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ARTICLE INFO ABSTRACT
Keywords: Objectives. To evaluate the remineralising effects of fluoride (F) varnishes containing bioavail-
proanthocyanidin able calcium-phosphate compound (Ca-P) based remineralisation systems and 5000 ppm F
CPP-ACP toothpaste (FTP) on root caries lesions (RCLs) and the potential effects of proanthocyanidin
TCP (PA) for the treatments of RCLs when used as an adjunct to F regimens.
fluoride varnish Methods. Demineralised root dentine and a pH-cycling model were used to mimic RCLs
dentinal organic matrix and the oral environment. Remineralising effects of MI Varnish™ (MIV) containing casein
root caries phosphopeptide-amorphous calcium phosphate (CPP-ACP) and Clinpro™ White Varnish

(CPWV) containing tri-calcium phosphate (TCP) along with FTP and PA were evaluated
regarding the birefringence, elemental composition, mechanical properties and mineral
density of remineralised dentine with Duraphat™ as a comparison.
Results. MIV, CPWV and Duraphat™ promoted the incorporation of F into RCLs and increased
mineral density but did not change microhardness of root dentine significantly. Surface
microhardness increased significantly when MIV or CPWV was used with 5000 ppm FTP.
Application of PA with F regimens significantly increased subsurface mineral density. When
PA was applied with MIV or CPWV along with FTP, the highestion uptake and relative mineral
gain (%AZ) was achieved, and significant increase of microhardness was up to 30 pm depth.
Generally, MIV was associated with a higher mineral content gain than CPWV.
Significance. Treatment of carious root surfaces remains challenging due to the complex
pathological processes and difficulty in restoring the highly organised structure of root
dentine. Treatment strategies targeting both remineralisation and preservation of the denti-
nal organic matrix have the potential to improve the fluoride-mediated remineralisation
approaches.

© 2020 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Increasing tooth retention in ageing populations in indus-
trialised countries and the age-related recession of gingival
tissues exposing tooth root surfaces to the oral environment
have contributed significantly to the increasing prevalence
of root caries amongst the elderly [1,2]. Current treatments
following caries management philosophies established for
enamel caries may not be equally efficacious for root dentine
caries because of the different structures and compositions
of enamel and dentine and the associated distinct aetiologies
and disease progression of coronal and root caries [3].
Dentine is an hierarchically organised nanocrystalline
composite structure formed by matrix-mediated mineralisa-
tion. The organic framework of dentine consists of parallel
self-assembled 300 nm long collagen units composed of colla-
gen fibrils of 67 nm periodicity staggered and overlapped along
their long axes and stabilised by covalent inter- and intra-
microfibrillar cross-linking [4,5]. The gap spaces between the
collagen molecular ends are the primary sites for nucleation
and growth of the plate-like impure hydroxyapatite crystals
[6]. This structural and stereochemical matching between
inorganic and organic materials confers dentine with spe-
cific mechanical properties and promotes synergy between
matrix and mineral during the caries process [7]. Specifically,
in the early stages of caries development, the pH decrease
produced by metabolites of acidogenic bacteria tilts the bal-
ance of de- and re-mineralisation towards mineral dissolution
- especially of the extrafibrillar minerals. Mineral loss affects
the packing arrangement of the fibrils and activates the host
proteases along with bacterial collagenase action, leading to
lysis of dentinal collagen. The loss of collagen periodicity and
the shifts of inter-molecular cross-linkages of the molecules
of dentinal collagen result in further loss of intrafibrillar min-
erals, decreasing the mechanical properties of dentine [8,9].
Demineralisation can be reversed in its early stages
through incorporation of component ions (calcium, phos-
phate and fluoride) onto the remnant nano-crystallites [10].
Fluoride (F) is currently considered the gold standard ther-
apeutic agent for early carious lesions. It deposits on tooth
surfaces as CaFj-like materials and substitutes into den-
tal mineral through dissolution/re-precipitation reactions to
form an apatitic mineral of increased structural stability -
Cas(PO4)3(OH)1-xFx [11,12]. Given thatroot dentine has a higher
critical pH and smaller impure hydroxyapatite crystallites
than enamel, there is clinically validated consensus that high
concentration F toothpastes (FTP) and F varnishes are rec-
ommended to maintain the mineral balance in root caries
lesions (RCLs) and the efficacy of F treatments could be fur-
ther enhanced by a combination of F delivery methods [10,13].
In addition, the availability of calcium and phosphate (mainly
from saliva and gingival crevicular fluid) is rate limiting for
remineralisation. Ageing and medication in elders could affect
salivary flow and constituents and decrease the availability of
calcium and phosphate for restoring mineral density of RCLs
[14]. Therefore, bioavailable calcium-phosphate compound
(Ca-P) based remineralisation systems have been incorporated
and stabilised into F products to promote remineralisation
[11]. Nevertheless, it is still controversial whether the addition

of Ca-P has superior effects over F alone, as well as the rela-
tive efficacy of different Ca-P based remineralisation systems
[15-18]. In particular, there is a lack of published evidence of
their effectiveness on RCLs.

Whilst F treatments in combination with calcium and
phosphate restore the mineral content of carious lesions,
poorly remineralised tissue with majority of minerals occu-
pying extrafibrillar space and decreased strength of collagen
fibrils may not recover the overall functionality of dentine
[7]- Increasing understanding of the hierarchical structure and
biochemistry of dentine has promoted the advent of innova-
tive biomimetic approaches for treatment of dentine carious
lesions. Specifically, the presence of dentinal collagen could
putatively provide a template and exert spatial constraints
to mediate spherulitic crystalline growth of minerals after
infiltration of ionic clusters of mineralisation precursors con-
taining Ca-P [19,20]. Therefore, strategies for dentinal collagen
biomodification to prevent degradation of the demineralised
matrix have been explored to enhance the interaction of
minerals within the collagen fibrils [21,22]. Locally applied
collagenase inhibitors such as chlorhexidine and Zn?*+ could
inhibit the activity of proteclytic enzymes during dentine
demineralisation and reduce dentine matrix degradation,
thus limiting lesion progression [23-25). However, inhibitors
might not affect all proteases involved in the degradation pro-
cess. On the other hand, when affected by collagenase, the
cross-links of dentinal organic matrix are partially shifted to
precursors whilst the collagen matrix is not structurally and
biochemically different from that of sound dentine, therefore,
it has the potential to revert to normal collagen fibres [26]. In
this regard, induction of cross-linking might have the ability
to recover the structure of dentinal collagen [27]. Particularly,
chemical cross-linking using agents such as glutaralde-
hyde and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-
hydroxysuccinimide (EDC/NHS) are the most effective strate-
gies to produce a uniform and high degree of cross-linking
in dentine, however, their cytotoxicity may be a limita-
tion for clinical applications [28,29]. Biocompatible natural
cross-linkers, mostly polyphenols, have received increasing
attention in recent decades. Amongst them, proanthocyanidin
(PA), derived from grape seed extracts, holds great potential
to cross-link dentinal collagen by covalent and ionic link-
ages as well as hydrogen bonds and hydrophobic interaction
[30]. Previous studies have reported that application of PA
increased the mechanical properties of demineralised dentine
and enhanced the remineralisation of RCLs by stabilising col-
lagen [28,31]. Adjunctive application of PA with F/Ca/P showed
promising results in improving mineral gain and mechanical
properties as well as preventing proteolytic biodegradation in
dentine [32-34]. Considering the potential beneficial effects of
PA, we were motivated to investigate the strategy of applica-
tion of remineralising agents along with biomedification of
dentinal collagen for the treatment of RCLs.

In the present study, firstly, the remineralising efficacy of
MIV and CPWV on RCLs was investigated using laboratory
simulated RCLs ex vivo. The effects of 5000 ppm FTP were
explored, also in combination with MIV or CPWYV. Moreover,
PA was used as an adjunct to MIV, CPWV and 5000 ppm FTP
and their combined effects on RCLs was examined in terms
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of birefringence, elemental composition, mineral density and
mechanical properties of the treated root dentine.

2. Materials and Methods
2.1. Materials

Materials used were proanthocyanidin (International Labo-
ratory. CA, USA; containing >95% oligomeric proanthocyani-
dins); Clinpro™ White Varnish (CPWV; 5% NaF - 22,600 ppm F
with TCP; 3M ESPE, MN, USA); MI Varnish (MIV; 5% NaF - 22,600
ppm F with RECALDENT™ (CPP-ACP); GC Corp., Tokyo, Japan);
Clinpro™ 5000 ppm FTP (3 M ESPE, MN, USA) and Duraphat™
varnish (5% NaF - 22,600 ppm F; Colgate-Palmolive, NY, USA).
The demineralising solution for RCL formation contained 50
mmol/L acetic acid, 2.2 mmol/L CaCl; and 2.2 mmol/L KH;POyq,
and the solution was adjusted to pH 5 with KOH. Treatment
solutions in pH-cycling included a demineralisation solution
prepared using 50 mmol/L acetic acid, 1.5 mmol/L CaCl; and
0.9 mmol/L KH,PO4 and adjusted to pH 5 with KOH and a rem-
ineralisation solution prepared using 1.5 mmol/L CaCly, 0.9
mmol/L KHyPO4, 130 mmol/L KCl and 50 mmol/L HEPES buffer
and adjusted to pH 7 with KOH. Details of the materials and
the application methods are listed in Table 1.

2.2 Preparation of root dentine specimens

Extracted human permanent molars from individuals aged 20
to 50 were stored in 0.1% thymol solution at 4 °C under the
protocol approved by the Human Research Ethics Commit-
tee of the University of Melbourne. The teeth were cleaned
with deionised distilled water (DDW) to remove surface debris.
Non-carious molars without obvious defects on the root sur-
face were selected. The crown and root apical portions were
removed using a slow-speed diamond saw (Isomet, Buhler
Ltd, IL, USA) under water irrigation. The minimum sample
size was estimated based on a power of 0.8 with a confidence
level of 95% following the method in our previous study [34].
Six specimens per group were prepared for cross-sectional
microhardness testing, two for micro-computed tomography
(micro-CT) analysis and afterwards energy-dispersive X-ray
spectroscopy (EDS) analysis and three for polarised light
microscopy observation. One spare sample was prepared in
each group. Therefore, 12 dentine blocks in each group were
prepared from the buccal or lingual surfaces of the roots adja-
cent to the cementoenamel junction (CEJ) and embedded in
epoxy resin (KEP epoxy, Kemet International Ltd., Kent, UK).
The tooth surfaces were polished using ascending grits (320,
600, 1200, 2500) of silicon carbide (SiC) papers to expose the
root dentine surface and the debris was removed by ultrasonic
cleaning for 5 min in DDW. A layer of acid-resistant nail var-
nish was applied on the polished root surfaces to expose a
window of 3 x 4 mm for treatments.

2.3. Treatment procedure

2.3.1. Demineralisation
The whole treatment procedure is illustrated in Fig. 1. The pro-
tocol for demineralisation was modified from that previously

reported [32,34]. Specifically, each specimen was immersed in
20 mL of the buffered acidic demineralising solution (see 2.1),
which was prepared and changed every 24 h. After deminer-
alisation for 120 h at 37 °C, another layer of acid-resistant
nail varnish approximately 1 mm wide was applied onto
the exposed dentine surface to isolate part of the exposed
demineralised dentine as a demineralisation baseline for com-
parison.

2.3.2.  Treatments

Root dentine specimens were assigned randomly to the 11
treatment groups (n = 12 per group) (Fig. 2). Specifically, the
DDW group served as the negative control and Duraphat™
varnish as the positive control. The 6.5% w/v PA solution
was prepared by adding PA powder into DDW and mixing
thoroughly by pipetting up and down to ensure uniformity.
The PA solution was applied to root dentine surfaces using a
micro-brush and agitating for 1 min. The excess solution was
removed gently with a cotton pellet. This was followed by a fur-
ther application and agitation of fresh PA solution for 1 min.
MIV or CPWV was applied according to the manufacturer’s
instructions (Table 1).

2.3.3.  pH-cycling

After treatment, all specimens were stored in a remineralisa-
tion solution (20 mL per sample) for 6 h without interference
of the treated surface and then subjected to the pH-cycling
process. Specifically, specimens were immersed in the dem-
ineralisation solution (see 2.1) for 1 h and remineralisation
solution (see 2.1) for 23 h at 37 °C. Solutions were refreshed
with each pH-cycle and the process lasted for 8 d. After each
immersion in demineralisation solution for 1 h, the samples
were cleaned gently using DDW and blot dried. For samples in
Groups A-B, E-G, 5000 ppm FTP was applied and brushed onto
the exposed dentine surface with a micro-brush for 3 min,
gently cleaned using DDW and blot dried before immersion
in remineralisation solution. Samples in Group C-D, H-K were
gently cleaned with DDW without brushing with FTP before
immersion in the remineralisation solution. After pH-cycling,
samples were cleaned ultrasonically in DDW for 5 min and
stored in a labelled container with damp gauze thereby creat-
ing a humidified environment before analysis.

2.4. Analytical methods

2.4.1. Polarised light microscopy

Three samples were randomly selected from each group,
re-embedded in epoxy resin to protect the demineralised sur-
faces and sectioned longitudinally through the centre of the
lesions with a low-speed water-cooled diamond saw to obtain
300 pm thick sections. During sectioning, the exposed dem-
ineralised dentine was covered with damp gauze to protect
the demineralised dentine from dehydration. Each specimen
was further manually lapped to a thickness of approximately
100 pm. The sample was mounted on a glass slide with DDW
and covered with a clean coverslip. The slides were visu-
alised at original 200x magnification and the birefringence
was recorded using a first order red plate between crossed
polarisers with transmitted light microscopy (DM2000, Leica
Microsystems GmbH, Wetzlar, Germany) coupled to a camera
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Table 1 — Materials used in this study.

Material brand Abbreviation = Manufacturer Code (Lot#) Therapeutic Application instructions
composition

(w/w) [35]

R GC Corporation, 5% sodium fluoride 1. Tooth surface cleaned and softly
MI Varnish LAt Tokyo, Japan ekl (NaF; 22,600 ppm F), dried using the compressed air.

1-5% CPP-ACP 2. Stir the varnish in the unit dose
container and apply a thin and
uniform layer of MI varnish on tooth
surface using a micro-brush.

Clinpro™ White 5% NaF (22,600 ppm 1. Tooth surface cleaned and softly
Varnrish cPwv SR L RS 2R F), 1-5% modified dried using the compressed air.

TCP 2. Carefully mix the varnish with a
micro-brush; apply the varnish evenly
on the tooth surface.

Duraphat™ SouNaF Colgate®, N, USA 70091 5% NaF (22,600 ppm 1. Tooth .surface cleaned and 5.;oft1y
F) dried using the compressed air.
2. Apply a thin layer to the dentine
surface using a micro-brush.
Clinpro™ 5000 1.1% NaF (5,000 ppm 1. Brush the dentine specimen using a
toothpaste FIP Sl e e F) micro brush with the toothpaste for 3
min.
2. Rinse the specimens with deionised
distilled water.
Oligomeric International A collagen 1. Tooth surface cleaned and softly
proanthocyanidins e Laboratory, CA, US/!Z Ll cross-linking agent dried using the compressed air.
(>95%) containing 2. Apply on the dentine surface using
polyphenolic a micro-brush and agitate for 1 min

compounds derived
from grape seed

(two applications).

extracts.
Preparation of root Demineralisation (120 h) Treatments (Group A-K)
dentine fragments Nail polish (Exposed Another layer
s S RCL i
; dentine window: 3x4 mm) s ._\ﬁ : of nail polish
Lo
. Demineralised dentine
Epoxy Resin
* ’ Application of
embedding 00 thocyanidin (1min*2,
Ly proanthocyanidin ( )
e SN[ followed by vamishes
—— (MI Varnish/White
Varnish/Duraphat)
Demineralisation solution
Side view
Remineralisation (6 h) pH cycling Analytical methods
- Rinsed et
f
L I 1) Polarised light microscopy;
> — i - Mo CT
Demineralisation (1h) Remineralisation (23h) 3) SEM-EDS;
\. J 4) Vickers microhardness test.
‘e‘% / S
Remineralisation solution 5000 ppm fluoride
toothpaste (3 min)
(or skip this step)
s e Nail varnish Fluoride varnish == Proanthocyanidin

(MI Varnish/White Varnish/Duraphat)

Fig. 1 - Schematic diagram of the treatment process.

(Leica EC3, Leica Microsystems GmbH, Wetzlar, Germany). The
images were photographed and analysed by means of the soft-
ware program Image ] 1.38 x (National Institutes of Health, MD,
USA).

2.4.2. Micro-CT analysis

Two dentine specimens randomly selected from one group
were aligned in a line and fixed in a pipette tip for micro-CT
scanning where a scout scan mode was used. The den-
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Fig. 2 - Treatments in each experimental test group and group names and labels.

tine samples were dehydrated overnight before scanning to
avoid misalignment caused by shrinkage during the long-time
scanning. The imaging settings for high resolution Micro-
CT analysis (Skyscan 1172, Skyscan N.V., Aartselaar, Belgium)
were as follows: voltage: 58 kV, beam current: 171 maA, res-
olution: 2.1 pm and rotation: 360° in a 0.2° step. A 0.508
mm aluminium filter was used to reduce the beam-hardening
artifacts. Prior to each scanning, a new flat field reference
was acquired. For calculation of mineral density, two min-
eral cylinder phantoms of a similar size as the specimens
with the mineral density value of 0.25 and 0.75 gHAp/cm3
respectively were scanned with the same imaging settings.
The resulting 2D projected images were reconstructed using
the NRecon software (Version 1.4.2, Skyscan N.V., Aartselaar,
Belgium) interface based on a modified Feldkamp algorithm
with the following parameter settings: smoothing: 3, ring
artefact correction: 15 and beam hardening correction: 50%
(see Supplementary Information on beam hardening settings).
After reconstruction, the reconstructed images were imported
into Image J 1.38 x and resliced to obtain vertical two-
dimensional slices which showed cross-sectional surfaces of
whole carious lesion areas.

The mean mineral density was estimated in a volume of
interest (VOI) of 30 x 20 x 250 voxels (width x thickness x
depth) (30 x 2.1 x 20 x 2.1 x 250 x 2.1 pm?) at each consecutive
2.1 pm in depth. The regions of interest (ROIs) were selected in
dentine in a direction perpendicular to the lesion surface cov-
ering all lesion depths given the difficulties in selecting ROIs
exactly parallel to the lesion surface in a small root dentine
segment. Otherwise large heterogeneity in mineral density
values of each ROI would occur. An example of a 2D image of
ROI was shown in the red rectangular area in Fig. 4 (I). For each
sample, three VOIs were selected randomly at the regions of
demineralised dentine (covered by the second layer of nail pol-
ish), remineralised dentine (demineralised dentine exposed
for treatments) and sound dentine respectively.

For the normalisation of the mineral density profile in each
group, the sound dentine region covered by nail polish was
used to provide a superimposition reference of the original

dentine surface (depth axis of 0 pm; as shown in Fig. 4 (I)).
Thus, the mineral density data were reported with the same
starting point irrespective of the depths of shrinkage in the
demineralised dentine regions. The mineral loss (AZ) across
the lesion depth was calculated from the mineral density pro-
file of each sample by subtracting the area under the mineral
density curve of demineralised or remineralised dentine from
the area of sound dentine. Mineral density changes predomi-
nantly occurred within the first 250 pm so the mineral loss (or
gain) from the original dentine surface to a depth of 250 pm
was determined.

To evaluate the extent of remineralisation, the relative
mineral gain (%AZ) after remineralisation was calculated as
follows:

AZd — AZr
azd  ~
where AZd is the difference between the area under the curve
(AUC) of mineral density profiles of baseline demineralised
root dentine and sound dentine; AZr is the difference between
the AUC of mineral density profiles of remineralised dentine
and sound dentine; and AZd — AZr is equal to the mineral gain
during treatments and pH-cycling (as shown in Fig. 5A).

In order to compare %AZ during treatments and pH-cycling
in different layers of dentine surface and subsurface, %AZ
at 30 pm increments (a 40 pm increment for the last layer)
from the dentine surface to a depth of 250 pm (i.e. 0-30, 30-60,
60-90, 90-120, 120-150, 150-180, 180-210 and 210-250 pm) was
determined and plotted in a 3D bar graph using OriginPro 2018
(OriginLab Corporation, MA, USA).

Yo AZ = 100

2.4.3. Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS)

Samples used for micro-CT analysis were polished again using
2500 and 4000 SiC paper then 1 and 0.5 pm diamond suspen-
sions in order to reduce the geometric effects on quantitative
analysis by EDS; ultrasonically cleaned for 5 min to remove
the polishing debris and desiccated at room temperature
overnight. The cross-sectional morphology of each sample
was observed by using SEM. Samples were not coated to avoid
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the influence caused by the peaks of the coating material
and the uncontrolled deviations due to the difference in coat-
ing thickness in quantitative EDS analysis [35]. The elemental
analysis of Ca, P and F were determined using the line scan
mode of EDS with a silicon drift detector (SDD) couplet to the
SEM (Oxford instruments; voltage: 10.0 kV; working distance:
9.9-10.3 mm). The distance between each reading point was
1.2 pm and the live running time for each scan was 600 s to
ensure sufficient counts for peak identification. Assessments
of the line scan were made in triplicate in three randomly cho-
sen areas from the lesion surface to the sound dentine along
a direction perpendicular to the dentine surface in the dem-
ineralised and remineralised dentine regions. A line scan was
conducted on the sound dentine area as a comparison to show
the elemental changes in un-demineralised dentine. The rela-
tive X-ray intensity from EDS spectra reflecting the elemental
concentrations of Ca, P and F in dentine was plotted against
the lesion depth and the atomic percentage of Ca, P and F was
quantified by Aztec 3.3 software (Oxford Instruments. High
Wycombe, UK) available in EDS. In particular, F was included
from the periodic table manually for peak identification if it
was not displayed automatically due to its low concentration
in the specimens.

2.4.4. Cross-sectional microhardness test
Six longitudinally sectioned samples in each group were re-
embedded in epoxy resin and polished on a water-cooled
grinding and polishing unit (Tegra-Pol 21, Struers, Copen-
hagen, Denmark) with abrasive papers (600, 1200, 2500 and
4000 grit), followed by 1 and 0.5 pm diamond suspensions
(Type K, Kemet International Ltd., Kent, UK). The debris on the
surface was removed by ultrasonically cleaning for 5 min in
DDW. Cross-sectional microhardness measurements perpen-
dicular to the demineralised surface were performed below
the surface at less than 15 pm, 20 pm, 30 pm, 40 pm... to 200
pm depth with 10 pm interval using Vickers hardness inden-
tation (402 MVD, Wolpert Wilson Instrument, MA, USA) with
a load of 10 gf (98 x 1073N) for 10 s dwell time at each test-
ing point. For all samples, indentations were performed on
the cross-sectional dentine surface at each depth on parallel
tracks approximately 150-200 pm apart both in the dem-
ineralised and remineralised dentine regions. Hardness was
determined according to the following equation:

P
H=7%
where P is the applied force and A is the contact area of the
indentation which depends on the indenter geometry and the
penetration depth [9]. Measurements were discarded if cracks
occurred on dentine during indentation. To avoid variations
of microhardness of different samples, an internal control of
the sound area (250 pm depth from the surface) of each den-
tine block was used for comparison. Results were expressed
as relative microhardness values [36].

2.5. Statistical analysis
Quantitative data were expressed as mean + standard devi-

ation (SD). The assumptions of homogeneity of variance and
normal distribution were checked using Levene’s and Shapiro-

Wilks tests, respectively. Vickers microhardness numbers data
were subject to Student’s paired t-test. The relative atomic
percentage (At%) data from EDS were analysed by two-way
ANOVA followed by post hocBonferroni test. Other statistical
analysis was carried out by one-way ANOVA and post hoc
Tukey’s (equal SD assumed) or Dunnett’s T3 (equal SD not
assumed) multiple comparisons. A level of significance of a
= 0.05 was set in all statistical tests (SPSS Version 22.0; IBM,
NY, USA).

3. Results
3.1. Polarised light microscopy

Images of polarised light microscopy demonstrated the
lesion depths and changes of colour birefringence which
indicated the mineral content changes qualitatively during
de-/remineralisation [37]. Specifically, demineralised dentine
showed different birefringence from sound dentine (Fig. 3 A-
K, left side of the white dotted lines). Therefore, the average
lesion depth of demineralised dentine lesions (155.1 + 23.5
pm) was determined from all the samples tested (n = 3 in
each group) (Fig. 3 A; Table 2). A dark band on the dentine sur-
face was observed in all PA-treated groups (Fig. 3 A-B & E-G).
Treatment with PA + FTP produced a change of birefringence
below this band in the subsurface areas of demineralised den-
tine, similar to sound dentine (Fig. 3 E). After treatments using
either MIV or CPWV with FTP, the birefringence of deminer-
alised dentine was reversed being similar to sound dentine
(Fig. 3 C-D).

3.2 Micro-CT analysis

Typical 2D micro-CT images showed de-/remineralised and
sound root dentine in each group (Fig. 4 (II A-K)). Shrink-
age resulting from sample dehydration prior to scanning
was observed in the de-/remineralised dentine regions with
a grayscale value of approximately 0. Although ring arte-
facts corrections and flat-field corrections were applied in
micro-CT reconstruction, ring artefacts can still be observed
in some images (Fig. 4 (II C-E)). In addition, the influ-
ence of beam-hardening phenomenon was not eliminated,
which led to the emergence of dark-streak artifacts in the
reconstructed regions close to the lesion surface and might
result in non-linear relationship in the conversion between
X-ray attenuation and grayscale values, where the attenu-
ation was more underestimated with increasing grayscale
values [38]. Therefore, the absolute grayscale values, espe-
cially in the lesion surface areas, should be interpreted with
caution.

The regression equation of the scatter plot (Fig. S2) of
grayscale values versus mineral density of the two standard
phantoms was used to convert the grayscales of specimens
to mineral density. The mineral density profiles of speci-
mens in each group were plotted against lesion depths (Fig. 5)
and therefore the integrated mineral content throughout the
lesions could be calculated according to the mineral density
profiles (Table 3).
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Fig. 3 - (A-K) Representative polarised light microscopy images of specimens from all the groups viewed in water (refractive
index 1.33) with a first-order red plate between crossed polarisers. In each image, on the left and right side of the white
dotted line is the demineralised dentine and dentine after treatments and pH-cycling respectively; Bar scale = 100 pm. The
white double arrow illustrates the lesion depth.

Table 2 - Demineralised lesion depths measured under the polarised light microscopy.

Groups Demineralised lesion depth (um)
1 2

PA + MIV + FTP 127.2 160.4 149.3
PA + CPWV + FTP 136.6 132.5 140.3
MIV + FTP 197.2 123.9 162.1
CPWV + FTP 194.8 153.6 143.5
PA + FTP 170.8 157.8 141.3
PA + MIV 153.6 163.4 170.4
PA + CPWV 132.4 124.3 164.7
MIV 138 167 126.4
CPWV 139.6 135.6 217.8
DDW 185.2 174.6 168.2
5% NaF 127.2 160.4 149.3
Mean + SD 155.1 £23.5

Table 3 - Integrated mineral content changes of initial demineralised root dentine after each experimental phase.

Groups? AZd AZr Mineral gain AZ% Statistical
(AZd-AZr) (=4Zd_dZr » 100) analysis?

PA + MIV +FTP 127.39 + 11.66 97.54 + 7.64 29.85 + 8.96 23.15 + 5.56 A

MIV + FTP 124.62 + 4.61 99.65 + 5.98 24.96 + 2.42 20.09 + 2.37 A,B

PA + CPWV + FTP 152.76 + 6.02 126.61 + 7.33 26.15 +2.15 17.17 + 1.89 B

CPWV + FTP 151.09 + 3.24 133.73 + 6.85 17.36 +4.38 11.53 +3.01 C

PA + MIV 177.84 + 11.89 159.90 + 19.03 17.94 +8.35 10.38 + 5.67 c,D

PA + FTP 182.49 +2.71 163.87 + 4.68 18.62 +3.73 10.21 + 2.06 c,D

PA + CPWV 189.04 + 2.84 169.98 + 2.95 19.06 + 1.93 10.08 + 0.98 C,D,E

CPWV 131.20 £5.48 118.99 £ 5.41 12.21 £3.04 9.29+224 C,DE

MIV 142.73 £5.79 130.62 £ 6.94 1212 £2.79 8.52+201 D,EF

5%NaF 154.99 £+ 4.90 142.77 £ 3.55 12.22 £2.03 7.86+1.14 EF

DDW 131.33 £12.72 122.53 £+ 14.66 8.80 £6.93 6.78 £5.40 F

Values are mean + standard deviations (SD); AZ% is the relative mineral gain during treatments and pH-cycling.

2 Descending order of mean AZ% ranks.

b One-way ANOVA, post hoc Dunnett’s T3 test, o = 0.05; different uppercase letters indicate statistically significant differences between AZ%

values.
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Fig. 4 - (I) An example of a two-dimensional (2D) cross-sectional slice of a specimen from micro-CT reconstruction. The red
dotted boxes present the volume of interest (VOI) (30 x 2.1 x 20 x 2.1 x 250 x 2.1 pm? (width x thickness x depth)) over
which the mineral density profiles were plotted in each specimen. Three VOIs were randomly chosen in sound,
demineralised and remineralised dentine regions in each specimen. Shrinkage due to dehydration was observed in the
lesion surface areas and demineralised dentine showed relatively lower grayscale values than sound dentine. (II A-K)
Representative 2D micro-CT slices of sound + demineralised and remineralised dentine from all the experimental groups.

The mineral density of sound dentine (1.15 + 0.04
gHAp/Cm3) was estimated from the grayscale values of all
the sound dentine tested. Demineralisation was associated
with a gradual mineral loss in the dentine subsurface with
relatively lower grayscale values than sound dentine (Fig. 4
(I), demineralised dentine). The convergence of the min-
eral density profiles of de-/re-mineralised and sound dentine
regions in each group demonstrated equivalence of min-
eral density in the test and control sides (Fig. 5), indicating
the untreated baseline demineralised dentine were a valid
self-control in each group. Compared to the method of scan-
ning the specimens after demineralisation to obtain the
baseline comparison, it was more time-efficient to use the
approach in the present study to obtain the mineral den-
sity values of demineralised, remineralised and sound dentine
regions for comparison simultaneously and could reduce the
inaccuracy from misalignment and different conditions in
each scan. However, the mineral content of adjacent dem-
ineralised regions may not be exactly the same (a slight
divergence of the mineral density profiles of sound dentine)
because of the structural and componential anisotropy of root
dentine.

Statistical analysis showed significant differences in %AZ
after different treatments followed by pH-cycling (Table 3).
Specifically, results of DDW group indicated the pH-cycling
protocol used in the present study was a net-remineralising
process with %AZ of 6.78 + 5.40%. All the post-treatments
used in the present study were associated with mineral gain
throughout RCLs, but the remineralisation amount varied.
Duraphat™ increased the mineral content of RCLs by 7.86 +
1.14%, slightly higher than pH-cycling treatment alone; both
MIV and CPWYV further increased the mineral content of RCLs.
Adjunctive application of PA with MIV, CPWV or 5000 ppm
FTP showed no statistically significant difference in mineral
content changes (P > 0.05). Generally, MIV showed greater rem-
ineralisation effects than CPWV. Specifically, combined use
of MIV with 5000 ppm FTP achieved significantly higher %AZ
compared to CPWV with 5000 ppm FTP (P < 0.0001). When PA
was applied before the application of MIV or CPWV with FTP,
the remineralisation efficacy of MIV or CPWV was significantly
increased.

Relative mineral content changes post-treatment across
each 30 pm increment from the original dentine surface to
250 pm depth were analysed to demonstrate the mineral con-
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Fig. 5 - (A-K) Mineral density (gHAp/cm?‘) versus lesion depth profiles of VOIs in sound, demineralised and remineralised
dentine regions in all the experimental groups. AZ was the integrated mineral loss across the lesion depth and was
calculated from the mineral density profiles by subtracting the area under the curve (AUC) of demineralised or remineralised
dentine from AUC of sound dentine. AZd—AZr is equal to mineral gain during treatments and pH-cycling.

tentin different surface/subsurface layers of RCLs (Fig. 6; Table
S1). Shrinkage was observed at 0-60 pm depth from the orig-
inal dentine surface and the mineral gain started from 60-90
pm depth in all samples. Using PA as an adjunct with F regi-
mens (i.e. MIV, CPWV and FTP) led to an incremental increase
of mineral density in deeper subsurface areas (especially of
150-180 wm) compared to those without PA pre-treatment.

3.3. Scanning electron microscopy (SEM) -
energy-dispersive X-ray spectroscopy (EDS)

The EDS analysis has the advantage of detecting all elements
simultaneously with high efficiency. However, compared to
the high spectral resolution wavelength-dispersive spectrom-
eter (WDS), EDS is less accurate in determining elements with
low atomic number and low concentration [39]. Therefore,
guantitative data obtained by EDS should be interpreted with
caution. The X-ray intensity in the EDS spectra with line scan
mode reflected the elemental concentration changes along
the cross-sectional dentine surface from the lesion surface
to the sound dentine area. The line scan conducted on the
sound dentine area which served as a comparison showed
a sharp decrease of elemental concentrations from dentine
into the epoxy resin (Fig. S1), whilst in the demineralised den-
tine regions, a gradient of elemental (Ca and P) concentrations
was shown from the lesion base towards the lesion surface
(Fig. 7 A-K, demineralised dentine). In the remineralised den-

tine regions, the line scan demonstrated a slight increase of
Ca, P and F concentrations throughout the artificial RCL area
(Fig. 7 A-K, remineralised dentine).

From the semi-quantitative analysis (Table 4), treatment
with DDW did not result in significant changes in the atomic
percentage (At%) of Ca, P and F in RCLs (P > 0.05). The At%
of Ca, P and F was increased after remineralisation in some
groups compared to the demineralised dentine. Particularly,
there was an increase of Ca and P in dentine surface areas
when treated with PA + FTP (Fig. 7 E), although At% of Ca and
P throughout RCLs was significant decreased (Table 4). Expo-
sure to MIV or CPWV with PA and 5000 ppm FTP increased the
At% of Ca, P and F significantly after pH-cycling (P < 0.05) and
this might indicate their combined effects on ion uptake and
distribution (Fig. 7 A-B; Table 4). Whilst a significant increase
in At% of F throughout RCLs was observed in all experimental
groups (Table 4), a less incremental increase of At% of F was
present in CPWYV involved groups (Fig. 7 B, D, G, I) than MIV
involved groups (Fig. 7 A, C, F, H), indicating the difference in
the availability of F- from varnishes incorporating Ca-P using
different technologies.

3.4. Cross-sectional Vickers microhardness testing

The cross-sectional Vickers microhardness numbers (VHN) of
dentine were slightly increased after treatments at compara-
tive depths of demineralised dentine from less than 15 pm to
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Fig. 6 - Three-dimensional (3D) bar charts of relative mineral content changes in each group after pH-cycling from ~30 pm
to 250 pm depth with 30 pm increments (a 40 pm increment in the deepest layer of demineralised dentine).

Table 4 - The relative atomic percentage (At%) of calcium (Ca), phosphorus (P) and fluorine

in demineralised and

remineralised dentine regions analysed by energy dispersive X-ray microanalysis (EDS) with a line scan mode.

Groups Atomic percentage (At%) (Mean (SD))
Ca P F
Demin Remin Demin Remin Demin Remin

PA + MIV + FTP 10.80 (0.399) 12.72 (0.160)" 7.038 (0.207) 7.911 (0.042)" 0.436 (0.002) 1.031 (0.014)"
PA + CPWV + FTP 10.47 (0.210) 12.97 (0.261)" 6.729 (0.090) 8.272 (0.090)* 0.477 (0.015) 0.675 (0.045)*
MIV + FTP 10.89 (0.038) 12.03 (0.295)* 6.866 (0.090) 7.345 (0.109)* 0.438 (0.035) 1.013 (0.082)*
CPWYV + FTP 10.54 (0.178) 10.50 (0.710) 6.903 (0.054) 6.934 (0.368) 0.488 (0.039) 0.747 (0.064)"
PA + FTP 11.03 (0.203) 10.30 (0.295)* 7.130 (0.093) 6.545 (0.063)* 0.483 (0.027) 0.780 (0.017)*
PA + MIV 10.24 (0.063) 11.43 (0.182)* 6.714 (0.012) 7.583 (0.032)* 0.450 (0.031) 1.413 (0.119)*
PA + CPWV 10.38 (0.252) 9.724 (0.378) 6.470 (0.228) 6.274 (0.245) 0.407 (0.033) 0.898 (0.047)*
MIV 10.84 (0.244) 10.83 (0.316) 6.808 (0.144) 6.884 (0.232) 0.457 (0.006) 0.675 (0.014)*
CPWV 10.06 (0.190) 10.44 (0.113) 6.548 (0.235) 6.897 (0.115)* 0.513 (0.018) 0.602 (0.014)*
DDW 11.58 (0.378) 11.39 (0.569) 7.437 (0.174) 7.246 (0.333) 0.497 (0.084) 0.435 (0.046)
59%NaF 10.45 (0.158) 11.38 (0.231)" 6.653 (0.168) 7.126 (0.150)" 0.523 (0.078) 1.131 (0.073)"

The asterisks indicate statistically significant difference of At% between the demineralised and remineralised dentine in each group (two-way

ANOVA, Bonferroni post hoc test, o« = 0.05).

100 pm in most groups although mostly without significant
difference (p > 0.05). After treatment with Duraphat™, MIV
or CPWV, the VHN of demineralised dentine did not increase
significantly at all lesion depths (Fig. 8 H, I and K). Combined
use of MIV with PA increased VHN of demineralised dentine
up to 20 pm (Fig. 8 F) (p < 0.05). A significant increase in den-
tine surface (~15 pm depth) microhardness was observed after
application of MIV (Fig. 8 C) and CPWV (Fig. 8 D) followed by
pH-cycling with 5000 ppm FTP (p <0.05). With adjunctive appli-
cation of both PA and 5000 ppm FTP, treatment with either MIV

or CPWV was associated with an increase of VHN in RCLs up
to 30 um depth (p < 0.05) (Fig. 8 A-B).

4, Discussion

In the present study, the remineralising effects of MIV, CPWV
and high concentration (5000 ppm) FTP on artificial RCLs
were investigated. PA was used as an adjunct to F regimens
to putatively stabilise the demineralised dentinal collagen.
The ex vivo artificial RCL model created by the deminer-
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Fig. 7 - (A-K) Scanning electron microscopy (SEM) images of cross-sectional surfaces of de-/remineralised dentine and the
corresponding relative concentrations of calcium (Ca), phosphorus (P) and fluorine (F) analysed by the line scan mode of

SEM-energy dispersive X-ray analysis (SEM-EDS).

alising solution has high reproducibility under controlled
conditions compared to natural RCLs. Nevertheless, root den-
tine is a material of structural anisotropy with nonidentical
physicochemical characteristics in different regions and in
order to minimise these variations, part of the deminer-
alised root dentine in each specimen was kept as baseline
demineralisation for comparison [40,41]. The demineralisa-
tion process led to the putative loss of dentine mineral
crystals with weak negative birefringence, thus increasing
the strength of positive birefringence relatively. The dem-
ineralisation solution diffused into the organic matrix and
gradually dissolved the mineral components of dentine, lead-
ing to a gradient concentration decrease of Ca and P. The
mineral content and microhardness were gradually reduced
from the lesion surface to the sound dentine area. Specifically,
micro-CT profiles in this study demonstrate a demineralised
shoulder in all samples, attributed to the different rates
of demineralisation of intertubular and peritubular dentine
[42].

Application of varnishes and toothpastes containing F pro-
moted the deposition of a layer with relatively high mineral
density on RCL surfaces and achieved an increased concentra-
tion of F throughout RCLs. This was consistent with previous
reports that F was able to incorporate minerals into dentine
through partial ionic substitution for hydroxyl ions in hydrox-
yapatite and resulted in covalent Ca-F bonds and/or hydrogen
O-H---F bonds, thus potentially forming hydroxyapatite, flu-

orhydroxyapatite or fluorapatite [12]. However, the unit cell
volume of dentine hydroxyapatite as well as the crystalline
packing and mineral-matrix interactions may have not been
altered, as there were no significant changes in microhardness
of dentine after treatments with FTP or Duraphat™.

MIV and CPWYV used in this study utilise different tech-
niques to keep the Ca-P based remineralisation systems in a
bioavailable status and separated from F, enabling a concen-
tration gradient for ion diffusion into demineralised dentine.
Specifically, in CPP-ACP, which is contained in MIV, CPP binds
to the (100) and (010) faces of apatite crystals and stabilises
ionic calcium and phosphate in a metastable solution that
increases the solubility of Ca-P [43]. TCP in CPWV is based
on the crystalline technology which prevents the reaction
between Ca?* and F- by a protective fumaric acid barrier that
breaks down in an aqueous environment (saliva) releasing
Ca® and PO4>". Results from the present study indicated that
comparatively lower incremental increases of At% of F and
mineral content were detected in RCLs treated with CPWV
than MIV due to the addition of Ca-P that influences the avail-
ability of F-, as once Ca?* and POs> were exposed to F- in
an aqueous environment, they may reprecipitate quickly on
the dentine surface [44]. Formation of ACP clusters by the
aggregation of CPP with Ca?* and PO4* prevents their pre-
cipitation with F-, enabling a high-level release of available
Ca?* and PO,*. Whilst in TCP, Ca-P was stabilised by the
solid state method and might precipitate faster once exposed
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Fig. 8 - (A-K) Vickers microhardness numbers (VHN) of demineralised and remineralised dentine from less than 15 pm to

200 pm depth from the lesion surface with 10 pm interval (i.e. ~15 pm, 20 pm, 30 pm, 40 pm, ..

. t0 200 pm). Values were

expressed as mean =+ standard deviation (SD). The asterisks indicate statistically significant difference of VHN between the
demineralised and remineralised dentine regions of a sample at the same depth (Student’s t test, « = 0.05).

to the aqueous environment, depleting remineralising ions
from lesion pores [45]. Moreover, CPP-ACP complexes have
a higher wettability than TCP and thus have a better con-
tact with tooth surfaces. The CPP-ACP complexes attached to
dentine surfaces form a concentration gradient to maintain a
state of supersaturation with respect to hydroxyapatite, there-
fore inhibiting the demineralisation of underlying dentine.
Nevertheless, both MIV and CPWYV failed to improve the micro-
hardness of artificial RCLs. In this regard, compared to enamel,
remineralisation of root dentine by MIV was more difficult to
achieve in term of recovery of hardness especially in the sub-
surface areas due to the difficulty in achieving intrafibrillar
mineralisation which determines the mechanical properties
of dentine and relies upon the particular location and interac-
tion of minerals within the dentinal organic matrix [46,47].
The benefits of combined application of F varnishes and
toothpastes compared to the use of either product alone for
the treatments of RCLs were also indicated. Specifically, appli-
cation of MIV or CPWYV along with 5000 ppm FTP reversed the
birefringence of demineralised dentine being similar to sound
dentine and significantly improved the surface hardness of
artificial RCLs; the mineral density was further increased
throughout the lesions. This was in accordance to the clini-
cal recommendation for the use of FTP after F varnishes to
maintain the presence of F, as F varnishes may not persist for
long in the oral environment due to mastication, oral hygiene
procedures, soft tissue movement and salivary flow [48]. It
has been speculated that the high concentration F from var-

nishes ‘pulsed’ after treatment with dentifrices and this might
facilitate the secondary nucleation of Cas(PO4)3(OH)1xFx or
other intermediate phases of Ca-P before the formation of the
more thermodynamically stable hydroxyapatite, fluorhydrox-
yapatite or fluorapatite phase [49].

As indicated by the micro-CT profiles, mineral gain in
demineralised root dentine after treatments originated from
the precipitation promoted by remineralising agents and the
reprecipitation of the dissclved mineral ions from inner den-
tine moving outward. Particularly, the surface mineralised
layer on root dentine was not prominent presumably because
the outer layers of dentine had been exposed longer and
affected more by acids than the inner layers. Therefore, the
outer layers contained fewer residual crystals that could act as
nuclei for remineralisation [50]. Also, the residual crystals may
be blocked by the relatively large amount of demineralised
organic matrix components, inhibiting their contact with the
extrinsic remineralisingions. With less mineral loss, the inner
zone at the base of the lesion was more readily remineralisable
and fully recovering its properties at a rapid rate [51]. In addi-
tion, the absolute mineral density values by micro-CT analysis
obtained in this study should be interpreted with caution.
Specifically, samples were dehydrated before micro-CT scan-
ning and the shrinkage caused by the dehydration could lead
to an underestimation of the absolute values of total mineral
loss calculated from the mineral density profiles. Neverthe-
less, there was a constant linear relationship between the
results of mineral loss of dehydrated dentine samples accord-
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ing to micro-CT profiles and the real mineral loss evaluated
by chemical analysis [52]. Therefore, comparisons of the val-
ues of %AZ (= 424-4Z1) amongst different groups would not be
influenced by dehydration.

The concept of dentine biomineralisation recognises the
critical roles of the collagen matrix in orchestrating miner-
alisation and provides new insights into novel approaches
for dentine remineralisation. In light of this, PA, an exoge-
nous collagen cross-linker, was used in the present study to
strengthen the dentinal collagen matrix, presumably promot-
ing the formation of a mineralised matrix [27]. Application
of PA tended to aggregate and cross-link the collagen fib-
rils and reduced interfibrillar spaces which would decrease
the porosity of type I collagen, as suggested in the polarised
light microscopy images by the formation of a dark band in
all PA-treated dentine. Although PA alone cannot enhance
intrafibrillar mineralisation, the hydroxyphenyl groups in PA
may act as ligands to bind Ca2* [53]. The formation of calcium-
PA complexes could promote mineral deposition and attract
more calcium phosphate onto the PA-modified collagen fib-
rils, as indicated by the increased At% of Ca and P as well as
the improved %AZ throughout the artificial RCLs compared to
treatments without PA [54]. In particular, significant %AZ was
achieved in the subsurface areas. Results in the present study
indicated the active role of collagen as a template for attracting
and controlling the infiltration of Ca-P, as revealed in previous
studies, via capillary forces, osmotic-regulated mechanisms
as well as electroneutrality (CaHPO4) for dentine remineral-
isation, following a different mechanism from the classical
crystallisation of enamel [43,55].

Increased mineral content is not an appropriate endpoint
of assessing the success or failure of the remineralisation
effects of bioactive materials, as it was not necessarily
translated into a recovery of mechanical properties. Whilst
remineralisation may occur preferentially in the extra-fibrillar
zone, the mineral content in the intrafibrillar compartments
plays a more determinant role in the mechanical properties
of dentine [56,57]. Results in the present study indicated that
whilst combined use of MIV or CPWV along with 5000 ppm
FTP significantly increased surface (less than 15 pm depth)
microhardness, using PA as an adjunct significantly improved
the subsurface microhardness up to 30 pm. It was specu-
lated that simultaneously strengthening the dentinal matrix
whilst applying the remineralising agents might prevent the
partially demineralised subsurface from further mineral loss
and collagen collapse as well as promote the formation of a
more well-structured organic-inorganic interaction for stress
redistribution during loading in microhardness testing. How-
ever, conversion of the CaF, -like materials deposited on
lesion surfaces to fluorhydroxyapatite incorporated in den-
tine for the recovery of hardness is a very slow process [51].
Therefore, in the present study, after 8-day pH-cycling, micro-
hardness of demineralised dentine only increased to a limited
depth.

Of note, several aspects should be considered which may
influence the remineralising efficacy of the treatments used
in the current study. The pH-cycling model used included
only one demineralisation phase daily, therefore the reac-
tion products formed during pH changes and their effects
on demineralisation resistance might not be pronounced. In

particular, ion release from CPP-ACP could be significantly
enhanced in an acidic environment [58]. Also, varnishes were
not removed before pH-cycling in order to protect the rem-
ineralising surface, therefore varnishes with inferior ‘adhesive
properties’ may detach from the dentine surface more easily,
resulting in reduced effectiveness - this may also contribute
partly to the large deviations of some results (e.g. microhard-
ness) [44]. In addition, varnishes containing F can release F-
into the surrounding medium in the oral environment and
to the tooth surfaces that are not covered by varnishes. This
effect of F varnishes was not evaluated in the present study.
Moreover, the effects of saliva, dental plaque and enzymes
and the different characteristics of natural RCLs compared
to demineralised root dentine should be considered before
conclusions regarding the treatment efficacy of F regimens
along with collagen cross-linking agents on RCLs can be
drawn.

5. Conclusion

Within the limitations of this laboratory study, in a simu-
lated net-remineralisation oral environment, application of
Duraphat™, CPWV and MIV introduced F- into artificial RCLs
and slightly increased the mineral content but had no signifi-
cant effects on microhardness of demineralised root dentine.
When MIV or CPWV was applied in conjunction with 5000
ppm FTP, the birefringence of the demineralised dentine was
reversed being similar to sound dentine and the surface (less
than 15 pm) microhardness of artificial RCLs was significantly
improved in addition to increased mineral content throughout
the lesions. Using PA as an adjunct to F regimens improved the
mineral density of demineralised root dentine significantly,
especially in the subsurface areas. Pre-treating dentine with
PA before application of MIV or CPWV along with 5000 ppm
FTP achieved the highest ion uptake of Ca®*, PO4* and F-
compared to the other treatment approaches; a significant
increase of cross-sectional microhardness of demineralised
dentine was observed up to 30 pm depth. Generally, MIV con-
taining CPP-ACP was associated with a higher mineral content
increase than CPWV containing TCP.
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