materials

When a biomaterial is implanted in the human body, the host tissue reacts towards the

implant in different ways depending on the tissue response along the implant surface.

Accordingly, a biomaterial may be classified into 4 types based on their tissue responses:

nearly inert, porous, resorbable or bioactive. 27 As HCSCs are non-resorbable and after

setting, do not possess pores that are large enough for ingrowth of bone or blood vessels,

only the tissue responses of nearly inert and bioactive materials will be described.

No material implanted in living tissues is completely inert. Thus, the term “bioinert” is

designated to any material which, when implanted into the human body, elicits minimal

interaction with its surrounding tissues. Examples of these materials are stainless steel,

titanium, alumina, partially stabilized zirconia and ultrahigh molecular weight polyethylene.

Following implantation of a foreign material into the body, the material’s surface is

immediately coated with proteins derived from blood and interstitial fluids. It is through this

layer of adsorbed proteins that the cells sense foreign surfaces.28 In response, the body’s

defense mechanism will stimulate the formation of a non-adherent fibrous capsule around

the implant in an attempt to isolate it from the surrounding tissue. The thickness of this

protective fibrous capsule depends on the chemical reactivity of the implanted material, and

on the motion and fit of the material at the interface.29 Because the interface is not

chemically or biologically bonded, micro-movement of the implant will result in progressive

thickening of the non-adherent fibrous capsule and eventually leads to functional

deterioration of the implanted material.

By contrast, a bioactive material creates an environment compatible with osteogenesis, and

in some cases, compatible with soft tissues30 by developing a natural bonding interface

between living and non-living materials. With the exception of calcite (calcium carbonate)

and b-tricalcium phosphate, which are examples of resorbable bioceramics that bond

directly to living bone,31 interfacial bonding of other bioactive materials with bone is
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initiated via ion–exchange reactions between the bioactive implant and surrounding body

fluids. This results in the formation of a biologically active carbonated apatite layer on the

implant surface that is chemically and crystallographically equivalent to the mineral phase in

bone.32 Human plasma is supersaturated with respect to calcium and phosphate ions. The

presence of certain functional groups, such as silanol (Si–OH) on the material surface

induces nucleation of carbonated apatite crystallites from the amorphous calcium phosphate

that is deposited over the initially formed silica gel layer. For bone, interfacial bonding

occurs because of the rapid turnover of bone, as well as the biological equivalence of the

carbonated apatite deposits with the inorganic portion of bone. This enables a collagen

matrix to be deposited by osteoblasts over the carbonated apatite layer. Subsequent

mineralization of the collagen fibrils results in bonding of the living tissues to the implanted

material.27 For bonding to soft tissues, collagen fibrils are chemisorbed on the porous silica

gel layer via electrostatic, ionic and/or hydrogen bonding.33,34

The first bioactive glass–ceramic invented and the most extensively studied was the SiO2–

Na2O–CaO–P2O5 melt-derived quaternary glass system invented by Dr. Hench,35

commonly known as 45S5 Bioglass® (USBiomaterials Corp., Alachua, FL, USA). Based on

this formulation and subsequently developed bioactive glass formulations, the ability of

these materials to bond to bone tissue was thought to occur in 11 stages (Table 1). These

stages represent the combined results of the surface chemical reactivity of bioactive glasses

in physiological media (Stages 1–5), and the body’s healing and regenerative responses

(Stages 6–11).27 Reaction stages 1–5 in bioactive glasses lead to rapid release of soluble

ionic species and formation of a porous hydrated silica gel and polycrystalline carbonated

apatite bi-layer on the glass surface. These reaction layers enhance the adsorption of proteins

and growth factors (Stage 6), influence the length of time macrophages are required to clear

the surgical site of debris for tissue repair (Stage 7), promote attachment (Stage 8) and

proliferation and differentiation of osteoblasts from mesenchymal stem cells (Stage 9).

Deposition of an extracellular collagen matrix (Stage 10) and subsequent mineralization of

the collagen matrix deposited by osteoblasts (Stage 11) follow, ultimately resulting in

mature osteocytes encased in a collagen-carbonated apatite matrix.

It has been shown that fibroblasts do not spread and proliferate on bioactive glass surfaces,

contrary to what occurs on the surface of bioinert materials.36 The exact mechanism is not

clear, but may be due to selective adsorption of serum proteins on the surface of bioactive

materials. Bioactive glass containing a calcium phosphate-rich layer was found to

preferentially adsorb fibronectin, which contains the integrin-binding arginine–glycine–

aspartic acid (RGD) amino acid sequence for enhanced osteoblast adhesion.37 Other

researchers observed that the configuration of absorbed fibronectin was different depending

on the type of surface exposed by the biomaterial. A specific fibronectin conformation

present on bioactive glasses that reacted with simulated body fluid to form a surface CaP

amorphous layer was found to induce very strong osteoblast adhesion.38 This is important,

since mesenchymal stem cells take time to migrate from their niches to a surgical site and

arrive later than fibroblasts. If fibroblasts proliferate, a non-adherent fibrous capsule forms,

which inhibits interfacial bonding between the implanted material and the host tissue. When

fibroblasts remain ‘quiescent’ along the surface of bioactive glass, new bone can be
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produced upon differentiation of the mesenchymal stem cells and endothelial progenitor

cells into osteoblasts and capillary wall, respectively.

A bioactivity index (BI) was introduced to rank the level of bioactivity of a specific

material.39 This index is defined as the time taken for more than 50% of the interface to

bond to bone (t0.5) and is represented by IB = 100/t0.5bb. The presence of silica was found to

be crucial for a material to exhibit bioactivity. This is due to the partial dissolution of the

material in an alkaline environment, which releases Si4+ ions to form the silica gel surface

layer in Stages 2 and 3, and creates silanol groups to act as sites for the nucleation of

carbonated apatite in Stage 5 (Table 1). Nevertheless, incorporation of increasing

concentrations of silica in the glass resulted in a diminished rate of bioactivity. Complete

loss of bone-bonding ability occurred with further increases in SiO2 concentration, the exact

concentration of which was dependent upon whether the glasses were melt-derived (>60 mol

%)40 or sol–gel reaction-derived (>90 mol%).41 The presence of P2O5 and Na2O was

initially thought to be essential for glass-ceramics to be bioactive. However, sol–gel derived

CaO–SiO2 binary calcium silicate gel glasses were also found to bond firmly to bone after

intraosseous implantation.42,43 Thus, absence of phosphate from most HCSCs does not

preclude these cements from exhibiting bioactive behaviour. Conversely, partial substitution

of CaO with Al2O3 in the binary CaO–SiO2 glass composition to produce ternary CaO–

Al2O3–SiO2 glasses resulted in an Al2O3 concentration-dependent reduction/inhibition of

the ability of these glass systems to form a calcium phosphate surface layer after their

exposure to SBF.44 Addition of as little as 3 mass% Al2O3 completely inhibited the bone-

bonding ability of bioactive glass.45 The inhibitory effect of Al3+ on bone-bonding was

attributed to an increased resistance of the bioactive glass to ion exchange surface reactions,

to the precipitation of the multivalent ions as oxides, hydroxides or carbonates, and to the

shift of isoelectric point of the surface from negative to positive at physiological pH.46 As

tricalcium aluminate is a component of many HCSCs, the potential effect of aluminium on

the bioactivity of these cements will be discussed in subsequent sections.

Release of inorganic ions by bioactive glasses may trigger intracellular responses.47 Of the

elements released by bioactive glasses, Si is known to be an essential element for metabolic

processes associated with calcification of bone tissues48 and induction of the apatite

precipitation.49 Dietary intake of Si has been shown to increase bone mineral density.50

Orthosilicic acid stimulates type I collage synthesis and osteoblast differentiation in human

osteoblast-like cells in vitro.51–53 Inorganic monomeric and polymeric silica/silicate has

been shown to increase the expression of osteoprotegerin in osteogenic cells, and modulate

the cross-talk between osteoblasts and osteoclasts. Osteoprotegerin is a decoy receptor for

the receptor activator of nuclear factor kappa B ligand (RANKL). Osteoprotegerin binding

to RANKL on osteoblast/stromal cells, blocks the RANKL-RANK ligand interaction

between osteoblast/stromal cells and osteoclast precursors. This has the effect of inhibiting

the differentiation of osteoclast precursors into mature osteoclasts. Thus, inorganic silica/

silicate has the potential to stimulate osteogenesis by inhibiting osteoclast growth and

differentiation.54 Release of calcium ions favours osteoblast proliferation, differentiation

and extracellular matrix mineralization,55 activates Ca-sensing receptors in osteoblasts, and

increases expression of growth factors such as insulin-like growth factor-I (IGF-I) or IGF-
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II.56,57 Additional extracellular responses may be produced by adsorption of plasma-derived

transforming growth factor-β1 on the surface silica gel layer. Bioactive glasses have also

been shown to promote angiogenesis by stimulating the secretion of vascular endothelial

growth factor by human fibroblasts.58–61

The information in this section represents only the tip of an iceberg on the humongous

amount of research published on the bioactivity of glass and glass–ceramics. Nevertheless,

the information provides the background for evaluating the bioactivity of HCSCs.

3. In vitro bioactivity of HCSCs

3.1. Direct demonstration of in vitro bioactivity

Of all the HCSCs available to date, the most well known and most thoroughly investigated

is clinker-derived Portland cement. The latter is composed of different phases, including

tricalcium silicate, dicalcium silicate, tricalcium aluminate, tetracalcium aluminoferrite and

calcium sulphate. The first HCSC patented for endodontic applications is mineral trioxide

aggregate (MTA),62 which contains all the aforementioned mineral phases, as well as

bismuth oxide as a radiopacifier.63 The aluminoferrite phase in the grey version of MTA is

absent from the white version of MTA.64

Although bioactivity is not as esteemed property for industrial applications of Portland

cements, in vitro bioactivity of white Portland cement has been reported after it was

immersed in SBF for 7 days.65 Using a combination of X-ray diffraction (XRD) and Fourier

transform-infrared spectroscopy (FT-IR), the authors reported formation of a layer of

“hydroxyapatite” on the surface of white Portland cement after immersion of the set cement

in SBF. Dissolution of portlandite (calcium hydroxide) and formation of calcite (calcium

carbonate; reaction product of calcium hydroxide with atmospheric carbon dioxide) were

also observed on contact of set white Portland cement with SBF. In another study, set white

Portland cement was immersed in phosphate-containing fluid and the resultant calcium

phosphate phase was examined using XRD and FT-IR, in combination with scanning

electron microscopy, transmission electron microscopy and electron diffraction.66 The

authors reported that the initial calcium phosphate phase formed was amorphous calcium

phosphate (ACP). This precursor phase was subsequently transformed into calcium-

deficient, poorly crystalline, B-type apatite (i.e. the PO4
3− groups in apatite being substituted

by CO3
2−). The authors concluded that the in vitro bioactivity of MTA materials is likely to

be attributed to their Portland cement component. Identification of the ACP phase is of

biological significance because the latter is the key intermediate calcium phosphate

precursor phase that precedes biological apatite formation in osteogenesis.67–69 As will be

discussed below, identification of ACP precursors bridges the missing link in the sequence

of stages that contribute to the in vitro bioactivity of HCSCs. In addition, by using the

contemporary principles of biomineralization, strategies have been developed with the use

of polyanionic acid analogues of noncollagenous proteins for stabilizing the ACP precursor

phase to prevent its premature transformation into carbonated apatite. The resultant

polyanionic acid-stabilized ACP precursors have been used experimentally for biomimetic

intrafibrillar mineralization of collagen fibrils in demineralized dentine.70 Such a technology

has potential applications in remineralization of hybrid layers created by dentine adhesives
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to prevent their degradation by matrix metalloproteinases and cathepsin K,71 as well as in

the remineralization of dentinal caries.72

The two major components of Portland cements, tricalcium silicate and dicalcium silicate,

have been produced separately using sol-gel reactions to create experimental, phase-pure

tricalcium silicate73,74 and dicalcium silicate cements.75 These phase-pure calcium silicate

cements also demonstrated in vitro bioactivity by the precipitation of apatite crystallites on

the cement surface after immersion in SBF. These results have led to the preparation of

experiment bioactive tricalcium silicate76,77 and dicalcium silicate78 cements for endodontic

applications. The use of these experimental calcium silicate cements should alleviate

potential concerns regarding aluminium-induced neurotoxicity79–81 that may arise with the

clinical use of clinker-derived tricalcium aluminate-containing HCSCs.

By and large, the in vitro bioactivity observed in Portland cements and phase-pure calcium

silicate cements are recapitulated in MTA and the MTA-like clan of commercially available

or experimental HCSCs designed for restorative and endodontic uses.82–101,78,102,103 These

calcium phosphate reaction products were observed after the cements were immersed in

SBF based on Kokubo’s formula or its modification, 15–17 Dulbecco’s phosphate-buffered

saline, Hank’s balanced salt solution, or simply phosphate-containing fluid, with different

degrees of reactivity. The ultimate reaction product formed on the surface of the set cements

was, according to most of those publications, “hydroxyapatite”.

3.2. Mechanism of action

The in vitro bioactivity of MTA and MTA-like materials is tissue-independent and may

proceed in stages that parallel those proposed for bioactive glasses. For comparative

purposes, a similar sequence of events will be used in this discussion. These stages are

schematically represented in Fig. 1.

Stage 1: Hydrolysis and ion exchange. Ion exchange occurs following hydration of the

calcium silicate particles, with rapid exchange of Ca2+ with H+ or H3O+ ions from the

aqueous mixing solution to form a solid–iquid interface.92 Reaction of Ca2+ ions with OH−

ions derived from water results in the formation of calcium hydroxide (portlandite)104 that

creates a highly alkaline environment. Although these reactions occur almost immediately

after cement hydration, continuous release of Ca2+ and SiO3
2− after initial setting, together

with the release of minor amounts of Al3+, Fe3+ and SO4
2−, depending on the type of

material, result in the formation of other inorganic mineral phases.

Stage 2: Formation of calcium silicate hydrate. Cation exchange increases the hydroxyl

concentration of the solution. The surfaces of the calcium silicate particles are attacked by

OH− ions in solution, resulting in hydrolysis of SiO4
4− group in an alkaline environment.

The result is the formation of an amorphous calcium silicate hydrate phase on the surface of

the mineral particles (Fig. 2a). Calcium silicate hydrate is a non-stoichiometric, porous,

water-containing silicate gel layer105 containing silanol (Si–OH) groups that forms the main

binding phase in a set cement matrix.
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Stage 3: Binding of calcium silicate hydrate with calcium ions. Deprotonation of silanol

groups in the calcium silicate hydrate phase at alkaline pH produces a negatively charged

surface with BBSiO− functional groups106,107:

≡SiOH + H2O ↔ ≡SiO− + H3O+

This negatively charged surface attracts cations released into solution, such as Ca2+, via

electrostatic interaction to decrease the total energy of the system, resulting in an increase of

cations on the set cement surface:

• ≡SiO− + Ca2+ → ≡SiO− ⋯ Ca2+

This region, consisting of a charged surface and an equal but opposite charge in the solution,

is called an electric double layer on which other substances may deposit under suitable

conditions.

Stage 4: Precipitation of ACP. When the set calcium silicate cement is immersed in a

phosphate-containing solution, which contains hydrolyzed HPO4
2− ions, electrostatic

interaction occurs between the HPO4
2− ions and Ca2+ ions on the calcium silicate hydrate

surface.

• H2O + PO4
3− ↔ HPO4

2− + OH−

• ≡SiO− ⋯ Ca2+ + HPO4
2− → ≡SiO− ⋯ Ca2+ ⋯ HPO4

2−

Continued release of calcium ions from the set cement into the phosphate-containing

solution leads to supersaturation of Ca2+ and HPO4
2− ions in the solution, which in turn

results in the formation of an ACP precursor phase in the solution. These initially formed

subnanometer-sized ACP precursors are known as pre-nucleation clusters and have an

average diameter of 0.87 ± 0.2 nm.108 They remain relative stable in the phosphate-

containing solution in the absence of a nucleation-inducing surface. In the presence of a

nucleation-inducing surface, aggregation of the prenucleation clusters leads to their

densification near the cement surface, producing a “dense liquid” CaP-rich phase.109

Coalescence of the densified prenucleation clusters subsequent results in the deposition of

globular ACP on the set cement surface (Fig. 2b), with the general formula

Ca9(PO4)6−x(HPO4)x(OH)x.110 Apart from the observation of ACP formation in Portland

cement,68 ACP in the form of aggregated spherulites was also reported after ProRoot MTA

(Dentsply Tulsa Dental Specialties, Tulsa, OK, USA), MTA Angelus (Angelus Soluções

Odontológicas, Londrina, PR, Brazil), MTA Branco (Angelus) and MTA BIO (Angelus)

were immersed in phosphate-buffered saline or Hank’s balanced salt solution.86,103

Stage 5: Nucleation and transformation of amorphous calcium phosphate into carbonated

apatite. In the presence of a nucleation-inducing CSH surface (≡SiO−⋯Ca2+⋯ HPO4
2−), the

ACP undergoes phase transformation over time into carbonated apatite111,112 (Fig. 3 a and

b). This transformation occurs via an octacalcium phosphate (OCP) intermediate phase

Ca8H2(PO4)6·5H2O.113–116 While it is indisputable that apatite represents the endpoint of

this phase transformation, the morphology of the calcium phosphate phases presented in the

endodontic literature on in vitro bioactivity of hydraulic calcium silicate cements is highly

variable, ranging from acicular, lath-like, petal-like, plate-like, globular structures to needle-
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shaped,82–101,78,102,103 with different Ca/P molar ratios (ranging from 1.33 to 1.67) (Fig. 4).

Although it is possible that some of these represent calcium-deficient apatite with variable

degrees of lattice substitutions by cations such as Na+, Mg2+ and anions such as Cl−, it is

likely some of these crystalline morphologies represent the intermediate OCP phase

described in classic calcium phosphate characterization studies. Formation of an

intermediate OCP phase by MTA or MTA-like materials was sparsely discussed in the

endodontic literature except in a couple of studies.86,103 Indiscriminate use of the term

“hydroxyapatite” (HA) in most of these endodontic studies is reflected by the inadequate

chemo-analytical techniques employed for characterizing the calcium phosphate

precipitates. The so-formed apatite is not stoichiometric HA but is carbonated apatite, which

represents the biologic apatite found in bone, cartilage enamel and dentine.117,118 Accurate

characterization of calcium phosphate phases requires the simultaneous use of XRD and FT-

IR; the latter may be further complemented with micro-Raman spectroscopy.119–121 It

should be emphasized that CaP mineral phase information derived from XRD cannot be

substituted by the peak designations derived from the combined use of FT-IR and micro-

Raman spectroscopy. Even with the use of all these techniques, differentiation between

octacalcium phosphate and apatite is extremely difficult,122–124 and often required high

resolution transmission electron microscopy of the crystalline lattice planes to determine the

length of the unit cell axes and their crystallographic orientation.125 The crystal structure of

OCP has been described as an alternative stacking of apatite layers and hydrated layers

along its [1 0 0] direction. 122,126 The similarity of the apatite layer in OCP and the structure

in HA provide geometrically favourable conditions for phase transformation from OCP to

carbonated apatite. In a model of OCP–HA transformation, it has been suggested that

transformation of OCP to HA occurs through epitaxial growth of HA on the OCP surface

along the OCP[1 0 0]/HA[1 0 0] and OCP [0 0 1]/HA[1 0 0] crystalline planes.123

Transformation of OCP to HA may be accomplished in solution through dissolution–

precipitation, or occur by solid-state transformation via one of the two processes127:

5Ca8H2(PO4)6·5H2O → 4Ca10(PO4)6(OH)2+6H3PO4+17H2O

Ca8H2(PO4)6·5H2O + 2Ca2+ → Ca10(PO4)6(OH)2 + 3H2O + 4H+

The first reaction represents solid-state transformation and may occur in experiments that

examined desiccated calcium silicate cements after they are immersed in phosphate-

containing fluids. The second reaction requires an additional supply of calcium ions and is

more likely to occur in solutions containing calcium. Such a scenario may be found when

there is continuous leaching of calcium ions from the set HCSCs after they are immersed in

phosphate-containing fluids or serum.

Taken together, evidence is abundant in the literature showing that HCSCs exhibit in vitro

activity. However, these studies were not performed as rigorously as those examining

bioactive glasses. Although there have been attempts to compare the in vitro bioactivity of

different commercially available or experimental HCSCs, most of the work was qualitative

in nature. In particular, there was no adoption of a matrix such as the use of an in vitro

version of the Bioactive Index, in systematically quantifying the percentage of the cement

surface covered by calcium phosphate salts, or the variation in thickness of the apatite or

apatite-like mineral layer over time.
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4. In vivo bioactivity of HCSCs

As discussed in the introductory section, scientific evidence is lacking to support the

assumption that a biomaterial that initiates the deposition of calcium phosphate salts on its

surface after immersion in SBF will bond directly to bone following placement of the

material in a surgical site.17 Thus, it is appropriate to review the in vivo bioactive potential

of HCSCs following their surgical implantation in appropriate animal models.

Understandably, HCSCs are not designed for complete filling of a surgical wound.

However, it is important to see if the in vitro bioactivity reported for Portland cement and

other HCSCs marketed for clinical use can be reproduced in vivo. Specifically, it is pertinent

to identify if these materials can bond directly to bone without encasement by a fibrous

connective tissue, the latter being the property of a bioinert material.

Because biocompatibility is not the subject of discussion in this review, studies that involved

subcutaneous implantation of set HCSCs will be excluded from the discussion. Likewise,

histological studies that involved testing of HCSCs as a root-end filling material will be

excluded, as the tissue response involves migration of fibroblasts from the adjacent

periodontal ligament to produce a layer of cementum over the material. Thus, only

quantitative histological studies that involved the placement of HCSCs as intraosseous

implants will be examined. Of those studies, four studies128–131 that involved placement of

HCSC-loaded polyethylene tubes into extraction sockets in a rat model were also excluded,

as those implants were perceived to fit rather loosely within the surgical site. The results

from the six studies selected based on these inclusion and exclusion criteria are summarized

in Table 2.

Although in vitro bioactivity has been reported for most of the HCSCs available for clinical

use, in vivo evaluation of the bone-bonding potential of these cements was almost exclusive

focused on grey MTA (ProRoot MTA, Dentsply Tulsa Dental Specialties).132–137 Although

a Bioactivity Index similar to that utilized in in vivo bioactive glass research has not been

employed to quantify the time required for more than 50% of the cement interface to bond to

bone, there were attempts in some studies to classify the bone apposition responses in terms

of the percentage of exposed cement surface area that is in direct contact with new

bone,134,137 or the temporal changes in bone apposition responses prior to the sacrifice of

the animals.134–137

With the exception of one study in which the results are questionable due to the same

bioactivity responses elicited by grey MTA and the negative control (no material placement

in intraosseous site),137 the rest of the studies were unanimous in demonstrating direct

apposition of bone to grey MTA is possible without the new bone being separated from the

material by a fibrous capsule. However, such a hallmark of in vivo bioactivity could not be

predictably achieved in all the five studies.132–136 For example, in a guinea pig model

employed by Torabinejad et al.,133 90% of the grey MTA specimens that were implanted in

the mandible were incapable of direct bonding to bone, with the histological manifestation

of fibrous connective tissue between the newly formed bone and the set cement. In the same

study, 45.5% of the specimens implanted in the tibia were incapable of direct bonding to

bone, while 9.1% of the specimens demonstrated incomplete direct bone contact with
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intervening fibrous tissues. These unfavourable results could not have been attributed to the

displacement of the implanted cup containing the tested material into the surrounding

tissues, as those specimens could not be sectioned satisfactorily and would not have been

reported.133 Likewise, these unfavourable results could not be accounted for by implanting

grey MTA in a bioinert Teflon cup, as similar results were achieved when freshly mixed

grey MTA was directly placed into the intraosseous site.134 In any scientific discipline that

involves hypothesis testing, a hypothesis can seldom be accepted if 90%, or even 50% of the

results are contrary to what is proposed. Yet, in a subsequent comprehensive review by

those authors, MTA was described as bioactive based on its ability to form an apatite layer

on its surface when it comes in contact with physiological fluids in vivo or with SBFs in

vitro.25 In the age of evidence-based endodontics,138 it is worth pondering the question

raised by Bohner and Lemaitre in a leading opinion biomaterials paper: “Can bioactivity be

tested in vitro with simulated body fluid solution?”.17

Similar results were achieved in another study that compared the in vivo bone-bonding

ability of grey MTA versus Portland cement in a guinea pig model.135 The study concluded

that there was no statistical significance between a clinical-grade and an industrial-grade

HCSC in terms of their ability to bond to bone. In that study, the authors used grooved

Teflon cups for filling the HCSCs to prevent dislodgement of the implants from the

intraosseous sites. They also examined the biological responses after two time periods, 14

days and 84 days. For both Portland cement and grey MTA, both direct contact of the

cement with new bone (Fig. 5A), and the presence of a thin layer of fibrous connective

tissue between the cement and new bone (Fig. 5B) were observed. Although not explicitly

mentioned in that paper, an important result was obtained after re-analysis of the data

presented by comparing the responses of each material over the two time periods. That is,

there is no statistically significant increase in specimens exhibiting direct bone-cement

contact with time, for either grey MTA or Portland cement (Fisher exact tests, p > 0.05).

Since direct bone apposition occurs in grey MTA and Portland cement intraosseous

implants, it is envisaged that the in vivo stages of bioactivity (i.e. stages 6–11; Table 1) that

were described for bioactive glasses should be recapitulated in these HCSCs, as these stages

represent the body’s physiological healing and regeneration processes. Adsorption of

proteins on the apatite-coated cement surface (Stage 6) should enable the mesenchymal stem

cells that migrate into the bony defect to “see” a bone-like surface complete with organic

components, and not a foreign material. There is only one study in the endodontic literature

that attempted to analyze the surfaces of grey MTA and white MTA when these cements

were allowed to set in the presence of foetal bovine serum.84 This would have been the

perfect opportunity to analyze the type of proteins/growth factors that preferentially attached

to the set cement surfaces. Unfortunately, the study only analyzed the surface inorganic

chemical composition of the set cement and nothing was performed to characterize the

protein components. The effect of macrophages on clearing the debris around the implanted

material for tissue repair (Stage 7), being part of the host inflammatory response, has been

shown in many studies.128,129,135

Inasmuch as the in vivo bone-bonding potential of grey MTA was unpredictably achieved,

there was no explanation in the studies involved with regard to why this is so. Thus, it is
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logical to ask why a non-adherent fibrous capsule is sometimes formed that prevents direct

contact of the newly formed bone with the set cement. One of the reasons is probably due to

the initial high alkalinity66 of the intraosseous site following implantation of grey MTA.

Although part of the calcium hydroxide formed in the initiate hydrolysis of tricalcium

silicate and late hydrolysis of dicalcium silicate is deposited as crystalline portlandite,

saturated aqueous calcium hydroxide is also present as “pore solution” within the bulk of the

set hydrated cement.139,140 Leaching of this “pore solution” results in coagulation necrosis

of the tissues in contact with the material, and causes an initial mild to moderate

inflammatory response that may result in the formation of granulation tissue by fibroblasts

on resolution of the inflammation. To date, no study has attempted to correlate the extent of

inflammation around the intraosseous grey MTA implants with the subsequent ability of the

grey MTA to bond directly to bone.

The major cations that leach from set grey MTA was reported to be (in parts per million): Ca

176.7 ± 3.3, Si 13.4 ± 0.6; Bi 6.1 ± 0.5; Fe 2.5 ± 0.4; Al 2.3 ± 0.2, and Mg 1.0 ± 0.1.82 The

beneficial effects of Ca and Si ions on osteogenesis have already been described in the

section on bioactive glasses. It is envisaged that leaching of these cations from set grey

MTA and Portland cement will exert similar beneficial effects on osteogenesis and

contribute to the in vivo bioactivity of these HCSCs. It was also mentioned in the section on

bioactive glasses that addition of as little as 3 mass% Al2O3 completely inhibited the

bioactivity of bioactive glass.45 Portland cement contains 4.7 mass% Al2O3, with the

calculated constitution of tricalcium aluminate and tetracalcium aluminoferrite being 7.9

mass% and 8.1 mass%, respectively.26 Although some of the leached Al ions may be

incorporated into the calcium silicate hydrate phase of set calcium silicate cements,141–143

part of the leach ions may still exist in solution, which may have an adverse effect on the in

vivo bioactivity of grey MTA and Portland cement. To date, no information is available on

the in vivo bioactivity of other commercially available HCSCs. To test whether aluminium

has a detrimental effect on the in vivo bioactivity of HCSCs, it is necessary to compare the

bone-bonding potential of white MTA with the corresponding grey versions of the cement,

because tricalcium aluminate is negligible, and tetracalcium aluminoferrite is virtually

absent from white MTA.64,144 Future studies should also examine the in vivo bioactivity of

aluminium-free, sol–gel reaction-derived HCSCs and compare the results with aluminium-

containing, clinker-derived HCSCs.

For the other cations released by grey MTA, magnesium has been shown to stimulate

adhesion of osteoblastic cells to implant surfaces by interacting with integrins of osteoblast

cells which are responsible for cell adhesion.145,146 By contrast, iron has an inhibitory effect

on bone morphogenetic protein 2-induced osteoblastogenesis.147 Addition of 20 mass%

Bi2O3 to a dicalcium silicate cement resulted in lower cell proliferation, differentiation and

formation of calcium deposits by MG63 human osetosarcoma cells in cell culture

experiments.148 Of the minor inorganic phases formed on the cement surface following

hydration, the potential effects of ettringite and calcium monosulphate aluminate hydrate on

osteogenesis is unknown. Calcite, which is frequently formed on the cement surface, has

been shown to bond directly to bone without the formation of a carbonated apatite surface

layer.31
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It has been mentioned in the section on bioactive glasses that fibroblasts do not spread and

proliferate on bioactive glass surfaces, contrary to what occurs on the surface of bioinert

materials.36 Although set MTA provides an excellent surface for the attachment of bone-

forming cells or osteoblast-like cells,149–154 mesenchymal stem cells take 24–72 h to

migrate from their stem cell niches to the surgical site before they can attach to the surface

of the intraosseous implant (Stage 8). Unlike bioactive glass, MTA surfaces also provide a

highly favourable environment for fibroblasts to attach and proliferate.155–158 Thus, at least,

theoretically, there is a competition between fibroblasts and osteogenic cells for attachment

to the protein-coated calcium silicate cement surface in vivo. In a more recent study on the

attachment and proliferation of fibroblasts and osteoblasts on calcium silicate cements, it

was found that human periodontal ligament fibroblasts and human osteoblasts attach and

proliferate well on MTA-based materials. However, the osteoblasts exhibited lower

proliferation rates compared with fibroblasts.159 Because the two cell lines require different

growth media in cell culture environments to support osteogenic differentiation of the

osteoblasts, experiments on the fibroblasts and osteoblasts were performed separately. The

study may be repeated by culturing both cell lines in the same medium and without

stimulating osteogenic differentiation of the osteoblasts. Quantifying the cell type that

preferentially attaches to the surface of MTA-based materials should provide an in-depth

appreciation of whether competition between fibroblasts and osteoblasts for attachment is

responsible for unpredictable bond-bonding following intraosseous implantation of HCSCs.

That said, it does not mean that demonstration of a fibrous capsule over the set cement

surface is an indication of the suboptimal clinical effectiveness of these HCSCs. Rather,

attachment of periodontal ligament fibroblasts to the cement surface provides a means for

regenerating the periodontal ligament and deposition of cementum, as discussed in detail in

a recent systematic review.160 Formation of cementum provides the justification for the

clinical superiority in using HCSCs as clinical root-end filling materials.

5. Conclusion

Hydraulic calcium silicate cements have been reported and promoted as bioactive materials

based on their ability to produce apatite after interacting with phosphate ions derived from

physiological or SBFs. As this attribute was first observed in a SiO2–Na2O–CaO–P2O5

quaternary bioactive glass, the same definitions employed for establishing in vitro

bioactivity and in vivo bioactivity in glass or glass–ceramic systems, and the proposed

mechanisms involved in these phenomena are used as blueprints for reviewing whether

these activities are identifiable in HCSCs. As far as in vitro bioactivity is concerned, all

papers published on this phenomenon clearly demonstrated that some forms of calcium

phosphate deposition on the surface of HCSCs after these materials were immersed in SBFs

or phosphate-containing fluids. It is likely that these calcium phosphate deposits represent

the amorphous or crystalline precursors of carbonated apatite, or carbonated apatite per se,

depending on the condition and timing upon which the specimens were examined, and the

techniques employed for analyzing these inorganic precipitations. In this regard, the

phenomenon of in vitro bioactivity of HCSCs is indisputable. However, studies performed

on HCSCs lack the robustness that was demonstrated in similar studies performed on
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bioactive glasses, in terms of quantifying the spatiotemporal events associated with the

activity.

Based on the same definition adopted for bioactive glass and glass–ceramics, in vivo

bioactivity has been demonstrated for at least grey MTA and Portland cement. However, a

fibrous connective tissue layer is frequently observed along the newly formed bone-cement

interface that is reminiscent of the responses observed in bioinert materials. The

composition, constitutional phases and hydration characteristics of clinker-derived HCSCs

are much more complex compared to a quaternary or even a ternary melt-derived bioactive

glass system. The contribution of early and late hydration of different constitutional phases

in clinker-derived HCSCs, to the rate and extent of carbonated apatite formation has not

been established. Data is also lacking on the potential in vivo bioactivity of other HCSCs

such as white MTA and MTA-like materials, as well as phase-pure HCSCs. In matters of

style, it is tempting to swim with the current by endorsing that HCSCs exhibit predictable in

vivo bioactive behaviour akin to those observed in 45S5 bioactive glass. In matters of

principle, however, one has to acknowledge that there is presently insufficient scientific

evidence to support this assumption. More importantly, the parameters responsible for this

uncertainty have not been recognized. Even though this assumption may be valid, the

current methods generally employed by the endodontic community for validating this

assumption leaves room for improvement in terms of understanding how the composition

(including types of opacifier), hydration phases and alkalinity of different HCSCs may

influence the predictability of their in vivo bone-bonding responses. In addition, universally

acceptable criteria are lacking for objective appraisal of the relative in vivo bioactivity of

different HCSCs. As such, the term “bioactivity” is used rather ambiguously in studies on

these cements. Appraisal criteria should be developed by reputable organizations such as the

International Organization for Standardization (ISO) or the American Society for Testing

and Materials (ASTM), to enable manufacturers and scientists to accurately define the

bioactivity profiles of novel HCSCs developed for restorative and endodontic applications.
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Fig. 1.
A schematic of the five sequential stages of events that contribute to the manifestation of in vitro bioactivity of hydraulic

calcium silicate cements after the latter is immersed in simulated body fluid (not to scale). ACP: amorphous calcium phosphate.
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Fig. 2.
(A) Scanning electron microscopy (SEM) image of the surface of set white MTA powder showing formation of a calcium

silicate hydrate layer (arrow) over the surface of the mineral particles after hydration of the powder. (B) SEM image of the

surface of set white MTA powder after immersion in phosphate-containing fluid for 8 h. Amorphous calcium phosphate is

deposited over the surface of the calcium silicate hydrate reaction phase in the form of spherule clusters (pointer). Some of the

smaller amorphous calcium phosphate spherules are dispersed within the calcium silicate hydrate phase.
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Fig. 3.
(A) SEM image of the surface of hydrated white MTA powder after immersion in phosphate-containing fluid for 168 h. A

crystalline calcium phosphate mineral phase (open arrow) is scattered around the calcium silicate hydrate-coated MTA mineral

particles (energy dispersive X-ray analysis data not shown). Amorphous calcium phosphate spherules can no longer be

observed. (B) High magnification image of the calcium phosphate mineral phase in (A). These crystallites have short a-axis and

b-axis but long c-axis, forming needle-shaped crystallites with hexagonal cross sections (open arrowhead).
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Fig. 4.
Characterization of precipitates formed by MTA BIO after 2 months of immersion in phosphate-buffered saline. (A) SEM image

showing the acicular nature of spherules (original magnification, 8000×). (B) Energy dispersive X-ray (EDAX) spectrum for

precipitates in (A) and semi-quantitative chemical composition showing their Ca/P molar ratio. (C) SEM image showing petal-

like precipitates (original magnification, 1000×). (D) EDAX spectrum for precipitates in (C) revealed a greater Ca/P molar ratio

and lattice substitution of Na and Cl. (E) SEM image of compact lath-like precipitates (original magnification, 1000×). (F)

Semi-quantitative analysis of the EDAX data derived from (E) indicates that the precipitates have a Ca/P molar ratio of 1.61
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with lattice substitution of Na, Cl, and Mg. (G) X-ray diffraction pattern of the calcium phosphate precipitates obtained after 2

months of immersion in phosphate-buffered saline, revealing the presence of poorly crystalline apatite.

Reproduced from Reyes-Carmona et al.86, with permission from the publisher.
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Fig. 5.
(A) Light microscopy image of the tissue response following implantation of grey MTA (ProRoot MTA) in an intraosseous site

for 2 weeks. The material-hard tissue interface (arrow) shows new bone (B) apposition in direct contact with the material (M).

Open arrowhead: osteocyte; V: capillary blood vessel. Inset: grey MTA-filled Teflon tube (removed, space left behind) and

adjacent tissues showing remnants of grey MTA and the location (red box) from which the high magnification image is derived

(haematoxylin–eosin stained section; original magnification, 250×). (B) Light microscopy image of the tissue response

following implantation of grey MTA in another intraosseous site for 2 weeks. The grey MTA was lost during histological

preparation (S). The bone tissue (B) has healed well, but a thin layer of fibrous connective tissue (pointer) separates the newly
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formed bone from direct contact with the implanted grey MTA. Inset: grey MTA-filled Teflon tube (dislodged) and adjacent

tissues showing the location (red box) from which the high magnification image is derived (haematoxylin-eosin stained section;

original magnification, 250×). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Reproduced from Saidon et al.135 with permission from the publisher; images cropped and labelled with permission from Dr.

Kamran Safavi).
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Table 1

Reaction stages in 45S5 Bioglass® with increasing time.

Stage Reaction
event

Response

1 Sodium and calcium hydrogen ion exchange on glass surface

Chemical
Occurs
in vitro

or
in vivo

2 Dissolution of surface silica and formation of surface silanol

3 Condensation and repolymerization of silanol to form SiO2-rich surface laver

4 Precipitation of amorphous calcium phosphate on the silica gel surface layer

5 Nucleation and crystallization of amorphous calcium phosphate to carbonated apatite

6 Protein adsorption (growth factors, etc) to the surface carbonated apatite layer

Biological
Occurs

only
in vivo

7 Action of macrophages to remove debris from surgical site

8 Attachment of mesenchymal stem cells on bioactive surface

9 Differentiation of stem cells to form bone growing cells, osteoblasts

10 Generation of extracellular matrix by osteoblasts to form bone

11 Mineralisation of extracellular matrix to enclose bone cells, osteocytes
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