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                        Abstract

                        
Synchrotron Radiation (SR) Wide-angle X-ray Diffraction (WAXD) and Small-angle X-ray Scattering (SAXS) techniques were used to assess microstructure of bovine enamel white-spot lesions (WSL) evaluated in a 10-day pH cycling model comprising three different dentifrice groups: (A) 0.21% NaF plus TCP (Clinpro Tooth Crème), (B) 1.1% NaF plus TCP (Clinpro 5000), or (C) 0% NaF (Tom’s of Maine) dentifrice. Each day consisted of four 2-minute treatments, one 4-hour acid challenge (pH=5.0), and immersion in artificial saliva (pH=7.0) between these events. These specimens were also examined with cross-sectional microhardness, digital light microscopy and FE-SEM (field emission scanning electron microscope), and demonstrated the remineralization model effected changes in subsurface microstructure. X-ray diffraction data from WAXD and SAXS were collected on enamel slab cross-sections extending from 0 μm to 150 μm, in 6 μm microbeam increments. A primary outcome of this observational study was that simultaneous WAXD and SAXS measurements were able to resolve significant differences (ANOVA, Student’s t-test, p

                       
                        
                            

                            
                            
Introduction 
Dental researchers and clinicians
have long recognized the viability of reducing dental caries with fluoride [1].
But the multifactorial nature of tooth decay
contributes to the still problematic issue of tooth decay and therefore
continues to command attention, which includes improved understanding of not
only the effect of caries on the tooth but also the effect of preventive agents
on the carious tooth, including topical fluorides [2,3]. 
Carious lesions manifest a
subsurface environment devoid of mineral [4], the nature of which are now
routinely studied using a variety of methodologies, including micro hardness
techniques, optical or electronic microscopies, and transverse X-ray
microradiography [5,6]. Investigations of enamel micro- and ultrastructure,
such as identification of particular mineral phases or characteristics of
crystalline framework, wide-angle X-ray diffraction (WAXD), small-angle X-ray
scattering (SAXS), conventional or synchrotron radiation-based micro-computed
tomography, and electron microscopies are typically used [7-15]. Among these
techniques, scanning or transmission electron microscopies have been used with
much success for over 30 years to reveal intricacies of enamel ultrastructure,
including the identification of defects manifest in dental apatite (e.g.
point defects, edge defects, screw dislocations, and small angle boundary
defects) [14-18]. 
With recent technical
advancements in X-ray apparatus (e.g. narrowing of X-ray beam width), SAXS
experiments have revealed new information [7,8,10]. Recently, a SAXS
investigation revealed the underlying nanoscale enamel crystalline
framework retains anisotropy in both incipient and advanced carious lesions
[10]. Separately, quantitative detection of inter-crystalline voids in demineralized
enamel has been achieved using SAXS [7,8]; in doing so, these SAXS studies
demonstrated the crystallite-void relationship within carious enamel
microstructure is sensitive to remineralization [8]. 
In our previous work, we have
probed the microstructure of incipient enamel lesions cycled
in a 10-day in vitro remineralization model using a conventional and
synchrotron radiation microcomputed tomography [12,13]. In vitro cycling models
manifest evens corresponding to treatment, acid challenge or salivary events,
and are useful in assessing the quality of newly formed mineral [5]. The
remineralization model employed in this study is sensitive to fluoride and has
been used successfully to correlate with clinical outcomes [5,6,19-23]. The
outcome of those pilot studies revealed synchrotron radiation micro-computed tomography
could resolve significant microstructural differences in incipient lesions
subjected to three different dentifrices, including a fluoride-free dentifrice
(Tom’s of Maine) along with 0.21% NaF and 1.1% NaF dentifrices (3M Clinpro
Tooth Crème and Clinpro 5000, respectively). Those encouraging results prompted
us to continue our microstructural investigations into the remineralized
carious lesions. 
In the present investigation we
have used a plurality of techniques to probe the enamel microstructure of the
same incipient carious lesions previously evaluated with microcomputed
tomography. In particular, we utilized the BL40XU beamline of the SPring-8
third-generation synchrotron radiation facility in Hyogo, Japan to collect WAXD
and SAXS measurements within the incipient lesions. This advanced facility
provided us an opportunity to evaluate the microstructural environment of
incipient lesions subject to topical fluoride treatments in an in vitro
remineralization model. Additionally, digital light microscopy, high-resolution
field-emission scanning
electron microscopy (FESEM) and microhardness measurements were also
employed to investigate the effect of the three different dentifrice treatments
on subsurface morphology and strength.
Experimental Section 
Treatment groups and pH-cycling
study 
As this study is a follow-on to
the previous laboratory study and utilized the same enamel specimens as used
previously, in-depth experimental details on specimens preparation,
demineralization and remineralization solutions, and white-spot lesion
formation can be found in greater detail in our prior publications [12,13]. The
same bovine enamel specimens (N=20 per group) as examined previously were maintained
in their respective groups as follows: 
 (A)  0.21%
NaF plus TCP (Clinpro
Tooth Crème, 3M, USA) and

(B) 1.1% NaF plus TCP (Clinpro 5000, 3M, USA) and

(C) 0% NaF (Toms of Maine, Colgate, USA). Each group of enamel specimens were
cycled in a remineralization/demineralization pH cycling model lasting 10 days
[6,12,19,21]. This daily cycling model comprised immersion of inverted
specimens in two two-minute treatment events performed an hour apart in the
morning, followed by one fourhour polyacrylic acid-lactic acid challenge (15
mL, pH=5.0), and finally two more two-minute treatment events in the afternoon.
Treatments were diluted with distilled water (5g paste: 10 ml distilled water).
Specimens were inverted and immersed in artificial saliva in between the daily
treatments and acid challenge, as well as overnight. An example of 10 enamel
specimens mounted in acrylic and cycled in this pH model is shown in Figure 1. 
 Cross-sectional
microhardness (CSMH)
Ten of the 20
cycled specimens from each dentifrice group,
along with 10 sound and 10 WSL enamel specimens, were then prepared for CMSH
assessments. First, a Lapcraft Lil’Trimmer circular saw (Powell, OH, USA) was
used to section the enamel specimens. The sections were then mounted with
ClaroCit methylmethacrylate-based cold mounting resin (Struers, Cleveland, OH,
USA) with the freshly cut surfaces exposed. The mounted specimens were serially
ground with 100, 600 and 1000 grit sandpaper (3M, St. Paul, MN, USA), and then
serially polished using a Leco Spectrum System 1000 grinder/polisher with 3 µm
microid diamond compound and compound extender for lubricant. Due to the
delicacy of the enamel in the whitespot lesion zone, which can lead to
undesirable cracking upon indentation, along with the spatial limitations of
multiple indents, we selected the Knoop indenter over the Vickers indenter. A
series of three indentation lanes per specimen were made under a load of 10 gf
at 12.5 µm, 25 gf at 25 and 37.5 µm, and 50 gf at 50, 75 and 100, 125 and 150
µm below the specimen surface. Measurements closer to the enamel surface (i.e.
less than 12.5 µm was not feasible at the given load limits due to the delicacy
of the specimens. This resulted in a total of 24 indents per specimen. The
Knoop indentation lengths were then converted to Knoop Hardness Numbers (KHN).
Relative to the KHN of sound enamel, relative lesions sizes in units of square
root of KHN (√KHN) multiplied by enamel depth (i.e. from 12.5 to 150 µm) were
calculated using Simpson’s Composite Rule [24,25]. In doing so, this estimated
lesion size (which is an area, with units of √KHN*µm) can be correlated with
approximate mineral volume content determined by transverse microradiography.
[image: Top-view photograph of bovine enamel specimens mounted in acrylic and subjected to the pH cycling model.]
Figure  1: Top-view  photograph  of  bovine  enamel  specimens mounted in acrylic and subjected to the pH cycling model.
Sample preparation for digital
light microscopy, FESEM and WAXD/SAXS measurements 
The remaining 10 (of the 20)
specimens cycled in the pH model discussed above were then prepared for light
microscopy, FE-SEM and X-ray experiments. Thin enamel slices were excised from
the specimens cycled in the pH model; additionally, a separate set of 10 sound
and 10 WSL specimen slices were also excised. Excision was performed using KaVo
Gentlesilence LUX 800B handpiece with diamond point HP25B (Shofu Co. Japan).
After grinding and polishing with waterproof abrasive paper (type DCC 400, 800
and 2000 grit, Sankyo Rikagaku Co. LTD., Japan) by hand, the excised enamel
slabs had approximate thickness of 100 µm. While there exists the possibility
that enamel structure could be altered during the polishing procedure, we note
the relatively high intercrystalline density of the enamel specimens helps
reduce the risk for alteration of crystal morphology [14,15,18]. Notably,
similar polishing procedures in preparation of enamel cross-sections for
microhardness and optical measurements are routinely used but have not
demonstrated evidence of morphological alteration [58,14,24,25]; thus, based on
our polishing technique, along with assessments made at different positions of
multiple specimens (notably for the WAXD and SAXS measurements), we believe the
risk for introducing morphological anomalies via polishing is relatively low.
 Digital light microscopy 
Thin enamel slices were randomly
selected and assessed for thickness and lesion depth with an Axio Imager 2
digital light microscope (Zeiss Corporation, Germany). Darkfield reflected
light was used to confirm slice thickness using a Neofluar lenz objective at
50x magnification. Brightfield reflected light was used to assess lesion depth of
the enamel slice cross-sections using an Apochromat lenz objective at 200x
magnification.
 Field emission scanning electron microscopy
(FE-SEM) 
The thin enamel slices were
randomly selected for evaluation with a Zeiss Ultra 55 ultra-low voltage field-emission scanning
electron microscope (Germany). Samples were treated with osmium tetroxide
(Neoc-STB, Meiwaforsis Co., Japan) to reduce electrical charging of samples.
SE2 (Out-Lens SE (secondaryelectron image) detector) and In-Lens SE detectors
were used to collect scattered electrons operating at 1 kV. The aperture was
fixed at 60 µm and high-resolution magnifications of 2,000x (for the SE2
detector) and 30,000x (for the In-Lens SE detectors were used to image enamel
slice cross-sections from each of the five groups. 
Wide-angle X-ray diffraction
(WAXD) and small-angle X-ray scattering (SAXS) Measurements 
X-ray diffraction experiments
were performed at BL40XU of SPring-8 synchrotron radiation facility (Hyogo,
Japan) with X-ray energy of 15.0 keV [26]. A schematic of the experimental
setup is shown in Figure 2, and both SAXS (equatorial scattering) and WAXD
((100) reflection) were measured with the same detector [7,8]. An X-ray
microbeam was obtained by placing a 5 μm collimating pinhole on the focused
beam [27]. The beam was expanded to about 6 μm at the sample due to Fresnel
diffraction. 
A guard pinhole with a diameter
of 200 μm was placed in front of the sample, resulting in an 80 mm separation
between the two pinholes. The X-ray flux was about 3×1011 photons/sec, and the
X-ray detector was X-ray image intensifier (V7739, Hamamatsu Photonics,
Hamamatsu, Japan) coupled with a tandem lens to a cooled CCD camera
(ORCA-II-ER, Hamamatsu Photonics). The reciprocal spacing was calibrated with a
powder diffraction pattern of behenic acid silver salt (silver behenate).
Enamel slabs were then mounted vertically [Figure 3]. The X-ray beam passed
perpendicularly through each enamel slab surface. For each enamel slab, the
sample was moved to the left from the monitor’s view [Figure 4] so that the
X-ray beam scanned across the enamel from the surface towards dentin in 6 μm
steps. Diffraction patterns were recorded beginning in the airspace above the
horizontal slab surface down to 260 μm (only for those treated with Clinpro 5000
due to sample limitations) or 300 μm (all other groups); however, the ROI
(region of interest) in our study spanned from the edge of the slab surface
down to 200 μm, and included the sound and demineralized enamel zones only, so
the difference between 260 μm and 300 μm is a non-factor in our assessment of
enamel structure. For each enamel slab, 10 scans along different regions (i.e.
height of slab was adjusted) of the sample were collected in order to generate
a mean profile for the given sample. The detector exposure time was 600 msec. A
representative photograph of the relative sample and detector positions is
shown in Figure 5. We note that this simultaneous WAXD/SAXS experimental
setup reduces the scatter arc impinging on the detector, and results in the
lack of the characteristic (002) reflection commonly found for enamel.
[image: Schematic diagrams of the X-Ray diffraction]
Figure 2: Schematic diagrams of the X-ray diffraction measurement set-up at BL40XU in the SPring-8 synchrotron radiation facility. The numbers indicate the following items: (1) synchrotron X-ray source (SPring-8),  (2)  two  focusing  mirrors,  (3)  collimating  pinhole  (about 5 μm diameter), (4) guard pinhole (200 μm diameter), (5) specimen (thin slice of bovine enamel), (6) remote-controlled vertical translation stage, (7) beam stop to avoid exposure of the direct beam on the detector,  (8)  X-ray  detector  (an  image  intensifier  combined  with  a cooled CCD camera), Approximate distances are: from (1) to (2): 40 m; from (2) to (3): 10 m; from (3) to (4): 80 mm; from (4) to (5): 10 mm. The distance from (5) to (7) was about 200 mm.
[image: An example photograph of five thin enamel slabs mounted on a metal sample holder. All slabs were aligned within the window with the enamel edge made as horizontal as possible for the impinging perpendicular X-ray beam.]
Figure 3: An example photograph of five thin enamel slabs mounted on a metal sample holder. All slabs were aligned within the window with the enamel edge made as horizontal as possible for the impinging perpendicular X-ray beam.
 WAXD and SAXS Analyses 
Fit2D software version 012 077
i686 WXP (ESRF98HA01T, France) was used to determine intensity collected from
each enamel specimen at each depth. VB program (Ozsystem, Japan) was made
accommodate the 24,500 CHI files of WAXD and SAXS data. WAXD/SAXS data ranging
from 0 μm to 150.0 μm, with 6.0 μm increments were analysed. Data points lying
outside of ±2 SD were considered outliers. Additional analytical detail can be
found in a prior publication [7]. 
[image: Example monitor view of the mounted enamel slab (thickness ~ 100 μm) from the Experimental Hutch. Each sample was scanned from the right (outer enamel surface) to the left (towards dentin) at 10 different slab positions using a remote-controlled vertical translation stage. The ROI (region of interest) spanned the edge of the slab down to 200 μm.]
Figure  4: Example  monitor  view  of  the  mounted  enamel  slab (thickness ~ 100 μm) from the Experimental Hutch. Each sample was scanned from the right (outer enamel surface) to the left (towards dentin) at 10 different slab positions using a remote-controlled vertical translation stage. The ROI (region of interest) spanned the edge of the slab down to 200 μm. 
[image: Photographic view of the stage (illuminated) and X-ray detector (far right). The enamel slabs were mounted on a windowed metal plate. The position of each slab was adjusted using a remote-controlled vertical translation stage to select the ROI and recorded using the X-ray detector and camera.]
Figure  5: Photographic  view  of  the  stage  (illuminated)  and  X-ray detector (far right). The enamel slabs were mounted on a windowed metal plate. The position of each slab was adjusted using a remote-controlled vertical translation stage to select the ROI and recorded using the X-ray detector and camera.
Statistical Analyses for CSMH and
WAXD/SAXS data 
Based on our prior work, there
was a desire to probe whether significant differences between the two Clinpro
dentifrices could be identified in the CSMH and WAXD/SAXS
data sets; thus, statistical analyses were only performed comparing these two
groups (A and B) in order to draw parallels to our previous studies. In doing
so, a full statistical treatment of the data collected from all the methods
used in this study and for all the groups was intentionally not performed as
this was not the primary focus of the study. Statistics were determined using
the statistical package SAS-JMP (SAS Institute, USA). The mean values of KHN,
WAXD and SAXS at each depth (12.5 μm through 150 μm for KHN, 0 μm through 150
μm for WAXD and SAXS) for Clinpro Tooth Crème (A) and Clinpro 5000 (B) were
defined as independent variables. Each measurement was considered of equivalent
variance so parametric testing (Student’s t-test) of the mean value between
Clinpro Tooth Crème and Clinpro 5000 was performed. Data points lying outside
of 2 SD were considered outliers. Data were normally distributed. 
Results 
Cross-sectional microhardness
(CSMH) 
Ten (of the 20) specimens cycled
in the pH model were assessed for CSMH. Ten sound and ten WSL control specimens
were also evaluated for CSMH. The mean Knoop Hardness Number (KHN) for WSL
treated with each of the dentifrices at enamel depths ranging from 12.5 μm to
150 μm is shown in Figure 6. For reference purposes, the depth-dependent KHN
values for control sound (S) and WSL (W) are also shown. CSMH measurements on
sound enamel yields a relatively constant profile. We note that microhardness
measurements are recorded by adjusting the applied load to best match the
strength of the material of interest. To avoid the risk of fracture near the
outer surface of the delicate specimens, lower loads (i.e. 10 gf and 25 gf,
respectively) were used in assessing the strength of the WSL specimens (from
the three dentifrices groups and the WSL control) at the depths of 12.5 μm and
25 μm. The load of 50 gf was used for all five groups at depths spanning 37.5
μm to 150 μm. The observation of slightly elevated KHN values at 12.5 and 25 μm
may be attributed to indentation size effects, which may arise from inherent
structural variations within substrates [28], including the differences in
strength between enamel near the outer surface and that closer to dentin [29]. 
[image: CSMH line profiles for the five groups (A, B, C, S and W) assessed for Knoop Hardness along the enamel cross-sections. Estimated lesion sizes for groups A, B, C and W were made using these CSMH line profiles. The letters correspond to the following groups: 0.21% NaF dentifrice (A); 1.1% NaF dentifrice (B); 0% NaF dentifrice (C); sound enamel control (S); and, WSL control (W).]
Figure 6: CSMH line profiles for the five groups (A, B, C, S and W) assessed for Knoop Hardness along the enamel cross-sections. Estimated lesion sizes for groups A, B, C and W were made using these CSMH line profiles. The letters correspond to the following groups: 0.21% NaF dentifrice (A); 1.1% NaF dentifrice (B); 0% NaF dentifrice (C); sound enamel control (S); and, WSL control (W).
The CSMH profile exhibiting the
lowest KHN values corresponds to the control WSL (W). CSMH recovery to hardness
similar to sound enamel (S) appears about 75 μm for the four WSL groups. All
three dentifrice groups produced stronger enamel relative to the baseline WSL
control, demonstrating the pH model is sensitive to remineralization. Among the
three dentifrice groups, the enamel lesions exposed to the fluoride-free
dentifrice (C: Tom’s of Maine) produced significantly lower KHN values within
the body of the lesion [Figure 6]. The 0.21% NaF (A: Clinpro Tooth Crème) and
1.1% NaF (B: Clinpro 5000) dentifrices were significantly different (p <
0.05) only at 50 μm (A < B) and 75 μm (A > B). 
The estimated mean (standard
error of the mean) relative lesion sizes (in units of √KHN*μm) for the WSL
control and the lesions treated with A, B, or C dentifrices in the cycling
model were calculated to be 471.4 (35.0), 170.9 (24.5), 191.2 (25.6) and 367.9
(23.7), respectively. The percent remineralization (% Remin) relative to the
baseline WSL (W) is expressed as follows:          
                    % Remin = Rx - Dw/Dw
x 100  
where DW corresponds to the WSL
control relative lesion size and RX corresponds to the relative lesion size of
W treated with 
three dentifrices groups (X = A,
B or C) in the pH cycling model. Relative to the W control, the % Remin was
approximately 64%, 59% and 22%, respectively for each of the dentifrice groups
A, B and C. Comparisons in relative lesion size and percent CSMH
remineralization between groups A and B were not statistically significant;
however, groups A and B were significantly greater than dentifrice group C. 
Digital light microscopy 
The remaining 10 specimens (from
the initial 20) cycled in the pH cycling model were assessed with digital light
microscopy to confirm 100 μm slice thicknesses and to view the size of the
subsurface lesions after remineralization. Representative darkfield reflected
light images of thin enamel slices for each of the five groups (A, B, C, S and
W) are shown in Figure 7, where the thickness of the specimen slices was
approximately 100 μm. Brightfield reflected light images of the enamel slice
cross-sections for each of the five groups (A, B, C, S and W) are shown in
Figure 8. The optical lesion size of the control WSL (W) specimen ranges
between 60 and 80 μm across the width of the slice. All three dentifrice groups
(A, B and C) appear to produce smaller enamel lesions relative to the control
WSL, with group B producing the smallest and group C producing the largest. 
Field emission scanning electron
microscopy (FE-SEM)
 Representative FE-SEM images of the
five enamel groups at low and high magnifications are compiled in Figures 9 and
10, respectively. Each of the morphologies of the enamel groups are unique and
exhibit the following distinctions. The crystallites in sound enamel appear
dense and well-ordered (e.g. canted to the right), with most of the widths than
100 nm (approximately). Relative to sound enamel crystallites, the crystallites
in WSL enamel appear randomly oriented, loosely-packed and many have estimated
widths near to or greater than 100 nm. The crystallites in group A appear to be
a combination between sound and WSL enamel crystallites, where the estimated
crystallites widths are at or greater than 100 nm but retain, and are
relatively dense and wellaligned. The relatively small, densely-packed
crystallites in group B differ markedly in morphology and size compared to the
other four enamel groups, including the existence of many crystallites smaller
than 100 nm. The crystallites in group C are generally larger than 100 nm, are
heterogeneously oriented, and are loosely packed, resulting in a relatively
porous matrix.
[image: Darkfield reflected light images (Neofluar lenz, 50x magnification, Axio Imager 2, Zeiss Corporation, Germany) of randomly selected enamel slice thickness (about 100 μm) for each of the five groups. The letters correspond to the following groups: 0.21% NaF dentifrice (A); 1.1% NaF dentifrice (B); 0% NaF dentifrice (C); sound enamel control (S); and, WSL control (W).]
Figure 7: Darkfield reflected light images (Neofluar lenz, 50x magnification, Axio Imager 2, Zeiss Corporation, Germany) of randomly selected enamel slice thickness (about 100 μm) for each of the five groups. The letters correspond to the following groups: 0.21% NaF dentifrice (A); 1.1% NaF dentifrice (B); 0% NaF dentifrice (C); sound enamel control (S); and, WSL control (W).
 X-ray Diffraction: WAXD and SAXS
 Representative WAXD/SAXS patterns from the
five groups of enamel specimens (100 μm thick) within the white-spot lesion are
shown in Figure 11. Each scattering profile corresponds to the diffraction from
hydroxyapatite (HAp) crystallites and is consistent with the patterns obtained
previously [7,8]. The principal (100) reflection peak in the sound enamel (S)
pattern is indicated with a solid white arrow. Visible in each of the five
patterns, this diffraction peak appears prominent for sound enamel but appears
attenuated in the WSL control (W) and enamel specimens treated with dentifrices
A, B and C. The equatorial scattering (i.e. orthogonal to the c-axis) is also
present in each of the five patterns and is indicated with a dashed white arrow
in the sound enamel pattern.
[image: Brightfield reflected light images].
Figure 8: Brightfield reflected light images (Apochromat lenz, 200x magnification, Axio Imager 2, Zeiss Corporation, Germany) of randomly selected enamel slice cross-sections for each of the five groups (the 50 μm scale bar is shown in red on the bottom right). The letters correspond to the following groups: 0.21% NaF dentifrice (A); 1.1% NaF dentifrice (B); 0% NaF dentifrice (C); sound enamel control (S); and, WSL control (W).
[image: Low magnification (2,000x) FE-SEM images of randomly selected enamel slice cross-sections.]
Figure 9: Low magnification (2,000x) FE-SEM images of randomly selected enamel slice cross-sections for each of the five groups under ultra-low voltage conditions (1kV, SE2 detector) at approximately 12 μm into the subsurface lesion. For all images the scale bar corresponds to 2 μm. The white boxes in each image mark the high magnification region for Figure 10. The letters correspond to the following groups: 0.21% NaF dentifrice (A); 1.1% NaF dentifrice (B); 0% NaF dentifrice (C); sound enamel control (S); and, WSL control (W).
[image: High magnification (30,000x) FE-SEM images of randomly selected enamel slice cross-sections.]
Figure 10: High magnification (30,000x) FE-SEM images of randomly selected enamel slice cross-sections for each of the five groups under ultra-low voltage conditions (1kV, In-Lens SE detector) at approximately 12 μm into the subsurface lesion. For all images the scale bar corresponds to 100 nm. These images pertain to the white square zones shown in Figure 9. The letters correspond to the following groups: 0.21% NaF dentifrice (A); 1.1% NaF dentifrice (B); 0% NaF dentifrice (C); sound enamel control (S); and, WSL control (W).
[image: WAXD/SAXS patterns of randomly selected enamel slice cross-sections.]
Figure 11: WAXD/SAXS patterns of randomly selected enamel slice cross-sections for each of the five groups at approximately 30 μm into the subsurface lesion. The solid white arrow in S corresponds to the (100) HAp reflection, while the dashed white arrow corresponds to equatorial scattering. The letters correspond to the following groups: 0.21% NaF dentifrice (A); 1.1% NaF dentifrice (B); 0% NaF dentifrice (C); sound enamel control (S); and, WSL control (W).
The mean normalized integrated
intensity of the equatorial (100) HAp reflection from the surface of enamel
down to 150 μm in 6 μm increments is shown in Figure 12. For each group,
normalization was performed to account for potential variations in enamel slab
thickness using the average intensity within the region from 150 to 200 μm.
Relative to the sound enamel control, intensity recoveries varied among the
groups. The WSL control group produced a unique line profile that gradually
recovered beyond 100 μm. Group C specimens produced a different lineshape that
recovered around 48 μm. Groups A and B produced similar lineshapes, which were
also similar to the sound enamel control lineshape, but differences were
observed. First, group A and B 
specimens produced scattering
that recovered around 36 μm and 48 μm, respectively. Second, group B specimens
produced greater scatter intensity relative to Group A specimens; in fact,
group B produced the largest scattering signal among the five groups.
Statistical considerations were made only with respect to the two fluoride
dentifrice groups in order to compare these present results with previous
micro-computed tomography results [12,13]. Between the two fluoride
dentifrice groups, significant differences were found (p < 0.05) with group
B significantly greater than group A at the 12, 18, 114 and 120 μm measurement
increments.
The mean normalized integrated
intensity of the equatorial small-angle X-ray scattering from the surface of
enamel down to 150 μm in 6 μm increments is shown in Figure 13. The total
equatorial intensity was obtained by summing the intensity in the region q >
1.1 nm-1. Normalization was similarly performed as discussed above [7,8].
Relative to the sound enamel control, intensity profiles were distinct among
groups. The intensity from WSL control specimens produced a unique lineshape that
peaked near 36 μm and trailed beyond 100 μm. Group C produced a similar
lineshape and maximum intensity at 36 μm compared to the WSL control but
recovered near 84 μm. Group A specimens produced a narrower lineshape relative
to group C and WSL specimens, peaking around 30 μm and recovering near 72 μm.
Group B specimens produced the strongest intensity, peaking at 24 μm and
recovering near 72 μm. Statistical considerations were again made only with
respect to the two fluoride dentifrice groups.
[image: The mean normalized integrated intensity of the equatorial (100) HAp reflection from the surface of enamel.]
Figure  12: The mean normalized integrated intensity of the equatorial (100) HAp reflection from the surface of enamel down to 150 μm within the enamel cross-section.  The  letters  correspond  to  the  following  groups:  0.21%  NaF dentifrice (A); 1.1% NaF dentifrice (B); 0% NaF dentifrice (C); sound enamel control (S); and, WSL control (W).
in order to compare these present
results with previous microcomputed tomography results [12,13]. Between the two
fluoride dentifrice groups, significant differences were found (p < 0.05)
with group B significantly greater than group A at the 0, 12, 18, 24, 30, 36 and
42 μm measurement increments. 
[image: The mean normalized integrated intensity of the equatorial small-angle X-ray scattering from the surface of enamel.]
Figure 13: The mean normalized integrated intensity of the equatorial small-angle X-ray scattering from the surface of enamel down to 150 μm within the enamel cross-section. The letters correspond to the following groups: 0.21% NaF  dentifrice  (A);  1.1%  NaF  dentifrice  (B);  0%  NaF  dentifrice  (C);  sound enamel control (S); and, WSL control (W).
Discussion 
Nearly 55 years ago a
breakthrough was published on the ability to measure the strengthening effect
of calcium and phosphate on demineralized enamel [30]. Realizing
calcium-deficient mineral zones are manifest in dental apatite [14,15], topical
therapies (e.g. fluoride dentifrice) are a widely used frontline approach in
preventing, arresting or even reversing the caries process [31]. An especially
clinically effective option, 1.1% NaF dentifrices are designed for those most
at-risk for caries development, including those with a history of caries
[23,32]. Additionally, modalities manifesting a combination of fluoride (e.g.
between 900 and 1450 ppm F-) and other agents, including various forms of calcium
and phosphate,
are driving innovations in topical therapies and raising the bar on the level
of standard care [2]. Concomitant with such endeavors, advances in experimental
techniques continue to provide new tools in order to learn more about the
caries process [7,9], including the influence of topical fluorides on enamel
lesion microstructure. 
The aim of the present study was
to assess the microstructure of incipient caries lesions treated with 0.21% and
1.1% NaF dentifrices in vitro. This is the first report on the application of
WAXD/ SAXS measurements on incipient enamel lesions subject to a pH cycling
model comprising dentifrice treatments acid challenge and remineralization
events. The in vitro pH cycling model and the incipient enamel lesions used in
this study were chosen based on their established sensitivity to fluoride and
clinical relevance [6,19-23]. The two fluoride dentifrices (Clinpro Tooth Crème
and Clinpro 5000) comprise a functionalized tricalcium phosphate component that
is designed to complement and improve fluoride’s mineralizing action on
weakened enamel [6,21,33,34]. Also, these dentifrices have demonstrated
clinical efficacy and are available in many countries throughout the world
[23,35-39]. As the inactive ingredient composition and dentifrice format are
nearly similar between the two dentifrices (with the primary exception of
fluoride content), these dentifrices provide a unique opportunity to test the
fluoride dose-response effect on lesion microstructure without the influence of
dentifrice formulation factors (e.g. abrasive system, fluoride salt, foaming
characteristics, viscosity, pH, etc.). 
With respect to sound and WSL
enamel, it is known that surviving crystallites in carious enamel tend to be
wider and thicker compared to sound enamel [15], and this is consistent with
our FESEM results. CSMH measurements correlate with mineral content as shown in
transverse microradiography of enamel lesions [24,25]. Though larger crystals
may exist in the WSL, the frank reduction in the volume of crystals upon lesion
formation is clear based on our CSMH and WAXD results. Also, the mixed
orientation of crystallites generated upon lesion formation, as shown in our
FE-SEM results, may contribute to the relatively weak enamel microstructure.
The sharply resolved but diminutive scatter signal in the SAXS pattern for
sound enamel, suggests it arises from nonmineral material, such as carbonate
and water, residing in the intercrystallite spacings [7]. This signal appears
more pronounced in the SAXS pattern for WSL enamel, and can be attributed to
the surface scattering encompassing voids that evolved due to dissolution of
crystallites during lesion formation [7,15]. Overlapping this oriented feature,
the relatively intense smear-like scatter pattern from the WSL control specimen
suggests the lesion formation process produced substantial crystallite
dissolution along all three crystal axes, including the loss of entire
crystallites. Based on ultrastructural studies of carious lesion formation in
apatite, the dissolution of enamel during lesion formation likely initiates
along the (100) HAp plane where defects (e.g. edge dislocations, screw
dislocations, small angle boundaries, atomic vacancies or rotations) in the
imperfect enamel abound [14-18]. The nearly concomitant recoveries of the WAXD
and SAXS intensities around 100 μm in the WSL enamel indicate the incipient
lesions formed in this study do not effect marked structural changes within the
deeper sound enamel regions, and contrasts with a previous report that utilized
larger subsurface lesions [7]. 
Remineralization of the
subsurface lesions by the three dentifrice groups likely transpired by several
mechanisms, including restoration of partially dissolved crystals, the
formation of new crystals, and the growth of surviving crystals manifest in the
carious lesion [15]. All three dentifrice groups will almost certainly undergo
growth of surviving crystals by virtue of the pH cycling model, which was
designed to favor remineralization. The SAXS measurements may include information
related to restoration of partially dissolved crystals as well as new crystal
formation. 
The fluoride-free dentifrice
group (Tom’s of Maine) effected remineralization that led to an increase in
CSMH and WAXD intensity. FE-SEM results indicate the mineralization effect
produces apatite-like crystallites; however, the crystallites seem to lack
regularity in size and orientation. This fluoride-free group relied primarily
on the artificial saliva to both nucleate and grow mineral within the incipient
lesions, and is similar to results demonstrating the remineralization effect of
artificial saliva [8]. Among the three dentifrice groups the fluoride-free
group produced the weakest CSMH over the 10-day cycling protocol, indicating
the artificial saliva constituents were not able to generate strong,
acid-resistant mineral in the course of repeated acidic exposures. The
observation that the fluoride-free dentifrice group produced a similar CSMH
slope compared to the control WSL within the subsurface region (i.e. up to 75
μm) indicates that the existing subsurface microstructure environments remained
similar during the cycling protocol. Furthermore, the (100) intensities across
enamel depth also displayed similar trending between the fluoride-free and WSL
control groups. Importantly, there is the possibility that nonenamel-like
calcium phosphate mineral may also have formed within the subsurface region. An
example of such mineral might be the metastable hydroxyapatite precursor,
octacalcium phosphate (OCP), which bears ultrastructure similarities to
hydroxyapatite and has been described as manifesting apatitic layers in its
unit cell structure [40]; in fact, the close lattice-matching of OCP with HAp
favors the growth of apatite from OCP crystals [40,41]. The slight 
differences in the SAXS profiles
may also provide some distinctions and suggests a modest reduction in voids
(relating to void surface area rather than volume) by the fluoride-free group
by the evolution of new crystal formation. Such development appears reasonable
given the morphology of the mineral as shown by FE-SEM, and when CSMH results
are included, these results collectively suggest the formation of new
crystalline material strengthened the lesion microstructure relative to the WSL
control group. 
The 0.21% NaF dentifrice group
(Clinpro Tooth Crème), which contains a conventional amount of fluoride
recommended for daily use by most populations [31], produced a distinct
remineralization profile relative to the other two dentifrice groups. Over the
course of the 10-day cycling protocol, this dentifrice increased the volume of
apatite crystals and increased the strength of the WSL microstructure.
Concomitant with the increase in apatite crystals as shown in the WAXD profile,
the SAXS
lineshape indicates the 0.21% NaF dentifrice affected void distribution,
resulting in a relatively narrower lineshape that recovers near the boundary of
the lesion (which is about 75 μm). This SAXS profile appears distinct compared
to both the fluoride-free group and the WSL control, and may suggest the
formation of new crystals within the body of the incipient lesion. As FE-SEM
demonstrated the presence of dense, well-oriented and apatite-like enamel had
formed within the subsurface lesion, this remineralization also improved the
strength of the lesion microstructure as measured by CSMH. The primary reason
for this improved action in the subsurface lesion is due to the presence of the
fluoride ion, which has long been shown to increase acid-resistance of enamel
[1]. Additionally, when combined with calcium and phosphate in solution,
fluoride has been shown to be an excellent nucleator of mineral [42], and may
function as a catalyst in the conversion of OCP to apatite [41]. In this
instance, the 0.21% NaF dentifrice provided strong, acid-resistance
remineralization relative to the fluoride-free group and the WSL control. This
dentifrice also contains the functionalized tricalcium phosphate agent (0.05
wt. %), which is designed to extend the action of fluoride and subsequently improve
mineralization, especially within subsurface lesions [6,21-23,34].
 At content about five times higher than the
0.21% NaF dentifrice, the 1.1% NaF dentifrice group also conferred strong,
acid-resistant remineralization activity. A distinctive property of
high-fluoride gels and dentifrices is the relatively confined action of
fluoride at the enamel surface [23,32]. However, the 1.1% NaF dentifrice
evaluated in this study also contains functionalized tricalcium phosphate (0.08
wt. %), which has been shown to extend fluoride’s action deeper within the
subsurface lesion, without sacrificing fluoride’s action at the enamel surface
[2,6,23,34,36,37]. But the abundance of fluoride delivered from the dentifrice
influences the morphology and composition of newly formed mineral. As shown in
the FE-SEM images, the morphology of the mineral within the subsurface lesions
demonstrates a dense population of crystallites. The appearance of these
crystallites is not the same as those formed with the 0.21% NaF dentifrice, suggesting
the thermodynamics of mineral formation favor smaller crystals at higher
fluoride content. In addition to the (100) reflection of HAp observed in the
WAXD pattern and normalized intensity plot, there exists possibilities that
fluoride could incorporate within existing apatite framework (e.g.
isomorphically replacing OH-) or contribute to newly formed fluorapatite
crystals, which manifest a lattice interval (d = 8.12 Å) similar to that of
hydroxyapatite (d = 8.17 Å) [15]. Additionally, the possibility of small angle
boundary defects from newly formed apatite crystal imperfectly aligned with the
existing enamel framework may also contribute to WAXD measurements. It is
reasonable that newly formed crystals are a mixture of the above mentioned
possibilities, given the complexities of mineralization in subsurface lesions
[15]. Of particular interest is the SAXS profile produced by the 1.1% NaF
dentifrice, which produced strong scattering intensity within the subsurface
region. The SAXS setup used in this study is sensitive to material (or phases)
having nanometer-sized dimensions (e.g. between 1 and 100 nm). Because the
scattering reflects an environment having a large electron density, the strong
scatter intensity may be attributed to an abundance of newly formed
nanometer-sized crystallites. This view is supported with the existence of
nanometer sized crystallites within the subsurface region as shown in the
FE-SEM image. Further investigation into these mechanistic details, as well as
other variations of remineralization (or demineralization) experiments are
reserved for future studies. 
Conclusions
 In addition to digital light microscopy,
high-resolution field-emission scanning electron microscopy (FE-SEM) and
microhardness measurements, we utilized the BL40XU beamline of the SPring-8
third-generation synchrotron radiation facility in Hyogo, Japan to collect WAXD
and SAXS data within incipient enamel lesions. This is the first report that
utilized the simultaneous WAXD/SAXS technique to explore microstructure of
incipient lesions subjected to a remineralization/demineralization protocol
involving dentifrice treatments having different levels of fluoride. A main
conclusion from this work is that the WAXD and SAXS measurements were able to
resolve significant differences between the effects of two fluoride-containing
dentifrices on subsurface lesion microstructure. Altogether, our observations
demonstrate the pathological processes for remineralization are markedly
influenced by the presence and concentration of fluoride, the microstructural
characteristics of which can be distinguished using the simultaneous WAXD and
SAXS technique. 
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