Hydraulic Calcium Silicate Cements with Incorporations:
Modification of Physical, Chemical, and Biological Properties

across Diverse Environmental Conditions

Thesis for the Degree of Philosophiae Doctor by

Andreas Koutroulis

Department of Endodontics
Institute of Clinical Dentistry
Faculty of Dentistry
University of Oslo
Norway

January 2024



© Andreas Koutroulis, 2024

Series of dissertations submitted to the
Faculty of Dentistry, University of Oslo

ISBN 978-82-8327-093-8

All rights reserved. No part of this publication may be
reproduced or transmitted, in any form or by any means, without permission.

Cover: UiO.
Print production: Graphic center, University of Oslo.



“The impediment to action advances action.
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Summary

Summary

Hydraulic calcium silicate cements (HCSCs) find application in various clinical procedures
within the field of endodontics. Although initially introduced for endodontic surgery, certain
aspects of their use in these applications have not been thoroughly explored. Moreover,
considering the interactions of these materials with the surrounding environment, it
becomes crucial to understand how these might influence their properties. It is possible
that specific modifications of the HCSC composition could improve some target biological

properties, provided that changes do not compromise any of their current characteristics.

This thesis delves into the impact of material modifications on the physical, chemical
and biological properties, including antibacterial activity and cytotoxicity, of HCSCs. It also
explores the influence of environmental conditions, namely the immersion medium, aging
period, and the role of the dentin substrate in this context. The primary aim was to evaluate
the effect of incorporating silver nanoparticles or bioactive glass into a basic experimental
formulation, which comprised 80% w/w tricalcium silicate cement and 20% w/w zirconium
oxide radiopacifier, with the rationale to enhance its biological properties. Commercial
materials were also assessed for comparison purposes. An additional aim was to

investigate the effect of environmental factors on the material properties.

In Study I, the surface characteristics alongside the bacterial adhesion of endodontic
cements were assessed. Incorporation of silver nanoparticles (0.5, 1, 2 mg/ml) or bioactive
glass (10, 20% w/w) increased the surface roughness of the experimental HCSCs over
time but had no impact on the antibacterial effect. Immersion of all tested HCSCs to a
serum-containing environment triggered surface reactions compared to immersion in
water, but this did not affect the bacterial adhesion. While the physical parameters
measured did not appear to be related to the degree of bacterial adhesion in experimental
HCSCs, the commercial HCSC Biodentine (Septodont, Saint Maur-des-Fosses, France)
displayed improved physical properties but compromised antibacterial efficacy, with

significant bacterial adhesion from day one compared to the experimental HCSCs.

Study Il tested leachates from the cements. The results showed that both

modifications of HCSCs and different environmental conditions significantly influenced the
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Summary

leaching properties of the materials. More specifically, immersing the materials in fetal
bovine serum resulted in reduced alkalinity, decreased bactericidal properties, and lower
cytotoxicity of both experimental and commercial HCSCs compared to water immersion.
The 20% bioactive glass-containing cement and Biodentine exhibited overall lower
alkalinity, calcium release, and antibacterial activity than the basic experimental HCSC
formulation. Mixing the experimental HCSC with a 2 mg/ml silver nanoparticle solution
enhanced the antibacterial efficacy of water leachates but had no such effect in the serum

leachates.

In Study Ill, the antibacterial characteristics of the dentin/material interface and dentin
surfaces exposed to the test materials were examined. All tested HCSCs conferred
antibacterial activity onto the adjacent dentin. However, this effect was lower for the
experimental HCSC with inclusion of 40% w/w bioactive glass and for Biodentine
compared to the basic experimental formulation. Conversely, a 2 mg/ml silver nanoparticle
solution increased the antibacterial potential of the basic experimental formulation in an

assay with a longer interaction period (three-day bacterial exposure instead of one-day).

Taken together, findings of the current thesis suggest that modifications of the
composition of HCSCs led to notable changes in their physical and chemical properties,
which subsequently impacted their biological activity. The addition of 2 mg/ml silver
nanoparticles did not compromise the physico-chemical characteristics of the cement but
only led to a modest improvement in antibacterial properties. Incorporation of 20%
bioactive glass into tricalcium silicate cement reduced the calcium hydroxide release,
thereby compromising the indirect contact antibacterial efficacy of the cement in both the
immersion medium and dentin surfaces, with an even greater impact at 40% incorporation
for the conferred effect in dentin. Biodentine displayed enhanced physical properties and
lower cytotoxicity, but weaker antibacterial efficacy compared to the basic experimental
formulation. These differences are attributed to the chemical additives in the
manufacturing of Biodentine. Lastly, the immersion medium and aging period had a
notable influence on HCSCs. These factors should be thus carefully assessed in the
context of the cements’ clinical application. Aging of materials in a clinically relevant
medium had a detrimental effect on their leachate antibacterial properties, while achieving

long-lasting antimicrobial activity remains a distant goal.
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Introduction

1. Introduction

The tooth structure comprises external layers of hard mineralized tissues (enamel,
cementum, dentin) that surround a soft vascularized and innervated connective tissue, the
dental pulp'. The tooth root is positioned within a fibrous joint, the periodontium. The
periodontium encompasses the supporting and investing tissues of the tooth?. Blood
supply to the pulp primarily comes from end arteries passing from the periodontium
through the tooth root’s apical foramina®. A local inflammatory reaction can be triggered
in the dental pulp by external irritation, much like any other human tissue. However, due
to its encasement in a rigid area with limited adaptability, this inflammation can also lead

to irreversible events®.

Endodontics (from the Greek words endo-, meaning “within”, and odont-, meaning
“tooth”®) is concerned with the biology and pathology of the dental pulp and the associated
periradicular tissues®. In the clinical field, this branch of dentistry mainly focuses on the
treatment of the root canal system and the application of root filling materials to adequately
seal the root canal space from the periradicular tissues’. The ultimate aim behind all

clinical procedures in endodontic treatment is to cure and/or prevent apical periodontitis’.

1.1 Apical periodontitis

Apical periodontitis is the inflammation of the apical periodontium of endodontic origin®.
As the dental pulp and the periodontium have a direct communication, primarily through
the apical foramina, apical periodontitis is most often caused by a pulpal infection®. Pulpal
infection may be induced by bacteria from dental caries, trauma, iatrogenic procedures,
or periodontal disease. The sequence of events begins with oral bacteria contaminating
the root canal system and consequently, the infection reaches the periradicular tissues,

inducing an inflammatory reaction® (Figure 1).
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Figure 1 Schematic representation of the stages of apical periodontitis. (a) Healthy tooth
in the periodontium. (b) Bacteria invasion to the dentinal tissues causes pulpal
inflammation. (c) The pulp is infected, and the infection has proceeded further causing

inflammation of the periradicular tissues, where a lesion is formed.

Microorganisms, and mainly bacteria, are the etiological factor of apical periodontitis®.
Since Babylonian times, the speculation of a tooth-worm being responsible for tooth-aches
was prevalent'?. The tooth-worm theory carried on for hundreds of years, with its relation
to dental caries being further strengthened in the mid-1600s by claims of observations of
worms coming out from carious teeth''. In the 17" century, the “father of modern
microscopy” Antony van Leeuwenhoek, was the first to observe bacteria in a necrotic root
canal and described it as a “soft matter... that seemed to be alive” 2. Even though his
work did not invalidate the belief in the worm-theory, it did raise doubts about its
credibility™. It was only until 1894 that the causal relationship between bacteria and apical
periodontitis was first suggested by Miller'®. Confirmation came initially in 1965 through
the classic histological study of Kakehashi et al., who observed that the artificial exposure
of dental pulps to the oral cavity in conventional and germ-free rats led to different sequels:
while the first group developed pulp necrosis and apical periodontitis, the pulps of the
germ-free rats remained vital and dentin-like tissue was formed to cover the exposure
area instead'*. The necessity of the bacterial factor for the development of the disease

was further validated by two subsequent landmark studies. In 1976, Sundqvist used

18



Introduction

anaerobic culturing techniques to identify bacteria from necrotic pulps of teeth after
trauma>. Bacterial cultures were acquired only from teeth with radiographic signs of apical
periodontitis'. In 1981, Mdller et al. demonstrated radiographically and histologically the
development of apical periodontitis in devitalized teeth of monkeys, only in the presence

of a preceding pulpal infection®.

Since the establishment of the microbial causation on the endodontic infections, more
than 450 bacterial species have been identified in relevant studies'”, the majority of which
remain uncultivated and/or uncharacterized'®. Another milestone within the field is the
demonstration of the strong association of apical periodontitis with biofilms'®. Biofilms are
multicellular microbial communities of cells that are attached to a substrate and enmeshed
in a self-produced extracellular polymeric matrix?° (Figure 2). When organized in such
communities, bacteria exhibit a different phenotype than their planktonic forms, and
demonstrate increased resistance characteristics. Particularly for endodontic infections,

the multispecies nature of the biofilm contributes to its virulence and resistance?'.

Phase a: Initial Phase b: Microcolonies formation - Phase c: Maturation, bacterial
colonization adhesion of secondary colonizers diversity, and 3-D structure
EPS matrix
Planktonic*** »
bacteria* \D* 0 4 ,* g ‘

Substrate

Figure 2 Schematic representation of the three basic stages of biofilm formation and

development. EPS: extracellular polymeric matrix.

Evidence of high interindividual bacterial diversity in endodontic infections??>24
indicates the role of bacterial community as the main unit of pathogenicity in apical
periodontitis, rather than the presence of a specific bacterial species or a group of them?5.

It was additionally shown that the bacterial composition in the infected root canal system
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varies significantly in the apical portion compared to the coronal part?6-2, In the context of
the localization of the microorganisms in endodontic infections, a categorization between
intraradicular and extraradicular infections has been suggested: in the former,
microorganisms have colonized the root canal system, while in the latter, these have

expanded further into the periradicular tissues?°.

1.1.1 Infection control

The cause-and-effect relationship between bacteria and pulpal or periapical diseases
underscores the common goal of clinical endodontics: treating and/or preventing microbial
contamination®. Nonsurgical root canal treatment entails mechanical instrumentation,
irrigation, optional inter-appointment medication, and finally a root canal filling3'-32. These
steps aim to substantially reduce or, when possible, eliminate the microbial irritants and

establish a tight seal within the root canal system (Figure 3).

Figure 3 Schematic drawing of the tooth in Figure 1 after nonsurgical root canal
treatment. The root filling materials provide a tight seal from the periradicular tissues. A

coronal restoration is also placed. The apical lesion resolves towards healing of the region.

In practice, the current procedure can achieve disinfection but not sterilization of the
root canal system. A critical microbial elimination threshold therefore exists®3, which is

compatible with periradicular tissue healing*. A recent meta-analysis of clinical studies
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assessing the outcome of primary non-surgical root canal treatment in teeth with apical

periodontitis found that periapical health was evident in 74% of cases®.

On the other side, under certain conditions, apical periodontitis might persist, emerge,

or recur after treatment’. The main causes for post-treatment apical periodontitis are:

¢ Root canal contamination during treatment due to a breach of the aseptic protocol

or leakage through the coronal restoration after treatment34.

e Bacterial persistence, particularly in the apical portion of the root canal system?34:36
in anatomic complexities that the instruments and antimicrobial substances cannot

reach.

e Extraradicular infections®. Though rare (2 - 4%), the presence of biofilm in the
periradicular area, which may be independent from the intraradicular microbiota
and is yet to be fully understood®’, cannot be successfully managed by nonsurgical

root canal treatment.

These conditions may require retreatment, either by revision of the root canal
treatment or through surgical endodontic procedures. Nonsurgical root canal retreatment
shares the same focus as the initial approach®?, but an additional challenge is the removal
of the filling material, which may as well serve as a substrate for biofilm formation at the
interface with the root canal walls3¢. Complete periapical healing is achieved in 69% of the

cases, approximately 5% lower than the primary treatment>.

In cases where nonsurgical root canal retreatment fails or is not indicated - such as in
cases of inaccessible apical anatomy, extrusion of filling materials, suspicion of cyst, root
fracture or root perforation - surgical endodontics might be implemented323° (Figure 4).
Surgical intervention includes procedures aiming to eliminate the infection by means of
apical curettage, periradicular surgery, crown and root resection, or tooth extraction with
replantation*®. Procedures that involve root-end resection or perforation repair, have as a
final step the application of a root filling material as a tight, permanent seal within the root

canal system, following a similar rationale as in nonsurgical root canal treatment*'.
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Figure 4 Surgical treatment of a right maxillary central incisor with challenging anatomy
and a metal post, making nonsurgical root canal retreatment non-indicated. (a) After
removal of the apical lesion and initial bone cavity refinement, bacterial biofilm was
localized (arrow) at the buccal portal of exit of the root canal system (b) Micro-mirror view
of the metal post inside the root canal system after retrograde root preparation. (c) The
root canal exit portals were sealed with retrograde filling material. Courtesy Dr Thanos

Fasoulas, Amsterdam, Netherlands.

1.2 Root filling materials

Historically, a plethora of different materials have been used for root-filing. The list of the
utilized materials until 50 years ago includes amalgam, asbestos, balsam, bamboo,
copper, cotton, gold, indium, ivory, lead, paper, paraffin, pitch, rosin, rubber, spunk,
thistles, wax, and wood*2. Back in 1958, Grossman pointed out: “/ doubt very much
whether there is any hollow cavity in the body that has been plugged with as many different
materials as the root canal of a tooth” 3. He vividly likened the root canal to “the attic of
the dental household” *3. In addition, Grossman had suggested a list of requirements for

the ideal root filling material*?, many of which are still relevant to this day*“.

In principle, sealing the root canal system from the periradicular tissues aims to
prevent bacterial invasion and infection following the completion of endodontic
treatment®?. Root filling materials may achieve that by means of physical integrity and

excellent adaptation to the dentin walls and/or by exerting antimicrobial activity*'.
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In nonsurgical root canal treatment, an inert core material (gutta-percha) is used in
combination with an endodontic sealer. The former acts as a piston for the latter, which in
turn fills the voids between gutta-percha and dentin, and thus determines the functional
characteristics of the root filling*°. In surgical approaches and perforation repair, a single

endodontic material is used?®.

1.2.1  Materials for endodontic surgery

The exposed material surface in contact with the periradicular tissues in conventional root
filling procedures of mature teeth with closed apices is relatively small as this occurs
mainly through the apical foramina and any lateral canals. In contrast, in clinical
procedures entailing endodontic surgery, perforation repair or treatment of immature teeth
with open apices, the contact area with the subsequent tissues may be considerably
larger*' (Figure 5). The clinical environment to which the root-end filling and perforation
repair materials are exposed to is inherently humid due to blood and other tissue fluids. In
addition, the materials typically meet an inflamed tissue that has been formed in response
to the preceding infection*’. These materials therefore have a complex role towards
blocking the pathways of communication of the root canal system with the periradicular
area in a dynamic environment. Furthermore, it is deemed beneficial if they can facilitate
healing of the periradicular tissues*®. Materials are placed in direct contact with dentin and
the periradicular tissues but interactions with the subsequent tissues may not be limited
in direct contact, as leachable material elements can reach further beyond the application
field*'. The physical and chemical characteristics of the material will therefore define their

biological profile.

The term “materials for endodontic surgery” will be used inclusively to refer both to
root-end filling materials and those used for perforation repair. It is recognized that repair
of coronal perforations in certain cases might be also performed through the root canal
instead of surgically*®, and thus a non-differentiating inclusion of perforation repair
materials under the term “surgery” is not strictly accurate. However, it will be used further

in terms of convenience. The term “extra-radicular materials” has been previously used in
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the same context*® but might also lack accuracy as it implies that materials are located

outside of the root.

Figure 5 Schematic representation of application of a root filling material for perforation
repair, root-end surgery, or treatment of open apex on a tooth. The contact area of the
root filling material with the subsequent tissues is considerably larger than in conventional

root filling procedures.

Similar to conventional root filling, a variety of materials with different chemical
compositions has been used for endodontic surgery. These include gold foil and leaf,
gutta-percha (both cold and injectable), teflon, titanium screws, amalgam, silver points,
zinc oxide/calcium sulfate cements, polycarboxylate cement, polyvinyl resin, poly-HEMA,
resin-based sealers, various zinc oxide/eugenol-based cements, glass ionomer cement,

composite resin, and, most recently, hydraulic calcium silicate cements®0-52,

1.2.1.1 From historical to currently used materials

Amalgam

Silver amalgam was for many years the most vastly applied material for endodontic
surgery®3-55 with reports of use even until recently®6, mainly due to its ease of manipulation,

absence of resorption and adequate radiopacity®’. Today, several drawbacks have been
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reported, with the most significant being: cytocompatibility concerns®® associated with
mercury release®®; corrosion® and tissue staining due to silver salts®' 2, Its use has been

also associated with poor prognosis®3.64,

Glass ionomer cements

Glass ionomer cements (GICs) are mainly used as restorative cements due to their
adhesion to dentin via ionic exchange and a caries-inhibitory potential through fluoride
release®. The application of GICs in root-end filling does not need a mechanical cavity
preparation but the dentin smear layer should be removed to enable adhesion*®. In terms
of their clinical performance, a systematic review resulted that GIC and amalgam were

equally the least effective materials for root-end filling®®.

Modifications of GICs with resin components have been introduced that improve the
working and setting time but significantly reduce the fluoride release*®¢’. The materials
are dual cure: light-activation in addition to the acid-base reaction take place. Similar with

conventional GICs, their use in endodontic surgery today is not popular.

Resin systems

Dentin bonding agents, along with the use of resin composites have found application in
endodontic surgery. Adjusted from restorative dentistry to the specific surgical field, resin
systems still require good control of humidity during application®8°. For root-end surgery,
a conservative cavity with a concave shape is prepared, followed by etching of the dentin
surfaces’®. Similar to resin-modified GICs, the main advantages of the resin systems are
bonding to dentin and sealing of exposed dentinal tubules®®. The best-known material in

this category is RetroPlast (RetroPlast Trading, Roervig, Denmark).

The release of unreacted monomers by the resin systems has been associated with
cytotoxicity*®. Studies of dentin bonding agents found a suppression in the normal
macrophage function and an initial cytotoxic behavior’*”3. But studies on RetroPlast
demonstrated contradictory findings with either a proliferative effect in contact with

fibroblasts’* or inhibition of the cell growth of fibroblasts and macrophages’ and poor
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fibroblast attachment upon the material”®. When implanted into the dorsal connective
tissue of rats, resin systems induced a moderate to severe inflammation that declined
within a three-month observation period’’. In terms of the antibacterial effect, this has
been shown to vary among different commercial materials, depending on the inclusion of

antibacterial monomers or fluoride in their composition’®.

Although several clinical studies have reported good outcomes from the application
of resin systems with the accompanied preparation technique®® 7981 a meta-analysis
found that the resin-system technique had a lower weighted pool success rate compared
to the contemporary root-end surgery with non-resin cement®. This was mainly attributed
to bonding failure due to the humid application field®. However, the effect of different
materials was not assessed in the meta-analysis, and the outcomes seem to have been

mainly influenced by one®3 of the three included studies using the resin-system technique.

Zinc oxide/eugenol-based cements

Zinc oxide/eugenol (ZOE) cements have been used in endodontic surgery for several
decades®8. These cements constitute chelates of zinc with eugenol (salt zinc
eugenolate) in a weak bond*', and have, today, two main modified representatives: Super
EBA (Bosworth, Skokie, IL, USA) and Intermediate restorative material (IRM; Dentsply
Sirona, Charlotte, NC, USA). In Super EBA, eugenol is partly substituted by ethoxy
benzoic acid (EBA; 68%) in the liquid component, while fumed silica and, later on,
aluminium oxide (34%), along with natural resin (6%) are added in its powder
formulation®. IRM contains polymethacrylate (20%) within its powder composition, along
with the addition of acetic acid (1%) to the liquid component*?4¢, The adaptation of ZOE-

based cements to dentin is achieved with purely mechanical means.

The biological reactivity of the ZOE-based cements is attributed to eugenol release
by progressive hydrolysis of the material surface®”88, which might even increase over
time’®. The cytotoxicity evaluation of Super EBA and IRM has yielded contradictory results
compared to amalgam®-92, Some in vitro studies reported cytotoxic effects of Super EBA

on gingival fibroblasts and periodontal ligament cells®*-%, as well as in undiluted extracts
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against cancer cells®’. Similarly, IRM exhibited the highest cytotoxicity on fibroblasts?>:98:99

and osteoblasts®’ among some contemporary materials used in endodontic surgery.

In studies on monkeys, Super EBA and IRM induced a mild inflammatory response in
the periradicular area’%-1°2, Although one clinical study found no evidence of hard tissue
formation within five weeks of application of IRM to healthy resected dog teeth'3, a later
study demonstrated that IRM induces long-term healing after six months when used as a

retrograde material in infected dog teeth%4.

Only few studies have assessed the antibacterial properties of super EBA and IRM
with particular reference to their application in endodontic surgery. In direct contact tests
against planktonic bacteria, IRM exhibits varying antibacterial activity against
Enterococcus faecalis. One study reported potent antibacterial behavior in freshly set
samples, lasting up to one day'%®. Another study found this effect extended to three-day
set samples and included resistance against Staphylococcus aureus and Pseudomonas
aeruginosa as well’®. Interestingly, a moderate yet sustained antibacterial effect has been
also reported, lasting even after 18 weeks of material storage in water'%. In a dentin
infection model with E. faecalis, IRM showed antibacterial efficacy, which was reduced
between one and seven days'%’. Additionally, an assessment of minimum bactericidal
concentration deemed IRM's efficacy acceptable against E. faecalis, S. aureus and

Streptococcus mutans'®®,

Several human clinical studies have demonstrated that the ZOE-based cements
exhibit acceptable success rates as materials for endodontic surgery'%®-1"3 with follow-up
evaluations performed up to two years for IRM''* and up to four years for Super EBA'15.116,

Thus, IRM and Super EBA continue to be recommended for use in endodontic surgery'”.

1.2.1.2 Hydraulic calcium silicate cements

Hydraulic calcium silicate cements (HCSCs) are used today in various endodontic
procedures?*6:118.119 The term “hydraulic” is derived from the Greek word hydra, meaning
“water”, and is used to denote that water is the reactant for setting of these materials'?°.

“Calcium silicate” is used to indicate the materials’ basic chemical composition, with their
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primary constituent being tricalcium silicate'?'. To be classified as a HCSC, the hydration
reaction must be the primary reaction that occurs'?, leading to the formation of calcium
silicate hydrate and calcium hydroxide. While several other terms have been assigned to
this material category, the current one appears to be the most appropriate for adequately
specifying their chemistry and main attributes'?".

An abundance of clinically used HCSCs is available today. These may be classified
on two levels: 1) based on their composition, and particularly on the main components
that can modify their hydration (Table 1); 2) based on the endodontic procedure they are

indicated for (i.e “intra-coronal, intra-radicular, extra-radicular’)*°.

Portland cement

The first reported use of a HCSC in dentistry was Portland cement as a root canal filling
material in 1878'?2, Invented in 1824, Portland cement is commonly used in the
construction industry as a binder for concrete. To manufacture it, limestone and shale are
crushed and heated in a kiln'?3, resulting in a powder composed of tricalcium silicate (45
- 70%), dicalcium silicate (5 - 30%) tricalcium aluminate (<10%), calcium aluminoferrite
(<10%), and trace oxides (=0.5%) from raw materials. Calcium sulfate is added in the final

step'?4125. When mixed with water, the following reactions occur:

e Tricalcium aluminate dissolves and reacts with calcium and sulfate ions. Ettringite

(a calcium aluminate sulfate) is formed and precipitates upon the cement surface.

e The hydration reaction of (tri-, di-) calcium silicates produces amorphous calcium

silicate hydrate and calcium hydroxide.

Type 1 HCSCs - Mineral trioxide aggregate

More than a century after the first published use of a HCSC to fill root canals, Torabinejad
patented a new material for “tooth filling” under the name Mineral trioxide aggregate (MTA)
126 MTA is a blend of Portland cement (80%) with bismuth oxide radiopacifier (20%)'%.

In practice, MTA shares the properties of Portland cement and incorporates bismuth oxide
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to provide radiopacity. After a series of in vitro investigations®127.128  animal studies'?%-132
and clinical applications in patients’3 MTA was commercialized as ProRoot MTA
(Dentsply, Tulsa Dental, Johnson City, TN, USA) in 1998.

Table 1 Classification of commercially available hydraulic calcium silicate cements based

on cement type, presence of additives and water component (i.e liquid vehicle)*.

Liquid Representative
Type Cement Additives
vehicle material
ProRoot MTA
1 Portland cement = v
(Dentsply)
NeoMTA Plus
2 Portland cement v v )
(Avalon Biomed)
Bio-C repair
3 Portland cement v =
(Angelus)
Biodentine
4 Tricalcium/dicalcium silicate v v
(Septodont)
TotalFill
5 Tricalcium/dicalcium silicate v =

(FKG Dentaire)

ProRoot MTA is a type 1 HCSC. A white version (tooth-colored ProRoot MTA) became
available a few years later with a significantly lower concentration of iron'*, in an effort to
address concerns about the induction of tooth discoloration. Soon, other companies
began to launch their own “MTA"s, with first being Angelus (Londrina, Brazil) in 2001.
Today, as the initial patents for the material have expired, several commercial products
have the term MTA in their name. Despite some adjustments from the initial composition

in some of the most recent products and occasional confusions created by the commercial
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exploitation of “MTA” as a trade name, the term corresponds to mixtures of Portland
cement-like materials with a chemical compound as radiopacifier (type 1 or 2 HCSCs) 6.
In the current overview, the term MTA is used to refer both to the ProRoot and Angelus
versions. Type 3 materials could be considered as MTA-like, since they are Portland
cement-based HCSCs but with the main difference being that they are not mixed with any
liquid vehicle (Table 1) and their hydration relies solely in the reaction with the

environmental fluids*S.

The MTA powder is hand spatulated with distilled water at a 0.33 water/powder
ratio'>. The mixture has a grainy consistency, which can make its application
challenging’®*. The setting process can extend for several hours as the initial stages of
the reaction of Portland cement have a complex sequence of procedures'?*. The exclusion
of calcium sulfate from the cement can accelerate the reaction'6.137, Following material
hydration, the cement structure consists of a matrix of amorphous calcium silicate hydrate
interspersed with non-hydrated cement particles and bismuth oxide particles’38. Calcium
hydroxide leaches out and interacts with the local environment'3, substantially raising the
pH127.140.141 Bismuth oxide was found not to remain inert; it interferes with the hydration
of tricalcium silicate'®, leaches out from the cement'3® causing tooth discoloration'? and
has been shown to be cytotoxic'*3'#4. Recently, it has been replaced by other

radiopacifiers in some formulations, namely calcium tungstate in MTA Angelus'#.

The biological properties of MTA have been extensively assessed using various
methods, from cellular studies to research involving animals and humans. Overall, it
appears that the material is cytocompatible%-97.99.146-155  Fresh specimens might induce
an initial cytotoxic effect, but this is followed by cell recovery’>929%.1% or even
enhancement of cell growth in aged samples® 159, However, cumulative material leaching
in vitro from one to 42 days resulted in a decrease in cell survival'®’. The absence of
cytotoxicity of MTA is further supported by the enhancement of cellular attachment on its
surface with osteoblasts®'-198-10 bone marrow mesenchymal stem cells and periodontal
ligament stem cells'®'. Additionally, it appears that MTA enhances the secretion of
biochemical markers associated with new bone formation5%.153.162.163 gnd modulates the
secretion of inflammatory mediators, contributing to the resolution of inflammation and

tissue repair!1.158-160,
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Tissue reactions have been histologically assessed following subcutaneous or
intraosseous implantation of MTA in animals. Studies indicate an inflammatory reaction of
varying severity during the initial days of implantation, which typically subsides over
time'®+175 and may as well be accompanied by tissue repair and healing’”®. Notably,
when dentin blocks filled with MTA were implanted in the dorsal tissue of rats, mineral
deposition in the material/dentin interface occured'”’. This apatite precipitation upon the
material surface coincides with the initial inflammatory phase'’® and suggests that MTA
promotes a beneficial proinflammatory and pro-wound environment'’7-178_ Moreover, the
use of MTA as root-end filling material induced soft and hard tissue formation in the
periapical tissues of both healthy and infected dog teeth'03.104.179.180 |n cases of
perforations treated with MTA, an initial inflammatory response was observed after one
week, which subsided at one month'®', while other studies observed healing with hard

tissue-like formation after three'82.183 or four'84-186 months.

The antimicrobial potential of MTA, as in all HCSCs, stems mainly from the alkaline-
induced environment'®.188_|ts antimicrobial effect is strong in fresh samples and appears
to decrease in aged specimens’®189-192 However, two studies demonstrated that MTA
exhibited stable antibacterial behavior between 30 min and 24 hours of set samples in
direct contact with planktonic E. faecalis'®® or between 24 hours and seven days of set
samples in a dentin infection model against biofilms of the same species'%’. The presence
of dentin substrate in the latter study was hypothesized to enhance its effect'®”. Overall,
the antibacterial effect seems to depend on the bacterial species being tested’®, with
susceptibility varying also among different strains'®3. Another study reported “acceptable”
values of minimum bactericidal effect against S. aureus, E. faecalis and S. mutans, yet
the results were not compared to any control or were not assessed statistically’®®. Against
multispecies biofilms, MTA failed to show any potent activity’®. The somewhat
contradictory nature of data from different studies can be attributed to varying assessment
methods, including direct contact tests and dentin infection models'®*1%. In a laboratory
study using conditions relevant to endodontic surgery, exposure to blood was found to

neutralize MTA’s antibacterial activity'9".

In human clinical studies, the use of MTA for root-end filling has demonstrated similar

success rates to IRM'""114 and super EBA''3.116_ Utilizing microsurgical techniques in
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conjunction with MTA-application yields high success rates'®-19, The clinical success of
MTA for perforation repair has been very little investigated??°, but, as explained above,

the conditions are practically the same.

Types 4 and 5 HCSCs

As Portland cement is manufactured by naturally occurring raw materials, concerns have
been raised about the presence of trace metal elements in MTA21:292. most importantly
aluminum ions, which have been found to leach into peripheral organs?°32%4 and have
even been associated with the induction of oxidative stress in the brain?5. These
considerations led to the replacement of Portland cement by pure calcium silicates
manufactured using laboratory-grade materials?%62%7 (types 4 and 5 HCSCs). The
difference between the types 4 and 5 HCSCs is the absence of a liquid component in the
latter, which use a water-free vehicle to suspend the powder instead*62%, The inclusion
of additives in the calcium silicate phase of the materials as well as in the liquid component
of type 4 HCSCs is carried out mainly to improve issues with the handling characteristics
and long setting time of MTA. Two representative and well-researched materials from
these categories are Biodentine (Septodont, Saint Maur-des-Fosses, France) and TotalFill
BC (FKG Dentaire, La Chaux-de-Fonds, Switzerland) formulations (Table 1).

Representative type 4 HCSC

Biodentine, classified as a type 4 HCSC, was originally introduced as a dentin replacement
material, but it is also indicated for endodontic surgery?®® and commonly used for
perforation repair''’. The powder phase of the material consists of tri- and di- calcium
silicate (80%), calcium carbonate (15%), iron oxide (<1%) and zirconium oxide (5%)%°".
Calcium carbonate acts as an accelerator of the hydration reaction?'®. The material
exhibits lower radiopacity than MTA2%7, which can be attributed to the relatively low amount
of zirconium oxide radiopacifier. The liquid component includes water, calcium chloride as
a setting accelerator and a water-soluble polymer to enhance workability and reduce the

water/powder ratio??”2''. The material powder is supplied in a capsule and is mixed with
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the recommended powder/liquid ratio in a triturator. Biodentine has a setting time of
approximately 12 minutes?®®, which is considerably lower than MTA?2'°, while it also

presents enhanced mechanical properties compared to MTA2'1,

Given that MTA preceded types 4 and 5 HCSCs by several years, it routinely serves
as a reference material for evaluating the biocompatibility of newer formulations. These
comparisons have provided varying results. Biodentine’s 24-hour extracts had a negligible
cytotoxic effect on primary human osteoblast, similar to MTA'S’. Furthermore, while the
cumulative 42-day extract of MTA induced cytotoxicity, Biodentine’s effect was not
significantly altered in that period'®”. No cytotoxicity was induced in human periodontal
ligament cells by three-day extracts of Biodentine, which reported values similar to
MTA?'2, On the contrary, other studies found that neat 24-hour extracts of Biodentine
induced cytotoxicity in apical papilla cells'™?, murine mesenchymal stem cells'®? and
osteoblasts?'3, whereas eluates of MTA or MTA-like materials performed better'62:213 or
even did not affect cell viability at all’®?. In a wound healing assay, MTA allowed for
unhindered cellular migration and proliferation, in contrast to Biodentine, but both cements
showed adequate cell attachment upon their surfaces’?. Direct exposure to a fibroblast
cell line showed overall similar values of cell viability for Biodentine and MTA compared
to the control, with significantly more cells adhering to the Biodentine surface than MTAZ'4,
In regard to the osteogenic potential, Biodentine stimulated differentiation of murine
mesenchymal stem cells similar to MTA'62 as well as enhanced the mineralization activity
in osteoblasts?'3215216_|n an ex vivo model assessing the regeneration of bone defects in
mice, Biodentine eluates had a slightly lower potential compared to MTA'S3. In another

study, Biodentine was as effective as MTA in suppressing inflammatory markers?2'°.

Subcutaneous implantation of Biodentine in rats induced a moderate inflammation at
seven days, which subsided by 14 days'®. In a dog periradicular surgery model, both
MTA and Biodentine induced periradicular healing?'?. Furthermore, Biodentine and MTA
promoted similar healing responses when used to treat furcation perforations in rats, with
reduction in inflammation from 14 to 21 days and decreased bone resorption?'”. At 60
days, both materials led to narrowed periodontal spaces, reduced numbers of immune
cells and osteoclasts, and increased densities of osteoblasts, fibroblasts, and collagen?'8.

In dog models with artificially induced furcation perforations, Biodentine and MTA showed
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overall similar outcomes: one study reported comparable hard tissue formation for both
materials but noted a lower degree of inflammation induced by Biodentine'®, whereas
other studies found that MTA exhibited a better mineralization potential'® and resulted in

smaller proportions of inflammatory scores'®!.

The evaluation of the antimicrobial activity of Biodentine has yielded reports of varying
efficiency against different bacterial species and in comparison to MTA?'9-222_ Several
studies have used cariogenic bacteria, which might not be relevant in the context of
endodontic surgery, but they do provide information on the material’s overall antibacterial
potential. Using a direct contact test, Biodentine and MTA exhibited similar antibacterial
efficiency against E. faecalis, with the effect decreasing when samples aged®®. In another
study, incubation of Biodentine with a planktonic E. faecalis culture yielded bacterial
growth after 24 hours exposure??3. In studies with cariogenic bacteria, fresh Biodentine
was highly effective against a planktonic polymicrobial Streptococcus suspension upon
direct contact, but the effect decreased with longer exposure, allowing eventually biofilm
formation upon its surface??*. The material leachate had no effect on the same
suspension??®. Biodentine exhibited antibacterial activity against S. mutans both in direct
contact?® and leachate assays??’, as well as a moderate effect against Lactobacillus

casei??’. However, it had no impact on a multispecies biofilm in a dentin model%4.

Human clinical studies on the use of Biodentine in endodontic surgery are limited,
possibly because it is primarily used for perforation repair rather than root-end surgery''7.
Its clinical potential for root-end filling has been suggested in case reports??®22°_ |n a
clinical case trial with artificially induced perforations in teeth scheduled for extraction and
assessed histologically after three months, Biodentine showed comparable

biocompatibility to MTA, but the latter showed more formation of cementum-like tissue?3°.

Representative type 5 HCSC

The term “root repair material” abbreviated as “RRM” will be utilized consistently
throughout the remainder of this document to refer to a group of materials that are
marketed under various commercial names, such as TotalFill (FKG Dentaire, La Chaux-

de-Fonds, Switzerland), Endosequence (Brasseler, Savannah GA, USA), and iRoot
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(Veriodent, Vancouver, Canada), possibly due to regional licensing issues. These
“premixed” materials (type 5 HCSCs) do not contain a liquid component and undergo thus,
hydration in the presence of environmental fluids, similar to type 3 HCSCs (Table 1). A
range of materials with different consistencies is available, which were specifically
introduced for root repair. These include RRM paste, RRM putty, and RRM fast set putty.
The composition of these formulations is rather similar, as it is also denoted by the fact

that they have the same safety data sheet?3".

The manufacturer reports a composition of tricalcium silicate (30 - 36%), dicalcium
silicate (9 - 13%), calcium sulfate (3 - 8%) and radiopacifiers zirconium oxide (15 - 18%)
and tantalum pentoxide (12 - 15%)?3'. Additionally, the materials contain a calcium
phosphate phase, which, although not explicitly mentioned in the safety data sheet, is
documented in the “Instructions for use” file for Endosequence BC RRM?32, The presence
of two radiopacifiers renders the materials particularly radiopaque?33. As regards their
setting times, one study reported an initial setting time of 62 min for the RRM paste and
18 min for the RRM fast set putty?3*. Another study found initial setting times of two hours
for the RRM paste and 22.5 hours for the RRM putty?33. These variations can be attributed
to differences in testing conditions, including immersion in water in the first study and

exposure to 95% humidity in the second?3,

In terms of biological properties, exposure of an osteoblast cell line to RRM putty
resulted in higher numbers of viable cells and lower rates of apoptosis compared to MTA
and RRM paste, which were also cytocompatible?®°. The seven-day extracts of MTA and
RRM putty had a similar effect on cell viability of human gingival fibroblasts, but the two-
day RRM putty extracts were more cytotoxic®. Similar cell viability values (>90%), were
also obtained with 24-hour leachates on dermal fibroblasts, although the putty scored
lower values than the negative control'#’. Another study found that the two- and seven-
day extracts of RRM putty and RRM paste had similar cell viability values to MTA, except
for the two-day RRM paste, which was more cytotoxic compared to MTA®. All three
materials promoted cell attachment®-161.235. RRM putty exhibited potent osteogenic
behavior with increased expression of osteoblastic genes, mineralization activity and
acceptable cell viability in both an osteoblast cell line and rat mesenchymal stem cells, but

in the case of the latter, MTA had an overall superior effect'5+163,
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Comparison of healing outcomes between RRM paste and MTA in root-end surgeries
on dog teeth with apical periodontitis showed no significant difference in the inflammatory
infiltration and cortical plate healing six months after the operation, but the RRM had more
favorable tissue healing adjacent to the resected root-end surface'®. In artificially induced
perforations in rat teeth, after an initial inflammatory response at one week, the RRM putty
induced complete cortical plate healing at one month, whereas in 50% of the Biodentine

cases, the periodontal ligament had still necrotic areas infiltrated by inflammatory cells?.

The RRM paste and putty have demonstrated comparable antimicrobial efficacy to
MTA in a direct contact test against E. faecalis and Candida albicans: fresh and one-day
set samples reduced the microbial colonies, although this effect diminished in the seven-
day aged samples'®?. In another study, all three materials remained equally antibacterial
after seven days against different E. faecalis strains'%. When assessed against cariogenic

bacteria, Biodentine and RRM formulations have shown similar efficacy?262?".

Human clinical studies on the use of RRM putty in endodontic microsurgery have
reported similarly favorable outcomes as those observed with MTA in terms of clinical and

radiographic examination for at least one year of follow-up'97-199,

1.2.1.3 Interactions with the clinical environment

HCSCs are identified as reactive materials?3’: once the calcium hydroxide is released, it
dissolves into calcium and hydroxyl ions, which may induce changes in the local
microenvironment. At the same time, the environment affects the material properties as
well?¥’, These may vary depending on the specific clinical application field as different
interactions occur with various subsequent tissues'?'. For endodontic surgery, interactions
include dentin, blood and tissue fluids in general*®, as well as possibly persisting or newly

established microorganisms?38.

Interactions with microorganisms

The antimicrobial efficacy of the HCSCs primarily arises from their alkalization

potential'®7.18 Against bacteria, three distinguished alkalinity-related mechanisms exist:

36



Introduction

e Degradation of the bacterial phospholipid bilayer, resulting in the lysis of the

bacterial cytoplasmic membrane via lipid peroxidation?3°.
e Direct damage to bacterial protein structure by breakdown of their ionic bonds23°.
e Inhibition of bacterial DNA replication?39249,

The release of calcium hydroxide in the biological environment suggests that HCSCs
exert their antibacterial effect through both direct and indirect contact. To date, there is a
lack of standardized models for the investigation of the antimicrobial properties of HCSCs,
but there seems to be evidence of limited and/or diminishing long-term antimicrobial
capacity'?!. Absence of adequate antibacterial activity may result to biofilm formation by
persisting or newly established bacteria between the filling material and the root canal
walls leading to post-treatment apical periodontitis3® even following endodontic surgery?3

(Figure 6). Dentinal and material surfaces may serve as footholds in this process for

bacteria to attach and multiply?*'.

Figure 6 Retreatment of root-end surgery of the mesiobuccal root of a maxillary left molar.
(a) Preoperative sagittal view of cone-beam computed tomography showing periapical
lesion on the mesial root (arrow). (b) During the removal of the root-end filling material, a
dark area at the dentin/material interface (arrow) was observed, indicative of discoloration
and possible biofilm presence (micro-mirror view). (c) After root-end cavity preparation,

RRM fast set putty was placed. Courtesy Dr Thanos Fasoulas, Amsterdam, Netherlands.
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Interactions with dentin

Hydroxyl ions induce a highly caustic effect in the local microenvironment. In contact with
dentin, this can result in the degradation of collagen components within the dentin matrix
and the release of proteins from its structure, which can stimulate dental reactionary
processes in cases of vital pulp therapy?*?. This interaction of the HCSCs with dentin,
referred to as “caustic etching” %43, leads to ionic precipitation from the cement and the
formation of a zone rich in calcium and phosphorus at their interface®*4247. A study
demonstrated that this zone further infiltrated the intertubular dentin and formed an
independent dentin layer adjacent to the HCSC, known as the “mineral infiltration zone”
243 At the same time, these interactions do not seem to affect the highly mineralized
peritubular dentin?43, Interestingly, a subsequent study did not observe any ultrastructural
or chemical changes on the dentin surface that could support the outcomes of an
independent interfacial layer, except for a calcium phosphate gap-filling property at the
interface?#8; another study did not conclude on the presence of such layer at the interface,

as their findings appeared to depend on the observation technique?*°.

The role of dentin in the antimicrobial activity of the HCSCs is also intricate. From one
aspect, dentin has a buffering capacity?®?-?°! that may hinder the antibacterial effect?%2.2%3.
Conversely, other studies have found an enhancement of the antibacterial effect of
endodontic materials in contact with dentin'07:254, Dentin, through its complex anatomy,
may be the recipient of the ions released from the adjacent materials and promote further
cement dissolution particularly in the presence of an aqueous suspension, facilitating thus

the antibacterial effect within the microenvironment via constant ionic release?%.

Interactions with blood and tissue fluids in general

The effect of HCSCs in the host tissues was discussed in the previous sections for each
cement type independently with regard to their effect on cell viability, modulation of
inflammation, osteogenic potential and overall induction of healing. As a general
mechanism described in pulp capping, the initial release of calcium hydroxide from these

cements induces a necrotic layer in nearby cells?5¢ through physico-chemical alterations
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in the intracellular substance that lead to the rupture of glycoproteins and protein
denaturation?®”. An inflammatory reaction in the tissues below that layer is also triggered.
The release of biochemical markers recruits immune cells to the area, which clear the
necrotic zone, along with stem cells that differentiate and induce tissue repair and
regeneration?%® 2% |n addition, calcium ions may induce the secretion of mineralization-
related genes and contribute to the formation of an intermediate zone below the zone of

necrosis, consisting of calcium salts and calcium-protein complexes?%7.

The local microenvironment can in turn induce changes in the material
characteristics?®’. Calcium released from the materials can react with free phosphates in
the tissue fluids to form calcium phosphates, a phenomenon commonly referred to as
“bioactivity” in the literature®0-262, The nucleation and crystallization of the precipitated
calcium phosphate towards carbonated apatite are regarded as the first necessary steps
towards bonding to bone tissue?®3. The osteogenic potential of HCSCs has been in fact
suggested to primarily result from the formation of this apatite layer upon the material
surface®*®. However, the transformation of the initially formed amorphous calcium
phosphate to apatite is not consistently documented?#¢, possibly due to differences in the
chemical composition of the in vitro immersion media. Additionally, the availability of free
phosphates in the tissue is not abundant*6. Therefore, the over simplified in vitro models
assessing the apatite forming ability of HCSCs in phosphate-containing media cannot be

indicative of the interactions within the living tissues?%4.

Instead, the cements’ chemical reactivity can be compromised due to the consumption
of the released calcium hydroxide through its reaction with the carbon dioxide in the tissue
fluid environment?®. Inert calcium carbonate®®® can be therefore formed. The calcium
carbonate precipitates onto the material surface and may block the pore channels
throughout which calcium is leached?®’. Surface porosities can also become obstructed
by tissue fluid proteins that adsorb onto the material surface, retarding the hydration
reaction and resulting in cement expansion?®. In MTA, blood and human serum exposure
have been found to impair its surface characteristics and mechanical properties?%%-271, as
well as its color stability?”2273. The reduction of available hydroxyl ions in the environment
can negatively affect the antibacterial properties of the cements, as demonstrated by the

neutralization potential of blood in MTA'1,
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1.3 Exploring enhanced antibacterial properties with

nanoparticles

In addition to the conflicting outcomes from laboratory studies, the moderating effect of
the clinical environment on the antibacterial efficacy of HCSCs renders the enhancement
of such properties worth exploring. The inclusion of antibacterial agents into HCSCs is a
common approach. Recently, there has been growing attention towards incorporating

nanoparticles due to a series of beneficial characteristics?’4.

Nanoparticles have dimensions that range between 1 and 100 nm. Their ultra-small
size, increased surface area in proportion to their mass and volume, as well as their high
charge density, are the main characteristics that enhance their chemical reactivity in
comparison to their bulk form?74275_ Nanoparticles can be categorized according to their
shape (spheres, tubes, rods, etc.), their occurrence (natural or synthetic), and their
chemistry (organic or inorganic) 2’4. Moreover, the functionalization of nanoparticles using
a core as a carrier of molecules or proteins provides further possibilities?’6?’”. The specific

physico-chemical characteristics of each form influence their antibacterial properties®®.

1.3.1  Silver nanopatrticles in dentistry

Silver is a relatively unreactive element and the least soluble in aqueous solutions from
the Group 11 of the periodic table. This is explained by its electron configuration
[Kr]4d'°5s’. Specifically, the filled 4d orbital does not shield effectively the outer “s” shell
from a strong nucleus attraction, rendering thus the element stable®’®. In the dental field,
silver was historically used in dental amalgams in the 19t century, but amalgam has been
gradually replaced by resin composites?®. Lately, the progress achieved in nanoscience
has enabled the enhancement of the antibacterial activity of silver and its usage in
antimicrobial mechanisms. Inclusion of silver nanoparticles (SNPs) in dental materials has

gathered significant research interest?78.281,

Silver ions are found in bonds usually with sulfur, nitrogen, or oxygen. Their

antibacterial effectiveness primarily arises from these bonds. SNPs have demonstrated
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greater antibacterial potential than free silver ions, likely due to their reactive nature at the
nanoscale?®?, Even though the antibacterial mechanisms of SNPs are still not fully
understood, it seems that they mainly exert their antibacterial effects through the action of
silver ions?83. This is further facilitated by the nanoparticles' penetration of the bacterial

cell wall and membrane and their ability to oxidize within the cells releasing silver ions?®*.

Specifically, interactions with sulfhydryl groups and nitrogen atoms in proteins and
nucleic acids can significantly disrupt bacterial cell functionality at various stages of the
cell's life cycle®®. Silver ions adhere to the bacterial cell wall and the cytoplasmic
membrane through electrostatic attraction?8® and affinity for sulfur proteins, impairing their
permeability and even leading to their disruption?86.287 Similarly, they can bind to bacterial
DNA and disrupt its replication, as well as interact with the ribosome and inhibit protein
synthesis?®®. Additionally, the high catalytic potential of SNPs generates reactive oxygen
species that can damage bacterial protein function and destroy DNAZ28%.2% (Figure 7).
While SNPs are effective against both aerobic and anaerobic bacteria, including Gram-
negative and Gram-positive ones?°'2%2 concerns exist about the concentration threshold

above which cytotoxic events can be induced in osteoblasts?®1:293.294,

Another interesting aspect of incorporating SNPs in dental materials is to determine
whether their antibacterial effect is solely induced through leaching or via direct contact
with the modified material surface?®. In a recent study, SNPs were shown to possess both
a direct bactericidal effect as well as acting dispersed in the culture medium?®. Studies
from various disciplines have examined the effect on surface characteristics following the
incorporation of SNPs. While this modification can result in a rougher surface profile,
potentially increasing bacterial adhesion, it remains to be further elucidated whether this

effect can be counteracted by the bactericidal effect of silver nanoparticles?’.

SNPs have been applied in various dental disciplines, including prosthodontics,
restorative dentistry, implantology, periodontics, orthodontics and endodontics?’®. They
have been incorporated into acrylic resins used in dentures due to their antifungal
properties, which can inhibit C. albicans-associated stomatitis, as well as their ability to
deter bacterial adherence and colonization?®8-393, Similarly, SNPs have been utilized in

resin composites3%4-306 and dentin bonding systems?296:297.307-311 tg prevent secondary
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caries. Overall, the antibacterial effectiveness is concentration-dependent3°® and might be
further enhanced with the addition of other antibacterial agents3°”3'2, Incorporating SNP
formulations into GICs improved their antibacterial effect, but also left their mechanical
characteristics unaffected®'®, or even enhanced them in specific concentrations3'4-316,
Moreover, SNP-coated orthodontic brackets demonstrated improved bacterial
inhibition®'7. In implantology, coating titanium surfaces with SNPs has been explored
alone?®2% or in combination with nano-hydroxyapatite?®231831° to achieve a balance

between bacterial inhibition and desirable biocompatibility.
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Figure 7 Antibacterial mechanisms of silver nanoparticles. [Reproduced with permission

from Pareek et al. 20182%3]. NPs: nanoparticles; ROS: Reactive oxygen species.

1.3.11 Silver ions and silver nanoparticles in endodontics

In endodontics, the combination of the ability of SNPs to penetrate dentinal tubules®?° and

the antibacterial activity of free silver ions against bacteria associated with endodontic
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infections, such as E. faecalis®?', has gathered interest in their use for root canal
disinfection strategies. Incorporation of silver has been mainly explored in irrigation
solutions, inter-appointment medicaments, and endodontic sealers. In terms of the
efficacy of disinfecting the root canal, it appears that SNP-containing medicaments are
more efficient than irrigation solutions®??, due to their prolonged application period323.
Notably, mixing calcium hydroxide powder with a SNP solution instead of saline enhanced
its antibacterial effectiveness against E. faecalis3?%-325. SNPs have also demonstrated their
antimicrobial efficacy when considered as medicaments in regenerative endodontic
procedures®?®. Furthermore, the incorporation of SNPs in the molecular structure of
mesoporous calcium silicate nanoparticles showed antibacterial potential as an intracanal

disinfectant agent and relatively low cytotoxicity32°.

Regarding their use as an irrigation solution, SNPs have exhibited potent antimicrobial
efficacy, although they were found less effective than conventional solutions like 2.5% or
2% NaOCI322:327:328 'with one exception reporting equal efficiency®?°. Comparisons with a
lower NaOCI concentration (1%) yielded conflicting results3?7:33°, However, it is important
to consider the differences in chemical characteristics due to varied synthesis procedures
for SNPs, as well as substantial variations in tested SNP concentrations and differences
in methodology across all these studies. Furthermore, experimental irrigation solutions
have demonstrated that coating SNPs with silica can enhance their long-term
antimicrobial potential®3'. Compared to 2% chlorhexidine, different SNP solutions have
shown an equal®?®332 or stronger antibacterial effect®?”. One study reported reduced
potential at the five-minute application period but no significant difference at longer ones
(15, 30 min)®*?8. The combination of SNPs with chlorhexidine33® and ethylene diamine
tetraacetic acid®3* has been also investigated in experimental solutions showing enhanced

and prolonged antibacterial properties333334,

While there are currently no commercially available endodontic sealers containing
SNPs, the use of micro-silver is reported in the Gutafflow 2 and Guttaflow Bioseal
(Colténe/Whaledent, Altstatten, Switzerland). Detailed characterization of the materials
that could provide information on the concentration and particle size of micro-silver is not
available, while the Gutafflow 2 does not exhibit any discernible antimicrobial property335.

In experimental formulations, the addition of silver in conjunction with calcium aluminate
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has been assessed in a resin-modified MTA-based sealer, MTA Fillapex (Angelus,
Londrina, Brazil). Interestingly, no leaching of silver ions was observed, while the surface

modification of the material to a rougher profile resulted in higher bacterial adhesion33®.

The incorporation of SNPs has been investigated in both commercial®¥’-34! and
experimental endodontic sealers342-3%, with experimental sealers mainly being resin-
based and occasionally incorporating other nanoparticles as well, such as zinc oxide®*2 or
calcium phosphate3#4. These studies explored different concentrations aiming to optimize

the antibacterial efficacy while preserving their physical properties.

Few studies have investigated the effect of incorporation of SNPs in HCSCs, by
mainly testing MTA345-352 while one of them explored an experimental material with 70%
Portland cement and 30% zirconium oxide3%?. Apart from some independent primary
screening of antibacterial effectiveness or cytocompatibility in these studies, two of them
additionally assessed radiopacity®®'3%2, while one assessed the compressive strength,

solubility and pH showing favorable results towards incorporation of SNPs3%2,

1.4 The use of bioactive glass as an alternative approach
to modify HCSCs

Adopting an alternative strategy, incorporating compounds with effective adaptation to
dentin while promoting favorable ionic release for antimicrobial efficacy and periodontal
tissue healing could enhance the overall biological profile of HCSCs for endodontic

surgery. Bioactive glass (BG) could be considered a potential candidate for this purpose.

Bioactive glasses are calcium sodium phosphosilicates and represent the first
materials introduced in medicine that could bond to the host tissue3%3. They were initially
developed in 1969 by Dr Hench at the University of Florida as part of a project funded by
the US Army, aimed at creating orthopedic implant materials capable of integrating with
human tissues3%3. The original composition, known as BG 45S5, comprises 45% silicon
dioxide, 24.5% calcium oxide, 24.5% sodium oxide and 6% diphosphorus pentoxide3%3.
Since then, various types of BG have been formulated, differing primarily in glass

structure, composition, manufacturing process, and particle size3%*.
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1.4.1  Mechanism of biological activity

Bioactive glass consists of a silicon oxide matrix, which is disrupted by calcium and sodium
ions. When exposed to an aqueous environment, bioactive glass dissolves®®, resulting in
a dose-dependent increase in pH3%6. 357, The solubility of the material is closely related to
the degree of interconnectivity between the elements in its structure (i.e., network

connectivity), affecting the release of sodium and calcium ions3®.

When bioactive glass interacts with the phosphate-containing bone tissue, it forms a
carbonated apatite layer on its surface. This layer establishes a chemical bond with the
collagen fibrils of the bone3%3. Initially, exposure to an aqueous environment causes a
rapid release of Na* and Ca?* in exchange for H*, leading to a pH increase and disruption
of the Si-O-Si network. This process finally results in the condensation and re-
polymerization of a Si-Oz-rich layer (Figure 8 a, b). The migration of Ca®* and PO4* on
the BG surface leads to the formation of an initial amorphous calcium phosphate layer,
which later crystallizes in the presence of COs, OH  and F-. This structure provides a
substrate for the adsorption of growth factors and the attachment, proliferation, and
differentiation of osteoprogenitor cells®>3 (Figure 8c). Consequently, a chemical bond
forms with the surrounding bone tissue as it becomes incorporated into the developing

collagen-apatite matrix and glycoproteins®*® (Figure 8d).
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Figure 8 Reaction stages of (a) bioactive glass 45S5. (b) Precipitation of ions upon the
silica-rich layer leads to the formation of carbonated apatite. (c) Colonization of the surface

by bone-forming cells. (d) Crystallization of the bone-like matrix towards bone formation.
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According to another approach, BG can be viewed as an inorganic matrix of oxygen
that is interrupted by silicon atoms3%°. Its reactivity is thus believed to be contingent on the

crosslink connections between silicon atoms and oxygen within the polymer network36°,

The antibacterial efficacy of BGs is dose-dependent3*®, while it appears to be
significantly influenced by the specific BG-composition3°43¢1, The main antibacterial factor
associated with BG is its alkalization potential®®'. The dissolution products of BG can
penetrate the cell membrane, leading to an increase in intracellular pH, ultimately resulting
in bacterial death. While the mechanism regarding the pH increase and bacterial contact-
killing is well-established, some studies have suggested that an increase in osmotic
pressure, stemming from the ionic release of BG?’432 may also contribute to its
antibacterial activity. However, the antibacterial role of osmolarity in BGs has been

questioned by other studies361363,

Similar with the HCSCs, there is evidence of a decline in the antibacterial activity due
to the buffering effect of body fluids on the alkalization potential®6435, However, studies
have demonstrated an increased antibacterial potential of BG when it comes into contact
with dentin and bone powder, possibly due to the elevated silica release triggered by these

substrates in conjunction with elevated pH levels366-368,

1.4.2 Applications of BG in endodontics

Today, BGs serve as bone grafts and regeneration materials in medicine. In dentistry,
they are used for implant coatings and dentin hypersensitivity treatment®6°, In restorative
dentistry, they have been investigated for use in resin composites’?, bonding agents®",
as well as GICs3233 in order to enhance mineralization and inhibit collagen
degradation®”4. Formation of mineral tags in the dentin/material interface has also been

demonstrated to increase micro-mechanical properties and reduce permeability37°5-376,

In endodontics, BGs were initially explored as intracanal medicaments, with their
antibacterial capacity mainly assessed against E. faecalis®’’-380 and, to a lesser extent,
other bacteria®®® or fungi®®'. Controversial findings exist regarding the efficacy of BGs

against E. faecalis, especially in comparison to calcium hydroxide pastes368:378-380 These
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discrepancies may be attributed to variations in methodological protocols, strain
susceptibility, and BG composition38°. Additionally, BG showed a lower inhibition effect
compared to 1% and 2% chlorhexidine medicaments379382_ In terms of biocompatibility,
subcutaneous implantation in rats’ tissues revealed a mild inflammation in the host tissues
within 30 days that was similar to the negative control group, and superior mineralization
induction compared to a calcium hydroxide paste3®. Furthermore, dentin treatment with
BG resulted in enhanced microhardness compared to calcium hydroxide medicaments,
showing good potential for longer-term applications such as apexification and

regenerative procedures3.

BG fillers were included in Resilon™, a thermoplastic polymer material introduced in
2004 as an alternative to gutta-percha for root canal filling3%4385, This system included a
methacrylate in order to create a “monoblock” structure with Resilon™, resin sealer,
bonding agent, and dentin38. Despite initial positive evidence from ex vivo and animal
studies®7-38  Resilon™ was withdrawn from the market in 20143%. A retrospective
analysis revealed a 5.7 times higher failure rate associated with its use3%. Limited

information is available on the exact concentration and role of BG in the polymer matrix.

Following the concept of introducing a filling material that could create a “monoblock”
with the surrounding dentin in the root canal system, an experimental material was
developed and later commercialized as Bio-Gutta (Smartodont lic, Zurich, Switzerland)39'-
393 Bio-Gutta comprises a mixture of trans-1.4-polyisoprene, zinc oxide, nanometric BG
4585 particles and softener®®'. The rationale behind this material is to substitute certain
components of the conventional gutta-percha while incorporating BG as a reactive
component, aiming for improved adaptation with the dentinal wall even without the need
for an endodontic sealer. After initial in vitro bioactivity testing, the formation of calcium
phosphate deposits was observed upon the material surface3'3%, Interestingly, the
hydroxyapatite crystals formed more rapidly and to a greater extent compared to a similar
experimental material containing polycaprolactone as a composite, even though the BG
nanoparticles being embedded in the polyisoprene matrix®®'. Another noteworthy aspect
of this material is the reported increase in mass loss, which was positively correlated to
the amount of BG-incorporation, possibly due to the ion leaching. The mass loss is

supposedly compensated by the hydroxyapatite formation®®'. During an eight-day
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evaluation period, the material exhibited a progressively increasing self-adherence within
root canals, surpassing the performance of conventional gutta-percha3®3. These findings
are attributed to the hydrophilicity of BG, which leads to particle expansion and improved

material adaptation to canal walls3%3,

BG is also included in commercial endodontic sealers and experimental formulations.
One such product is Guttaflow Bioseal, which comprises gutta-percha powder,
polydimethylsiloxane, platinum catalyst, zirconium dioxide, silver, coloring and bioactive
glass-ceramic. Scanning electron microscopy revealed that BG particles are within the
size range of 20-40 um, both in its bulk composition and on its surface3%. Studies have
generally demonstrated acceptable cytocompatibility scores3®5-3%7 and its potential to
induce cementoblastic differentiation in vitro3®’. Its biocompatibility was further confirmed
through subcutaneous implantation experiments in rats, showing an acceptable degree of
inflammation, which gradually decreased over a 30-day evaluation period3®%. In terms of
the antibacterial potential of Guttaflow Bioseal, one study reported negligible efficacy one
day after immersion in phosphate buffered saline that, however, increased significantly
over time after seven and particularly at 28 days aged samples3%°. The immersion medium
could have possibly facilitated surface reactions of the material over time. In another study,
the antibacterial effect of Guttaflow Bioseal within infected dentinal tubules was found to
be similar to some HCSC sealers*?. Inconsistent bacterial killing effects were observed
across various biofilms for material exposures ranging from six days to long-term periods
(30, 60 days)*9°,

Another BG-containing formulation is NISHIKA Canal Sealer BG (Nippon Shika
Yakuhin, Yamaguchi, Japan)*', a two-paste system. One paste contains fatty acid,
bismuth subcarbonate and silicon dioxide, while the other paste consists of magnesium
oxide, purified water, calcium silicate glass, silicon dioxide, and other components*®2, A
similar BG-containing pulp capping material (NSY-222-S) has been tested but not
launched by the company. The main apparent difference is the substitution of magnesium
oxide with calcium oxide in the second paste*°2. Formation of hydroxyapatite crystals have
been reported upon the surface of NISHIKA following immersion in a simulated body
fluid*°3. Additionally, the cement did not impair the in vitro assessed cell viability or even

enhanced it*°3, while it was also found to induce an osteogenic potential*®4. In fact,
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NISHIKA and NSY-222-S demonstrated overall similar levels of cytocompatibility when
compared to MTA, and they reported better values than calcium hydroxide*°?. Additionally,
these materials showed the potential for reparative dentin formation following direct pulp
capping in rat teeth?®?. On the other hand, fresh NISHIKA samples appear to have a
cytotoxic potential*®®. Recently, another calcium silicate glass from the same company,
NSY-224, was tested with the addition of BG-based powder in different consistencies
aiming to develop a root-end filling material*®®. The 60% BG-addition induced mild
inflammation in mouse tissue upon subcutaneous inflammation, while presenting
favorable physico-chemical characteristics and in vitro cytocompatibility values similar to
MTA*08,

Other experimental formulations incorporating BG materials have also been
investigated*?”, demonstrating their apatite-forming ability along with favorable physical
characteristics*°®, but also a relatively high weight loss that renders further research?°®.
The incorporation of different types of BG into an epoxy resin-based commercial sealer,
for instance, resulted in varying degrees of enhancement in antibacterial effectiveness in
vitro, depending on the specific BG formulations tested*'°. Meanwhile, their application in
infected dog teeth showed successful healing induction, with no significant differences

compared to the control material*'°.

The osteogenic potential of BG led to investigation for its use in forming a dentin-like
bridge over the exposed pulp. Various BG formulations have been explored in this regard
in vitro*'" and in animal studies*'24'3, yielding findings that support further investigation
toward their use as pulp capping agents. Following pulpotomies in rat teeth with BG, acute
inflammation was evident at two weeks, which subsided within four weeks*'4. MTA
exhibited better overall performance in reducing inflammation and promoting dentine-like
bridge formation*'4. Conversely, in another rat study, BG demonstrated similar results to
MTA in terms of dentin-like formation and inflammation reduction*'>. These findings align

with those of a human clinical study*'®.

In some in vitro studies, micro- and nano- sized BG particles were investigated for
their impact on human dental pulp cells, particularly in terms of mineralization potential

and odontogenic protein expression. The results demonstrated odontogenic differentiation
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and dentin formation, especially in the nanoparticle group, possibly due to its larger
surface area and greater number of bonding cites, exhibiting a faster and more substantial
release of ions*'7418 Another study investigated different BG-compositions and correlated

their ionic release to cellular responses towards the most desirable odontogenic effect*®.

1.4.2.1 Experimental materials with inclusion of BG in HCSCs

Few studies have explored the incorporation of BG in HCSCs. In Biodentine, BG, whether
alone*?0 or in formulations containing strontium or fluoride*?!, demonstrated accelerated
in vitro apatite formation*?°. Furthermore, the addition of BG nanoparticles improved
certain physical properties of Biodentine*?2. However, in an experimental Portland
cement-based cement, the inclusion of BG 45S5 at 10%, 20%, and 30% increased the
material's solubility*?3. In another study, the incorporation of a phosphate-free BG, similar
to BG 4585, into MTA resulted in an overall unaltered tissue response in rat connective
tissue upon subcutaneous implantation?4. Addition of 20% Biosilicate, which is another
BG formulation, to an experimental HCSC resulted in complete killing of planktonic E.
faecalis in a direct contact test, in contrast to the unmodified cement, while it did not
compromise the cement’s impact on cell viability or its physico-chemical properties*?5. An
experimental HCSC sealer containing different concentrations of BG nanoparticles was
also tested recently in vitro, showing an enhanced osteogenic profile, while maintaining
the antibacterial efficacy of the HCSC*26,

1.5 Current status of HCSCs for endodontic surgery and

gaps in knowledge

While hydraulic calcium silicate cements were originally developed for applications in
endodontic surgery, there is still relatively sparse scientific data on their testing with the
rationale for use in such procedures, especially within the context of the evaluation of their
antibacterial properties. Assessment of HCSCs for their use for pulp protection or

regenerative endodontic procedures is, to this day, predominant’?'.
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Modifications to the composition of HCSCs could potentially enhance specific material
properties. Silver nanoparticles and bioactive glass show promise in improving the
antibacterial activity of HCSCs throughout different mechanisms?’4. While SNPs
inherently act as antibacterial agents, BG could both contribute to the antibacterial efficacy
of HCSCs while also promoting a more balanced biological profile due to their established
osteogenic properties353. At the same time, it is crucial that such modifications do not
compromise the existing beneficial characteristics of HCSCs. Therefore, a comprehensive
evaluation of the changes in the material's physico-chemical profile and biological activity
is necessary if these modifications are to be explored. Understanding the connections
between the physical (e.g., surface) and chemical (e.g., leachate) properties of these
materials and their biological reactivity is also important. In addition, valuable insights into
the combined effect of modifications of HCSCs on their physico-chemical characteristics
and associated antibacterial properties can be gained by studying commercially available
types 4 and 5 HCSCs in comparison to a conventional radiopacified HCSC that includes

no chemical additives in its synthesis.

Furthermore, the interactive nature of HCSCs, which depends on the specific
procedure they are used for, is often disregarded in laboratory studies, while evidence
suggests that the clinical environment could potentially decrease their antibacterial
efficacy. Despite the inherent limitations of in vitro investigations in accurately
representing the clinical scenario, adjusting certain experimental parameters could still
allow for more clinically relevant extrapolation of results. Testing of HCSCs could thus be
conducted in light of their interactions with the specific clinical environment they are placed
in. In the case of endodontic surgery, as outlined in Section 1.2.1.3, these interactions
include tissue fluids from the periradicular region, dentin and possibly persisting

microorganisms.
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2. Aims and Objectives

The main aim of the thesis was to assess the effect of incorporation of bioactive glass and
silver nanoparticles on the antibacterial properties and cytotoxicity of experimental
hydraulic calcium silicate cements, along with associated changes in physico-chemical
characteristics. Additionally, the effect of environmental factors on their properties was

monitored in relation to this aspect.

Hypotheses

The overall null hypotheses were that modifications of the composition of HCSCs and
variations in environmental conditions would not exert any influence on the physical,
chemical, and biological properties (antibacterial effect and cytotoxicity) of the cements,

and that cements will not contribute to any antibacterial potential on dentin.

Specific objectives

e Examine the surface characteristics alongside bacterial adhesion of experimental
HCSCs with or without the incorporation of SNPs or BG and commercial materials
(Study 1), as well as their leaching properties in conjunction with the indirect contact

antibacterial effect (Study II).

e Assess the role of environmental conditions (immersion medium and aging period)
on the physical characteristics (Study 1), chemical properties (Study Il), and

associated antibacterial effect and cytotoxicity (Studies | & IlI) of HCSCs.

e Evaluate the antibacterial properties of the experimental HCSCs and commercial

materials in contact with dentin (Study III).
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3. Methodological Aspects

The following section provides insights into the material selection and the rationale for the
methods used. A detailed description on the materials and methods is presented in the
three published studies. Herein, the selection of the test materials and the methods used

are critically discussed in light of their suitability for addressing the research aims set.

3.1 Material selection

3.1.1 Basic experimental formulation

A basic experimental formulation (TZ-base) was consistently used throughout all three

studies, comprising:

e 80% w/w tricalcium silicate cement (CAS No: 12168-85-3, American Elements, Los
Angeles, CA, USA) (Figure 9a);

e 20% w/w zirconium oxide (ZO; Koch-Light Laboratories, Colnbrook, Bucks, UK).

The cementitious phase of types 4 and 5 HCSCs consists of pure tricalcium and
dicalcium silicates*®. At the same time, in the current basic experimental formulation, no
additives were introduced that could potentially alter the material properties, such as
setting accelerators, modifiers of the hydration reaction, antibacterial agents or other
fillers. This approach therefore assisted not only in identifying the effect of incorporation
of SNPs and BG in the experimental cements but also assessing the role of additives in

the properties of the commercial materials that were screened in parallel.

Zirconium oxide was included in the formulation, serving as a radiopacifier. Due to its
successful application in other commercial dental materials*?’, it was initially proposed as
a substitute for bismuth oxide in MTA, yielding adequate results*?®42° A later study
confirmed no adverse effects on the material's physical properties*®°. It is a cytocompatible
filler agent*3! that is used in several commercial HCSCs either on its own?% or in

combination with other radiopacifiers®*!. Compliance with the radiopacity specifications
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outlined in the International Organization for Standardization (ISO) 6876:20124%? for the

specific concentration used here (20% w/w) was evaluated.

3.1.2  Silver nanopatrticle-containing cements

Silver nanoparticles were considered as candidates for improving the antibacterial
properties of HCSCs due to their bactericidal effect and evidence of their potential to
penetrate dentinal tubules, which are properties that could fit well in materials for
endodontic surgery3?°, Initially (Studies | & Il), three different SNP concentrations were
tested as additions to the HCSC (0.5, 1, 2 mg/ml SNP: TZ-Ag0.5, TZ-Ag1, TZ-Ag2
respectively). The material with the lowest SNP-concentration was excluded from Study
lll due to its non-significant effect on the antibacterial properties of the cements in the first
two studies (Table 2).

SNPs were added in the material through the liquid vehicle. This method enabled the
adequate dispersion of potentially agglomerated particles prior to their inclusion in the
cement. Silver nanopowder (CAS No: 7440-22-4, <100 nm particle size, Merck KGaA,
Darmstadt, Germany) (Figure 9b) was dispersed into ultrapure water (water; Elix
Essential 5 UV Water Purification System, Merck KGaA, Darmstadt, Germany) according
to the NANOGENOTOX dispersion protocol*3® with slight modifications. Notably, the
protocol recommends the dispersion of nanoparticles in 1% w/v bovine serum albumin
water. The use of bovine serum albumin as a dispersant in the water solution was deemed
unnecessary, as the SNP formulation used here already contains polyvinylpyrrolidone, a
synthetic polymer that serves this role*34. Additionally, mixing the HCSC with a serum-
containing medium could potentially introduce changes in their hydration reaction, which

would require further investigation, but this falls beyond the scope of the thesis.

The selection of the SNP-concentrations used in the current studies was also guided
by the dispersion protocol®. The initially dispersed solution was adjusted to 2 mg/ml
SNPs to facilitate further dilution into two rounded lower concentrations (1 and 0.5 mg/ml).
All experimental cements were mixed at a 0.35 liquid/powder ratio, and thus the amount
of SNPS in the three cements per 1 g of HCSC powder was 0.175, 0.35 and 0.7 mg for
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TZ-Ag0.5, TZ-Ag1, and TZ-Ag2 respectively. While varying SNP concentrations have
been implemented in HCSCs in the literature®7:3%2, it is important to note that SNP
reactivity depends on the specific physico-chemical characteristics of each formulation?®3,

rendering direct comparisons between different concentrations unfeasible.

Table 2 Presentation of test materials per study. BG: Bioactive glass; HCSC: hydraulic
calcium silicate cement; IRM: Intermediate restorative material; RRM: Root repair

material; SNP: Silver nanoparticle; TZ-base: basic experimental formulation; ZOE: Zinc

oxide/eugenol.
Experimental HCSCs Commercial HCSCs ZOE-based
Study 7. - BG-  RRM
SNPs addition Biodentine IRM

base replacement putty
| v 0.5, 1, 2 mg/mi 10, 20% v - v
! v 0.5, 1, 2 mg/ml 10, 20% v - v
1] v 1, 2 mg/ml 20, 40% v v N4

3.1.3 Bioactive glass-containing cements

The beneficial properties of bioactive glass (BG), including its antibacterial potential
combined with the apatite-forming ability and good adaptation to hard tissues would seem
advantageous for materials used in endodontic surgery. Herein, we investigated potential
alterations in the physico-chemical profile of the cements and any associated changes in
their antibacterial properties and cytotoxicity upon incorporation of BG into the HCSCs.
BG 45S5 micro-particles (Cas No: 65997-17-3, 10 um particle size, Mo-Sci Corporation,
Rolla, MO, USA) (Figure 9c¢) were incorporated into the material formulation by replacing

a portion of the tricalcium silicate cement by weight. In Studies | & Il, the effect of 10%
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and 20% BG-replacement in the cement (TZ-bg10, TZ-bg20 respectively) was explored.
These concentrations were selected based on previous research in the field, which
showed potential enhancement of antibacterial efficacy with 20% BG incorporation, albeit
using a different type of BG (Biosilicate)*?. Consequently, in Study lll, TZ-bg10 was not
included in the investigation as it did not significantly alter the previously studied
characteristics. Properties of the experimental HCSC with 40% BG-replacement (TZ-
bg40) were therefore screened to further explore the pattern of the impact of BG-

replacement in tricalcium silicate cement (Table 2).

The original synthesis BG 45S5 (Figure 9¢) was used here. These compounds are
well-characterized and have demonstrated a superior chemical profile compared to other
BG formulations*®”. Furthermore, they share similar characteristics with BG particles that

have been previously integrated into a commercial endodontic sealer3%4:397,

Ak

TM4000PIus 10kV 5.5mm x2.50k BSE M

Figure 9 Presentation of compounds used in the experimental formulations. (a) Scanning
electron microscope image of tricalcium silicate cement powder. (b) Transmission electron
microscope image of silver nanoparticles (reproduced with permission from Merck KGaA,

Darmstadt, Germany). (c) Scanning electron microscope image of bioactive glass 45S5.

3.1.4 Commercial HCSCs

Biodentine was used as a commercial control material in all studies (Table 2), due to its
chemical resemblance with the basic experimental formulation (TZ-base), while being an
extensively researched cement*3. Biodentine shares a similar calcium silicate

concentration as TZ-base (80%), although it contains a substantially lower amount of
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zirconium oxide (5%)?%’. In addition to serving as a control material, comparing Biodentine
and TZ-base provided insights into how additives during the synthesis of Biodentine might

influence its physico-chemical characteristics and antibacterial properties.

The RRM putty was additionally included in Study lll, as a representative material of
the type 5 HCSCs (Table 2). As previously pointed out, the antibacterial testing of these
materials with the rationale of use in endodontic surgery is rather limited'?".

At the same time, including a commercial MTA cement in our studies would have been
relevant, but this material category has fewer chemical similarities with the experimental
cements than types 4 and 5 HCSCs. MTA consists of a Portland cement phase instead of
pure calcium silicates, while it contains bismuth oxide'?® (or calcium tungstate in some

recent versions'#%) as a radiopacifier, rather than zirconium oxide.

3.1.5 IRM

The use of IRM in all studies served as a control material (Table 2) in order to better
explore the effect of environmental conditions on materials of different chemical
composition and same clinical use. IRM is an extensively studied cement that is widely

utilized in endodontic surgery, with a success rate comparable to that of MTA1!1.114,

3.2 Assessment of environmental conditions
An overview of the different variables assessed in each study is provided in Table 3.

3.2.1  The effect of immersion medium (Studies I & 1)

To evaluate the potential influence of the environment on the properties of HCSCs, the
materials were immersed to either water or fetal bovine serum (FBS; F7524, Merck KGaA,
Darmstadt, Germany) before testing. Water is vastly used as an immersion medium for
HCSC assessment'® as it offers easily standardized conditions. However, cement aging

in a state devoid of any organic or inorganic substances does not accurately replicate the
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complexity of the clinical environment**. Simulated body fluid solutions and other
commercial media, such as Hank’s balanced salt solution, have been utilized as more
physiologically relevant than water*3”, due to their ionic composition resembling that of the
human serum“3. These media lack the protein components, and implement additional
buffering agents. Additionally, their carbonate content is not controlled?%*. The use of a
protein-rich medium here (i.e. FBS) was intended to better simulate the interactions that
occur between the cements and host tissue fluids*®®. FBS is frequently used in in vitro
studies because of its similar biochemical composition to human serum, containing mainly
proteins, amino acids, inorganic salts, carbohydrates, hormones, vitamins, growth factors
and lipids, while it also exhibits buffering capacity*4°. It was used here instead of other

clinically relevant fluids for ease of procurement.

Antibacterial properties following contact with clinically relevant fluids have not been
thoroughly explored. A previous study evaluated the antibacterial activity of MTA when
exposed to blood and heparin in a direct contact assay or a dentin infection model™".
Nonetheless, no studies are available for other HCSCs or concerning the antibacterial

properties of their leachate when exposed to a serum-containing environment.

Table 3 Overview of the parameters investigated per study. HCSC; Hydraulic calcium

silicate cement.

Parameters assessed

Study Incorporations Immersion Aging Dentin
in HCSCs medium period models

I v v v -

I v v v -

1] v - v v
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3.2.2 The effect of aging period (Studies I, Il & Ill)

Cements were assessed at various time intervals to monitor potential changes in their
properties as the hydration reaction progressed, until the HCSCs reached their maximum
physical attributes at the 28-day mark'?4. Material samples were primarily evaluated after
one- and 28- day aging periods, as the emphasis was on comparing the physico-chemical
characteristics and biological properties between fresh and aged specimens. In Studies |
& Il, materials were also tested at seven days as an intermediate period. In the case of
leachate chemical characterization (Study Il), samples were additionally assessed in
some occasions at 14 and 21 days (Table 4). This approach enabled tracking of potential
plateaus in calcium hydroxide release and the impact of the refreshment of the immersion

medium on leaching by preventing solution buffering.

In Studies | & Il, materials were allowed to set for 24 hours in a humid environment
prior immersion to the aging medium (Figure 10a), as this facilitated their handling and is
commonly performed in similar investigations??644!_ In Study Il, biological assays were
also conducted using the extract medium collected immediately after material placement,
mimicking a more clinically relevant scenario, as by-product release began as soon as the
materials were compacted onto the cell culture inserts (Figure 10b). At the same time,
the surface area/volume ratio was kept the same between the two extraction methods,

allowing for comparisons of results.

In Study Il, an additional parameter concerning specimen aging was introduced, by
either replenishing the medium weekly or maintaining the same medium throughout the
28-day period (Table 4). Laboratory aging conditions inherently have limitations in
replicating the clinical situation. In clinical settings, continuous leachate renewal occurs
through blood circulation and tissue fluid drainage; assessing, therefore, cement extracts
in a closed environment could potentially lead to an overestimation of their impact'?'.
Taking another approach, the periodic in vitro extract-refreshment conditions also do not
replicate the clinical scenario accurately, as constant blood supply provides a continuous
renewal of tissue fluids**2. Consequently, the complexity of in vivo conditions suggests
that results obtained from laboratory studies, such as the present one on long-term

leachate properties, can only be extrapolated within the context of the specific testing
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conditions used. The implementation of the two different protocols for leachate

refreshment, or lack thereof, aimed to underscore this discrepancy.

Table 4 Presentation of sample aging conditions per assay in Studies | & II.

Material aging conditions prior testing

Study Tests Performed Weekly . Cell culture
_ No medium _
medium insert
change
change system

Analysis of surface

characteristics

(material photography,

surface roughness, 7, 28 days 1 day -
microscopy, wettability,

Surfaces
(Study I)

microhardness)

Bacterial adhesion

Chemical characterization 7.14, 21, 28

0 g 1,7, 28 days -
(pH, Ca“ release) ays

Biological assays
Leachates s odays 1.7.28days 24 hours
(Study 1) (antibacterial, cytotoxicity)

Cement bulk
characterization - 28 days -

(microscopy)
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Figure 10 Schematic representation of (a) main sample preparation for Studies | & Il, and
(b) the additional leachate preparation method for Study Il during the first 24 hours
immediately after material placement. The figure was partially generated by using pictures
from Servier Medical Art, provided by Servier, licensed under a Creative Commons

Attribution 3.0 unported license. FBS: Fetal bovine serum; Water: Ultrapure water.

In Study lll, the dentin segments were evaluated 24 hours after material placement
or following a 28-day aging period in Hank’s balanced salt solution (HBSS; H6648, Merck
KGaA, Darmstadt, Germany) before testing. Immersing the dentin segments in HBSS for
fresh specimens was not considered necessary as the aim was to assess their
antibacterial activity at an early time point. For the 28-day specimens, HBSS was used to
prevent any interaction between the material surface and atmospheric carbon dioxide,
which could potentially introduce artifacts in material characteristics*43. Additionally, HBSS
was preferred here because its inorganic ionic composition resembles that of human blood
plasma, making it relevant for such investigations*44, while also maintaining a controlled

environment to ensure reproducible assessment of cement properties.

3.2.3 Interaction with dentin (Study Ill)

In Study lll, ex vivo models were implemented to provide deeper insights into the

antibacterial characteristics of the dentin/material interface. This investigation was
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prompted by the conflicting results in the literature regarding the impact of dentin on the
antibacterial characteristics of root filling materials and the lack of ex vivo models to
assess antibacterial properties, as discussed in Section 1.2.1.3. Unlike the approach used
in the first two studies, where the effect of environmental conditions was assessed by
exposing the cements to two different media, Study Il took a different perspective. Instead
of assessing materials after contact or without contact with dentin, we primarily examined
the interactions with dentin by independently testing dentin and material surfaces that
have previously been in contact, as well as the intact dentin/material interfaces. The
results across the different assays and evaluation periods were combined to
comprehensively evaluate the material/dentin interactions and assess whether an

antibacterial effect would be conferred on the dentin substrate.

3.3 Antibacterial evaluation (Studies I, Il & Ill)

Dentinal and material surfaces may serve as substrates for initial bacterial attachment and
further biofilm formation, causing apical periodontitis?*'. The materials play a crucial role
in preventing bacteria from accessing nutrients that can enable them to proliferate and
cause infection. Their morphological characteristics and leachable components define

their antibacterial profile*4°.

The investigations of the antibacterial properties of the materials were designed in
order to assess the activity of the respective surfaces (Study I) and leachates (Study II),

and the interaction with dentin (Study III).

3.3.1 Selection of bacteria

Enterococcus faecalis, a Gram-positive bacterium, was consistently examined in all
studies. Its selection was based on its relevance, as it is commonly isolated from failed
endodontic cases*4¢-448  although it is no longer regarded as the primary pathogenic
species in post-treatment apical periodontitis**°. Furthermore, it exhibits rapid growth and

is quite resilient in laboratory conditions*®°. These characteristics render it the most
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extensively researched bacterium in endodontic literature*4°, and its use here additionally

allowed for potential comparisons with other studies.

The strain of E. faecalis that was used in the current studies (OG1RF) was kindly
provided as a gift*®" and is in fact not relevant to refractory endodontic cases per se.
However, it has been utilized in previous endodontic research and compared to other
clinically relevant strains**24%3, The use of the specific strain was favored because it
expresses the green-fluorescent protein as a result of a genetic modification, which
enabled us minimize excessive sample manipulation and potential staining interference
during the imaging process in Study | with fluorescence. To maintain consistency, the

same strain was used in all studies.

Antibacterial investigations in Studies Il & lll were further complemented by the
inclusion of Pseudomonas aeruginosa, a Gram-negative bacterium that has also been
isolated from persistent endodontic infections*#. The parallel testing of bacterial species
with differing Gram staining characteristics provided better insights into the antibacterial

potential of the test materials due to potential variations in susceptibility between them.

The use of monospecies bacterial models for antibacterial testing is an undisputed
limitation, as it does not mimic the complexity and resilience of multispecies biofilms that
are isolated from the root canal system'”. However, using simplified models for initial
antibacterial screening offers advantages, such as ease of cultivation, broad applicability,

and better reproducibility*4°, while providing insights for more complex subsequent testing.

3.3.2 Assessment of bacterial adhesion (Study |)

Potential alterations in the surface characteristics of HCSCs, resulting from the
modifications of their composition or environmental interactions may impact the bacterial
adherence and the subsequent biofilm formation??4. A fluorescent assay was therefore
implemented to assess the bacterial adhesion of E. faecalis, after exposing the samples
to the bacterial inoculum for one hour (Figure 11). Bacterial adhesion is an early process
in biofilm formation*4, and thus a relatively short incubation period was selected here as

in a similar study*®®. Images acquired from the microscope were processed using a
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suitable software (ImageJ; US National Institute of Health, Bethesda, MD, USA), and after

applying a noise threshold, the counts in each image were correlated with bacterial cells.

+eE

=

Figure 11 Schematic representation of the bacterial adhesion assay (Study I). (a)
Samples were incubated for one hour with the bacterium inoculum. (b) Bacterial adhesion
was consequently observed with fluorescent microscopy. Figure 11a was partially
generated by using a picture from Servier Medical Art, provided by Servier, licensed under

a Creative Commons Attribution 3.0 unported license.

In the current assay, both direct bactericidal activity and anti-adherence surface
characteristics may coexist. Extending the incubation periods of cements prior testing in
our investigation allowed us to distinguish these two roles more clearly, as the bactericidal
effect might diminish over time. Preliminary experiments were additionally conducted in
order to compare the results obtained from the fluorescent assay with cultural data under
the exact same sample exposure conditions. Specifically, after the one hour exposure to
the bacterial inoculum, samples were immersed in phosphate buffered saline and bacterial
survival was assessed using the Miles and Misra method by counting colony forming units
(CFUs) on agar plates**®. The fluorescent assay produced reliable, reproducible and

similar results with the cultural data so we continued using it.

Our study could have benefited by complementing this assay with measurements of
adhesion forces to obtain a more comprehensive characterization profile of the adhesion

properties. Therefore, it serves as an initial assessment that warrants further research. An
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advantage of the current technique was the use of the confocal microscope alongside a
fluorescent E. faecalis strain as this prevented sample disturbance, which could have

occurred if SEM had been selected for observations.

3.3.3 Leachate antibacterial activity (Study Il)

Despite the acknowledged role of leaching in the antimicrobial properties of HCSCs?2,
there is scarce scientific literature on the antibacterial activity of these materials through
indirect contact, particularly in the context of their use in endodontic surgery. Here, their
antibacterial potential was assessed against two-day monospecies biofilms, for a 24-hour
exposure period (Figure 12). Biofilms were grown upon membrane filters (MF-Millipore,
0.45 ym pore, Merck KGaA, Darmstadt, Germany) that received a two pl bacterial
inoculum and were incubated upon tryptic soy broth agar plates*>’. A main advantage of
this technique is that biofilm membranes could be readily retrieved from the test-leachate

and further processed for bacterial survival with culturing methods.

a b c d

bacterial inoculum

biofilm membrane
E 37°C
Umn — Water

FBS
: { ) )i

material leachate

CFU counting

membrane filter

Figure 12 Schematic representation of the antibacterial investigation of material
leachates. (a) Development of monospecies biofilms upon membrane filters. (b) Exposure
of biofilm membranes to material leachates. (c) Membranes are retrieved and immersed
in phosphate buffer saline for bacterial culturing. (d) Bacterial survival assessment by
colony forming units calculations. The figure was partially generated by using pictures
from Servier Medical Art, provided by Servier, licensed under a Creative Commons

Attribution 3.0 unported license. CFU: Colony forming unit.
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The subsequent calculation of CFUs is a widely used and easily applicable method#4°.
Its main limitation, as used here is its inability to detect bacteria being in a state of low
metabolic activity, occasionally leading to false negative results**°. However, this “viable
but nonculturable” state for bacteria usually results from prolonged stress exposure over
several days*®, so it might hardly come into play here. Therefore, this method is
undoubtedly superior to other indirect contact techniques that assess the turbidity or the
optical density of bacterial solutions, as it allows for precise calculations of the surviving

bacteria following the test-period*5°.

3.3.4 Antibacterial activity in contact with dentin (Study Ill)

Two distinct tests were used to assess the antibacterial properties of the dentin/material
interface. The limited utilization of ex vivo models for studying the antibacterial properties
of materials in endodontic surgery is evident in the literature, with only two studies
examining Biodentine with a dentin substrate'®4460, and no current studies available for
RRM putty. At the same time, the antibacterial effect of Biodentine has mainly been
evaluated using the agar diffusion assay?'%-??2, This method relies on measuring zones of
bacterial inhibition on agar medium and is no longer considered to accurately reflect their

true antimicrobial efficacy as the results are affected by the materials’ diffusion ability*6!.

3.3.4.1 Independent assessment of dentin and material surfaces

A split tooth model, initially developed to study the residual antibacterial effect of irrigation
solutions and sealers*®?, was used here for the independent assessment of the
antibacterial efficacy of the material and the dentin surfaces of the interface. This was
achieved by initially cutting the root segments longitudinally, reassembling them to apply
the material, and later separating them after the specified aging periods. As a result, one
material-free dentin segment and another dentin segment containing the material bulk
were acquired (Figure 13). The reproducibility of the model was further assessed here to
confirm the absence of complete dentin coverage by the test-material on the material-free

dentin segment. Scanning electron microscopy (SEM) / Energy dispersive x-ray (EDX)
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observations of the split segments revealed occasional cement particles on the dentin
surface, with some penetrating inside the dentinal tubules. Overall, consistent separation
of the material bulk from the material-free dentin segment was observed, in line with the
findings of the study that introduced this protocol*6?2. Subsequent experiments were

therefore conducted.

Figure 13 Photographic presentation of the root segment preparation for the independent
antibacterial assessment of material and dentin surfaces, according to a previously
introduced protocol*®?. A schematic representation of the complete assay is available in
Study lll. (a) Root segment (3 mm length) after canal space preparation. (b) Longitudinal
split of the root segment. (c) Reassembly of the two parts of the root segment with plastic
membrane. (d) Material application inside the clamped segment. (d) After the specified
aging period (24 hours after material placement or an additional 28-day aging period), the

two parts of the root segment were carefully separated for independent testing.

Unlike other ex vivo models where dentin is used as substrate for biofilm cultivation4®3-
465 the dentin and material surfaces in this model were tested against previously
established three-day monospecies biofilms grown on membrane filters (biofilm
membranes), as presented in Section 3.3.3 (Figure 12a). Even though this approach may
lack clinical relevance, it enabled the investigation of the indirect contact antibacterial

potential of the test materials on dentin.
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Another aspect of this protocol not relevant to the clinical situation is the treatment of
the dentin surfaces with 17% ethylene diamine tetraacetic acid before material application.
This practice lacks clinical documentation in endodontic surgery*®. Nevertheless, this
procedure was crucial for standardizing the dentin substrate by ensuring the presence of
open tubules instead of the inconsistent smear layer. Additionally, it facilitated the
observation and visualization of material remnants on the dentin structure and enabled a

more effective interaction with the dentin substrate.

3.3.4.2 Biofilm assay upon the dentin/material interface

The antibacterial properties of the intact dentin/material interface were consequently
assessed with a biofilm growth assay. Bacterial establishment and further proliferation
after treatment at this area could potentially provide pathways towards reinfection*66. Such
aspects have been explored for endodontic sealers*¢”468 but not for materials for

endodontic surgery.

In this model, the dentin/material interface was exposed to previously established one-
day mature biofilm membranes in the presence of culture medium for three days (Figure
14). The biofilm membranes for this assay were prepared similarly to the previous assays
(Section 3.3.3, Figure 12a), with differences in shape and dimensions (one mm thick
rectangular membranes instead of two or three mm circular ones) and the incubation
period (24 h for this assay). The use of the one-day biofilm membranes positioned along
the dentin/material interface facilitated the localization of the investigation area. In
addition, observations on bacteria-free samples enabled better sample orientation and

threshold optimization.

After three days of incubation of the samples in the growth medium, the membrane
biofilms were carefully removed and biofilms upon the dentin/material interface were
stained and imaged with confocal laser scanning microscopy (CLSM; Olympus FluoView
FV1200, Olympus, Tokyo, Japan). The multiple two-dimensional images captured by the
laser scanning feature at different sample depths can be reconstructed to a three-
dimensional biofilm representation*®®. The imaging technique relies on fluorescent

labeling of specimens to generate images. In the current biofilm assay, samples were
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stained with a bacterial viability kit (LIVE/DEAD BacLight Bacterial Viability Kit; Invitrogen,
Eugene, OR, USA) before observation in order to assess bacterial survival based on their
membrane integrity. The kit contains two stains, SYTO 9 and propidium iodide. SYTO 9
is a green fluorescent stain that can penetrate and therefore label both live and dead
microorganisms; propidium iodide is a red fluorescent stain that labels only cells with a
damaged membrane, therefore designated as injured or dead cells. The quantification of
the differently stained bacteria captured in the set of images with the CLSM is
consequently conducted with an appropriate software. This technique is vastly applied in
the literature because it is rapid, non-invasive, and offers quantitative results in

combination to observing biofilm architecture*4°.

Y & i

Figure 14 Photographic presentation of the biofilm assay at the dentin/material interface.
A schematic representation of this assay is also available in Study lll. (a) Root segment
(1.5 mm thick) after enlargement of the canal space. (b) Test-material compacted inside
the canal space. (c) After the specified aging periods (24 hours after material placement
or an additional 28-day aging period), the sample was carefully ground, and (d) one-day
biofilm membranes were positioned along the dentin/material interface of the sample
(arrows), with the biofilm surface in direct contact with the sample. (e) The sample was
incubated in tryptic soy broth and transferred to a new well with fresh medium daily for a

total period of three days.

Despite the above-mentioned advantages of CLSM, there are limitations in
comparison to conventional culturing methods. Bacterial viability measurements are
indirect as they rely on membrane integrity for dye penetration, which can lead to

misinterpretations. For instance, SYTO 9 may not readily penetrate Gram-negative
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bacteria, potentially underestimating live bacterial populations*’%471. Additionally, no clear
differentiation can be made between dead bacteria and injured or bacteria under stress*’2.
Viable bacteria might also be misinterpreted as dead or injured due to membrane

permeability to propidium iodide during cell division or cell wall synthesis*’3.

3.4 Cytotoxicity assessment (Study Il)

Modifications aimed at enhancing the antibacterial profile of HCSCs should not
compromise the materials’ effect on host tissue cells, but rather, maintain or improve it.
Herein, a cytotoxicity assessment was conducted. Indirect methods were used, because
SEM imaging of cells upon HCSCs surfaces requires procedures that can significantly
alter the materials’ microstructure and thus impacts the results'#3474, Cytotoxicity was
screened with the 3-(4,5 dimethylthiazolyl-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay, which is commonly used for preliminary assessments due to its availability and
ease of use*’®. The assay relies on measurements of color intensity of formazan, a
compound generated through the metabolic conversion of mitochondrial dehydrogenase
by the cell cultures. The blue-violet formazan is solubilized and quantified with
photospectrometry. With this technique, the cell metabolic activity as expressed by the
optical density of the produced formazan is assessed, and further correlated to the cell
viability*”®. The L929 cells that were tested in the thesis are recommended by the ISO

specifications*’, due to their ease of cultivation and the reproducibility they offer.

A limitation of the method is that it may underestimate the cytotoxic potential of the
test materials since it can only detect it at the stage of apoptosis, when a substantial
reduction in cell mitochondrial activity indicates cell death. Any possible earlier cellular
damage might therefore remain undetected*’”. Another issue is that some of the formazan

may be lost during the technical procedures of the test*’®.

3.5 Analysis of surface characteristics (Study )

In Study I, evaluation of cements’ surface characteristics was conducted to explore

potential changes following modifications of the composition of HCSCs or across different
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aging conditions (Tables 3, 4). Results were then linked to their antibacterial

characteristics.

3.5.1 Qualitative and quantitative analysis of surface structure

Quantitative tests involved measurements (surface roughness, wettability,
microhardness), while qualitative assays served for identification (material photography,

observation of micrographs, energy dispersive x-ray analysis).

Visual assessments were made to detect any potential color variations from the
cement modifications and environmental conditions, and photographs of specimens were
captured. While a quantitative analysis of color stability using a spectrophotometer could
have provided more objective data, it was not considered necessary for this investigation,
as the primary focus of research for the test materials is their use in endodontic surgery.
Discoloration potential may not be as a significant concern in these applications compared
to coronal placements. Therefore, these assessments were mainly conducted as part of

the surface analysis of the cements, from a macroscopic to a microscopic perspective.

Scanning electron microscopy (SEM; TM4000PIus Il, Hitachi, Tokyo, Japan) was used
to assess the surface topography of materials with both quantitative and qualitative
approaches. SEM utilizes a focused high-energy electron beam, which produces various
signals upon scanning the surface of a solid sample. These signals provide information
on the specimens’ morphology, composition, and even crystalline structure, and assist in
the construction of a two-dimensional image with a wide range of spatial resolutions and

magnifications*78,

The surface roughness of the substrate can impact bacterial adhesion*’®. Even though
optical profilometry is a commonly used technique for quantitative assessment of surface
topography, in our study, the presence of light scattering from the HCSC surfaces
interfered with data acquisition, making it not feasible to collect reproducible data. Thus,
in the current investigation, the average arithmetic roughness (Ra) values in each
observation field were obtained with a quad-type backscatter electron detector at 200x

magnification. With the use of a software (MountainsMap 8; Digital Surf, Besancgon,
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France), these four images were stereoscopically reconstructed in a 3D model (Figure
15).

60 80 100 120

Figure 15 (a) The four images obtained under the scanning electron microscope were (b)

stereoscopically reconstructed in a 3D model.

The program was calibrated using a reference material (TZ-base) with a consistent
artificially induced angle (30°). The Ra values for each test material were consequently
obtained. These Ra values are associated with the Gaussian filter that was applied to
reduce the high-frequency noise and enhance the surface feature visualization.
Consequently, they may not be suitable for direct comparisons with Ra values of similar

materials in other studies.

Material surfaces were characterized by capturing SEM images using a combined
back-scattered electron and secondary electron signal detector (mixed signal). This
approach facilitated additional morphological assessments and the identification of
different chemical phase distributions on the surface microstructure. Energy dispersive x-
ray (EDX) analysis complemented these assessments by indicating changes in elemental
composition on the material surface. Additionally, the possibility of conducting X-ray
diffraction analysis to gather information about the crystallographic structure of the

material surfaces could have been explored.

In addition, an attempt was made to assess surface porosity using computed

tomography. However, this approach encountered several technical challenges that
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rendered the results non-reproducible. Initially, we utilized a low-resolution
nanotomograph (SKYSCAN 2211, Bruker, Billerica, MA, USA) but it was found that the

scattering of the cements did not allow for adequate pore identification (Figure 16).

Figure 16 (a) Slice acquired with the nanotomograph for the basic experimental
formulation (TZ-base). (b) Scanning electron micrograph of the same sample, revealing a

heavier pore distribution that was not depicted in the former.

We then proceeded with higher resolution settings. Pores below the micrometer-range
resolution threshold that was set could thus not be detected. A further limitation was that
no clear differentiation could be established between air bubbles entrapped in the cement
core during material compaction and true pores, which led to significant result variations.
Consequently, the results obtained from this method were considered not reliable for

investigation of porosity.

3.5.2 Wettability

Contact angle measurements (NRL 100-10, ramehart, Mountain Lakes, NJ, USA) were
conducted using a 10 pl water droplet on the material surfaces to evaluate their wettability.
Low contact angles indicate high wettability (surface free energy)*®® and are in fact
associated with higher bacterial adhesion*®'. Surfaces with contact angle values below
90° are considered hydrophilic*®2. A limitation in the current test was the inability to

differentiate between potential absorption of the liquid droplet by the cement surface and
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complete wetting, as such differentiation would have required volume measurements of
the droplet over time. To ensure reproducibility, all measurements were conducted at a

standard time point (30 sec) after placing the drop.

3.5.3 Microhardness

An indentation test (100 g load for 15 sec dwelling time; Duramin-40 A1, Struers,
Rotherham, UK) was used to assess the surface microhardness of test materials. The
obtained values not only indicate the hardness of the material surface but also provide
information about the setting process and how different setting conditions impact the

material's strength’>.

3.6 Leachate characteristics (Study Il)

The interaction of HCSCs with the environment occurs not only through direct contact with
their material surface but also via the release of hydration by-products, particularly calcium
hydroxide??’. Therefore, the leachate characteristics of HCSCs are of particular interest.
In Study Il, indirect assays were chosen to assess leaching characteristics and were

subsequently correlated with their biological profile.

3.6.1 Alkalinity

Alkalinity measurements were conducted using a pH meter (Sension+ PH3; Hach,
Loveland, CO, USA) that was calibrated with three buffer solutions before each use. While
material alkalinity can provide an indication of hydroxyl release, HCSC leachates tend to
reach saturation due to their high alkalinity potential, which may reduce the sensitivity in

depicting differences among cements, particularly in the cumulative leaching models??”.
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3.6.2 Calcium release

Complementing the leachate chemical analysis with calcium release assessments
provided clearer insights into the hydroxyl release as well and the hydration reaction
overall. Tests were carried out using a calcium ion-selective electrode connected to a
laboratory meter (ION450; Radiometer analytical, Hach, Loveland, CO, USA). Data
acquisition is based on the voltage difference between a reference electrode and a
calcium ion-selective membrane. The voltage change is proportional to the concentration
of calcium ions in the measured solution. Four standard solutions were used for
calibration. Although this method is vastly utilized in similar research studies?33483484 gnd
was chosen here due to its availability, it is acknowledged that techniques such as
inductively-coupled plasma spectrometry might have yielded potentially more precise
measurements*®®. At the same time, conducting inductively-coupled plasma spectrometry
with pure FBS as the extract medium might have been problematic due to the need for

massive dilutions to reduce the background elements before analysis.

3.7 Characterization of cement bulk (Study IlI) and

dentin/material interface (Study lll)

SEM and EDX were also employed for sample characterization in Studies Il & lll. In Study
Il, SEM images of polished specimens were acquired in back-scattered mode to identify
the arrangement of different chemical phases within the bulk of each material*’®. The
generated image contrast is the result of reflected electrons (back-scattered) from the
various atoms on the material's surface*?¢. The distribution of hydration products, non-
hydrated particles, radiopacifiers and potentially other filler compounds within the bulk of
each material could be assessed. Their elemental composition was assessed through
EDX analysis in different areas of the sample. Similar with the characterization of the
material surfaces (Study I), complementary X-ray diffraction analysis could have added

insights on the mineral phases of the samples.

In Study lll, we characterized the dentin/material interface in polished specimens

using SEM, EDX, and elemental mapping to enhance our understanding of the
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interactions taking place in this region. It is important to note that sample dehydration, a
necessary step before SEM observation, and sample-induced shrinkage due to the
constant vacuum environment during observation, can both influence the adaptability of
root-filling materials to dentin and may create artificial marginal gaps in the
observations?®487_ This technique is therefore not indicated in gap assessments*’.
However, material detachment from the dentin surface does not appear to affect the
elemental distribution in the two surfaces®*®. Despite being a potentially destructive
method, the SEM observation technique was deemed more reliable compared to confocal
laser scanning microscopy (CLSM). The latter method requires the incorporation of
fluorescent dyes into the test materials for proper sample observation and has been shown
to induce artifacts at the interface®*, due to the passive diffusion of the dyes into the
dentinal tubules*’8. Additionally, SEM has substantially higher resolution than CLSM.

The elemental mapping in Study lll provided valuable insights into the migration of
certain elements, although it cannot depict the migration of those present in both
substrates, such as calcium. Additionally, there can be overlaps in the detection of
elements with closely positioned peaks in the X-ray spectrum, as observed with zirconium
and phosphorus in this study. A more comprehensive evaluation could have been
achieved by integrating high-resolution field emission-gun electron probe microanalysis
due to its superior spatial resolutions, and even complementing it with a technique capable
of detecting molecular composition rather than just elemental content, such as micro-
Raman spectroscopy?*®. Furthermore, metallographic polishing of the material/dentin
interfaces entails the risk of transferring smear debris into previously unoccupied areas of
the sample, such as voids or open tubule spaces, potentially creating artifacts in the
evaluation?*®. To mitigate this risk, excessive grinding of the specimens was avoided.
Additionally, specimens were regularly cleaned and inspected at each step, and the
polishing process utilized a diamond suspension (DP-1 um; Struers, Rotherham, UK),

which also assisted in reducing the risk of transferring smear debris.
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3.8 Statistical considerations

In Studies | & lll, normally distributed data were processed using analysis of variance and
Bonferroni posthoc tests. When the normality assumptions were violated, data
transformation was attempted. If the data remained severely skewed, Kruskal-Wallis tests
adjusted by the Bonferroni correction were performed. In Study Il, the impact of the
independent variables was evaluated using regression analyses. Sample size calculations
were conducted a priori for Studies Il & lll, but not for Study |, where experiments were

ensured to be conducted at a minimum of triplicate.

The variations in the statistical models and sample size across the three different
studies might have introduced some inconsistencies in the investigation, potentially
carrying a risk of bias in the overall outcome. However, it is important to note that all the
statistical models implemented in each assay effectively addressed the primary research

questions of their respective studies.
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4.

Main Results

Here, the main findings of the three studies are presented. A detailed description of the

results can be found in the published papers.

4.1

Surface characteristics and bacterial adhesion

The main results of Study | were:

The SNP- and BG- containing experimental cements increased the surface
roughness of the basic experimental formulation (TZ-base) after 28 days, without

any differences in their wettability or microhardness.

Biodentine exhibited smoother surface characteristics, and significantly higher
microhardness than the experimental HCSCs. It had a similar wettability pattern to

the experimental cements but did not demonstrate complete wetting like them.

The immersion of materials in FBS led to a gradual precipitation on the surfaces of
all HCSCs and altered their microstructure. At 28 days, a rougher surface
morphology compared to the water-immersed HCSCs was evident, with complete
surface coverage by compounds rich in oxygen, calcium, and phosphorus, or
carbon. The hydrophilicity of all HCSCs was initially moderated (day one), but it
gradually returned to its initial state over time. The microhardness of experimental
HCSCs remained unchanged. For Biodentine, it significantly increased in FBS after

28 days but decreased when immersed in water for the same aging period.

The immersion medium did not affect the bacterial adhesion profile of the

experimental and commercial HCSCs.

Experimental HCSCs at one- and seven- day aging displayed minimal bacterial
adhesion, whereas Biodentine and IRM had substantial adherence from day one.
At 28 days, all materials showed bacterial adherence, but TZ-bg20 water-immersed

samples had significantly lower E. faecalis counts than the positive control.
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4.2 Chemical properties and indirect contact antibacterial

activity
The main results of Study Il were:

e The leachates from both the experimental and commercial HCSCs exhibited
increased alkalinity, calcium release, antibacterial efficacy, and cell cytotoxicity
over time. These properties decreased when the immersion medium was

refreshed.

¢ Immersion in FBS reduced the alkalinity, bactericidal activity, and cytotoxicity of

HCSCs compared to the water immersion.

e The effect of immersion medium on calcium leaching varied. In the weekly medium
refreshment model, FBS consistently reduced the calcium release compared to
water leachates. In the cumulative leaching model, however, the experimental
HCSCs leached more calcium ions in FBS than in water, whereas Biodentine

displayed the opposite pattern.

e Biodentine and TZ-bg20 exhibited overall reduced alkalinity, calcium release, and
antibacterial activity in comparison to TZ-base. Additionally, Biodentine

demonstrated lower cytotoxicity than TZ-base.

e The SNP-containing experimental formulations had overall similar antibacterial
effectiveness to TZ-base. However, in water leachates against E. faecalis, the
experimental cement mixed with a 2 mg/ml SNP solution (TZ-Ag2) displayed the
highest bacterial reduction, except for the 0—24 hour leaching period, where no

changes were observed.
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4.3

Antibacterial activity in contact with dentin

The primary findings of Study Ill are summarized below:

The dentin surfaces that were exposed to test-materials for one day and the one-

day material surfaces exhibited antibacterial behavior.

Dentin surfaces exposed to the experimental HCSC with 40% BG (TZ-bg40),
Biodentine, or IRM, demonstrated overall reduced antibacterial effect compared to

the dentin surfaces of the other tested samples.

TZ-Ag2 exhibited the strongest antibacterial capacity in the biofilm growth assay

upon intact dentin/material interfaces.

In the biofilm growth assay, a significantly smaller percentage of dead/injured

bacteria was observed in the 28-day samples compared to the one-day ones.

Microscopic observations of the interfacial characteristics of the tested HCSCs

(both experimental and commercial ones) revealed similar characteristics.
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5. Discussion

The current chapter discusses the outcome of the hypotheses that were tested, reflecting

on the existing literature.

5.1 The effect of incorporations on properties of HCSCs

Results from the tested experimental formulations that incorporated silver nanoparticles
or bioactive glass, and the parallel screening of commercial HCSCs with additives in their
synthesis, in comparison to the basic experimental formulation (TZ-base), suggest that
changes in the HCSC composition affected certain physico-chemical properties and their
biological activity (antibacterial activity and cytotoxicity). The null hypothesis was therefore
rejected. Specific changes on cements’ properties per incorporation or commercial

formulation are discussed below.

5.1.1  SNP additions

The only alteration in the physico-chemical properties of HCSCs that were investigated
following the incorporation of SNPs was the rougher surface profile at 28 days compared
to TZ-base. Since the amount of tricalcium silicate cement was not changed in the

modified cements, it seems that SNPs did not disrupt the hydration reaction.

The combination of results from the direct contact antibacterial assays suggests that
mixing the experimental HCSC with a 2 mg/ml SNP solution enhanced their antibacterial
profile only under longer exposure periods. Notably, in the bacterial adhesion assay (one-
hour exposure period; Study I) or the split tooth model (24-hour contact time; Study Ill),
no changes in the antibacterial effect of the cements were observed. However, in the
biofilm growth assay upon the intact dentin/material interfaces (three-day exposure period;
Study Ill), TZ-Ag2 exhibited increased antibacterial effect than the basic experimental

formulation. These findings align with a previous study that demonstrated the potent
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antibacterial effect of a SNP gel as an intracanal medicament, in contrast to the

inadequate efficacy of 2-minute irrigation with a higher concentration SNP solution3?2.

Water leachates of TZ-Ag2 demonstrated overall the highest antibacterial efficacy
against E. faecalis, but no such improvement was observed against P. aeruginosa (Study
Il). A possible explanation might be that P. aeruginosa was in general more susceptible
than E. faecalis in the specific model used, especially at seven-day leachates, where the
increased effect of TZ-Ag2 was most noticeable. Interestingly, in Study lll, the enhanced
antibacterial performance of TZ-Ag2 was primarily evident against P. aeruginosa. This
aligns with reports that Gram-negative bacteria are more susceptible to SNPs due to the

thinner layer of peptidoglycan in their cell wall?88,

Overall, in the current investigations, while the SNP additions did not appear to have
a negative impact on the physico-chemical characteristics of the HCSC, the enhancement
in antibacterial properties that they conferred appears to be moderate. A previous study
showed improved antibacterial activity of a SNP-modified MTA, but their testing was
conducted only two days after setting3®2. In the direct contact studies conducted here at a
similar early time-point (one day), the basic experimental formulation also exhibited
antibacterial properties, rendering it difficult to discern any differentiation. Furthermore,
elemental mapping confirmed the release of SNPs into neighboring dentin; however, this
did not appear to enhance the antibacterial effect of the dentin surface at the 24-hour

contact period with the monospecies biofilms (Study llI).

The possibility that higher SNP concentrations or formulations with other
characteristics and possibly higher reactivity could have yielded a more robust
antimicrobial effect should be considered. At the same time, determining the ideal
concentration for SNPs should also involve a comprehensive assessment of their impact
on host tissue cells to maintain the overall positive biological equilibrium of the cements.
While the cytotoxicity studies conducted here were preliminary, they revealed no changes

in the HCSC's cytotoxic profile at the SNP concentrations used.
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5.1.2 Replacement of HCSC with BG

Similar to SNPs, BG-replacement increased the surface roughness of test materials,
particularly at 20% incorporation. The combination of findings from Studies | & lll suggest
that the direct contact antibacterial effect was not significantly altered for concentrations
of 10% or 20% of BG-replacement. Yet, TZ-bg20 was the only material at 28 days that
marked significantly lower E. faecalis adhesion than the positive control. These results are
in relative accordance with previous research that demonstrated the enhancement of the
direct antibacterial activity in an experimental HCSC when incorporating 20% of another
BG formulation, Biosilicate*?®. However, in the latter study, materials were only tested after
one day of setting. Therefore, no comparisons can be made on the long-term antibacterial
properties. In our experiments, it was only in Study Il that the cement with 40% BG had

diminished antibacterial efficacy in direct-contact experiments.

Besides the relatively minor modification in surface characteristics of TZ-bg10 and TZ-
bg20, the main alterations resulting from the BG incorporation were observed in the
chemical properties of the cements. Notably, it appears that the hydration profile of the
BG-modified HCSCs was changed. A more gradual release of calcium ions was found,
which, on the whole, remained at a lower level compared to the basic experimental
formulation. A possible explanation to this might be that calcium from the BG particles
may not become readily available in the surrounding environment and could instead
become deposited within the cement matrix, as a recent study suggested*?6. As a result,
the indirect contact antibacterial activity of the BG-modified cements decreased, both
when assessed in the materials’ extracts (Study Il), and with regard to the cements’
conferred effect on the dentin surfaces (Study lll). Thus, although the primary mechanism
of the antibacterial activity of BG is alkaline-related?4, akin to HCSCs'®’, it could not fully

compensate for the antibacterial activity lost when tricalcium silicate was replaced.

Considering the above, the beneficial attributes of BG could be further examined as
supplementary components within the cementitious phase of HCSC, without substituting
any portion of tricalcium silicate cement. At the same time, a more comprehensive
assessment of the impact on host tissue cells is crucial, running in parallel with the

evaluation of antibacterial effectiveness. This approach could help identify a potential
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equilibrium between sufficient antibacterial activity and the modulation of inflammation

towards healing procedures.

5.1.3 Outcomes from assessing the commercial HCSCs

Biodentine was consistently examined in all studies providing thus a comprehensive
assessment of its physico-chemical profile and biological properties compared to the
experimental cements. RRM putty was only assessed in Study Ill, offering limited

extrapolation of the role of additives in its composition.

Biodentine exhibited overall substantial differences in some of its surface and
chemical characteristics in comparison to the basic experimental formulation (TZ-base),
which were indicative of the additives present in the commercial material. Notably,
Biodentine consistently demonstrated smoother surface morphology, which can be
attributed to the incorporation of a water-soluble polymer that minimizes cement
flocculation*®8, Additionally, the higher microhardness values of Biodentine compared to
the experimental cements are a result of the reduction in the powder/liquid ratio??”211.
Interestingly, Biodentine's microhardness decreased with extended incubation in water,
likely due to ongoing dissolution. In water leachates, minor differences in the chemical
profile were observed between the experimental HCSC and Biodentine. The most notable
distinction was the sharp reduction of calcium release in the latter upon medium change,

indicating an accelerated hydration reaction due to the inclusion of calcium carbonate?°.

In terms of its biological properties, Biodentine displayed a different bacterial adhesion
pattern compared to TZ-base with marked bacterial presence on its surface, even at the
one-day immersed samples (Study I). Against the three-day established biofilms, even
though no statistically significant differences were observed between Biodentine and the
experimental cements, the values for bacterial survival for Biodentine appeared higher
(Study Ill). Taken together, Biodentine exhibited moderate effectiveness against E.
faecalis, which aligns with results from a direct contact test of a previous study??3. In the
context of its indirect contact antibacterial activity, Biodentine demonstrated an overall

lower effect than the experimental HCSCs. In contrast to TZ-base, the bactericidal effect
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of dentin surfaces in contact with either RRM putty or Biodentine decreased from one to
28 days. This reduction may be linked to the faster hydration reaction of the commercial
HCSCs when compared to TZ-base. As the biggest part of the hydration process is
completed, the amount of the released calcium hydroxide is expected to decrease
significantly*®®. While accelerated hydration reaction is a known characteristic for
Biodentine as it was discussed above, it is worth noting that RRM’s hydration relies on its
exposure to an aqueous environment*6-298 and may be influenced by the water availability
in it. Therefore, the speed of this reaction may vary under different water conditions both
in laboratory studies, as well as in the clinical setting. At the same time, the putty version
tested here is reported to have a faster reaction rate than the paste form?33, possibly due
to differences in particle size'"”. Overall, the antibacterial properties of Biodentine and

RRM formulations have been found equivalent against cariogenic bacteria??6227.

Furthermore, the cytotoxicity values differed significantly between the experimental
cements and Biodentine, with the latter displaying a less aggressive profile, especially in
one-day leachates. Similar findings have been reported previously??’. The initial
cytotoxicity observed in cell cultures exposed to HCSCs is attributed to the increased
alkalinity caused by hydroxyl ion diffusion*®°. Despite both Biodentine and experimental
cements producing similarly high pH values in their water leachates, variations in

cytotoxicity levels, combined with pH measurements in FBS, suggest the following:
e The cytotoxicity threshold related to alkalinity*®! is relatively high.

e Leachates from experimental HCSCs are likely saturated with calcium hydroxide
and have a higher alkalization potential than Biodentine, resulting in higher

cytotoxicity.

5.2 The effect of environmental conditions

The environmental conditions (immersion medium and aging period) significantly affected
the properties of the test materials. Furthermore, the test cements contributed to an
antibacterial effect in the dentin surface after contact and separation from it. Thus, the null

hypotheses that changes in environmental conditions would not alter the properties of the
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materials and that dentin exposed to the test materials would not exhibit any antibacterial

potential were both rejected. These different aspects are discussed individually below.

5.2.1 Aging period

Long-lasting antibacterial properties are desirable for materials for endodontic surgery in
order to minimize the risk of infection following the completion of endodontic treatment. In
practice, achieving this goal is a challenging task'?. Moreover, considerations related to
physical integrity are important, as a continuous antibacterial effect may indicate the
ongoing release of chemical compounds from the material's bulk*'. The results of the
current studies suggest that the aging period affected the chemical properties of the
HCSCs. When compiling all the results from the antibacterial experiments, none of the
studied materials maintained consistently potent antibacterial behavior after 28 days of
aging. Even the SNP additions, which were found not to impair the hydration profile of
HCSCs, did not yield any significant antibacterial enhancement after extended aging

periods at the current concentrations.

In the leachates assessments (Study Il), the weekly medium replenishment model
provided a more accurate representation of the respective evaluation period. In contrast,
not changing the medium resulted in a cumulative effect from the point of immersion rather
than providing a true measurement of the leachate's properties at the point of evaluation.
Interestingly, in the weekly medium change model, the 28-day HCSC water leachates
(from both the experimental cements and Biodentine) exhibited no antibacterial efficacy,
despite their relatively high pH values (>11.5). Similar to the alkalinity-related cytotoxicity
threshold, it can be speculated that adequate antibacterial efficacy in terms of alkalization
requires relatively high values. Sustained alkalization in the application field per se may

therefore not be a sufficient factor for a lasting long-term antibacterial effect.

Furthermore, at the same evaluation period (28-day leachates upon medium change),
the cytotoxicity of experimental HCSCs was lower in comparison to the seven-day
leachates. However, the leachates’ viability score remained still below the ISO-

recommended 70% cytocompatibility threshold*’®. The behavior of Biodentine is
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particularly noteworthy at that period, since it showed the lowest viability values among
the HCSCs, whereas maintaining a non-cytotoxic behavior at one-day leachates (relative
MTT activity > 70%). Given the similarities in the pH values of HCSCs at the early time-
point and based on our previous assumptions regarding leachate saturation, it appears
that pH measurements lack the sensitivity to distinguish the differences in leachate
reactivity here as well. Thus, the differences in the cytotoxic profile between the one- and
28- day leachates (upon medium change) necessitate an explanation that goes beyond
the measured alkalinity. Notably, the results can be considered in conjunction with findings
of Study I, which revealed a decrease in the microhardness of Biodentine after prolonged
immersion to water. The weekly medium change appears to have impacted the physical
integrity of Biodentine, possibly by promoting increased leaching, as it does not allow
solution buffering. In the experimental formulations, especially TZ-base, minor fluctuations
in hardness values, mainly between seven and 28 days, may have a similar explanation,

though they may not be as distinguishable due to the overall lower microhardness values.

The varying impact of aging period on materials in relationship to their chemical
composition is also evident in the behavior of the ZOE-based IRM. Notably, IRM displayed
a relatively more stable yet inferior antibacterial profile over time compared to HCSCs.
These findings align with a study that found steady yet modest antibacterial performance
of IRM between fresh and 18 weeks aged samples against E. faecalis in direct contact
tests, alongside a gradual release of eugenol during extended evaluation periods'%. This
gradual release of eugenol occurs as the cement undergoes hydrolysis in an aqueous

environment®”-#, providing the explanation for the material’s antibacterial profile.

5.2.2 Immersion medium

The immersion of HCSCs into FBS induced significant changes in both their surface
characteristics and leaching properties. Even though exposure to FBS altered the surface
structure of all studied HCSCs (Study 1), the bacterial adhesion pattern remained the
same. Material surfaces gradually accumulated products of the reaction between calcium
hydroxide and serum components, resulting in a layer primarily composed of calcium

carbonate, and an amount of calcium phosphate, as indicated by SEM images and EDX
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analysis. This layer slightly reduced the HCSCs’ hydrophilicity, particularly in the short-
term immersion (one and seven days), while it enhanced the surface microhardness of
Biodentine over longer periods, contrasting with its behavior in water as described earlier.
Changes in the hydration process upon exposure to serum-containing environments have

been previously displayed both in vitro191.265.271.273 gnd in vivo265273,

In contrast to the behavior of HCSCs, no environment-induced structural surface
changes were evident in IRM; however, EDX analysis revealed an elemental modification
of the material surface from the adsorption of FBS components. The surface
microhardness of IRM experienced an increase when exposed to FBS, likely due to a shift
in the balance between dissolution and adsorption of the serum components. Interestingly,
immersion of IRM in FBS resulted in greater wettability and reduced E. faecalis adhesion.
The surface roughness of IRM remained constant in both water and FBS, suggesting that
mainly chemical changes on the material surface contributed to the decreased bacterial
adhesion. Enhanced hydrophilicity has previously been associated with reduced biofilm
formation on resin composites*??, indicating the need for further investigation into the
hydrophilic properties of materials used in endodontic surgical procedures. At the same
time, it is important to note that the bacterial adhesion is defined by the hydrophilic

properties of both interacting surfaces (bacterial and material ones)*%.

As regards the effect of FBS in material extracts (Study Il), it consistently diminished
the antibacterial effect. Assessments of the chemical profile of HCSCs revealed a
deterioration in their alkalization potential in FBS, and a different calcium leaching
behavior between the experimental cements and Biodentine. Notably, in the cumulative
leaching model, the experimental HCSCs released a higher amount of calcium ions into
FBS compared to water. Previous studies have shown evidence of increased in vivo
elemental leaching of MTA in contact with blood?”® or in a 10% serum-supplemented
physiologic solution compared to the neat physiologic solution*3. In contrast, Biodentine
exhibited a lower overall release of calcium ions in FBS compared to water in the
cumulative model. Similarly, a decrease in Biodentine leaching has been found in a
bicarbonate solution when compared to deionized water*®*, but this trend was not
observed in a 10% serum-supplemented physiologic solution when compared to the neat

solution*38. These variations may be attributed to differences in the immersion media.
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The carbon dioxide that is present in the tissues can promote the reaction of the
leached calcium through carbonation*®®. This leads to the formation of calcium carbonate,
which precipitates on the cement surface, and as a consequence blocks the capillary
pores through which calcium is released?®”2%8. The latter situation may be particularly
pertinent when explaining the decrease of calcium leaching observed with Biodentine in
FBS, as findings from experimental HCSCs indicate that calcium may not be entirely
consumed through carbonation. The hydration of Biodentine is less susceptible to
environmental conditions*®®, possibly due to the accelerated reaction that takes place in
it, which leads to the formation of a higher percentage of amorphous phase*?’, thereby
enhancing its stability. This is further supported by the significant decrease in the amount

of calcium ions observed upon refreshment of the extract medium.

The reduction in calcium hydroxide leaching from Biodentine compared to
experimental HCSCs in FBS is further supported by its reduced antibacterial activity. The
increased bacterial adhesion observed in Study | for Biodentine in contrast to the
experimental cements may have a similar explanation. It additionally reflects the diverse
leaching behavior of the HCSCs in an acidic environment (i.e the bacterial inoculum),

which Biodentine can withstand well4°8,

The neutralization of the leachate antibacterial activity by FBS can be attributed to its
buffering capacity, as it contains proteins that act as weak acids*®. A corresponding
decrease to leachate alkalinity was followed by the deterioration of the antibacterial effect.
In addition, serum components may create more favorable conditions for bacterial survival
acting as nutrients for them. More importantly, evidence from the plateau of reactivity
observed in the cumulative leachate model at seven days, and even the decline in
antibacterial efficacy for the BG-containing cements and Biodentine, indicates the

consistent buffering effect of FBS, even in static conditions.

Furthermore, the addition of SNPs did not enhance the antibacterial properties of
HCSCs in FBS leachates. At the same time, the antibacterial efficacy of IRM was also
compromised in FBS. Hence, it appears that the serum environment can not only diminish
the alkalinity-mediated bactericidal impact of HCSCs but also decreases the antibacterial

potential of other released components.
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5.2.3 Dentin

In the split-tooth model, upon one-day application, all tested cements imparted
antibacterial activity to the dentin surfaces that they were in contact with (Study Ill). SEM
and EDX observations confirmed the complete separation of the material and dentin
surfaces, with occasional cement particles found on dentin surfaces or penetrating inside
dentinal tubules. The materials altered the elemental composition of the adjacent dentin
surfaces, as demonstrated by spectroscopic scans. The combination of these findings
with the results from the antibacterial evaluation confirmed that the conferred antibacterial
effect is a result of material leaching in the adjacent dentin tissue. Therefore, despite the
buffering effect of dentin, it can still facilitate the antibacterial effect within the
microenvironment. Dentin’s buffering capacity had a greater impact over time on the
commercial HCSCs, potentially due to the earlier completion of hydroxyl ion diffusion as
discussed in Section 5.1.3, and on the BG-containing cements due to the overall
decreased calcium hydroxide release profile that was discussed in Section 5.1.2. Findings
on the BG-containing cements do not necessarily contradict studies reporting an
enhanced antibacterial effect of BG in contact with mineralized tissues (i.e dentin powder
or bone)3%%-368  This enhancement is attributed to increased BG dissolution, and thus
elevated silica and pH levels3%-368. However, this effect might be less potent than that of

the replaced tricalcium silicate cement.

Furthermore, the potential of BG to induce dentin remineralization® could be further
investigated in conjunction with its antibacterial characteristics. While the examination of
that aspect was beyond the scope of the current study, it is worth noting that, as mentioned
above, there was no consistent pattern of dentinal tubule coverage from any of the
HCSCs, including the BG-containing cements. The characterization of the interfaces did
not reveal any particular distinctions among the HCSCs, apart from the migration of SNPs
to dentin, or the presence of the BG particles in the bulk of the respective BG-containing
materials. Previous investigations of the dentin/HCSC interfacial characteristics have
yielded somewhat contradictory results?4324824% as it was pointed out in Section 1.2.1.3,

with findings being influenced by the evaluation methods that are used.
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6.

Conclusions

The following conclusions can be extracted:

Incorporation of 2 mg/ml silver nanoparticles into an experimental HCSC resulted
in a modest improvement of the antibacterial effect. Although it did not enhance the
inhibition of bacterial adherence, it improved the bactericidal effect in water
leachates, but not in a serum-containing environment. Additionally, it increased the

antibacterial potential for longer interaction periods.

Replacement of tricalcium silicate cement by bioactive glass in the HCSC reduced
the calcium hydroxide release, which subsequently compromised the indirect
contact antibacterial efficacy of the cement. It diminished, also, the antibacterial

effect of dentin surfaces exposed to TZ-bg20 and, to a greater extent, to TZ-bg40.

Differences in the surface characteristics of experimental HCSCs, resulting from

the inclusion of SNPs and BG, did not influence their bacterial adhesion pattern.

The inclusion of additives in the manufacturing of commercial HCSCs resulted in

notable changes in their physico-chemical properties and biological activity.

Exposure of HCSCs to FBS induced surface changes but did not affect the bacterial

adhesion.

Environmental conditions, i.e immersion medium and aging period, significantly

affected the materials’ leaching properties.

Aging of HCSCs in FBS had a detrimental effect on their antibacterial properties

compared to aging in water.

Dentin surfaces had a residual antibacterial effect after a one-day application of

both experimental and commercial HCSCs on them.

Assessing the clinical properties of HCSCs in a laboratory setting warrants
consideration of the environmental conditions. Laboratory studies should thus

include experimental parameters that offer a more accurate clinical representation.
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7. Future Perspectives

The use of hydraulic calcium silicate cements in a variety of endodontic
procedures*®118.119 has been established for three decades. The first cement, MTA,
introduced for endodontic surgical applications, has undergone extensive laboratory and
clinical research, which has enhanced our understanding in the basic chemistry of this
material. At the same time, the influx of numerous commercial HCSCs into the dental field
has introduced several modified compositions that often lack comprehensive research and
evidence prior to clinical application or even full manufacturer documentation. The
chemistry in the recent types of HCSCs differs, e.g., by the amount of the calcium

silicates®, which leads to distinct hydration characteristics'?'.

Thus, on one side, we have a solid understanding of the cements’ hydration reaction
behavior, enabling us to focus on improving existing formulations' limitations. On the other
side, we must contend with the new materials claiming distinctions from previous market
formulations, often with limited supporting evidence. All the while, the lack of standardized
models specifically designed for HCSCs, renders the direct comparisons of results from

laboratory studies difficult?".

The replacement of the Portland cement with tricalcium silicate cement and the
substitution of bismuth oxide with inert radiopacifiers in MTA have been supported by
substantial laboratory and clinical evidence in materials that have been in use for over a
decade now®%?2. However, despite the advances in material development, especially since
the introduction of HCSCs, the significance of the currently available materials on clinical
outcome remains unclear®3593, This also raises the question of whether materials like IRM,
which has several decades of clinical application but lacks the biological interaction of

HCSCs, will/should eventually be replaced.

As a basic principle, enhancement of target properties of HCSCs is desirable,
provided that such modifications do not compromise the already established beneficial
material characteristics. While being theoretically an ideal scenario, achieving all desired
properties simultaneously is not practically feasible'?°. What can be accomplished is a

shift in the balance, favoring specific material characteristics over others, on the condition
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that any undesired changes are minor and deemed acceptable. In the case of HCSCs, it
is prudent to conclude that it is the hydration reaction that shall not be negatively affected

by any potential alterations.

The modifications of the experimental HCSC by incorporation of silver nanoparticles
or bioactive glass in the current thesis, aimed to enhance our understanding of the
interplay between the physico-chemical characteristics of the materials and their biological
activity. The overarching aim was to enhance the biological properties of the test cements,
with particular focus in the antibacterial properties and screening of cytocompatibility. The
inclusion of Biodentine, a thoroughly researched commercial HCSC that contains
chemical additives, provided additional insights into this perspective. Moreover, we
focused on the impact of the local microenvironment, due to the evidence indicating

variations in the HCSCs’ behavior under different clinical applications.

The current thesis provides insights into the specific roles of the compounds examined
in conjunction with tricalcium silicate cement. Additionally, our findings offer a broader
understanding of the interplay between changes in physico-chemical attributes and their

associated antibacterial effects.
In light of the above, the following aspects warrant further investigation:

e Assessment of the effect of bioactive glass as additions to the HCSC, without
removing an amount of the tricalcium silicate cement. As previously noted, the
incorporation of BG in these formulations, with its ionic release profile, could
potentially complement the material rather than contemplating for the loss of

reactivity due to the decrease in the amount of tricalcium silicate cement.

e Investigation of the inflammatory potential of HCSCs alongside their
antibacterial effect. The direct interaction of materials for endodontic surgery
with the periodontal ligament and possibly the alveolar bone gives prominence
to the importance of biocompatibility behavior. Notably, chronic inflammation
with accompanied tissue destruction is usually prevalent in the endodontic
surgical field. Modulation of inflammation and potential stimulation of the
immune system towards healing are valuable attributes in that perspective.

These properties should be thoroughly assessed in conjunction with the
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antibacterial potential to explore the balance between immunomodulation and

adequate antibacterial profile.

Exploring various formulations of silver nanoparticles in HCSCs within the
same study design is warranted to determine whether the modest effect
observed in the current study is due to the potential inefficacy of the existing

formulation or other factors.

A thorough physico-chemical characterization, cytocompatibilty screening and
assessment with complex antibacterial models should be conducted once an
experimental formulation seems to provide initial positive evidence of

antibacterial enhancement.

Development of standardized protocols specific to HCSCs and their clinical
applications. Currently, ISO tests are available for endodontic sealers, but not
for materials for endodontic surgical procedures. Furthermore, due to their
chemical uniqueness in terms of the reactive nature of calcium hydroxide,
testing of HCSCs with the available ISO standards might not be relevant*36. In
addition to the criticism directed at ISO standards for utilizing oversimplified
models'?, the development of assays that can facilitate a consistent
characterization of the physico-chemical attributes of HCSCs and other
relevant properties, while considering clinical perspectives, particularly the
endodontic surgical setting, is crucial. These assays are necessary for a more
comprehensive evaluation of existing research data, avoiding redundant
studies with only minor model variations, and focusing on further improvements
in current formulations. In addition, the implementation of more stringent criteria
in the safety data sheets of commercial materials, providing a detailed report
of their constituents, accompanied by comprehensive testing before market

approval, can contribute to this direction.
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Abstract

Objectives To investigate the effect of inclusion of silver nano-particles (SNP) or bioactive glass (BG) on the surface char-
acteristics and bacterial adhesion of prototype tricalcium silicate (TCS)-based cements alongside two commercial cements,
under different aging periods and exposure conditions.

Materials and methods A basic formulation of radio-opacified TCS without (TZ-base) and with additions of SNP (0.5, 1, or
2 mg/ml) or BG (10 or 20%) was used. Biodentine and intermediate restorative material (IRM) served as reference materials.
Material disks were immersed in ultrapure water or fetal bovine serum (FBS) for 1, 7, or 28 days. Surface roughness (n=3),
microhardness (n=9), and wettability (n=6) were analyzed by standard procedures. Adhesion of Enterococcus faecalis was
assessed by fluorescence microscopy (n=35). Data from these assays were evaluated for normality and comparisons among
groups were conducted with statistical procedures (p < 0.05 for significance).

Results The surface morphology of SNP- and BG-containing cements had higher roughness values than TZ-base after
28 days (p <0.05). No differences in microhardness were observed among prototype cements (p > 0.05). Biodentine presented
smooth surface characteristics and the highest hardness values (p < 0.05). The FBS-immersion resulted in surface reactions
in prototype materials and Biodentine, depicted with scanning electron microscopy. All 1- and 7-day prototype cements
showed negligible bacterial adhesion, while in Biodentine and IRM, noticeable E. faecalis adherence was observed from
day 1 (p<0.05).

Conclusions Incorporation of SNP or BG did not improve the antibacterial effect of the experimental cement; all 28-day
aged materials failed to inhibit bacterial adherence. The measured physical parameters did not appear to be related to the
degree of bacterial adhesion. Exposure of TCS-based cements in FBS resulted in surface reactions, which did not affect
bacterial adhesion.

Clinical relevance Changes in the surface characteristics of prototype TCS-based cements by inclusion of SNP and BG or
exposure to different environments did not affect bacterial adhesion. All experimental materials showed inferior physical
properties and higher antibacterial effect than Biodentine.

Keywords Antibacterial compounds - Calcium silicate - Characterization - Root-end filling - Root repair

Introduction

Root canal filling materials should provide a seal between
the root canal system and the surrounding periodontal tis-
sues [1]. The rationale is to inhibit bacterial penetration and

><  Andreas Koutroulis consequent biofilm formation [2]. Materials used for apexi-
andreas.koutroulis @odont.uio.no fication, perforation repair, or retrograde root filling face an

' Section of Endodontics, Institute of Clinical Dentistry, addltlorfal Chanenge, as they have a larger contact érea with
Faculty of Dentistry, University of Oslo, Blindern, P.O. underlying periodontal tissues compared to materials used
Box 1109, 0317 Oslo, Norway for conventional root canal filling [1].

2 Nordic Institute of Dental Materials (NIOM), Oslo, Norway Tricalcium silicate (TCS)-based cements are materials

3 School of Dentistry, Institute of Clinical Sciences, College with properties suitable for such procedures. Their main
of Medical and Dental Sciences, University of Birmingham, advantages are their hydraulic nature and the formation of

Birmingham, UK
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calcium hydroxide upon hydration of the calcium silicate
particles [3]. Release of calcium hydroxide may stimulate
healing as well as provide an antimicrobial effect [4].

Mineral trioxide aggregate (MTA) is a Portland cement
(PC)-based material developed specifically as a perforation
repair material and for root-end filling [5]. Since its intro-
duction in clinical dentistry, several materials based on pure
TCS have been developed. PC was later replaced because of
the potential of aluminum to leach to peripheral organs [6].
In addition, the new generations of hydraulic TCS-based
cements contain additives aiming to enhance materials’
physico-chemical performance compared to MTA [7]. In
Biodentine (Septodont, Saint Maur-des-Fosses, France),
calcium carbonate and water-reducing agents are used for
this purpose [8].

Antibacterial activity of endodontic materials may con-
tribute to the eradication of bacteria that have survived the
preceding disinfection procedures [9, 10]. Even in cases
where root-end surgery has been performed and the area of
infection has been removed, persistent bacteria may have
the capacity to re-establish and cause a re-infection [11]. In
TCS-based cements, the antibacterial potential stems mainly
from the high alkalinity due to hydroxyl ions of the calcium
hydroxide by-product [12]. However, contact with blood
may neutralize the antibacterial potential of MTA [13].
Overall, it seems that interactions of hydraulic materials
with the environment can modulate their physico-chemical
and biological properties [14, 15]. Calcium carbonate may
be formed at the expense of calcium hydroxide [16], and
the reduced alkalinity may limit the material’s antibacte-
rial activity. Therefore, the surface properties as modified
by interactions with the environment may play a role in the
inhibition of bacterial adherence and consequent biofilm
formation [17].

Taking into consideration the moderating effect of envi-
ronmental conditions, introducing an antibacterial agent
in TCS-based cements such as silver nano-particles (SNP)
could be beneficial. SNP can penetrate the dentinal tubules
[18] and limit bacterial growth by releasing free silver ions
[19]. At the same time, as root-end filling and root-repair
materials are usually placed in a field of chronic inflam-
mation where tissue destruction prevails, the potential of a
material to stimulate the post-treatment healing of the peri-
odontal tissues is as important as the antibacterial effect.
Inclusion of bioactive glass (BG) into TCS could contribute
to the balance between these desirable properties [20]. A
recent study showed that 10% addition of different types
of BG to Biodentine resulted in marked apatite formation
upon its surface suggesting an enhanced bioactivity potential
[21]. The bioglass formulation BG 45S5 consists of silicon
dioxide, calcium oxide, sodium oxide, and diphosphorus
pentoxide and was the first material introduced in medicine
that could induce osteogenesis and create a bond with the
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host bone tissue [22]. BG 45S5 also has a moderate, pH-
dependent antibacterial effect [23].

Dentinal and material surfaces may serve as footholds for
bacteria to attach and multiply with biofilm formation and
produce disease [24]. Modifying the chemistry of biomateri-
als in order to limit biofilm formation or enhance their bio-
activity would seem beneficial, provided the modifications
do not negatively influence essential physical properties. The
main aim of the current study was to investigate the surface
characteristics as well as the bacterial adhesion of prototype
TCS-based cements with or without incorporation of SNP or
BG 458S5. The null hypothesis studied was that incorporation
of SNP or BG 4585 in hydraulic TCS-based cements will
not have any effect on the cements’ surface characteristics
nor in the inhibition of bacterial adhesion. An additional aim
was to explore changes in the adhesion patterns in connec-
tion to surface characteristics across exposure to different
environmental conditions and aging periods. For compari-
son, these properties were also investigated in two commer-
cial materials, a TCS-based cement that contains modifica-
tions from the conventional synthesis of a radio-opacified
TCS cement (Biodentine) and a zinc-oxide eugenol-based
material (intermediate restorative material; Dentsply Sirona,
Charlotte, NC, USA). Both are used in root-end filling or
root repair procedures.

Materials and methods
Test materials
The following materials were used in the study:

e Tricalcium silicate cement (TCS; CAS No: 12168-85-3,
American Elements, Los Angeles, CA, USA) with 20%
weight-replacement of zirconium oxide (ZO; Koch-Light
Laboratories, Colnbrook, Bucks, UK) (TZ-base).

e TZ-base with 10% or 20% replacement by weight of the
TCS with bioactive glass 45S5 (BG; Cas No: 65997-17-
3, 10 um particle size, Mo-Sci Corporation, Rolla, MO,
USA) (TZ-bg10, TZ-bg20 respectively).

e TZ-base with incorporation of 0.5 mg/ml, 1 mg/ml, or
2 mg/ml silver nano-particles (SNP; CAS No: 7440-22-
4,< 100 nm particle size, Sigma-Aldrich, Gillingham,
UK) (TZ-Ag0.5, TZ-Agl, and TZ-Ag2 respectively),
following dispersion of silver nano-powder in ultrapure
water (water; Elix Essential 5 UV Water Purification Sys-
tem, Merck KGaA, Darmstadt, Germany).

e Biodentine (Septodont, Saint Maur-des-Fosses, France).

e Intermediate restorative material (IRM; Dentsply Sirona,
Charlotte, NC, USA).
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Material preparation
Dispersion of silver nano-particles (SNP)

The NANOGENOTOX dispersion protocol was followed
with slight modifications [25]. In brief, 12 mg SNP was
pre-wet in 30 ul ethanol. Consequently, 5.97 ml water was
slowly added in the solution resulting in a 2-mg/ml SNP
concentration, instead of a 2.56-mg/ml concentration spec-
ified in the original protocol. The solution was then placed
in an ice bath and sonicated (VCX 130, Sonics & Materi-
als, Newtown, CT, USA). Further dilutions were prepared
(1 mg/ml and 0.5 mg/ml). Sonication of SNP solution was
carried out immediately before material mixing.

Mixing and placement

Prototype materials were hand-spatulated with water or
the respective SNP solutions. The liquid/powder ratio
employed was 0.35 ml/g. Commercial materials were han-
dled according to the manufacturer’s instructions.

Materials were compacted inside Teflon disks (9 mm inter-
nal diameter, 1 +0.1 mm thickness) upon glass microscope
slides (Fig. 1a). They were covered with a wet gauze and
allowed to set for 24 h at 37 °C. After this period, the material
specimens were immersed in 4 ml water or fetal bovine serum
(FBS; F7524, Merck, Darmstadt, Germany). Samples were
incubated for 1, 7, or 28 days at 37 °C (Fig. 1b). Consequently,
they were retrieved, vacuum desiccated, and subjected to test-
ing, except for the ones used in the adhesion assay, which were
tested immediately after the respective aging periods.

The immersion medium was replaced with fresh one
every 7 days.

Material characterization
Evaluation of radio-opacity

Prototype materials (n=3 per group) were tested in order to
verify that the 20% ZO-incorporation induced adequate radio-
opacity to the cements in compliance with the ISO 6876:2012
requirements [26]. Briefly, the material pellets and a 1-mm
increment aluminum step wedge (1-10 mm thickness) were
placed upon a photo-stimulable phosphor plate (VitaScan,
Durr Dental, Bietigheim-Bissingen, Germany). Digital radio-
graphs were acquired by a standard X-ray machine using an
exposure time of 0.80 s at 10 mA, tube voltage at 65 +5 kV,
and a cathode—target film distance of 30 cm. Radiographs
were consequently processed and the digital images obtained
served for the interpretation of results as described by For-
mosa et al. [27].

Photography

Specimens (n=3) were photographed in a dark back-
ground to identify differences macroscopically in their
color or structure after immersion in different media
or from the incorporation of different components
(Fig. 1c).

Scanning electron microscopy (SEM), energy dispersive
X-ray (EDX) analysis, and surface roughness assessment

The materials (n =3 per group) were placed upon carbon
tapes and imaged with a scanning electron microscope
(TM4000Plus II, Hitachi, Tokyo, Japan). Images were
obtained by combining a backscattered electron and
secondary electron signal detector (mix signal). Addi-
tionally, for the surface roughness analysis, 4 backscat-
tered images were obtained at each observation field at
200 x magnification with a quad-type backscatter elec-
tron detector. Stereoscopic reconstruction in a 3D model
of these images was performed with the use of a suit-
able software (MountainsMap; Digital Surf, Besancon,
France). Eighteen surface roughness values (Ra) were
consequently obtained from each 3D model following
calibration of the program with an artificially induced
consistent angulation upon the surface of a reference
material. TZ-base was used for that purpose (Fig. 1c¢).

Surface microhardness assay

Materials (n =9 per group) were subjected to Vicker’s
microhardness testing (Duramin-40 A1, Struers, Rother-
ham, UK) (Fig. 1d). Values were obtained after exposing
the samples to a 100-g load for 15 s of dwelling time.
Three to five measurements were conducted per sample
in non-overlapping planes. The Vickers hardness number
(HV) was consequently automatically calculated from the
program equipment using the following equation:

HV = 1.854(F /d*)

Wettability assessment

Contact angle measurements (n =6 per group) were taken
using a contact angle goniometer (NRL 100-10, rame-
hart, Mountain Lakes, NJ, USA). A micro-syringe was
used to deliver a 10-pl drop of water upon the material
surface. The angle was determined within 30 s of place-
ment of the drop. Two measurements were conducted per
sample (Fig. le).
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Fig.1 Schematic representation of the methodology. Test materi-
als were compacted inside Teflon disks upon microscope slides (a).
Consequently, they were immersed in 4 ml ultrapure water or fetal
bovine serum (b). After the specified aging periods, specimens were

Assessment of bacterial adhesion

Enterococcus faecalis OG1RF, which expresses the green-
fluorescent protein [28], was taken from frozen stock cul-
tures and incubated overnight in Tryptic Soy Broth (TSB;
Sigma-Aldrich, Gillingham, UK) at 37 °C with 5% CO, in a
humidified atmosphere. The following day, bacterial cultures
were centrifuged and suspended in phosphate buffered saline
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I HV =1.854 (FA?)

Enterococcus faecalis
OD 1

subjected to photography, SEM, EDX, and surface roughness analysis
(¢) and assessment of surface microhardness (d) and wettability (e) as
well as adhesion assay (f)

(PBS; Fisher Scientific, Waltham, MA, USA) in order to
prepare a bacterial inoculum with optical density (OD) 1.0
at 600 nm (approximately 1x 10% CFU/ml).

The material specimens (n=35 per group) were placed
inside 48 well-plates (Thermo Fisher Scientific, Waltham,
MA, USA) and exposed to 700 ul of the E. faecalis inocu-
lum for 1 h at 37 °C in a shaking incubator. Subsequently,
they were carefully shaken and rinsed with sterile water
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to remove loosely attached bacteria. For positive control,
sterile membrane filters (MF-Millipore, 0.45 um pore size,
Merck, Darmstadt, Germany) cut to the same diameter
(9 mm) as the material specimens were used. Imaging of
viable E. faecalis cells upon the material surface was per-
formed with a confocal laser scanning microscope (CLSM;
Olympus FluoView FV1200, Olympus, Tokyo, Japan) with
a 60 x water immersion lens. Three images were obtained
per specimen upon different areas of the material. Images
(480 x 480 pixel size) were consequently processed with
ImageJ (US National Institute of Health, Bethesda, MD,
USA). Using the “find maxima” algorithm in the program
and selecting a noise threshold of 12 towards a representa-
tive part of the image (1/4 of the initial size-240 x 240
pixel size), bacterial cells were depicted and automatically
counted (Fig. If).

Statistical analyses

All quantitative results were analyzed statistically, except
for the radio-opacity values which were assessed quali-
tatively in terms of if the ISO standards [26] were ful-
filled. IBM SPSS Statistics software version 27 (IBM,
Armonk, NY, USA) was employed. Each set of results
was assessed for normality according to the Shapiro—Wilk
test. The majority of contact angle values did not follow
the normal distribution and were thus analyzed with non-
parametric Kruskal-Wallis test adjusted by the Bonfer-
roni correction or Mann—Whitney U test. For groups with
only zero values, a one sample Wilcoxon rank-sum test
was used for comparisons with other groups. All other
data were analyzed with ANOVA and Bonferroni post-
hoc tests for multiple comparisons. Multiple comparisons
for data for surface roughness, microhardness, and adhe-
sion assays were performed among different materials for
similar aging period and immersion medium or for the
same materials along different aging periods and immer-
sion medium. The significance level to all analyses was
set at p=0.05.

Results

Characterization

Radio-opacity

All prototype materials had adequate radio-opacity accord-
ing to ISO 6876 [26] (Table 1). Further experiments for

prototype cements were therefore conducted with the 20%
ZO-replacement.

Table 1 Mean and standard

. . . Material Radio-opacity
deviation of radio-opacity (mm alu-
(mm aluminum) of prototype minum)
cements

TZ-base 3.6 (0.5)
TZ-bgl0 3.5(0.3)
TZ-bg20 3.4(0.5)
TZ-Ag0.5 3.7(0.8)
TZ-Agl 3.6(0.4)
TZ-Ag2 3.4(0.2)

Macroscopic assessment of material surface

The color of prototype materials was not visibly affected
by the incorporation of SNP (Fig. 2a). After the immersion
periods in FBS, prototype cements experienced a visible yel-
low discolouration (Fig. 2a), while changes in Biodentine
surface were evident as white depositions particularly after
28 days (Fig. 2b). No change in the color or structure of IRM
was evident macroscopically (Fig. 2c).

SEM, EDX, and surface roughness

SEM images of prototype cements after immersion in water
showed similar surface morphology. The material matrix
appeared gradually more homogenized after 7 and 28 days
(Fig. 3a, Online Resource 1). The main elements in the EDX
scans were calcium, silicon, oxygen, and zirconium, while
phosphate and sodium was also evident in the BG-containing
materials. Silver was rarely depicted in the SNP-containing
cements, mainly in the TZ-Ag2 (Fig. 3b).

For surface roughness assessments in the water-immersed
materials (Table 2), all BG- and SNP-containing cements
reported higher Ra values than the rest after 28 days
(p<0.01), with TZ-bg20 having the highest Ra (p <0.001).
The Ra values of TZ-base and TZ-Agl showed a significant
decrease between 7 and 28 days (p <0.05), while those of
TZ-bg20 increased between 1 and 28 (p <0.05). Biodentine
had a smoother surface morphology than all the prototype
cements in all aging periods (p <0.001), without fluctuations
in Ra (p>0.05).

Immersion in FBS altered completely the surface charac-
teristics of TCS-based cements (prototype cements and Bio-
dentine). SEM images revealed the precipitation of organic
compounds and consequent reaction with the cements’ sur-
face, which was gradually more evident for longer immer-
sion period (Figs. 3a and 4a; Online Resources 1 and 2). The
EDX analysis showed that the particles that were formed
consisted mainly of calcium and oxygen as well as car-
bon or phosphorus. Traces of sodium, magnesium, nitro-
gen, and chlorine were also observed occasionally in rela-
tively low amounts (Figs. 3b and 4b, Online Resource 1).
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Fig.2 Indicative images of pro-
totype materials (a), Biodentine
(b), and IRM (c) after a 28-day
immersion period in ultrapure
water (water) or fetal bovine
serum (FBS)

TZ-base

Consequently, a rougher surface morphology was observed
in all cases for TCS-based cements upon immersion in FBS
compared to the respective water ones for the same aging
periods, which was statistically significant for 28 days sam-
ples (p <0.05), except for TZ-Ag2 (p > 0.05). Biodentine
did not report any significant difference from the prototype
cements after 7 and 28 days (p > 0.05) (Table 2).

IRM showed no alterations in Ra values for the different
aging periods or immersion media (p > 0.05) (Fig. 5a). The
Ra of IRM was significantly lower than all other materials
after immersion in water (p <0.001), except compared with
Biodentine (p >0.05). EDX analysis showed the presence
of calcium, phosphorus, and occasionally sodium and mag-
nesium in the FBS-immersed IRM samples in addition to
zinc and oxygen that were depicted in the water-immersed
ones (Fig. 5b).

Surface microhardness

Prototype materials had overall significantly lower micro-
hardness values than Biodentine for all test conditions
(»<0.001), as well as IRM (p <0.01) except for the 28-day
water-immersed samples (p > 0.05) (Table 3). Incorpora-
tion of BG or SNP did not alter the microhardness of the
prototype cements for any aging period for both immersion
media (p > 0.05).

In the water-immersed materials, Biodentine reported
a significant decrease in hardness values between the 1-
and 28-day samples (p <0.01), while it increased in FBS
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28-day immersion period

Water...‘..
) .‘.. l

TZ-bg20 TZ-Ag0.5 TZ-Ag1 TZ-Ag2

IRM 28 days

from the 7- to 28-day period (p <0.01). Hardness of Bio-
dentine in FBS was significantly higher compared to the
water-immersed samples after the 28-day immersion period
(p<0.001).

IRM had significantly lower microhardness values than
Biodentine during all tested periods (p <0.001). Overall,
IRM had a similar pattern as Biodentine in terms of fluctua-
tions in hardness values, reporting a significant decrease or
increase in the 28-day water and FBS samples, respectively
(p <0.001 for comparisons between 1- and 28-day water-
immersed samples and for comparisons between 1- or 7-day
FBS-immersed samples with the 28-day ones). Additionally,
the 7- and 28-day FBS samples reported higher values than
the respective water ones (p <0.001).

Contact angle

Complete wetting was observed in all the water-immersed
prototype cements (Table 4). In the FBS-immersed proto-
type materials, the hydrophilicity was moderated for 1-day
samples (p < 0.05) but it was gradually re-established in the
7-day samples until complete wetting was reported again
after 28 days. Biodentine had a similar wettability pattern
as the prototype cements, without however reporting com-
plete wetting at any evaluation period. FBS immersion did
not alter Biodentine’s wettability significantly in any period
(p>0.05). IRM had a different behavior, as the immersion
in FBS resulted in relatively higher wettability, which was
significantly different from the water-immersed samples
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Fig.3 Representative scanning electron micrographs of TZ-Ag2
acquired with a mix of back-scatter and secondary electron signal
detectors (1500 x magnification) after exposure to ultrapure water

after 7 days (p <0.001). No changes occurred throughout
the immersion periods for both water- and FBS-immersed
samples of IRM (p >0.05).

Bacterial adhesion assay

Prototype materials showed an overall low amount of E.
faecalis adhesion after 1 and 7 days of aging, regardless
of the immersion liquid. No significant differences were
reported among them for these periods (p > 0.05) (Fig. 6,
Online Resource 3a). Additionally, significantly fewer

ey -

2 Energy [keV] 4 2 Energy [keV] ¢

(water) or fetal bovine serum (FBS) for 1, 7, or 28 days (a). Repre-
sentative energy-dispersive spectroscopic scans of selected spectrums

(b)

bacteria were observed on the surface of the prototype
cements in comparison to Biodentine (Online Resource
3b) and IRM for the 1- and 7-day conditions both for
water- and FBS-immersed samples (p <0.001). In the
28-day samples, a significant increased adhesion of the
prototype cements was observed for both immersion media
(p<0.001).

The TZ-bg20 water-immersed 28-day samples had the
lowest bacterial adhesion, which was only significantly dif-
ferent than the positive control (p <0.05). No other differ-
ences were observed among prototype materials, Biodentine,
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Table2 Mean and standard deviation of surface roughness Ra (um)
for materials after immersion in water or FBS for 1, 7, or 28 days.
Read horizontally, the same small superscript letter indicates no sta-
tistically significant differences between different aging periods and
immersion solutions within the same material (p>0.05). Read verti-
cally, the same capital letter shows non-statistically significant differ-
ence among materials for the exact same conditions of testing (aging
period and immersion medium) (p > 0.05). In 28-day water-immersed

samples, all BG- and SNP-containing cements reported higher
Ra than the rest materials, with TZ-bg20 having the highest values
(p<0.05). Water-immersed Biodentine and IRM had a smoother sur-
face morphology than all the prototype cements in all aging periods
(p<0.05). The 28-day FBS-immersed prototype cements had higher
Ra than the respective water-exposed samples (p <0.05), except for
TZ-Ag2 (p>0.05)

Surface roughness (Ra)

Material 1 day 7 days 28 days

Water FBS Water FBS Water FBS
TZ-base 0.095 (0.004)AB=2> 0,115 (0.006)*B=*  0.09 (0.002)*B*  0.112(0.008)**  0.063 (0.001) ™ 0.113 (0.022)AB-2>
TZ-bgl0 0.083 (0.005)A2 0.117 (0.016)*B=*®  0.104 (0.001)*™  0.115 (0.008)*™*  0.083 (0.002)5~*  0.171 (0.056)*™
TZ-bg20  0.091 (0.006) ™ 0.099 (0.006)*C=** 0.1 (0.005)*B=2>  0.125 (0.004)A7¢  0.109 (0.008)S™><  0.127 (0.004) B4
TZ-Ag0.5  0.096 (0.001)*B-2 0.109 (0.007)~B=% 0.1 (0.004)*B~2 0.125 (0.001)A™  0.08 (0.001)B~2 0.211 (0.051)A°
TZ-Agl 0.094 (0.000) B3> 0,123 (0.007)5~¢  0.104 (0.004)*7*¢  0.125 (0.008)*~=¢  0.082 (0.005)%>  0.134 (0.012)A B~
TZ-Ag2 0.106 (0.011)B-2® 0.113 (0.00)AB=3> 0,087 (0.006)2~*®  0.12 (0.002)A7*®  0.083 (0.002)B~>  0.119 (0.026)AB-2>
Biodentine  0.038 (0.003)¢? 0.079 (0.01)¢P=#> 0,044 (0.005)“*  0.12 (0.024)*7*®>  0.038 (0.001)°*  0.133 (0.061) B~
IRM 0.036 (0.003)? 0.039 (0.003)P~* 0.041 (0.007)¢™*  0.044 (0.01)B~2 0.03 (0.001)P~? 0.042 (0.01)B—2

and IRM for both the water- and FBS-immersed samples
after 28 days (p>0.05).

In Biodentine, all samples allowed E. faecalis adhesion.
However, bacterial adhesion was significantly lower than the
positive control for the 1- and 7-day samples (p < 0.05). No
significant differences were reported between media for the
same evaluation periods (p >0.05).

Bacterial adhesion was also observed in IRM, while after
28 days of aging, the water-immersed samples had signifi-
cantly more bacteria compared to the FBS ones (p <0.05).

Discussion

The present study assessed whether the incorporation of sil-
ver nano-particles or bioactive glass in TCS-based cements
with rationale of use for root repair or root-end filling pro-
cedures could induce significant alterations in their surface
characteristics and consequently modify their bacterial
adhesion profile. The effect of immersion in a protein-rich
solution was also investigated. Our results indicated that the
additions caused an increase in surface roughness; however,
this was not accompanied by changes in the adhesion pat-
terns. The null hypothesis was therefore partially rejected.
It was also shown that surface characteristics of TCS-based
materials were significantly altered upon exposure to a pro-
tein-rich environment, again without affecting the bacterial
adhesion patterns. Biodentine’s better physical properties
and smoother surface characteristics in comparison to the
non-modified prototype cement were accompanied by a neg-
ligible early inhibition of bacterial adhesion.
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Incorporation of BG in obturation materials has been
reported to result in better adaptation to the surrounding
dentin walls, probably due to the ionic exchange taking place
at the interface and expansion of BG particles upon hydra-
tion [29]. BG is dissolved in contact with water leading to
leaching of calcium and phosphate ions and formation of
an intermediate layer rich in silicon oxide [30]. Leaching
plays a significant role in the induction of healing processes
[31]. A pronounced apatite-forming ability has been previ-
ously reported following BG-additions in Biodentine [21].
An antibacterial effect is also evident due to the increase in
pH [23] and osmotic pressure [32]. These properties would
seem beneficial in a root-repair material, and we therefore
wanted to evaluate the surface modifications upon incorpo-
ration of BG compounds to TCS-based cements. We used
BG 45S5 micro-particles as they appear superior in terms of
their chemical profile in comparison to other BG types [33]
and have similar characteristics to BG particles that have
been previously incorporated in a commercial endodontic
sealer [34, 35].

Similarly, silver nano-particles were considered can-
didates for improvement of the antibacterial properties of
cements. Their antibacterial activity is attributed to the
release of free silver ions that interact with sulfhydryl groups
and nitrogen atoms in proteins and nucleic acids of bacterial
cells and induce significant disruptions to their functionality
[36]. At the same time, their nano-size enables them to pen-
etrate into target cells and to cause cell damage by their oxi-
dization potential [37]. Despite the well-researched potential
of enhancement of the antibacterial activity of SNP-incor-
poration in various dental materials, such as resins [38],
adhesives [39], endodontic medicaments [40], and irrigants
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Fig.4 Scanning electron micrographs of Biodentine acquired
with a mix of back-scatter and secondary electron signal detectors
(1500 x magnification) after exposure to ultrapure water (water) or

[41, 42], there is still a controversy in the literature whether
their desirable properties are derived from leaching of SNP
to the immediate environment or through direct contact upon
the material [43]. Furthermore, establishing an optimum
concentration of silver nanoparticles for adequate antibac-
terial activity is challenging, as their reactivity depends on
parameters that vary among the recruited compounds in the
literature, namely, size, capping, and charge [44].

A commercial TCS-based cement was included in the
study for comparison with the experimental formulations.

fetal bovine serum (FBS) (1500 x magnification) (a). Representative
energy-dispersive spectroscopic scans of selected spectrums (b)

Biodentine was selected due to its chemical similarities to
the prototype cements, as it consists mainly of TCS cement
and has ZO as radio-opacifier, in contrast to PC-based MTA.
Additionally, it contains compounds that enhance its phys-
ico-chemical profile. Calcium chloride and a water-soluble
polymer are used in the liquid to reduce setting time and
improve physical properties, respectively. Calcium carbonate
is also added to the cement to control the hydration reaction
[45]. IRM was included in the study in order to investigate
the effect of environmental conditions and aging period on a
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Fig.5 Representative scanning electron microgaphs of IRM acquired
with a mix of back-scatter and secondary electron signal detectors
(1500 x magnification) after exposure to ultrapure water (water) or

material of completely different chemical composition from
the tested hydraulic cements, but similar clinical application.
IRM is used for root-end filling procedures and has reported
similar clinical success to MTA [46, 47].

Root-repair and root-end filling materials are placed in
a challenging biological environment, where they interact
with tissue fluids, blood, and residual bacteria that might
have survived the attempts of disinfection [48]. The mate-
rials can therefore be crucial in preventing bacteria from

@ Springer

fetal bovine serum (FBS) (1500 X magnification) for 1, 7, or 28 days
(a). Representative energy-dispersive spectroscopic scans of selected
spectrums (b)

getting access to nutrients that can enable them to proliferate
and cause a re-infection. The role of their morphological
characteristics in this dynamic environment defines their
antibacterial profile to a significant extent together with the
potentially leachable components [49]. Only few studies
have assessed antimicrobial properties of hydraulic cements
from the perspective of their use for root-end filling or perfo-
ration repair procedures [50]. At the same time, introducing
chemical compounds to the formulation of TCS cements for
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Table3 Mean and standard deviation of surface microhardness
of test materials after 1, 7, or 28 days immersion in water or FBS.
Read horizontally, the same small superscript letter indicates no sta-
tistically significant differences between different aging periods and
immersion solutions within the same material (p>0.05). Read verti-
cally, the same capital letter shows non-statistically significant differ-

ence among materials for the exact same conditions of testing (aging
period and immersion solution) (p >0.05). Prototype cements’ micro-
hardness was not affected by SNP- or BG-incorporation (p>0.05).
Biodentine had the highest values in all test conditions, while the
microhardness of 28-day FBS-immersed Biodentine was higher than
the respective water-exposed (p <0.05)

Surface microhardness (HV)

Material 1 day 7 days 28 days

Water FBS Water FBS Water FBS
TZ-base 8.05 (1.79)A~2P 7.08 (1.79)A7% 10.59 (2.23)A™ 6.34 (1.13)A2 8.25 (0.87)A~2b 8.75 (2.38)A"2P
TZ-bgl0 7.64 (1.18)A2 7.18 (1.08)A™® 7.83 (L4T)A2 6.85 (1.83)A® 8.1 (1.26)A 8.6 (2.4)A?
TZ-bg20 6.23 (1.38)A"2P 6.77 (1.41)A78P 8.07 (1.42)A 5.47 (1.25)A° 7.63 (1.59)A%b 8.5 (2.63)A?
TZ-Ag0.5 7.11 (2.22)A78 6.59 (1.3)A72 9.74 (1.96)*°° 7.31 (2.23)A7%b 8.26 (1.45)A~2b 7.99 (1.4)A-ab
TZ-Agl 7.46 (1.72)A2 7.06 (1.37)A8 8.98 (1.96)A* 7.38 (2.02)A7% 8.3 (1.43)A™8 8.67 (2.43)A2
TZ-Ag2 6.55 (1.3)A2 7.56 (1.62)A7%0 10.28 (1.32)A 7.54 (1.39)A2b 9.98 (2.74)A7be 8.96 (1.59)A73¢
Biodentine 55.23 (6.87)B2P 53.8 (11.77)B-2b 49.51 (2.6)B-2¢ 47.88 (2.74)B2¢ 35.53 (4.89)B~¢ 67.56 (22.31)B°
IRM 19.14 (3.2)¢2b 23.3 (4.24)C"24 14.3 (2.03)¢be 28.51 (3.31)¢¢ 8.23 (1.05)A ¢ 44.21 (8.74)¢

Table4 Median and interquartile range of contact angle measure-
ments of test materials after 1, 7, or 28 days immersion in water or
FBS. Read horizontally, same small superscript letters indicate no
statistically significant differences between different aging periods
and immersion solutions within the same material (p>0.05). Read
vertically, same capital letters show non-statistically significant differ-

ences among materials for the exact same conditions of testing (aging
period and immersion solution) (p > 0.05). FBS-immersed prototype
materials showed lower hydrophilicity than the respective water sam-
ples, particularly after 1 day (p <0.05), which was, however, gradu-
ally re-established through time

Contact angle values (°)

Material 1 day 7 days 28 days

Water FBS Water FBS Water FBS
TZ-base 078 77 (13)AB-b 072 0 (82)A~ab 078 072
TZ-bg10 072 91 (27)B-° [V 46 (65)A2 A8 0Ae
TZ-bg20 oA 66 (16)5° (U 0 (27)A*P (U 0 (63)*B72P
TZ-Ag0.5 (a 82 (47)AB-b (Va 0 (43)A2 08 oA
TZ-Agl 072 63 27)ABP 072 24 (57)A? (0 072
TZ-Ag2 oAt 80 (48)AB-P (VA 34 (89)A~*b 078 (Va
Biodentine 45 (26)B2 70 (30)AB-2 38 (63)B 90 (26)A2 45 (45)B-2 38 (59)B2
IRM 88 (25)C2P 40 (25)A-2b 90 (20)~¢ 35 (1A 81 (14)¢2 37 (35)B-2P

enhancement of antibacterial or biological properties should
not compromise any of their existing physical properties.
A thorough characterization of materials’ surface char-
acteristics was performed after aging in different environ-
mental conditions and time periods. Exposing the materi-
als to a protein-rich medium (FBS) sought to resemble the
interactions that take place between materials and host tis-
sue fluids [51]. The results may be compared with results
obtained under the more controlled in vitro environment in
the absence of any organic or inorganic compounds. Little
research has been conducted on the antibacterial properties
after contact with clinically relevant fluids, but one previous
study indicated a reduction in activity of MTA following

contact with blood and heparin [13]. To the best of our
knowledge, this is the first study to evaluate antibacterial
properties of Biodentine following exposure to a serum-
containing environment. Testing was performed after three
different incubation periods to follow changes in material
properties as the hydration of cements was progressing until
it was largely completed [3].

In the adhesion assay, direct bactericidal activity as well
as anti-adherence surface characteristics may co-exist.
Including longer incubation periods in our investigation
enabled us to render these two roles more discrete, as the
bactericidal effect might be decreased through time. The flu-
orescence assay for adhesion was compared in preliminary

@ Springer
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Fig.6 Mean and standard deviation of bacterial adhesion upon the
surface of materials after a 1-h agitation period at 37 °C in an Entero-
coccus faecalis inoculum. Materials were previously aged in ultrapure
water (water) (a) or fetal bovine serum (FBS) (b) for 1, 7, or 28 days.

experiments with cultural data and found to yield similar,
reliable, and reproducible results (data not shown). While the
use of E. faecalis may not reflect fully the clinical scenario
since endodontic infection has a polymicrobial etiology [52],
it has been commonly used for in vitro and ex vivo evalua-
tions of the antibacterial effect of root-end filling materials
[50], and the results with a single organism are easily quan-
tifiable and reproducible. The selection of the specific strain
of E. faecalis that expresses the green-fluorescent protein
enabled us to avoid excessive sample manipulation and any
potential stain interference in the imaging process. Further
investigations under a biofilm model might be useful as they
could provide information on materials’ antibacterial poten-
tial under more extreme testing conditions.

Inclusion of BG altered the roughness profile of the
cement along the hydration process. Even though all proto-
type cements that contained additives showed rougher sur-
faces at 28 days following water immersion comparing to
the non-modified cement, the TZ-bg20 was the only mate-
rial that increased in surface roughness eventually from
day 1. This may be partially explained by the different
hydration mechanisms for TCS and BG particles [3, 22].
A recent study showed that 20% incorporation of a dif-
ferent BG-type (Biosilicate) into prototype TCS achieved
complete killing of planktonic E. faecalis in contrast to
the non-modified cement [53]. Despite differences in the
experimental design and the category of BG, the above
findings are in line with ours: the 1-day prototype materi-
als did not allow initial bacterial adhesion, possibly due to
direct killing, while in the 28-day samples, TZ-bg20 had
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Control corresponds to sterile membrane filters cut to the same diam-
eter (9 mm) as the material specimens. Asterisk indicates statistically
significant difference from the control (p <0.05)

the lowest E. faecalis adhesion, which was significantly
different from the positive control.

Silver nano-particles increased the roughness profile of
cements after 28 days but did not have any other effect on
the properties studied. Even though SNP have been used
previously to improve the antibacterial properties of PC-
based materials with reported success, the effect was only
investigated 2 days after setting [54]. We found no change
in the bacterial adhesion pattern from the addition of SNP.
SNP might demand a longer interaction period with the
negatively charged bacterial cells to achieve bacterial kill-
ing [55] following the early stages of bacterial adhesion,
and it might also result from loss of SNP from the surface
to the medium, rendering the surfaces relatively unaltered.

Biodentine showed an overall smoother surface mor-
phology particularly up to 7 days after immersion, a result
of the inclusion of the water-soluble polymer reducing
cement flocculation [56]. In addition, decrease of the
water/powder ratio in Biodentine increases the material
hardness [45, 57]. This was evidenced by comparisons
with the non-modified cement in our results. Bacteria
adhered in large numbers to Biodentine. The material is
moderately active towards E. faecalis [58]. Differences
in the antibacterial activity in comparison with prototype
cements might reflect a diverse extent of solubility and
therefore leaching. Additionally, exposure of the materials
to lower pH environments such as the bacterial inoculum
could have resulted in a greater dissolution effect in the
prototype cements, in contrast to Biodentine, which can
withstand acidic environments [59].
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Interestingly, the microhardness of Biodentine was
reduced after long-term incubation in water, possibly due to
continued dissolution. Changing of the immersion medium
weekly might have affected microhardness, as it tends to
increase leaching by not allowing buffering of the solu-
tion. In prototype materials and particularly in TZ-base,
some minor fluctuations in the hardness values particularly
between 7 and 28 days might have a similar explanation.

Immersion in FBS altered significantly the surface prop-
erties of all TCS-based materials. However, their behavior
in the adhesion assay was unaltered. Material surfaces were
progressively covered by products of the reaction of the cal-
cium hydroxide with serum components, with SEM images
and EDX analysis indicating gradual formation of a layer
of calcium phosphate and mainly calcium carbonate. This
layer decreased the hydrophilicity to some extent, particu-
larly in the short-term immersion periods, while it resulted
in reinforcement of surface hardness of Biodentine in the
long term in contrast to its behavior in water. Alterations in
the hydration process upon exposure to serum-containing
environments have been described before both in vitro [13,
60] and in clinical conditions [16].

In IRM, even though the surface morphology of the mate-
rial was not altered after the various exposure periods in
FBS, the EDX analysis showed a qualitative modification
with deposition of elements from the serum. Surface micro-
hardness was consequently increased in FBS. This could be
aresult of a shift in the equilibrium of dissolution and uptake
possibly caused by the serum components. Interestingly,
IRM immersed in FBS showed higher wettability in com-
bination with a reduction in the adhesion of E. faecalis. As
the surface roughness of IRM remained stable in both media,
the chemical changes in the material surface would seem
responsible for the reduced bacterial adhesion. Increased
hydrophilicity has been linked with reduced biofilm forma-
tion on dental resins [61] and may warrant further studies of
hydrophilicity also of materials used for endodontic surgical
procedures.

Conclusions

Inclusion of silver nano-particles or bioactive glass did not
affect the adhesion of E. faecalis in comparison to the non-
modified composition. Exposure to FBS caused surface
reactions in TCS-based cements that altered significantly
their surface characteristics but did not affect the adhesion
pattern. The measured physical parameters did not appear to
be related to the degree of bacterial adhesion. Further studies
should focus on the effect of leaching properties to the anti-
bacterial profile upon alterations in the cement composition
under different aging conditions.
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Online Resource 1 Representative scanning electron microgaphs of prototype
materials acquired with a mix of back-scatter and secondary electron signal
detectors (1500 magnification) after exposure to ultrapure water (water) or Fetal

Bovine Serum (FBS) for 1, 7 or 28 days
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Online Resource 2 Representative images acquired after stereoscopic reconstruction
of scanning electron micrographs obtained with a quad-type backscatter electron
detector at 200x magnification. Materials were exposure to ultrapure water (water)
or Fetal Bovine Serum (FBS) for 1, 7 or 28 days prior to testing. Colours represent

height (mm) as indicated in the scale bars on the right side of each image.
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Online Resource 3 Mean and standard deviation of bacterial adhesion upon
material surfaces after a 1 h-agitation period at 37 °C in an Enterococcus faecalis
inoculum. Values are presented per material, immersion liquid (water or FBS) and
immersion period (1, 7 or 28 days). Sterile membrane filters cut to the same
diameter (9 mm) as the material specimens served as positive control. Read
horizontally, different superscript letters indicate statistically significant differences
between different aging periods and immersion solutions within the same material
(p < 0.05). Read vertically, different capital letters show statistically significant
difference among materials for the exact same conditions of testing (aging period
and immersion solution) (p < 0.05). Asterisks indicate statically significant
difference from the positive control (p < 0.05) (a). Representative confocal
microscope images of bacterial adhesion on TZ-base and Biodentine samples

immersed in water for 1, 7 or 28 days before testing (b).
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INTRODUCTION

Surgical endodontic procedures entail application and direct
exposure of materials to host tissue fluids. Materials should
remain physically stable but not necessarily inert, as stimula-
tion of healing and antibacterial activity are desirable [1]. The

This study investigated the role of aging and changes in environmental conditions on
selected properties of a prototype radiopacified calcium silicate-based cement (TZ-
base) with or without incorporation of silver nanoparticles or bioactive glass, and
two commercial materials, Biodentine and intermediate restorative material. Mate-
rials were immersed in ultrapure water or fetal bovine serum for 28 days and were
characterized with scanning electron microscopy and energy dispersive x-ray analy-
sis. Immersion media were either replaced weekly or not replenished at all and were
assessed for alkalinity and calcium release after 1, 7, 14, 21, and 28 days; antibac-
terial effect against 2-day monospecies biofilms; and cytotoxicity by the 3-(4,5
dimethylthiazolyl-2-yl)-2,5-diphenyl tetrazolium bromide assay after 1, 7, or 28 days.
Alkalinity, calcium release, antibacterial activity, and cell cytotoxicity increased over
time when the medium was not changed but decreased with medium replenishment.
Immersion in fetal bovine serum resulted in lower alkalinity, less bactericidal prop-
erties, and lower cytotoxicity of prototype cements and Biodentine than did water
immersion. Biodentine and 20% bioactive glass-containing cement had overall lower
alkalinity, calcium release, and antibacterial activity than TZ-base, and Biodentine
was less cytotoxic than TZ-base. In conclusion, exposure conditions and cement mod-
ifications significantly affected materials’ leaching properties. Exposure conditions

warrant consideration when evaluating cements’ clinical properties.

KEYWORDS
anti-bacterial agents, bioactive glass 45S5, calcium silicate, chemical characterization

material may induce transient or more long-lasting changes in
the local microenvironment; however, the microenvironment
can also affect the material [2]. For hydraulic calcium silicate
cements, in vivo conditions may alter their chemical reactiv-
ity through consumption of the released calcium hydroxide by
the carbon dioxide present in the tissue fluid environment [3].

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. European Journal of Oral Sciences published by John Wiley & Sons Ltd on behalf of Scandinavian Division of the International Association for Dental Research.
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TABLE 1

Material name Composition

TZ-base

Liquid: ultrapure water
TZ-bg10, TZ-bg20

Powder: 80% w/w tricalcium silicate cement (CAS No:
12,168—85-3, American Elements), 20% w/w zirconium
oxide (2-15 um particle size, Koch-Light Laboratories)

Presentation of test materials, their composition and handling procedure.

Handling

Hand-mixed and
spatulated at a 0.35
liquid/powder ratio

Powder: TZ-base with 10 or 20 % w/w bioactive glass 45S5 (Cas

No: 65,997—17-3, Mo-Sci Corporation) replacement in the
cementitious phase respectively

Liquid: ultrapure water

TZ-Ag0.5, TZ-Agl, TZ-Ag2 Powder: TZ-base

Liquid: 0.5, 1 or 2 mg/mL silver nanoparticle solution (CAS No:
7440-22-4, < 100 nm particle size, Sigma Aldrich)
respectively, following dispersion of silver nanoparticles in

ultrapure water [5]

Biodentine (Septodont)

Intermediate restorative material
(IRM; Dentsply Sirona)

The effect of environment on surface characteristics and
corresponding antibacterial activity of hydraulic calcium
silicate cements has been assessed in vitro [3—-7]. However,
despite the long known positive role of alkalinity on their
antibacterial potential [8], the effect of clinical environment
on antimicrobial properties associated with leaching is still
not clear. Furthermore, studies on the antibacterial activity
of endodontic cements for root-end filling and perforation
repair per se are scarce [9].

Current formulations of commercial hydraulic calcium sili-
cate cements appear to have limited antibacterial activity [10].
The bactericidal effect in hydraulic calcium silicate cements
is mainly pH-dependent and is therefore considerably reduced
over time as alkalinity is neutralized due to local interactions
with host tissues [11]. Incorporation of silver nanoparticles
could be explored to enhance their antibacterial profile [12].
Silver nanoparticles can damage bacterial cells by interfer-
ing with the permeability of the bacterial membrane as well
as interacting with bacterial proteins and DNA [13]. Alterna-
tively, bioactive glass formulations could promote release of
calcium and phosphate ions and enhance the biological pro-
file of cements [14]. Their incorporation in hydraulic calcium
silicate cements could therefore be explored as well [15].

The aim of this study was to investigate the role of expo-
sure conditions (immersion medium and aging period) on
selected properties of endodontic cements used for surgical
procedures. Furthermore, in order to assess the role of mate-
rial composition on these properties, silver nanoparticles and
bioactive glass were incorporated in prototype hydraulic cal-
cium silicate cements. The null hypotheses were that aging
period, immersion medium, and material composition do not
affect the leaching characteristics of endodontic cements.

Powder: Calcium silicates, calcium carbonate, zirconium oxide
Liquid: water, calcium chloride, water-soluble polymer

Liquid: eugenol, acetic acid

According to the
manufacturer

Powder: Zinc oxide, polymethylmethacrylate

MATERIAL AND METHODS

All chemicals and equipment were purchased from Merck
unless stated otherwise. Table 1 presents the test materials.

Material discs (9 mm diameter, | mm thickness) were pre-
pared and allowed to set for 24 h at 37°C, 100% relative
humidity. Consequently, each material was immersed in tubes
containing either 4 mL ultrapure water (water; Elix Essen-
tial 5 UV Water Purification System) or fetal bovine serum
(F7524) and stored at 37°C. Testing of material leachates
was conducted over a 28 day aging period, during which
the immersion liquid was either replenished weekly or not
changed at all (Figures 1A, 2A, 3A).

For biological assays, samples were additionally prepared
inside cell culture inserts (pore size 0.4 mm, 9 mm diameter)
and placed immediately in 12-well plates containing 1.8 mL
medium at 37°C for 24 h (Figure 2B).

Test conditions per assay are presented in Table 2 as well
as in Figures 1-3. Leachates were sterile-filtered (Millex-GV,
0.22 pm) prior to testing.

Chemical analysis

Alkalinity (n = 9/subgroup) was monitored with a pH meter
(Sension+ PH3; Hach), and calcium ion release (n = 9/sub-
group) with a calcium ion selective electrode connected to
a laboratory meter (ION450; Radiometer analytical, Hach).
Separate samples were assessed for pH and Ca2* at the
following periods: after 1, 7, or 28 days without chang-
ing the medium (independent samples); every 7 days for
a total of 28 days upon replenishing the medium weekly
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FIGURE 1
(A) Sample preparation for extract acquisition, and (B) testing of

Schematic representation of the chemical analysis.

material extracts (n = 9/subgroup). The analysis was performed
separately for pH and Ca”*. The figure was partially generated using
Servier Medical Art, provided by Servier, licensed under a Creative
Commons Attribution 3.0 unported license. FBS, fetal bovine serum;
mQ, Milli-Q.

(nested specimens) (Figure 1, Table 2). For calibration pur-
poses, three standard solutions were used in the alkalinity
assessments (pH 4, 7, 10) and four standard solutions in the
calcium release analysis (0.01, 0.1, 1, 10 mM Ca).

Biological assays

All samples were incubated at 37°C, 5% CO,, 100% relative
humidity. Sterile water and fetal bovine serum served as neg-
ative controls. Testing of leachates was done after 1, 7, or 28
days for samples without any medium change (independent
samples) and at 7 and 28 days for samples where the medium
was refreshed weekly (nested samples) (Figure 2A). Mate-
rial leachates were additionally obtained using an alternative

= IADR-

preparation method: Materials were placed into a cell culture
insert system immediately after mixing for a 24 h aging period
(0-24 h leachates) (Figure 2B, Table 2).

Antibacterial activity

Enterococcus faecalis OGIRF ATCC 47077 and Pseu-
domonas aeruginosa ATCC 9027 from frozen stock cultures
were incubated overnight in tryptic soy broth. Bacterial inoc-
ula (103 CFU/mL) were prepared following centrifugation
and resuspension of each culture in tryptic soy broth.

Two-day monospecies E. faecalis and P. aeruginosa
biofilms were cultured upon membrane filters (MF-Millipore;
3 mm diameter), following a previously established proto-
col [16]. Briefly, membranes were placed upon tryptic soy
broth agar plates and received 2 L bacterial inoculum. After
48 h incubation, membranes with biofilm were collected and
immersed in 24-well plates containing 500 uL test leachates
(n = 9/subgroup).

Following a 24 h overnight incubation, test membranes
were retrieved and immersed in tubes containing 1 mL
phosphate buffered saline, vortexed, and sonicated. Viable
bacterial colonies were calculated upon serial dilution and
plating on tryptic soy broth agar plates (Figure 2C).

Cell viability

L.929 murine fibroblast cells were cultured in 75 cm? flasks
in Dulbecco’s modified eagle’s medium supplemented with
5% fetal bovine serum, 1% penicillin/streptomycin, 2 mM glu-
tamine. At 70%—-80% confluence, 10,000 cells were seeded
in 96-well plates in 100 L medium. After 24 h incubation,
the medium in the wells was replaced with 100 uL fresh
medium and 100 uL test leachate (n = 9/subgroup). Three
dilutions of each leachate were also tested. The following day,
solutions were aspirated and 100 uL 3-(4,5 dimethylthiazolyl-
2-y)-2,5-diphenyltetrazolium bromide (MTT; 0.5 mg/mL)
was added to each well. After 3 h, MTT was replaced with
100 pL dimethyl sulfoxide. The optical density of the wells
was read in a microplate reader (Synergy HI1; BioTek) at
570 nm (Figure 2D).

Scanning electron microscopy (SEM) and
energy dispersive X-ray (EDX) analysis

Following a 28 day incubation period in the two media
without replenishment (Figure 3A), material specimens
(n = 3/subgroup) were retrieved, vacuum desiccated,
embedded in epoxy resin, and ground and polished with a
series of silicon carbide foils and polishing cloths (Struers).
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(B) Sample preparation 2 (0-24 h leaching)

ﬁ 37°c
24h

water FBS

FIGURE 2

bacterial inoculum

(©) Antibacterial activity

biofilm membrane

. 48 h — \\ //

material extract
(n = 9/subgroup)

ﬁsr’c (™) 24n @ 5%

Plating and CFU counting

membrane filter

(D) Cell viability

ﬁ 37°C HiC

() 24n

material extract/
cell culture medium

(n = 9/subgroup)

E OD 570 nm

Schematic representation of the biological assays. Material extracts where acquired using two different preparation methods. (A) In

the first method, extracts were obtained after 1, 7, or 28 days with or without replenishing the medium weekly. (B) In the second method of extract

preparation, materials were mixed and immediately placed in cell culture inserts positioned inside 12-well plates containing the respective extract

medium for 24 h. (C) For antibacterial activity testing, membrane filters were placed on agar plates and received a bacterial inoculum to cultivate

2-day monospecies biofilms of Eneterococcus faecalis and Pseudomonas aeruginosa. Subsequently, they were exposed to 500 uL material extract for

24 h and bacterial viability was assessed by aliquots plated on agar plates. (D) For cell viability assessment, an MTT assay was performed using four

different concentrations of each material extract. Parts of the figure were generated using Servier Medical Art, provided by Servier, licensed under a
Creative Commons Attribution 3.0 unported license. DMSO, dimethylsulfoxide; FBS, fetal bovine serum; mQ, Milli-Q; MTT, 3-(4,5
dimethylthiazolyl-2-y1)32,5-diphenyltetrazolium bromide; OD, optical density.

Finally, they were imaged in backscatter mode with scanning
electron microscopy (SEM) (TM4000Plus II; Hitachi).
Energy dispersive X-ray (EDX) analyses in random cement
areas were also performed (Figure 3B).

Statistical analysis

Power calculations were initially conducted considering a fac-
torial analysis of variance and the sample size used in the

assays accounted overall for an effect size of f = 0.20-0.28
(a error probability = 0.05, power = 0.95) upon estimations
with G*Power 3.1 (Heinrich Heine University).

Regression analyses were performed using Stata/SE 17.0
(StataCorp) to assess the effect of material, immersion
medium, and aging period to pH, calcium release, bacterial
survival, and cell viability. As data consisted of both repeated
measurements within the 28 day period (nested samples)
and independent ones, two different models were explored.
Additionally, subgroup analyses were conducted, either for
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TABLE 2 Exposure conditions of materials per assay prior to testing.

Assay Aging period prior to testing Immersion medium
Chemical e 1,7, 28 days without medium replenishment e Ultrapure water

* pH (independent samples) * Fetal bovine serum
¢ Calcium release e 7,14, 21, 28 days upon weekly medium

change (nested samples)

Biological e 1,7, 28 days without medium change

* Antibacterial activity

(independent samples)

* Cell viability * 7,28 days upon weekly medium change

(nested samples)

* 24 h (“0-24 h”) for samples prepared inside

cell culture inserts

Characterization
¢ Scanning electron microscopy
¢ Energy dispersive X-ray analysis

(A) Sample preparation

(O
Larc ®oaan @ 100%

Fas

P

. A—

(B) Microscopy

. n= 3/subgroup

Embed in
resin blocks

FIGURE 3 Illustrative representation of sample preparation for
scanning electron microscopy (SEM) and energy dispersive X-ray
analysis. (A) Samples (n = 3/subgroup) underwent a 28-day immersion
period in ultrapure water or fetal bovine serum (FBS).

(B) Subsequently, they were retrieved, desiccated, embedded in epoxy
resin and imaged in the SEM after grinding and polishing. Figure 3A
was partially generated by using pictures from Servier Medical Art,
provided by Servier, licensed under a Creative Commons Attribution
3.0 unported license. mQ, Milli-Q.

28 days without changing medium

independent assessment of the effect of exposure conditions
on properties of material leachates, or for comparison of the
effect of material in the same immersion medium. Specifically
for each assay, the following were performed:

- In the chemical analysis, multiple linear regression mod-
els were fitted for the independent leachate samples of pH
and Ca?* for material specimens where the medium was not
refreshed (at 1, 7, 28 days; n = 378). In addition, mixed-
effects linear regression models were fitted to examine pH
or calcium release as outcome variables for the weekly
investigation of leachates of nested specimens following
medium refreshment (at 7, 14, 21, and 28 days; n = 126).
For calcium release, subgroup analyses were also conducted
for Biodentine (n = 54) or for the prototype hydraulic cal-
cium silicate cements (n = 324), to assess the effect of the
immersion medium in the accumulative leaching conditions
separately. The intermediate restorative material (IRM) was
not included in any of these analyses due to its different
chemical composition.

- In the biological assays, the data from the antibacte-
rial activity assays were logarithmically transformed and
expressed as log(CFU+1)/mL; the data from cell viability
were normalized to the respective negative control values
and expressed as relative MTT activity (%). Multiple lin-
ear regressions were conducted for the independent leachate
measurements, where the medium was not refreshed (at 1,
7,28 days; n = 864 for antibacterial activity and n = 432 for
cell viability), as well as for the 0-24 h leachates (n = 288
for antibacterial activity; n = 144 for cell viability). Addi-
tionally, mixed-effects linear regression models were fitted
for data from nested material specimens (testing after 7 and
28 days upon weekly medium replenishment) for bacterial
survival (n = 288) and cell viability (n = 144) as outcome
variables. In all the above regression models for antibac-
terial assays, the factor “bacterium” was also included as

//:54Y) suonIpuo) pue swud L, 3 938 “[£202/£0/10] U0 AIIqIT UIUQ AA[LAN “WIBIH O1ANd JO MNSU] ULIBIMION AQ £56T1°503/1 [11°01/10p/wi00"Ao[1avK1eaqujaur|uoy/:sdiyy woiy papeojumod 0 “72L00091

10)/w0d" KM A.

P

SUDI SUOWILIO) AAEAI) d[qeatidde o Aq POUIDAOS SIE SO[IIE VO D8N JO S| 10§ AIRIQIT SUITUQ) AD[IAY UO (:



European Journal of

7 | WILEY [N

KOUTROULIS ET AL.
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~—~TZ-Ag0.5 ——TZ-Ag1 ——TZ-Ag2 —+—Biodentine

FIGURE 4 Mean pH and calcium release (mg/mL) of materials immersed in (A) water or (B) fetal bovine serum (FBS) over a 28-day

evaluation period. Line charts are organized on whether medium was replenished weekly or not (“accumulated”). An overlap in pH values of

prototype cements is evident, particularly in water leachates. Test results for Ca®* release were expressed following subtraction of the respective

background measurements for pure water and neat fetal bovine solution (FBS). Error bars indicate standard deviation. TZ-base, prototype calcium
silicate-based cement; TZ-bg10, TZ-base with 10% bioactive glass; TZ-bg20, TZ-base with 20% bioactive glass; TZ-Ag0.5, TZ-base with 0.5
mg/mL silver nanoparticle solution; TZ-Agl, TZ-base with 1 mg/mL silver nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL silver

nanoparticle solution.

a predictor variable. Finally, for antibacterial activity, sub-
group analyses were also conducted to compare the effect
of each material within the same immersion medium and
against the same bacterial species.

Evaluation of assumptions was conducted and in cases
where heteroscedasticity of standardized residuals was
observed, regressions were performed using robust standard
errors. Additionally, the models were further validated by
inspecting the QQ-plots of standardized residuals.

RESULTS
Chemical analysis

The data for pH and calcium ion leaching are shown in
Figure 4A for water samples and in Figure 4B for fetal bovine
serum-immersed materials. Results from the overall regres-
sion models are presented in Tables 3 and 4 for independent
and nested leachate measurements, respectively.

Aging had a significant effect on pH; alkalinity was
increased with aging when the medium was not replenished
(Table 3; 7-28 days: mean increase = 0.25, 95% CI [0.16;
0.34]). Alternatively, the alkalinity decreased upon medium
replenishment (Table 4; 14-21 days: mean decrease = —0.52,
95% CI [-0.73; —0.31]; 21-28 days: mean decrease = —0.53,

95% CI [-0.72; —0.33]). Exposure to fetal bovine serum sta-
tistically significantly reduced the pH of hydraulic calcium
silicate cements (Figure 2B). The prototype calcium silicate-
based cement (TZ-base; i.e., without inclusions of silver
nanoparticles or bioactive glass) had overall higher alkalin-
ity compared to Biodentine and TZ-base with 20% bioactive
glass (TZ-bg20).

Aging had a significant effect on calcium release as well,
with a similar pattern as seen for alkalinity. The bioactive
glass-containing materials and Biodentine leached overall
significantly less Ca®* than TZ-base, except for TZ-base
with 10% bioactive glass (TZ-bgl0) when the medium was
changed weekly (Table 4). The immersion medium had a
varied effect on the calcium leaching. In the nested samples
model, fetal bovine serum immersion led to a decrease in cal-
cium release compared to water. In the accumulative leaching
model of independent measurements, subgroup analyses per
material revealed that prototype cements leached more cal-
cium ions when immersed in fetal bovine serum than in water.
However, for Biodentine, fetal bovine serum significantly
reduced the leaching of Ca2* (Table 5; Figure 2).

Antibacterial activity

Results from antibacterial assays are presented in Figure SA
and B for water and fetal bovine serum material leachates,
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TABLE 3 Multiple linear regression analyses for independent leachate samples for pH (model 1a) and calcium release (model 2a), with

estimated change in pH and calcium release in comparison to the reference group of the predictor variables and their 95% confidence intervals

provided.

Variable

Material (Ref. TZ-base)
TZ-bg10
TZ-bg20
TZ-Ag0.5
TZ-Agl
TZ-Ag2
Biodentine

Immersion medium (Ref. Water)
FBS

Aging period (Ref. 1 day)
7 days
Direct 28 days

TZ-base, prototype calcium silicate-based cement; TZ-bg10, TZ-base with 10% bioactive glass; TZ-bg20, TZ-base with 20% bioactive glass; TZ-Ag0.5, TZ-base with 0.5
mg/mL silver nanoparticle solution; TZ-Ag1l, TZ-base with 1 mg/mL silver nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL silver nanoparticle solution; FBS, fetal

bovine serum.
*P < 0.05.
*##P < 0.01.
P < 0.001.

TABLE 4 Mixed-effects linear regression analyses for nested data for pH (model 1b) and calcium release (model 2b), with coefficients and

95% confidence intervals (CIs).

Variable

Material (Ref. TZ-base)
TZ-bgl10
TZ-bg20
TZ-Ag0.5
TZ-Agl
TZ-Ag2
Biodentine
Immersion medium (Ref. Water)
FBS
Aging period (Ref: 7 days)
14 days
21 days
28 days

Model 1a: pH.
Independent samples of
accumulative leaching
(n = 378)

Coefficient [95% CI]
—0.12 [-0.25; 0.01]
—0.17 [-0.32; —0.03]*
—0.04 [-0.18; 0.10]
—0.09 [-0.23; 0.05]
—0.06 [—0.2; 0.08]
—0.78 [-0.96; 0.60]***

—1.07 [—1.15; 0.98]***
0.47 [0.35; 0.59]***
0.72 [0.61; 0.83]***

Model 1b: pH. Repeated
measurements upon
weekly medium change
(n = 126)

Coefficient [95% CI]
-0.07 [-0.34; 0.2]
—0.40 [-0.68; —0.13]**
—0.21 [-0.49; 0.06]
-0.19 [-0.46; 0.08]
—0.25 [-0.52; 0.03]
~0.82 [~1.09; —0.54]
—2.25 [-2.4; =2.1]¥**
—0.68 [—0.88; —0.47]***
—1.20 [—1.40; —1.00]%***
—1.73 [-1.92; —1.54]***

Model 2a: Calcium release (mg/mL).
Independent samples of accumulative

leaching (n = 378)

Coefficient [95% CI]

—64.47 [-101.65; —27.29]**
—132.28 [—167.03; —97.54]**%*
—13.8 [-50.42; 22.83]

—14.4 [-49.78; 20.98]

—13.86 [—-51.29; 23.57]
—119.62 [—170.81; —68.43]**%*
136.8 [115.18; 158.43]***
211.83 [190.03; 233.64]***
289.68 [261.25; 318.12]#%**

Model 2b: Calcium release
(mg/mL). Repeated

measurements upon weekly

medium change (n = 126)
Coefficient [95% CI]
—28.44 [-62.77; 5.89]
—51.35 [-85.68; —17.02]**
—1.74 [-36.07; 32.59]
—12.96 [-47.29; 21.37]
—6.07 [-40.4; 28.26]

—125.16 [-159.49; —90.83]***

WILEY -2

—40.78 [-59.23; —22.42]***

—131.38 [-156.73; —106.03]***
—307.97 [-334.71; —281.24]***
—383.06 [—408.41; —=357.71]***

TZ-base, prototype calcium silicate-based cement; TZ-bg10, TZ-base with 10% bioactive glass; TZ-bg20, TZ-base with 20% bioactive glass; TZ-Ag0.5, TZ-base with 0.5
mg/mL silver nanoparticle solution; TZ-Agl, TZ-base with 1 mg/mL silver nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL silver nanoparticle solution; FBS, fetal

bovine serum.
*P < 0.05.
#pP < 0.01.
P < 0.001.
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TABLE 5 Subgroup multiple linear regression analyses assessing separately the effect of prototype cements and Biodentine in calcium release

(outcome variable) for the independent leachate measurements, with linear regression coefficients and confidence intervals as the estimates provided.

Model 2¢: Calcium release
(mg/mL). Independent samples of
accumulative leaching-subgroup
analysis for prototype cements

Model 2d: Calcium release
(mg/mL). Independent
samples of accumulative
leaching-subgroup analysis

Variable (n = 324) for Biodentine (n = 54)
Coefficient [95% CI] Coefficient [95% CI]

Material (Ref. TZ-base) - Na.

TZ-bgl0 —64.47 [-100.55; —28.39]** Na.

TZ-bg20 —132.28 [-166.25; —98.31]*** Na.

TZ-Ag0.5 —13.8 [-49.46; 21.86] Na.

TZ-Agl —14.4 [-49.17; 20.37] Na.

TZ-Ag2 —13.86 [-50.01; 22.28] Na.

Immersion medium (Ref. Water) -

FBS 181.29 [161.38; 201.2]***

Aging period (Ref. 1 day) -

7 days 227.82 [207.2; 248.44]%**
290.25 [262.26; 318.23]***

Direct 28 days

—130.12 [-175.52; —84.72]***

115.9 [60.3; 171.5]%**
286.31 [230.71; 341.91]***

TZ-base, prototype calcium silicate-based cement; TZ-bg10, TZ-base with 10% bioactive glass; TZ-bg20, TZ-base with 20% bioactive glass; TZ-Ag0.5, TZ-base with 0.5
mg/mL silver nanoparticle solution; TZ-Ag1, TZ-base with 1 mg/mL silver nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL silver nanoparticle solution; FBS, fetal

bovine serum.
*P < 0.05.
#*P < 0.01.
##xP < 0.001.

respectively, as well as in Figure 6 for test leachates
extracted in the cell culture inserts (0-24 h). Results from
the overall regression analyses are presented Tables 6-8
for independent, nested, and 0-24 h leachate samples,
respectively.

Bacterial killing increased throughout time when the
medium was not changed (Table 6; 7-28 days: mean
decrease log(CFU+1)/mL =-0.40, 95% CI [-0.62; —0.18])
and decreased when the medium was refreshed (Table 7).
The immersion medium had a significant effect in bacte-
rial survival; fetal bovine serum leachates showed reduced
antibacterial activity compared with water leachates. TZ-base
was overall significantly more antibacterial than Bioden-
tine in all tested models; TZ-bgl0 and TZ-bg20 except for
when the medium was replenished; and IRM except for
the 0-24 h aging condition (Table 8, Figure 6). Overall,
silver nanoparticle-containing prototype cements exhibited
similar antimicrobial activity to TZ-base. Subgroup analy-
ses for water samples against E. faecalis showed a higher
bacterial reduction induced by leachates of TZ-base with
2 mg/mL silver nanoparticle solution (TZ-Ag2) than the
other cements investigated, except for the 0-24 h leach-
ing period (Table 9, Figure 6); E. faecalis biofilms were
overall more resistant to material leachates than P. aerug-
inosa biofilms, except for the 0-24 h leaching period
(Table 8).

Cell viability

Data for cell viability are presented in Figure 7A and B
for water and fetal bovine serum material leachates respec-
tively; Figure 8 shows normalized data from the MTT assay
for the 0-24 h leachates. The outcomes from the overall
regression analyses can be found in Tables 6-8. Results
from diluted test leachates can be found in Figures S1
and S2.

Cell viability was decreased when the medium was not
changed from 1 day onwards (Table 6), until it was elimi-
nated at the direct 28 day period (7-28 days: mean decrease
in relative MTT activity = —7.62, 95% CI [-9.76; —5.47]);
refreshing the medium resulted in reduced cytotoxicity at
28 days (Table 7, Figure 7). The immersion medium signif-
icantly affected cell viability; fetal bovine serum leachates
displayed diminished cytotoxicity values compared to the
water leachates, particularly at 28 days upon medium change
(Figure 7), but not in the 0-24 h leaching period (Table 8,
Figure 8).

Biodentine and IRM had overall a less cytotoxic profile
than TZ-base. Modifications in prototype cements did not
significantly change the cell viability values compared to TZ-
base. In prototype materials, only the 28 day fetal bovine
serum leachates upon changing medium weekly reported
higher cell viability than the cytotoxicity threshold (70%)
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FIGURE 5 Mean bacterial survival with standard deviation following overnight exposure of monospecies biofilms of Enterococcus faecalis or
Pseudomonas aeruginosa to (A) water or (B) fetal bovine serum (FBS) material leachates aged for 1, 7, or 28 days with or without changing the
medium weekly. Control corresponds to neat water or FBS respectively in each graph. Line charts correspond to groups without medium
replenishment (“accumulated”) and graphs with markers and standard deviation are for groups with weekly medium replenishment. TZ-base,
prototype calcium silicate-based cement; TZ-bg10, TZ-base with 10% bioactive glass; TZ-bg20, TZ-base with 20% bioactive glass; TZ-Ag0.5,
TZ-base with 0.5 mg/mL silver nanoparticle solution; TZ-Agl, TZ-base with 1 mg/mL silver nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL
silver nanoparticle solution; IRM, intermediate restorative material.
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FIGURE 6 Mean log(CFU+1)/mL and standard deviation of Enterococcus faecalis or Pseudomonas aeruginosa following exposure to water
or fetal bovine serum (FBS) material leachates. Leaching of samples prior to testing was performed immediately after material mixing and placement
in cell cultures inserts in the presence of medium for 24 h (0-24 h leachates). Antibacterial activity in leachates of FBS was overall significantly
reduced in comparison to those of water. TZ-base, prototype calcium silicate-based cement; TZ-bg10, TZ-base with 10% bioactive glass; TZ-bg20,
TZ-base with 20% bioactive glass; TZ-Ag0.5, TZ-base with 0.5 mg/mL silver nanoparticle solution; TZ-Agl, TZ-base with 1 mg/mL silver
nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL silver nanoparticle solution; IRM, intermediate restorative material.
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TABLE 6 Multiple linear regression analyses for independent leachate samples for bacterial survival (LogCFU+1/mL) (model 3a) and cell

viability (%) (model 4a), with the factor “Bacterium” only applicable to the model for bacterial survival.

Variable

Material (Ref. TZ-base)
TZ-bgl0
TZ-bg20
TZ-Ag0.5
TZ-Agl
TZ-Ag2
Biodentine
IRM
Immersion medium (Ref. Water)
FBS
Aging period (Ref. 1 day)
7 days
Direct 28 days
Bacterium (Ref: Enterococcus faecalis)

Pseudomonas aeruginosa

Model 3a: Bacterial survival

(LogCFU+1/mL). Independent samples

of accumulative leaching (n = 864)
Coefficient [95% CI]
0.39 [0.08; 0.77*

1.09 [0.75; 1.43]%**
—0.06 [-0.36; 0.24]
—0.02 [-0.3; 0.25]

—0.23 [-0.52; 0.06]

1.47 [1.11; 1.83]%**
2.25[1.91; 2.58]%**
3.42 [3.25; 3.58]***
—2.00 [-2.19; —1.81]***
—2.40 [-2.60; —2.20]***

—0.94 [-1.10; —0.77]***

Model 4a: Relative MTT activity
(%). Independent samples of
accumulative leaching (n = 432)

Coefficient [95% CI]
0.27 [-2.51; 3.05]
0.97 [—2.80; 4.74]
—1.11[-3.89; 1.67]
1.3 [-1.48; 4.07]
0.41[-2.3; 3.11]
23.9[16.5; 31.29]***
5.4310.19; 10.67]*

2.95 [0.49; 5.4]*

—18.19 [-21.72; —14.66]***
—25.81 [—28.98; —22.64]#**
Na.

Na.

TZ-base, prototype calcium silicate-based cement; TZ-bg10, TZ-base with 10% bioactive glass; TZ-bg20, TZ-base with 20% bioactive glass; TZ-Ag0.5, TZ-base with
0.5 mg/mL silver nanoparticle solution; TZ-Agl, TZ-base with 1 mg/mL silver nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL silver nanoparticle solution; IRM,

intermediate restorative material; FBS, fetal bovine serum.

*P < 0.05.
P < 0.001.

TABLE 7 Mixed-effects linear regression analyses for nested data for antibacterial activity (LogCFU+1/mL) (model 3b) and cell viability (%)

(model 4b), with the predictor variable “Bacterium” applicable only to the model for bacterial survival.

Variable

Material (Ref. TZ-base)
TZ-bgl0
TZ-bg20
TZ-Ag0.5
TZ-Agl
TZ-Ag2
Biodentine
IRM
Immersion medium (Ref. Water)
FBS
Aging period (Ref. 7 days)
28 days
Bacterium (Ref: Enterococcus faecalis)

Pseudomonas aeruginosa

Model 3b: Bacterial survival

(LogCFU+1/mL). Repeated measurements

upon weekly medium change (n = 288)
Coefficient [95% CI]
0.16 [-0.21; 0.54]
0.33 [-0.05; 0.70]
—0.05[ —0.42; 0.33]
—0.09 [-0.47; 0.29]
—0.3 [-0.68; 0.07]
0.88 [0.5; 1.25]%**
0.97 [0.59; 1.34]%%*
2.16 [1.97; 2.35]***
2.77 [2.58; 2.96]***

—0.79 [-0.97; —0.60]***

Model 4b: Relative MTT activity
(%). Repeated measurements upon
weekly medium change (n = 144)

Coefficient [95% CI]
—0.02 [-1.82; 1.78]
3.27 [-1.35;7.88]
—0.28 [-2.07; 1.52]
0.47 [-1.74; 2.67]
0.54 [-1.82; 2.91]
5.82[0.97; 10.67]*
11.75 [3.14; 20.36]**

5.28 [2.47; 8.10]***
64.71 [58.86; 70.55]***
Na.

Na.

TZ-base, prototype calcium silicate-based cement; TZ-bg10, TZ-base with 10% bioactive glass; TZ-bg20, TZ-base with 20% bioactive glass; TZ-Ag0.5, TZ-base with
0.5 mg/mL silver nanoparticle solution; TZ-Agl, TZ-base with 1 mg/mL silver nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL silver nanoparticle solution; IRM,

intermediate restorative material; FBS, fetal bovine serum.

*P < 0.05.
**P <0.01.
P < 0.001.
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Multiple linear regression analyses for leachate measurements for bacterial survival (LogCFU+1/mL) (model 3c) and cell viability

(%) (model 4c) at the 0-24 h leaching period, with the factor “Bacterium” only applicable to the model for bacterial survival.

Variable

Material (Ref. TZ-base)
TZ-bgl0
TZ-bg20
TZ-Ag0.5
TZ-Agl
TZ-Ag2
Biodentine
IRM

Immersion medium (Ref. Water)

FBS

Bacterium (Ref. Enterococcus faecalis)

Pseudomonas aeruginosa

Model 3c: Bacterial
survival (LogCFU+1/mL).
0-24 h leaching period
(n = 288)

Coefficient [95% CI]
0.28 [0.04; 0.51]*

0.49 [0.26; 0.72]***
0.03 [-0.23; 0.29]
—0.17 [-0.46; 0.13]
—0.26 [ —0.55; 0.04]
0.51 [ 0.26; 0.76]***
0.08 [-0.17; 0.34]

1.51 [1.38; 1.64]***

0.05 [-0.08; 0.18]

Model 4c: Relative MTT
activity (%). 0-24 h
leaching period (n = 144)

Coefficient [95% CI]
—7.46 [-16.01; 1.1]
—5.3 [-13.86; 3.26]
0.27 [-8.28; 8.83]
—3.51[-12.07; 5.05]
—1.76 [-10.32; 6.80]
16.22 [7.66; 24.78]***
45.28 [ 36.72; 53.83]***
-2 [-6.28; 2.28]

Na.

Na.

TZ-base, prototype calcium silicate-based cement; TZ-bg10, TZ-base with 10% bioactive glass; TZ-bg20, TZ-base with 20% bioactive glass; TZ-Ag0.5, TZ-base with
0.5 mg/mL silver nanoparticle solution; TZ-Agl, TZ-base with 1 mg/mL silver nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL silver nanoparticle solution; IRM,

intermediate restorative material; FBS, fetal bovine serum.

*P < 0.05.
**P <0.01.
*#**P < 0.001.

TABLE 9

Subgroup analyses assessing the effect of material and aging period only in water leachates against Enterococcus faecalis

(LogCFU+1/mL), with multiple linear regression analyses for independent samples of accumulative leaching (model 3d) or for the 0-24 h leaching

period (model 3f), and mixed-effects linear regression analysis for nested data (model 3e).

Variable

Material (Ref. TZ-Ag2)
TZ-base

Model 3d: Bacterial survival
(LogCFU+1/mL). Subgroup

analyses for water leachates against

E. faecalis biofilms—Independent
samples of accumulat-+ive leaching
(n = 216)

Coefficient [95% CI]

0.61[0.1; 1.12]*

Model 3e: Bacterial survival
(LogCFU+1/mL). Subgroup

analyses for water leachates against

E. faecalis biofilms—Repeated
measurements upon weekly
medium change (n = 72)
Coefficient [95% CI]

1.3210.92; 1.71]%**

Model 3f: Bacterial survival
(LogCFU+1/mL). Subgroup
analyses for water leachates
against E. faecalis
biofilms—0-24 h leaching
period (n = 72)

Coefficient [95% CI]

0.47 [-0.16; 1.11]

TZ-bgl0 1.06 [0.61; 1.50]*** 1.82 [1.42; 2.21]%** 0.60 [-0.08; 1.27]

TZ-bg20 1.44 [0.91; 1.97]%** 2.09 [1.69; 2.48]*** 0.99 [0.37; 1.61]**

TZ-Ag0.5 0.68 [0.25; 1.11]¥** 1.45 [1.05; 1.85]%** 0.17 [-0.56; 0.91]
TZ-Agl 0.71 [0.27; 1.15]** 1.23 [0.84; 1.63]*** —0.22 [-1.01; 0.56]
Biodentine 2.07 [1.49; 2.64]*** 2.59 [2.20; 2.99]*** 1.09 [0.46; 1.72]**

IRM 3.20 [ 2.72; 3.67]*** 2.86 [2.46; 3.25]*** —0.44 [-1.1; 0.23]
Aging period (Ref. 1 day) Na.

7 days —1.17 [—1.4; —0.94]%** (Ref. 7 days) Na.

28 days* —2.79 [-3.16; —2.43]*** 2.79[2.52; 3.06]*** Na.

TZ-base, prototype calcium silicate-based cement; TZ-bg10, TZ-base with 10% bioactive glass; TZ-bg20, TZ-base with 20% bioactive glass; TZ-Ag0.5, TZ-base with
0.5 mg/mL silver nanoparticle solution; TZ-Agl, TZ-base with 1 mg/mL silver nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL silver nanoparticle solution; IRM,
intermediate restorative material.

#Model 3d: 28 days of accumulative leaching; Model 3e: 28 days upon weekly medium change.

*P < 0.05.

**P <0.01.

*#**P < 0.001.
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FIGURE 7 Mean relative 3-(4,5 dimethylthiazolyl-2-y1)32,5-
diphenyltetrazolium bromide (MTT) activity with standard deviation of
1929 cell cultures following a 24 h exposure period to (A) water and
(B) fetal bovine serum (FBS) material leachates from different aging
periods. Graphs are separated depending on whether the medium was
replenished weekly or not (accumulated). TZ-base, prototype calcium
silicate-based cement; TZ-bg10, TZ-base with 10% bioactive glass;
TZ-bg20, TZ-base with 20% bioactive glass; TZ-Ag0.5, TZ-base with
0.5 mg/mL silver nanoparticle solution; TZ-Agl, TZ-base with 1
mg/mL silver nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL
silver nanoparticle solution; IRM, intermediate restorative material.

of ISO 10993-5:2009 [17]. Biodentine had values indicating
absence of cytotoxicity in 1 day water leachates.

Microscopy

SEM images of prototype cements and Biodentine revealed
a hydrated matrix interrupted by particles consisting of
calcium, silicon, and oxygen as well as particles rich in
zirconium (Figure 9, Figure S3). In the bioactive glass-
containing materials, particles rich in silicon, calcium,
sodium, phosphate, and oxygen were also observed. Silver
was occasionally demonstrated in the EDX scans of silver
nanoparticle-containing materials. IRM had a dense matrix
interrupted by pores and particles consisting mainly of zinc.
In the fetal bovine serum-immersed materials, magnesium,
fluorine, and sodium were additionally detected in the
EDX scans.

0-24 h leachates

= FBS
® Water

-

o

o
1

Relative MTT activity (%)
3
(]

FIGURE 8 Mean relative 3-(4,5 dimethylthiazolyl-2-y1)32,5-
diphenyltetrazolium bromide (MTT) activity and standard deviation of
1929 cell cultures after 24 h exposure to water or fetal bovine serum
(FBS) leachates. Test leachates derived from a 24 h extract process
from materials placed in cell culture inserts and immersed in
well-plates containing the respective medium (024 h leachates). No
significant differences were observed overall in cell viability between
water and FBS leachates. TZ-base, prototype calcium silicate-based
cement; TZ-bg10, TZ-base with 10% bioactive glass; TZ-bg20,
TZ-base with 20% bioactive glass; TZ-Ag0.5, TZ-base with 0.5 mg/mL
silver nanoparticle solution; TZ-Agl, TZ-base with 1 mg/mL silver
nanoparticle solution; TZ-Ag2, TZ-base with 2 mg/mL silver
nanoparticle solution; IRM, intermediate restorative material.

DISCUSSION

Hydraulic calcium silicate cements are used for a variety
of endodontic procedures, each of which represents differ-
ent clinical environments [10]. The present study investigated
whether exposure conditions as well as material modifica-
tions affect selected properties of cements used for surgical
endodontic procedures. Our results suggest that fetal bovine
serum considerably reduced the antimicrobial potential of
the leachable components. The effect of aging depended on
the replenishment of the extract medium, having a cumula-
tive effect in leachate reactivity when it was not refreshed or
diminishing upon medium change. Biodentine and TZ-bg20
showed attenuated leaching properties compared to TZ-base,
which consequently reduced their antibacterial activity and
for Biodentine also the cytotoxic potential. The null hypothe-
ses that exposure conditions and material composition do not
affect the leaching characteristics of endodontic cements were
therefore rejected.

Calcium hydroxide is a by-product of the reaction of trical-
cium silicate cement with water; dispersion and consequent
release of hydroxyl and calcium ions in the environment may
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FIGURE 9 (A) Indicative back-scatter scanning electron micrographs of polished sections of five test materials (1000x magnification) after a
28 day exposure period to water or fetal bovine serum (FBS), with (B) accompanying energy-dispersive dispersive X-ray (EDX) scans of areas with
Arabic numbers in the micrographs. Unhydrated tricalcium silicate cement particles (1), zirconium oxide particles-depicted white in micrographs, as
well as bioactive glass particles for TZ-bg20 (3) are spread in a hydrated matrix in prototype cements. Particles of smaller size are observed in
Biodentine. Elemental analysis reveals the presence of sodium and magnesium in the material bulk of cements that were immersed in FBS. A
universal color coding for elements in the EDX scans is used: C = orange; Ca = blue; Si = light green; Zr = purple; Na = light blue; O = red;

P = plum; Mg = turquoise; Ag = grey; Zn = dark green. TZ-base, prototype calcium silicate-based cement; TZ-bg20, TZ-base with 20% bioactive
glass; TZ-Ag2, TZ-base with 2 mg/mL silver nanoparticle solution; IRM, intermediate restorative material.
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contribute to tissue healing and bacterial elimination [18, 19].
Indirect assays were therefore selected to evaluate leaching
characteristics. Water and fetal bovine serum were used to
explore the effect of extract medium in these assessments.
Water is commonly employed in investigations of hydraulic
calcium silicate cements [20] offering an easily standardized
environment. Yet it does not represent the clinical situation
as host tissue fluids comprise a complex environment rich in
ions and proteins [21]. In that perspective, fetal bovine serum
may be more clinically relevant [7].

Different incubation periods enabled monitoring a potential
plateau in calcium hydroxide release and its relation to the bio-
logical activity of the cements. An additional testing period of
leaching during the first hours immediately after placement
was assessed in biological assays maintaining the same sur-
face area/medium volume ratio. In clinical conditions, blood
circulation and tissue fluid drainage may refresh the leachate
micro-environment; thus, investigating cement extracts in a
closed environment might provide an over-estimation of their
effect due to cumulative leaching throughout time [10]. How-
ever, the in vitro extract refreshment conditions also fail to
resemble the clinical case as constant blood supply [22] cre-
ates a continuous renewal of tissue fluid, unlike the periodic
one-off medium change in vitro. As in vivo conditions are
more complicated, outcomes from laboratory studies such as
the present one on long-term material activity can only be
extrapolated in respect to the relevant test conditions applied.
This was highlighted by implementing the two different pro-
tocols of leaching conditions: weekly replenishment of the
extract medium and a closed system, both of which were
maintained throughout the 28 day evaluation period.

The study was mainly conducted on prototype hydraulic
calcium silicate cements with or without incorporation of
silver nanoparticles or bioactive glass. Two commercial mate-
rials were included for control purposes. Biodentine is a Type
4 hydraulic calcium silicate cement [23], a conventional tri-
calcium silicate cement with additives to its cementitious
(calcium carbonate) and its liquid phase (calcium chlo-
ride) [24]. IRM was also tested as a material with different
chemistry but similar clinical application [25].

Calcium leaching of prototype cements and Biodentine was
affected differently by fetal bovine serum exposure. Proto-
type cements leached more Ca®* in fetal bovine serum than
water in the accumulative leaching model. Increased leaching
has been previously reported in contact with blood [26] or in
a serum-supplemented physiologic solution [21]. Contrarily,
Biodentine released overall less Ca>* in fetal bovine serum.
A similar effect has been observed for Biodentine leachates
in bicarbonate solution [27] but not in a serum-supplemented
physiologic solution [21], possibly due to differences in the
extract media. Carbon dioxide present in tissues can facili-
tate the consumption of leached Ca®** towards carbonation
[28]. Additionally, calcium carbonate precipitates upon the

material surface, blocking the pore channels through which
calcium is leached [29, 30]. The latter scenario might be more
relevant for describing the overall decreased leaching of Bio-
dentine in fetal bovine serum, as observations from prototype
hydraulic calcium silicate cements suggest that there is incom-
plete consumption of calcium via carbonation. Biodentine’s
hydration is less affected by environmental conditions [31]
due to the presence of additives that accelerate the reaction,
resulting in a higher percentage of amorphous phase [32] and
thus rendering it more stable. This is evidenced also by the
sharp reduction in the amount of Ca2t after changing the
extract medium.

The decreased leaching of calcium and hydroxyl ions of
Biodentine compared to prototype hydraulic calcium silicate
cements in fetal bovine serum was also demonstrated by its
diminished antibacterial activity. Fetal bovine serum has a
buffering capacity, containing proteins that act as weak acids
[33]; as leachate alkalinity decreased, so did the bactericidal
activity of hydraulic calcium silicate cements. At the same
time, serum components may provide better conditions for
bacteria to survive. In water, even though hydraulic calcium
silicate cements showed relatively high—yet reduced—pH
values after 28 days upon changing the medium, the bacte-
ricidal potential diminished. It could therefore be postulated
that the antibacterial activity is determined by a relatively high
alkalinization potential. Biodentine showed a lower degree
of alkalinization particularly after the first day, which was
accompanied by reduced bactericidal activity and cytotoxi-
city. These finding are in accordance with a previous study
[19], despite differences with the current investigation in
aging media and test methods employed.

The antibacterial effect of hydraulic calcium silicate
cements showed a cumulative increase in water leachates
when the medium was not refreshed, particularly from 1 to 7
days. In fetal bovine serum, the bactericidal activity peaked
at 7 days and did not exhibit further improvement at the
28 day accumulative leaching period. Furthermore, for the
bioactive glass-containing materials and Biodentine, the bac-
tericidal activity was even further reduced beyond that time
point. The latter findings indicate the dynamics of a con-
stant buffering effect of fetal bovine serum in the antibacterial
potential even in static conditions. High concentration of sil-
ver nanoparticles (2 mg/mL) induced enhanced antibacterial
efficacy in water leachates against E. faecalis. P. aerugi-
nosa was more susceptible than E. faecalis and a potential
enhancement of the bactericidal activity from silver nanopar-
ticles after 7 days could therefore not be distinguished. Silver
nanoparticles have been previously incorporated in varying
concentrations in hydraulic calcium silicate cements [34, 35].
As the reactivity of silver nanoparticles appears to depend
on the specific physicochemical characteristics of each for-
mulation [36], different concentrations employed in the
literature cannot be directly compared. The silver nanoparticle
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concentrations used in the current study were selected with
the rationale to enable dispersion of silver nanoparticles to the
liquid vehicle of prototype cements [37].

Silver nanoparticles did not increase the antibacterial activ-
ity of hydraulic calcium silicate cements in fetal bovine serum
leachates. At the same time, the antibacterial effect of IRM
was also affected negatively by exposure to fetal bovine
serum, despite its different mechanism, namely eugenol
released by progressive hydrolysis of the material surface in
the presence of aqueous medium [38, 39]. Therefore, it seems
that the clinical environment is capable not only of depressing
the alkalinity-mediated bactericidal effect of hydraulic cal-
cium silicate cements, but also neutralizing the antibacterial
effect of other released constituents.

A recent study showed that the incorporation of 10% or
20% bioactive glass in tricalcium silicate cement does not
have a negative impact on bacterial adhesion to the material
surface. In fact, TZ-bg20 aged in water enhanced the cement’s
antibacterial characteristics [5]. Further evaluation of the
independent antibacterial leaching of these cements was
therefore deemed necessary. Bioactive glass 45S5 has been
demonstrated to exhibit more favorable physicochemical
characteristics compared to other bioactive glass formulations
[40]. It also serves as a filler in a commercial endodontic
material [40]. Bioactive glass altered the hydration profile of
the tricalcium silicate cement; a more gradual Ca?t release
was observed that was overall lower than the unmodified
cement. Calcium from bioactive glass particles might not be
available in the environment and stay deposited in the cement
instead [41]. This may explain the impaired antibacterial
potential, which is described to mainly be pH-dependent
as in tricalcium silicate cement [13]. Measurement of
alkalinity might not serve as a sensitive indicator of the
chemical reactivity and the calcium hydroxide release, due
to possible saturation of the material leachates. However,
this could be better reflected in results from calcium release
experiments.

Within the limitations of the current study, it can be con-
cluded that exposure conditions (immersion medium and
aging period) significantly affected the materials’ leach-
ing properties. Aging of hydraulic calcium silicate cements
in a more complex medium than water had a negative
effect on their antibacterial properties. Laboratory studies
should therefore incorporate such experimental parameters
in order to better represent the clinical situation. Modifica-
tions in hydraulic calcium silicate cement composition altered
the chemical properties of the cements. Biodentine showed
reduced antibacterial capacity and cytotoxicity than TZ-base,
as a consequence of its modifications from the standard
cement/radio-opacifier composition. Addition of 2 mg/mL
silver nanoparticles to hydraulic calcium silicate cement
improved the bactericidal effect in water leachates, but not in
a serum-containing environment.
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Abstract: This study assessed the antibacterial characteristics of the dentin/material interface and
dentin surfaces exposed to experimental hydraulic calcium silicate cement (HCSC) with or without
bioactive glass (BG) replacement (20% or 40%) or mixed with a silver nanoparticle (SNP) solution
(1 or 2 mg/mL), and Biodentine, TotalFill BC RRM putty and Intermediate Restorative Material
(IRM). Human root dentin segments with test materials were assessed at 1 or 28 days. In one series,
the specimens were split to expose the dentin and material surfaces. A 24 h direct contact test was
conducted against three-day established Enterococcus faecalis and Pseudomonas aeruginosa monospecies
biofilms. In another series, the dentin/material interface of intact specimens was exposed to biofilm
membranes for 3 days and the antibacterial activity was assessed via confocal microscopy. The
interface was additionally characterised. All one-day material and dentin surfaces were antibacterial.
Dentin surfaces exposed to HCSC with 40% BG-replacement, Biodentine and IRM had decreased
antibacterial properties compared to those of the other cements. The HCSC mixed with a 2 mg/mL
SNP solution had the highest antimicrobial effect in the confocal assay. The interfacial characteristics
of HCSCs were similar. The test materials conferred antibacterial activity onto the adjacent dentin.
The BG reduced the antibacterial effect of dentin exposed to HCSC; a 2 mg/mL SNP solution increased
the antibacterial potential for longer interaction periods (three-day exposure).

Keywords: bacterial viability; characterisation; endodontic cement; perforation repair; root-end
filling material; tricalcium silicate

1. Introduction

Hydpraulic calcium silicate-based cements (HCSCs) are a material category with appli-
cations in many clinical endodontic procedures [1-3]. The hydration reaction of calcium
silicate, forming calcium silicate hydrate gel and calcium hydroxide, is the principal chemi-
cal reaction in these materials [4]. Their main beneficial properties are the hydraulic nature
and the release of calcium hydroxide; the former may enable them to withstand exposure
to the wet clinical environment, while the latter’s potential role in providing an alkaline-
mediated antimicrobial effect has been described [5]. Ionic leaching has also been linked to
the materials” osteogenic potential in contact with bone tissue [6].

Several formulations have been launched since the introduction of the first commer-
cialised HCSC in the 1990s, Mineral Trioxide Aggregate (MTA) [7]. Biodentine (Septodont,
Saint Maur-des-Fosses, France) and TotalFill formulations (FKG Dentaire Sar, La Chaux-de-
Fonds, Switzerland) are representative materials of the newer generations of HCSCs. These
materials consist mainly of pure calcium silicates, inert fillers as radio-opacifiers, and other
additives. Biodentine contains a plasticiser for the improvement of the handling properties,
and calcium chloride and calcium carbonate to accelerate the setting time and control
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the hydration reaction, respectively [8]. TotalFill products are applied without previous
mixing with a liquid component, needing the moisture available in the application field
for hydration instead. They also contain calcium sulphate as a moderator of the hydration
reaction, as well as calcium phosphate cement [9].

The interactions of HCSCs with the clinical environment vary depending on the spe-
cific procedure for which the materials are applied [4]. When used for retrograde filling
or perforation repair, the materials should establish a barrier between the periradicular
tissues and the root canal system to prevent infections [10]. Bacteria that have survived
insufficient root canal disinfection procedures may create pathways towards the extraradic-
ular area [11]. The role of dentin in this process is also important since bacteria can colonise
dentinal tubules [12], especially when a root resection is performed and the tubules are
exposed to the periradicular area [1]. The interactions between the material and dentin at
the interfacial area are therefore crucial for the establishment of a physically adequate seal,
and the release of antibacterial constituents that may aid in reducing the risk of reinfection.

The incorporation of compounds that could enhance the adaptation of HCSC to
dentin would be beneficial in securing a physical barrier. Bioactive glass (BG) formulations
are calcium sodium phosphosilicates with a re-mineralisation capacity; in contact with
the phosphate-containing host tissue, the BG reacts by releasing calcium and sodium
ions, with the subsequent formation of a silica-rich layer, which serves as a substrate for
hydroxyapatite formation [13]. Their apatite-forming ability has been exploited upon
incorporation into resin composites [14], endodontic sealers [15], HCSCs, and, particularly,
Biodentine [16,17]. At the same time, modifications towards the enhancement of target
cement properties may negatively affect other basic material characteristics [18].

From a different angle, enhancing the bactericidal potential of HCSCs through the
addition of antibacterial constituents could be beneficial given that reports on their cur-
rent efficacy seem somewhat inconclusive [4]. Candidates for such additions include
silver nanoparticles (SNPs), which can impair the bacterial cell membrane, disrupt protein
synthesis, inhibit DNA replication and eventually cause cell death [19,20]. In fact, their
use has been explored in several aspects of root canal disinfection as irrigation solutions,
medicaments, and for incorporation in endodontic cements [21].

The aim of the current study was to assess the antibacterial characteristics of the
dentin/material interface of prototype HCSCs with or without addition of silver nanoparti-
cles or bioactive glass in comparison with the commercial materials Biodentine, TotalFill
BC RRM Putty and Intermediate Restorative Material. The null hypotheses tested were
that the antibacterial properties of cements upon the dentin/material interface will not
differ for modified HCSCs and that contact with cements will not contribute to any dentin
antibacterial effect.

2. Materials and Methods
2.1. Test Materials

The following chemicals were used to make up the prototype cements: tricalcium
silicate cement (TCS; American Elements, Los Angeles, CA, USA); zirconium oxide (ZO;
Koch-Light Laboratories, Colnbrook, Bucks, UK); ultrapure water (water; Elix Essential
5 UV Water Purification System, Merck KGaA, Darmstadt, Germany); bioactive glass 4555
(BG; Cas No: 65997-17-3, 10 um particle size, Mo-Sci Corporation, Rolla, MO, USA); and
silver nanopowder (100 nm particle size, Sigma-Aldrich, Gillingham, UK) dispersed in
water at a concentration of 1 mg/mL or 2 mg/mL SNP-concentration [22].

The tested materials were as follows:

TZ-base: 80% w/w TCS and 20% w/w ZO mixed with water;

TZ-bg20: TZ-base with 20% w/w BG replacement of TCS mixed with water;
TZ-Bg40: TZ-base with 40% w/w BG replacement of TCS mixed with water;

TZ-Agl: TZ-base mixed with 1 mg/mL SNP solution (0.35 mg SNP addition per 1 g of
TZ-base powder);
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o  TZ-Ag2: TZ-base mixed with 2 mg/mL SNP solution (0.7 mg SNP addition per 1 g of
TZ-base powder);
Biodentine (Septodont, Saint Maur-des-Fosses, France);
TotalFill Root Repair Material —BC RRM Putty (TotalFill; FKG Dentaire, La Chaux-de-
Fonds, Switzerland);
e Intermediate Restorative Material (IRM; Dentsply Sirona, Charlotte, NC, USA).
Before placement, the prototype materials were hand-spatulated at a 0.35 liquid / powder
ratio and the commercial materials were handled according to the manufacturers’ instructions.

2.2. Preparation of Root Segments

The Regional Committee for Medical and Health Research Ethics evaluated the project
and deemed that no approval was required to conduct the study (REC Ref. 283811).
Extracted human teeth were collected from a tooth biobank (REC Ref. 2013/413). The
teeth’s coronal parts and apical 2 mm were sectioned with a precision cutting machine
(IsoMet Low Speed; Buehler, Lake Bluff, IL, USA). Two forms of root segments preparations
were acquired:

1. 3 mm length (Figure 1a);
2. 1.5 mm thickness (Figure 2a).

iy -l

‘100% \

Test without further
aging (1 day’)

f, uL bacterial 9 b
inoculum l s
i 37°C
3-day biofilm
72h
o @ 21

\-l % Serial dilution, platlng CFU counting

Wwe g/

—

Figure 1. Schematic representation of the antibacterial assay described by Kapralos et al. [23]. (a) Root

Longitudinal  Segments Material
split reassembled application

2 mm membrane filter

segments (3 mm length) were obtained and the canal spaces were enlarged with a series of rotary
instruments and post drills. Subsequently, (b) the root segments were longitudinally split with
a cut-off instrument and (c) were reassembled and held tightly with plastic membrane. (d) The
materials were applied inside the clamped segments and were allowed to set for 24 h. (e) They were
then either used directly for antibacterial testing or immersed in Hank’s balanced salt solution for
28 days prior to testing. (f) For antibacterial testing, three-day monospecies biofilms of Enterococcus
faecalis and Pseudomonas aeruginosa were formed upon membrane filters. (g) The two parts of the root
segments were carefully separated and the biofilm membranes were placed in direct contact with the
material surface and the dentin surface. (h) Following a 24 h contact period, each part of the segment
with the respective biofilm membrane was immersed in tubes containing phosphate-buffered saline
and glass beads, vigorously vortexed and plated after serial dilutions. Colony-forming units (CFUs)
were counted the next day. Figure le,fh was partly generated using Servier Medical Art (Servier,
Suresnes, France), licensed under a Creative Commons Attribution 3.0 unported license.
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Figure 2. Schematic representation of the 3-day biofilm assay upon the dentin/material interface.
(a) Root segments (1.5 mm thick) were acquired. (b) Upon preparation of the root segments, the
materials were compacted in the root canal space. (c) The specimens were allowed to set for 24 h,
and, consequently, they were either immediately tested (1 day), or immersed in Hank’s balanced
salt solution for a total period of 28 days prior to testing. (d) Membrane filters positioned upon agar
plates were inoculated with Enterococcus faecalis or Pseudomonas aeruginosa. (e) One-day monospecies
biofilms were obtained. (f) Biofilm membranes were positioned along the dentin/material interface,
with the biofilm surface in direct contact with the sample. The samples were incubated with tryptic
soya broth (TSB) for 3 days and transferred to new wells with a fresh medium daily. (g) The biofilm
membranes were removed and the dentin/material interface area below was stained with a bacterial
viability kit and imaged with confocal laser scanning microscopy. Figure 2c,d,f,g was partly generated
using Servier Medical Art (Servier, Suresnes, France), licensed under a Creative Commons Attribution
3.0 unported license.

The 3 mm long root segments were instrumented with ProTaper rotary files (Dentsply
Maillefer, Tulsa, OK, USA) and fibre post drills (3M, St. Paul, MN, USA) up to size 5. A
saline solution was used for irrigation. Subsequently, they were carefully longitudinally
split using the cutting machine (Figure 1b).

The 1.5 mm thick root segments were carefully enlarged with the fibre post drills to
ensure that the samples had similar internal diameters in the root canal area.

The internal surfaces of all root segments were treated with 17% ethylenediaminete-
traacetic acid (Pulpdent, Watertown, MA, USA) for 5 min and subsequently with saline
solution. The specimens that were used for antibacterial assays were autoclaved in vials
with water at 121 °C for 21 min. Finally, the split root segments were reassembled and
clamped with Parafilm M (Bemis; Thermo Fisher Scientific, Waltham, MA, USA) wrapped
around them (Figure 1c).

2.3. Assessment of Antibacterial Effect
Sterile equipment was used for all the procedures.

2.3.1. Material Application and Testing Periods

The materials were compacted in root segments (Figures 1d and 2b) and were allowed
to set for 24 h at 37 °C, wrapped with a wet gauze. The next day, they were either tested
(“1-day samples’) or immersed in 1 mL of Hank’s balanced salt solution (HBSS; H6648,
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Sigma-Aldrich, Gillingham, UK) and stored for a total of 28 days at 37 °C before they were
retrieved and tested ("28-day samples’) (Figures le and 2c). Twelve specimens per subgroup
(n = 12) were used in each experiment (f = 0.25; « = 0.05; power = 95%), as indicated by
an a priori power analysis estimation using G*power 3.1.9.2 (Heinrich Heine University,
Diisseldorf, Germany).

2.3.2. Test Bacteria

Enterococcus faecalis OG1RF American Type Cell Culture Collection (ATCC; Manassas,
VA, US) 47077 and Pseudomonas aeruginosa ATCC 9027 were grown overnight in tryptic
soya broth (TSB; Sigma-Aldrich, Gillingham, UK) at 37 °C in a 5% CO,-supplemented
atmosphere. A bacterial inoculum (~108 colony forming units (CFUs)/mL) for each
species was prepared the next day following centrifugation of the overnight culture and
resuspension in TSB.

2.3.3. Antibacterial Effect against Three-Day Established Biofilms

A previously described protocol was employed to investigate the direct antimicrobial
efficacy of materials after contact with dentin and any potential residual antibacterial
activity in the dentin surfaces [23]. Three-day monospecies E. faecalis and P. aeruginosa
biofilms were cultured on circular membrane filters cut to a 2 mm diameter (MF-Millipore;
0.45 pm pore size, Merck KGaA, Darmstadt, Germany). The membranes were positioned
upon TSB agar plates and received a 2 pL bacterial inoculum. After 72 h of incubation
at 37 °C and in a 5% COs-supplemented atmosphere, the membranes were retrieved
(Figure 1f).

The root segments were unwrapped from the parafilm and carefully separated, re-
sulting in a dentin/material segment, referred to as ‘material surface’, and a material-free
dentin segment, referred to as ‘dentin surface’. Scanning electron microscopy (TM4000Plus
II, Hitachi, Tokyo, Japan) with accompanying energy dispersive X-ray analysis was per-
formed at this point in two additional root segments from each material to confirm that the
dentin surfaces were not covered with material remnants (Figure S1).

The biofilm membranes were carefully positioned in direct contact with the mate-
rial and dentin surfaces (Figure 1g). They were additionally positioned upon dentin
surfaces that had not come into contact with any material, serving as negative con-
trol (n =12/bacterium). The samples were incubated for 24 h at 37 °C in a 5% CO;,-
supplemented atmosphere. Subsequently, they were transferred to tubes containing glass
beads and 2 mL of phosphate-buffered saline and vortexed. After 10-fold serial dilutions,
the samples from the liquid were plated on TSB agar plates, and the bacterial counts were
assessed the following day (Figure 1h).

2.3.4. Biofilm Assay at the Dentin/Material Interface

Following the specified ageing periods of 1 or 28 days, the intact root segments (1.5 mm
thick) were carefully ground with silicon carbide paper discs (Grit 500; Struers, Rotherham,
UK) to ensure a flat surface, and subsequently rinsed with sterile water. They were then
dried with filter paper and sterilised for 20 min on each side under UV light.

One-day monospecies E. faecalis and P. aeruginosa biofilms were cultured on rectangular
membrane filters (1 mm wide) with the same method described for the three-day circular
biofilm membranes above (Figure 2d,e). Consequently, the rectangular biofilm membranes
were carefully positioned along the length of the dentin/material interface of each sample
(two membranes per root disc), with the biofilm surface facing towards the sample. The
specimens were transferred into 24-well plates and inoculated with 800 uL TSB (Figure 2f).
They were incubated at 37 °C in a 5% CO,-supplemented atmosphere for 72 h. Every 24 h,
the samples were transferred into a new well with fresh TSB.

After this period, the samples were retrieved and gently immersed in sterile pure
water. The biofilm membranes were carefully removed, and the samples were then stained
with a 50 pL dye solution of LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen,
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Eugene, OR, USA) for 20 min in a dark room. Subsequently, they were immersed in water
to remove the excess of stain and imaged using a confocal laser scanning microscope (CLSM;
Olympus FluoView FV1200, Olympus, Tokyo, Japan). Three microscopic confocal volumes
from random areas upon the dentin/material interface where the biofilm membranes were
previously positioned were acquired from each sample using a 60x water immersion lens,
1 pm step-size and a format of 480 x 480 pixels (Figure 2g). For a better orientation in the
area of interest and threshold application in the CLSM, samples that were not subjected
to a biofilm challenge were additionally imaged (Figure S2). Polyester coverslip discs
(13 mm, Thermanox Coverslips, Thermo Fisher Scientific, Waltham, MA, USA) were used
as additional negative control substrates to confirm biofilm formation upon the areas where
the rectangular biofilm membranes were applied. The percentage of injured/dead cells and
the total biofilm volume (um?) were assessed with Bioimage_L software (v.3.0, Department
of Oral Biology, Malmo University, Sweden) [24].

2.4. Microstructural and Chemical Analysis of the Interface

The materials (n = 3/group) were compacted in the root segments (1.5 mm thick) as
specified in the section above (Figure 2b) and were stored in HBSS at 37 °C for 28 days
(Figure 2c). Subsequently, the samples were retrieved, dried in filter paper, vacuum-
desiccated and embedded in auto-polymerising epoxy resin (Epoxyfix; Struers, Rotherham,
UK). They were then ground in water and polished with a series of silicon carbide papers
and a polishing cloth (Struers, Rotherham, UK). A diamond suspension (DP-1 pum; Struers,
Rotherham, UK) was used for the polishing procedure. The material to dentin interface
was imaged with a scanning electron microscope (SEM; TM4000Plus II, Hitachi, Tokyo,
Japan) under backscatter mode following the sputter-coating of specimens with gold (Agar
Scientific, Essex, UK). Energy dispersive X-ray (EDX) analysis was performed and elemental
maps across the interfaces were created.

2.5. Data Analysis

The data were assessed for normality with the Shapiro-Wilk test as well as histogram
and g-q plot evaluation. Due to the absence of normal distribution, the data from confocal
microscopy were subjected to square root transformation, while the data from the CFU-
based direct contact experiments were log-transformed and expressed as log(CFU + 1)/mL.

For data from the CFU-based experiment of dentin surfaces and those from confocal
microscopy, univariate general linear models were fitted for the following factors: ‘Materi-
als’, “Ageing period’, and ‘Bacterium’. The normality of residuals following each analysis
was assessed with g-q plots. Pairwise comparisons were conducted with the Bonferroni
correction. Additionally, a Student’s t-test was conducted for the comparison of dentin
surfaces with the negative control.

For data from the CFU-based experiment of material surfaces, an analysis was con-
ducted with non-parametric tests as, despite the log-transformation of the data and due
to the presence of many zero values within groups, none of the applied generalised linear
models could provide an adequate fit. We therefore decided to perform analyses for materi-
als within the same ageing period and for the same test bacterium with the Kruskal-Wallis
test and post hoc methods adjusted using the Bonferroni correction. Mann-Whitney U tests
were used in the case of comparing the effect of the ageing period within the same material
and test bacterium, as well as for comparisons with the negative control.

All analyses were conducted with SPSS software 29.0 (IBM, Armonk, NY, USA). The
significance level was set as o = 0.05.

3. Results
3.1. Antibacterial Investigation
3.1.1. Independent Assessment of Material and Dentin Surfaces

Figure 3 presents the results from the antibacterial testing of dentin and material
surfaces.
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Figure 3. Antibacterial activity of dentin and material surfaces from split root segments. (a,b) Mean
log(CFU + 1)/mL and standard deviation of Enterococcus faecalis or Pseudononas aeruginosa, respec-
tively, following direct exposure of 3-day monospecies biofilms with dentin surfaces. (c,d) Box and
whiskers plots (minimum value, lower quartile, median value, upper quartile and maximum value)
for bacterial survival following exposure to material surfaces from the root segments. Different
lowercase letters per graph indicate statistically significant differences among the 1-day samples. Dif-
ferent capital letters indicate statistically significant differences among the 28-day samples. Brackets
with asterisks above bars or boxes indicate a significant difference between 1- and 28-day samples
within the same material. Groups with the number ‘1" did not show any statistical reduction in
bacterial counts compared to the control (p < 0.05). Abbreviations: C, negative control; BD, Biodentine;
TF, TotalFill.

Dentin Surfaces

Upon accounting for the effect of the ‘Ageing period’ and ‘Bacterium’, the overall
antibacterial activity of the dentin surfaces following contact with TZ-bg40, Biodentine and
IRM was significantly lower than that of the respective specimens from TZ-base, TZ-Agl
and TZ-Ag2 (p < 0.001 for comparisons with TZ-bg40 and IRM; p < 0.05 for comparisons
with Biodentine).

More specifically, the dentin surfaces that had been in contact with the prototype
HCSC for 1 or 28 days presented significantly reduced E. faecalis colonies compared to the
control (p < 0.05), except for those in contact with TZ-bg40 for 28 days. The dentin surfaces
exposed to Biodentine, TotalFill and IRM presented reduced E. faecalis colonies only after
1 day of application (p < 0.05) (Figure 3a).

All samples caused a reduction in bacterial counts against P. aeruginosa compared to the
control (p < 0.05), except for those in 28-day contact with TZ-bg20 or TZ-bg40 (Figure 3b).
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Material Surfaces

All prototype HCSCs significantly reduced the colonies of both bacterial species after
1 and 28 days of material ageing (p < 0.05). TZ-base, TZ-Agl and TZ-Ag2 caused a higher
logCFU-reduction in E. faecalis biofilms than that of the commercial cements in the 28-day
test period (p < 0.01). The bactericidal effect of both the prototype and the commercial
HCSCs against E. faecalis was reduced between the 1 and 28 days samples (p < 0.05).
A decline in antibacterial effectiveness against P. aeruginosa over time was observed for
TZ-base and TotalFill (Figure 3c,d).

3.1.2. Biofilm Assay upon the Dentin/Material Interface

Figure 4 shows the results of the percentage of dead/injured bacteria, and Table 1
presents the total biofilm volume for E. faecalis and P. aeruginosa. Figure 5 shows representa-
tive confocal laser scanning microscope images from the test samples.

a b
E. faecalis P. aeruginosa
e '
g | B . g 2
" [ oS 3 “l NPT
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base bg20 bg40 Agl Ag2 base bg20 bg40 Agl Ag2

Figure 4. Mean and standard deviation of dead/injured (a) Enterococcus faecalis or (b) Pseudomonas
aeruginosa cells (%) prior to root square transformation of the data. Different lowercase letters
indicate statistically significant differences among the 1-day samples. Different capital letters indicate
statistically significant differences among the 28-day samples. Brackets with asterisks above bars
in the graphs indicate a significant difference between the 1- and 28-day samples within the same
material (p < 0.05).

Table 1. Mean and standard deviation of Enterococcus faecalis or Pseudomonas aeruginosa biofilm
volume (um3) (%) prior root square transformation of the data. Different lowercase letters indicate
statistically significant differences among the 1-day samples. Different capital letters indicate statis-
tically significant differences among the 28-day samples. Different numbers indicate a statistically
significant difference within the same material and test bacterium between the two ageing periods
(p < 0.05). Abbreviations: BD, Biodentine; TF, TotalFill.

Total Biofilm Volume (pm3)

TZ- TZ-
TZ-Base TZ-bg20 TZ-bg40 Agl Ag2 BD TF IRM
59,931 35,408 51,258 43,023 45,676 38,514 71,417 59,927
1day (42,448) (16,886) (46,555) (25,834) (47,451) (33,513) (32,892) (65,753)
a—1 a—1 a—1 a—1 a—1 a—1 a—1 a—1
E. faec.
78,597 64,425 125,866 66,004 55,959 30,916 94,330 58,524
28 days (38,789) (35,105) (13,320) (45,395) (42,533) (9190) (67,094) (45,241)
AB-1 AB-1 B-2 AB-1 AB-1 A-1 B-1 A-1
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Table 1. Cont.

Total Biofilm Volume (um?)

TZ-

TZ-

TZ-Base TZ-bg20 TZ-bg40 Agl Ag2 BD TF IRM
21,419 31,569 36,863 44,020 37,925 41,428 47,609 41,750
1day (18,042)  (21,395)  (29436)  (40201)  (40419)  (22,880)  (26,390)  (30,932)
a—1 a—1 a—1 a—1 a—1 a—1 a—1 a—1
P. aerug.
52,284 37,383 30,143 40,528 53,708 44,770 44,612 31,252
28 days (29,498) (41,044) (23,320) (24,824) (22,489) (23,916) (28,209) (15,382)
A-2 A-1 A-1 A-1 A-1 A-1 A-1 A-1

E. faecalis P. aeruginosa

Dentin

Figure 5. Representative confocal laser scanning microscope images from z stack series of biofilms
upon the dentin/material interface for TZ-base following staining with bacterial viability kit. Dead-
injured bacteria were stained red, and live ones appear as green. All images had the same magnifica-
tion (60x) and pixel format (512 x 512) and each image represents an area of 88 x 88 um.

A significantly lower proportion of dead/injured bacteria was overall observed in
the 28-day samples compared to the 1-day specimens (p < 0.001). TZ-Ag2 had an overall
significantly higher antibacterial effect than the other tested materials (p < 0.05; Figure 4).
The P. aeruginosa specimens were less susceptible to the antibacterial effect of materials than
E. faecalis (p < 0.001).

The E. faecalis biofilms upon the dentin/material interface were significantly thicker
compared to P. aeruginosa (p < 0.001). Taking into account the factors ‘Ageing period’
and ‘Bacterium’, the biofilm volume was not affected by the material type (p > 0.05). It
was, nevertheless, overall larger in the 28-day test root segments than in the 1-day ones
(p <0.001).

3.2. Characterisation of the Dentin/Material Interface

Indicative microscopic images with accompanying elemental maps of the dentin/
material interfacial zones are presented in Figure 6. Silicon was the most prevalent element
in the interface of calcium silicate cements, especially for TZ-bg40, followed by Biodentine
and TotalFill. Calcium was also evident in all HCSCs. The migration of silver into dentin
was evident in the SNP-containing cements, especially in TZ-Ag2. Gaps of varying width
between the material and dentin surface occurred in all samples.
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Figure 6. Cont.
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Figure 6. Backscatter scanning electron micrographs of the dentin/material interface (1000x) accom-
panied by elemental maps mainly of calcium (blue), silicon (green), and zirconium (purple), as well
as sodium (light blue), phosphate (plum), magnesium (yellow), chlorine (lilla), silver (red), tantalum
(grey) or zinc (Tyrian purple) for (a) TZ-base and TZ-bg20, (b) TZ-bg40 and Biodentine, (c) TZ-Agl
and TZ-Ag?2, (d) TotalFill and IRM. An overlap in the peaks of phosphate and zirconium exists.
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4. Discussion

The current study assessed the antibacterial properties of prototype and commercial
HCSCs at the dentin/material interface. All tested cements conferred an antibacterial
activity to the adjacent dentin tested 1 day following material application. Changes in
the antibacterial efficiency were observed with material modifications across the different
assays such as a reduction upon replacement of TCS with 40% BG, or enhancement after
the incorporation of 2 mg/mL SNP into the liquid component. The null hypotheses that
the antibacterial characteristics of cements would be similar and that dentin exposed to
materials would not present any antibacterial potential were therefore rejected.

Reinfection by persisting or newly established microorganisms in the root canal sys-
tem may occur following retrograde treatment or perforation repair [11]. This makes the
antibacterial properties of root repair materials worth investigating [25]. Common com-
mercial HCSCs exhibit varying antibacterial efficacy [4], which is mainly ascribed to the
creation of an alkaline microenvironment. Yet, alkalinity may be buffered by tissue fluids,
particularly in an acidic inflamed environment [26]. Furthermore, the role of dentin appears
to be intricate. From one perspective, dentin also has a buffering capacity [26,27], which
can be detrimental to the antibacterial effect [28]. At the same time, due to its complex
anatomy, it can act as a reservoir of the ions released by the adjacent cements and mediate
an antibacterial effect to the microenvironment through this ionic flow [29].

Considering these aspects, we used SNPs because they may diffuse into dentinal
tubules and be subsequently released to enhance the antibacterial activity [30]. Bioactive
glass was employed to assess whether it could alter the antibacterial characteristics of
HCSC at the interface. The original BG formulation—BG 4555—was used in the current
study [13].

By evaluating the properties of commercial and prototype HCSCs in the same study, a
more comprehensive understanding of the effects of incorporating chemical compounds
into them can be achieved. HCSCs were assessed in the context of their use for root-end
filling and perforation repair procedures, where the materials should provide an adequate
seal between the root canal system and the periradicular area [10]. Biodentine and TotalFill
are indicated for such applications [31,32]. Finally, the properties of the zinc oxide eugenol-
based IRM were also examined as a comparative reference. IRM is an extensively studied
cement that is widely employed in retrograde procedures, presenting a success rate similar
to that of MTA [33,34].

Two studies have previously used a dentin substrate to evaluate the antibacterial
properties of Biodentine [35,36], while, to the best of our knowledge, the antibacterial
properties of the putty version of TotalFill have not been tested on a dentin model before.
The lack of standardised test protocols for antibacterial testing [37] and limited data from ex
vivo models for root repair materials [4] suggest a knowledge gap regarding the essential
properties of the most widely used HCSCs. Two distinct dentin models were therefore
utilised here to investigate the antibacterial properties at the dentin/material interface.

The materials were tested either 1 or 28 days after placement. It is anticipated that the
elution of antimicrobial compounds by HCSCs, specifically hydroxyl ions, would decrease
in the long term [38].

The split tooth model, originally designed to assess the residual antimicrobial effect
of irrigation solutions and sealers [23], was used here to independently evaluate the
antibacterial potential of both the material and the dentin surface at the interface following
the designated application periods. Even though dentin does not serve as a substrate for
biofilm cultivation in the model, it enables the investigation of the indirect antibacterial
potential from the test materials. Our results did in fact demonstrate the transfer of an
antimicrobial effect to dentin. However, replacing BG in HCSC resulted in a reduction
in this effect after 28 days, especially upon 40% replacement of TCS. Prior studies have
demonstrated that the antibacterial properties of a different form of BG were enhanced
upon contact with powdered dentin or bone; mineralised tissues appear to facilitate the
dissolution of BG, resulting in an increased release of silica and elevated pH levels [39-41].
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Even though the bactericidal potential of BG is mainly alkaline-related, the current study
showed that its effect appeared to be insufficient to compensate for the antibacterial activity
lost due to the replacement of tricalcium silicate. This inferior antibacterial potential is
also evident in studies where BG undergoes ageing under physiological conditions, as the
buffering capacity of the host’s fluids can moderate the alkalisation effect [42,43]. Thus, the
beneficial characteristics of BG could be further explored as additions in the cementitious
phase of HCSC instead of replacing a portion of the TCS. The potential of BG to enhance the
remineralisation process on dentin [44] could be further explored in conjunction with its
antibacterial characteristics. Even though the evaluation of the former was not in the scope
of the current study, no consistent pattern of coverage of dentinal tubules was observed as
being carried out by the BG-containing HCSCs compared to the unmodified cement. Upon
assessing model reproducibility, the SEM/EDX observations of the split segments showed
the occasional presence of cement particles on the dentin surface, with some of them also
penetrating inside the dentinal tubules. The materials affected the elemental composition
of dentin segments as evidenced by the spectroscopical scans, yet these findings were not
exclusive to the BG-containing cements.

In order to further assess the antibacterial effect of this area under different conditions,
an assay of biofilm growth upon the intact dentin/material interface was conducted. The
colonisation of this area could lead to reinfection following treatment [45]. Previous studies
have investigated this aspect for endodontic sealers [46,47] but it has not been explored
for root repair cements. In the current model, biofilms were initially cultured for one
day on membrane filters before being exposed to samples. This approach aided in better
localising the specific area of interest. The results showed that the addition of 2 mg/mL
SNP to prototype HCSC enhanced its antibacterial performance. The release of SNPs in the
neighbouring dentin was confirmed with elemental mapping. However, no enhancement
of the antibacterial properties was evident in the split tooth model. The combination
of the findings from the two ex vivo models in this study suggests that more extended
interaction periods might be required for SNPs to fully exert their antibacterial potential, as
has been previously indicated [48]. At the same time, the current results complement the
previous research on early bacterial adhesion upon the TZ-Ag?2 surface, where no significant
changes were observed after 1 h of exposure to an E. faecalis inoculum [38]. From another
perspective, SNP concentrations higher than the ones used in the current study could be
explored in order to achieve potentially more efficient bacterial killing. Here, we selected
the 2 mg/mL SNP-concentration based on a protocol for sufficient particle dispersion [22].
Attaining an optimal concentration towards the potential clinical usage of SNPs should
also be determined through a combined evaluation of their effect on host tissue cells. The
discolouration potential is also a concern [21], particularly given the intended release of
SNPs into the subsequent tissues, especially dentin.

The improved antibacterial performance of TZ-Ag2 was mainly evident against P.
aeruginosa. Gram-negative bacteria are reportedly more susceptible to SNPs due to the
thinner layer of peptidoglycan in their cell wall [49]. The Gram-positive E. faecalis that
was tested here is the most frequently studied bacterium in endodontic literature [50].
Even though its direct causal relationship with post-treatment apical periodontitis has
been questioned, it is indeed a commonly isolated bacterium from failed endodontic
cases [51-53]. The Gram-negative P. aeruginosa has also been recovered from persistent
endodontic infections [53]. Interestingly, the susceptibility of the two bacterial species
differed in the experimental assays, indicating the importance of including variations in the
methodological models and the test parameters. The cultivation of monospecies biofilms
for antibacterial testing is, however, an undisputed limitation in the current study, as it
does not replicate the complexity and resistance of multispecies biofilms that are apparent
in clinical practice. On the other hand, the utilisation of simplified biofilm models could
ensure better reproducibility in the initial assessment of antibacterial properties [50] and
provide insights for subsequent testing.
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Overall, in both dentin models studied, no significant differences in the antibacterial
potential of the two commercial HCSCs, Biodentine and TotalFill, were observed. However,
the indirect antibacterial effect of Biodentine on dentin surfaces appeared smaller than that
on the unmodified prototype cement. In fact, the antimicrobial activity of dentin surfaces in
contact with either TotalFill or Biodentine was reduced from 1 to 28 days. This observation
can be attributed to a faster hydration reaction for both commercial HCSCs compared to
the experimental formula (TZ-base), even though the reaction of TotalFill is dependent
on the moisture available in the environment [9], which could slow down the process.
The putty version, however, is reported to react faster than the paste form [9], possibly
due to a difference in the particle size [54]. The faster hydration reaction of Biodentine
compared to the radiopacified tricalcium silicate cement is mainly ascribed to the addition
of calcium carbonate to the former and has been previously documented [8,55]. Once
the most significant part of hydration has taken place, less calcium hydroxide is released.
Therefore, the buffering capacity of dentin had a greater impact on the commercial materials,
probably due to the earlier completion of diffusion of the hydroxyl ions. The antibacterial
characteristics of Biodentine and TotalFill formulations have been found to be similar
when tested against cariogenic bacteria with the rationale to use these as pulp capping
agents [55,56]. The zinc oxide eugenol-based IRM showed an overall steadier yet inferior
antibacterial potential in our experiments. Our findings are in accordance with those of
Dragland et al. [57], who reported a stable and modest antibacterial behaviour of IRM over
time against E. faecalis, as well as a gradual release of eugenol in long evaluation periods.

The dentin/material interface was additionally characterised by means of SEM, EDX
and elemental mapping to gain a better understanding of the interactions occurring in that
area. Sample dehydration, a step that is required prior to SEM observation, and sample-
induced shrinkage caused by the constant vacuum environment during observation can
both impair the adaptability of HCSCs to dentin [58]. However, a potential material
detachment from the dentin surface does not seem to alter the elemental distribution in
the two surfaces [59]. The observations of the interfaces did not reveal notable differences
among the HCSCs. The SNPs migrated to dentin, while the BG particles were evident in
the bulk of the respective BG-containing cements. Studies on the interfacial characteristics
of HCSCs in contact with dentin report somewhat conflicting findings. Atmeh et al. [60]
reported the formation of an intermediate mineralised layer at the interface, accompanied
by tag-like structures within the dentinal tubules that are triggered by HCSC’s rapid
local calcium hydroxide release. This ‘mineral infiltration zone” has been disputed in
subsequent studies, which attribute its presence to an artefact induced by the fluorescent
dyes used in confocal microscopy [58]. In contrast, one study reports conventional calcium
phosphate precipitation in the interfacial gaps from the reaction of calcium from HCSC
with phosphorus in the dentin component [59]. Therefore, the occasional tag-like structures
within the dentinal tubules, as also sporadically evident in the current study, are regarded as
the cement’s gap-filling property rather than a consistent formation of a mineral layer [59].

5. Conclusions

This investigation of the antibacterial properties of HCSCs at the dentin/material inter-
face showed residual antibacterial activity in the dentin surfaces. In the split tooth model,
the replacement of TCS with 40% BG reduced the bactericidal activity. A 2 mg/mL SNP
liquid component mixed with the prototype HCSC demonstrated an improved antibacterial
potential during a three-day biofilm assay at the dentin/material interface, although the
effect was relatively small.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb14100511/s1, Figure S1: Indicative scanning electron microscope
(SEM) images of dentin surfaces from the split tooth block model accompanied by energy dispersive
X-ray analyses (EDX) of selected regions or elemental mapping. The images suggest that no complete
coverage of the dentin surface by material remnants takes place following the separation of the two
parts of the root segment. (a) Root surfaces treated with 17% ethylenediaminetetraacetic acid (EDTA)
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and with no application of a material (control specimens) were assessed to detect the main elements
as well as the trace ones depicted in dentin segments following EDTA pre-treatment. (b) SEM images
and EDX analyses from dentin surfaces previously in contact with TZ-base, TZ-bg20 and TZ-bg40.
Some zirconium oxide particles, as well as cement particles, can be sporadically depicted. (c) Dentin
surfaces and elemental maps for TZ-Agl and TZ-Ag2. Some agglomerated silver nanoparticles could
also be depicted (red arrow). (d) SEM images and EDX analyses from dentin surfaces previously in
contact with Biodentine, TotalFill and IRM. Material residues are mainly depicted inside the dentin
tubules; Figure S2: Representative confocal laser scanning microscope images (60x) for orientation
upon the dentin/material surface and optimisation of threshold options. The specimens were not
exposed to any bacteria. Biodentine was used for these internal controls.
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a Dentin segments treated with 17% EDTA — No material application
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rel. error
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etto | Mass
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TotalFill 2
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TMA4000Plus 10KV 7.9mm x1.00

Figure S1. Indicative scanning electron microscope (SEM) images of dentin surfaces from the split tooth block model
accompanied by energy dispersive x-ray analyses (EDX) of selected regions or elemental mapping. Images suggest that
no complete coverage of the dentin surface by material remnants takes place following separation of the two parts of
the root segment. (a) Root surfaces treated with 17% ethylenediaminetetraacetic acid (EDTA) and no application of
material (control specimens) were assessed to detect the main elements as well as trace ones depicted in dentin segments
following EDTA pretreatment. (b) SEM images and EDX analyses from dentin surfaces previously in contact with TZ-
base, TZ-bg20 and TZ-bg40. Some zirconium oxide particles as well as cement particles can be sporadically depicted.
(c) Dentin surfaces and elemental maps for TZ-Agl and TZ-Ag2. Some aggregated silver nanoparticles could also be
depicted (red arrow). (d) SEM images and EDX analyses from dentin surfaces previously in contact with Biodentine,
TotalFill and IRM. Material residues are mainly depicted inside the dentin tubules.
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Figure S2. Representative confocal laser scanning microscope images (60x) for orientation upon the dentin/material
surface and optimization of threshold options. Specimens were not exposed to any bacteria. Biodentine was used for
these internal controls.
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