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Biofilm three-dimensional architecture influences in situ
pH distribution pattern on the human enamel surface

Jin Xiao1, Anderson T Hara2, Dongyeop Kim3, Domenick T Zero2, Hyun Koo3 and Geelsu Hwang3

To investigate how the biofilm three-dimensional (3D) architecture influences in situ pH distribution patterns on the enamel

surface. Biofilms were formed on human tooth enamel in the presence of 1% sucrose or 0.5% glucose plus 0.5% fructose. At

specific time points, biofilms were exposed to a neutral pH buffer to mimic the buffering of saliva and subsequently pulsed with

1% glucose to induce re-acidification. Simultaneous 3D pH mapping and architecture of intact biofilms was performed using

two-photon confocal microscopy. The enamel surface and mineral content characteristics were examined successively via optical

profilometry and microradiography analyses. Sucrose-mediated biofilm formation created spatial heterogeneities manifested by

complex networks of bacterial clusters (microcolonies). Acidic regions (pHo5.5) were found only in the interior of microcolonies,

which impedes rapid neutralization (taking more than 120 min for neutralization). Glucose exposure rapidly re-created the acidic

niches, indicating formation of diffusion barriers associated with microcolonies structure. Enamel demineralization (white spots),

rougher surface, deeper lesion and more mineral loss appeared to be associated with the localization of these bacterial clusters

at the biofilm-enamel interface. Similar 3D architecture was observed in plaque-biofilms formed in vivo in the presence of

sucrose. The formation of complex 3D architectures creates spatially heterogeneous acidic microenvironments in close proximity

of enamel surface, which might correlate with the localized pattern of the onset of carious lesions (white spot like) on teeth.
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INTRODUCTION

Dental caries is currently one of the most widespread oral infectious
diseases associated with a biofilm known as dental plaque. The term
caries is used to describe the signs of a localized chemical dissolution of
the tooth enamel surface caused by metabolic events taking place within
the biofilm formed on the affected area.1 Cariogenic biofilm develops
when bacteria accumulate on the tooth surface often enmeshed in an
exopolysaccharides (EPS)-rich matrix. Carbohydrate fermentation by
microorganisms embedded in a diffusion-limiting EPS-rich matrix
leads to organic acid accumulation locally, which causes acidification of
the extracellular milieu. This causes a variation in the degree of
saturation of fluid phase of plaque with respect of hydroxyapatite
leading to enamel acid-dissolution. Therefore, dental caries is the direct
consequence of the localized acidic pH microenvironments across the
biofilm structure and at the tooth-biofilm interface.2

A myriad of different approaches have been developed to determine
pH values in dental plaque in situ.3 Previously, pH electrodes
constructed from antimony or glass, iridium or field effect transistors
were widely used.4 However, the use of contact electrodes requires

disruption of plaque integrity, and they are not sensitive to localize
pH, specifically at the plaque-tooth interface.5–6 Indwelling glass
electrodes can determine the average pH values at the interface7–8

but are limited in measuring or localizing acidic pH values within the
biofilm structure or across the enamel surface. Therefore, these
techniques lack the capability to assess the heterogeneity of pH
distribution within biofilms and at the apatite interface or the dynamic
pH changes locally over time. Alternatively, advances in fluorescence
chemistry have led to the development of pH sensitive dyes or probes,
such as carboxyfluorescein,9 C-SNARF-4,10 Lysosensor yellow/blue,11

pHluorin12 and nanosensor13 that can be used together with confocal
microscopy and computational analysis. These approaches enabled
in situ pH measurement without compromising the biofilm architec-
ture, revealing heterogeneous and localized pH distribution within
in vitro biofilms.11–13

Despite the critical importance of acidic microenvironments formed
in the plaque-biofilm in causing the enamel demineralization, little is
known about how the biofilm structure influences the acidification of
the milieu and demineralization of the enamel surface. Here, we applied
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our developed in situ pH mapping method11 to assess the pattern and
localization of acidic pH values throughout the biofilm architecture and
across the enamel surface at the biofilm-apatite interface.

MATERIALS AND METHODS

Biofilm preparation
Sterilized enamel blocks (3 mm×3 mm) were coated with sterile
clarified saliva (sHA). Cells of 102 Streptococcus mutans (S. mutans)
UA159 (ATCC 700610) were grown in buffered tryptone yeast-extract
broth, pH 7.0 containing: (i) 1% sucrose; and (ii) 0.5% glucose+0.5%
fructose. Biofilms were formed on enamel blocks mounted vertically
in batch cultures at 37 °C in 5% CO2 for 67 h as described
elsewhere;14–15 the culture medium was replaced twice daily. Biofilms
were removed at 43 h and 67 h for three-dimensional (3D) structural
and pH distribution analysis, the enamel slabs were collected for hard
surface analysis including (i) surface roughness measurement and (ii)
transversal microradiographic analysis.

Surface roughness measurement
A 2 mm ×2mm area on the center of the specimen surface was
scanned by a 3D optical profilometer (Proscan 2000, Scantron, Taunton,
UK) using a chromatic sensor (S5/03), with a step size set at 0.01 mm,
for 200 steps. All scans were completed using a frequency of 100 Hz with
full sensor speed (100%). The value was averaged from two readings at
each measuring point. The Ra (arithmetic average of absolute values)
roughness parameter was measured on both x and y directions using
dedicated software (Proscan 2000, Scantron, Taunton, UK).

Transversal microradiographic analysis
Specimens were mounted on plastic rods and sectioned with a hard
tissue microtome (Silverstone-Taylor Hard Tissue Microtome, Series
1000 Deluxe, Scientific Fabrications Laboratories, Lafayette, CO, USA).
One 100-μm section was obtained from the center of each specimen,
mounted on x-ray sensitive plates (MicrochromeTechnology, San Jose,
CA, USA) and subjected to X-ray, along with an aluminum step
wedge. Microradiographic images were analyzed with dedicated soft-
ware (Inspektor TMR 2000, ver.1.25, Inspektor Research Systems BV,
Amsterdam, The Netherlands) with sound enamel defined at 87%
mineral volume to obtain mean lesion depth (μm).

Laser scanning confocal fluorescence microscopy imaging of biofilms
The 3D structure and spatial distribution of EPS and bacterial cells
within intact in vitro biofilms was determined using optimized
protocols for biofilm imaging via multi-photon confocal fluorescence
microscopy.16 Briefly, 1 μmol � L−1 Alexa Fluor 647-labeled dextran
conjugate (molecular weight, 10 kDa; absorbance/fluorescence emis-
sion maxima of 647/668 nm; Molecular Probes, Invitrogen, Carlsbad,
CA, USA) was use to label the EPS matrix of the biofilms. This
fluorescent dextran added to the culture medium probe serves as a
primer for Gtfs and can be directly incorporated into newly formed
glucans during synthesis of EPS matrix over the course of biofilm
development. All the bacterial species were stained with SYTO 9 green
fluorescent nucleic acid stain (485/498 nm; Molecular Probes) using
standard protocols.15–17 The imaging was performed using an
Olympus FV 1000 two-photon laser scanning microscope (Olympus,
Tokyo, Japan) equipped with a 10× (0.45 numerical aperture) or
25× LPlan N (1.05 numerical aperture) water immersion objective
lens. The excitation wavelength was 810 nm, and the emission
wavelength filter for SYTO 9 was a 495/540 OlyMPFC1 filter, while
the filter for Alexa Fluor 647 was an HQ655/40M-2P filter. Each
enamel block was removed at 43 h and 67 h and scanned at each

corner of the block which including four scanning windows. Three
independent biofilm experiments were performed. The three-
dimensional architecture of the biofilms was visualized using Amira
5.0.2 (Mercury Computer Systems, Chelmsford, MS, USA).

Non-invasive 3D in situ pH measurement and visualization
The ability to characterize microenvironments (for example, spatial pH
distribution) within biofilms without disrupting their architectural
integrity is a major technical challenge. We used a fluorescent pH
indicator, Lysosensor yellow/blue (Molecular Probes), to determine the
in situ pH in our biofilm model. Lysosensor yellow/blue is conjugated
with dextran (10 kDa MW), which allows the labeled dextran to be
directly incorporated into the EPS matrix,16 as described previously.
Once incorporated into the biofilm matrix, the pH values can be
measured based on fluorescence intensity ratio of the dual-wavelength
fluorophore.18 Lysosensor yellow/blue exhibits a dual-emission spectral
peak (fluorescence emission maxima 452 and 521 nm) that is pH
dependent.18 The pH measurements are based on the principle that
protonation of the fluorophore shifts its emission spectra, such that
increasing ion concentrations increase fluorescence intensity at one
wavelength, while decreasing it at the other.19 The fluorescence intensity
of both emission wavelengths and the ratio of fluorescent intensity
(I450/I520) within each biofilm confocal image were measured using
Image J 1.44 and its calculation tools (for example, channel 1 divided by
channel 2 as detailed in http://rsbweb.nih.gov/ij/download.html). Titra-
tion curves of ratios vs pH (ranging from 3.5 to 7.0) were calculated as
described previously,19 and were used to convert Lysosensor yellow/blue
emission (fluorescence intensity) ratios to pH values. Lysosensor yellow/
blue is particularly suitable for acidic environments (low sensitivity
maximum; pKa~4.2), as expected in our biofilm model.18

The confocal images of lysosensor-incorporated biofilms were
acquired before and after incubation in Na2HPO4-citric acid buffer
at pH 7.0. The images were acquired after 15, 30, 45, 60 and 120 min
of incubation in the neutral buffer to evaluate the spatial distribution
of pH across the intact 3D biofilm architecture. After 120 min total
neutralization, 1% glucose (final concentration) was introduced into
the medium and the re-acidification within the biofilm structure was
observed. For pH measurement, the ratio of fluorescence intensity of
selected areas within each biofilm image were converted to pH values
using the titration curves and Image J software (http://www.uhnre-
search.ca/facilities/wcif/PDF/ImageJ_Manual.pdf). For visualization of
in situ pH distribution within the 3D biofilm architecture, the
fluorescence intensity ratios (corresponding to the pH values between
7.0 and 3.5) of all confocal images were reconstructed using Image J,
then Amira. The fluorescence intensity was converted into gray scale
using the Amira toolbox to correlate with the pH range from 7.0
(white) to 3.5 (black). Unlabeled biofilms were also imaged to check
whether the autofluorescence of each biological component of the
biofilm (i.e. bacterial cells and glucans) would interfere with pH
quantification at the wavelengths used in our study; there was no
interference with the measurements based on our image analysis.

Fluorescence in situ hybridization of in vivo formed plaque-biofilm
Furthermore, we also examined the 3D architecture of multispecies
biofilms formed during exposure to sucrose or glucose+fructose on
enamel specimens placed in the mouth using a modified intra-oral
caries model20–22 according to approved institutional review board
(IRB) protocol at Indiana University (IRB #1407637739). Briefly,
subjects wore their partial denture with two flattened and polished
enamel specimens imbedded in the buccal surface of the posterior
denture teeth for 14 days. The enamel specimens were previously
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inserted in plastic holders designed to create a 0.5 mm recess from the
denture surface to encourage biofilm formation of standardized
thickness. The subjects were randomly assigned to the experimental
groups (20% sucrose solution, 10% glucose+10% fructose solution, or
distilled water (negative control)). On each test day, subjects applied
1 ml of the assigned test solution on the enamel specimen for 1 min,
4 × per day. Subjects wore the study partial denture 24 h per day,
except during meals and brushing of their natural teeth. After 14 days,
the enamel specimens were carefully removed from the partial
dentures avoiding biofilm detachment and disruption, and prepared
for biofilm 3D architecture analysis via fluorescence in situ hybridiza-
tion (FISH) as described elsewhere.23–24 Briefly, the intact biofilms
formed on enamel specimens were gently washed twice with phos-
phate-buffered saline (PBS), and fixed with 4% paraformaldehyde
(in PBS, pH 7.4) at 4 °C for 4 h, at which point the fixed cells were
washed trice with PBS. After washing, sample was transferred into
50% ethanol (in PBS, pH 7.4) and stored at − 20 °C. FISH
oligonucleotide probes used in this study as follows: EUB338, 5′-
GCTGCCTCCCGTAGGAGT-3′ with Cy3 for all eubacteria; STR405,
5′-TAGCCGTCCCTTTCTGGT-3′ with Cy5 for Streptococcus. The
sample in the hybridization buffer (30% formamide, 0.9 mol � L−1
NaCl, 0.01% SDS, 20 mmol � L−1 Tris-HCl, pH 7.2) with the probes
was incubated at 46 °C for 2 h. After the incubation, the hybridized cells
were washed with wash buffer (0.2 mol � L−1 NaCl, 20 mmol � L−1 Tris-
HCl (pH 7.5), 5 mmol � L−1 EDTA, 0.01% sodium-dodecyl sulphate
(SDS)) and further incubated 46 °C for 10 min. The 3D biofilm
architecture was acquired using multi-photon confocal laser scanning

microscope (SP5, Leica Microsystems, Buffalo Grove, IL, USA)
equipped with a ×20 (1.0 numerical aperture) water immersion lens.
The biofilm were sequentially scanned using the 543 nm and 633 He-
Ne lasers and the fluorescence emitted was collected with the internal
spectral detectors (PMT3 (540–580 nm) for Cy3 and PMT4 (680–
720 nm) for Cy5, respectively). High resolution (1 024×1 024 pixels)
and high magnification images were acquired using an inverted confocal
laser scanning microscope (SP5-II, Leica Microsystems) equipped with a
×63 (1.4 numerical aperture) oil immersion lens with × 2 zoom. The
biofilms were sequentially scanned using the 543 nm and 633 nm He-
Ne lasers, and the fluorescence emitted was collected with the hybrid
detector (550–653 nm for Cy3 and 644–752 nm for Cy5, respectively).
Amira 5.4.1 software (Visage Imaging, San Diego, CA, USA) was used
to create 3D renderings to visualize the architecture of the biofilms.

Statistical analysis
The data were analyzed using analysis of variance, and the F-test was
used to test any difference among the test groups. When significant
differences were detected, pairwise comparisons were made between all
the groups using Tukey’s method to adjust for multiple comparisons.
Statistical software JMP version 3.1 (SAS Institute, Cary, NC, USA) was
used to perform the analyses. The level of significance was set at 5%.

RESULTS

Biofilm 3D architecture and enamel hard surface characteristics
The biofilm 3D architecture and enamel hard surface characteristics
are shown in Figure 1. Distinct biofilm structure was observed

Figure 1 Biofilm structure and Enamel hard surface characteristics. Light microscopic images (a-1-a-4), enamel roughness (b-1-b-4), lesion depth of the
enamel (c-1-c-4) and 3D reconstructed confocal microscopic images (d-1-d-4) were shown. A selected sectional image of the biofilm formed in 1% sucrose
(d-1) was shown in (e) and (f-1-f-3). The white arrow labeled in images (f-1-f-3) indicated the microcolony structure in the biofilms. 3D, three-dimensional;
EPS, exopolysaccharides.
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between 1% sucrose and 0.5% glucose+0.5% fructose groups during
biofilm development (Figure 1d). In glucose+fructose biofilm, only
small cell clusters were detected at 43 h (Figure 1d-2); the bacteria
coverage on enamel surface increased from 43 h to 67 h (Figure 1d-4),
while EPS was not visible at both time point. In contrast, biofilm
formed in 1% sucrose revealed intricate and complex structure with
cell clusters (termed microcolonies; see arrows Figure 1f-1) associated
with a well-developed EPS matrix throughout the biofilm architecture.
Along with the distinctive biofilm structural organization, the enamel
hard surface also displayed different characteristics. Visually, the
pattern of enamel demineralization in glucose+fructose appeared
homogeneous, with opaque demineralized areas across the enamel
surface (Figure 1a-2 and a-4).
Interestingly, the demineralization pattern in sucrose group was

rather heterogeneous, showing localized areas of “white spot-like”
demineralization on the enamel surface, which is similar to the early
enamel carious lesions seen clinically (Figure 1a-1 and a-3). These
visual differences were confirmed with surface roughness and micro-
radiographic analyses of the enamel. The enamel from sucrose-grown
biofilms developed rougher surface than that from glucose+fructose
biofilms (Figure 1b). Importantly, the lesion depth as determined by
microradiography demonstrated deeper demineralized lesions in the
sucrose group (vs glucose+fructose; Figure 1c). Collectively, the data
revealed that the formation microcolonies enmeshed in a well-
developed EPS matrix in sucrose group resulted localized enamel
demineralization with deeper lesion and rougher surface, showing a
“white spots-like” pattern.

Spatial and structural organization of EPS and microcolony
Detailed S. mutans biofilm structure formed in 1% sucrose at 43 h was
shown in Figure 1e, f-1, f-2 and f-3. Figure 1e displays the 3D
rendering of the biofilm architecture, and cross sectional images illustrate
bacterial cell clusters (Figure 1f-1) and EPS matrix (Figure 1f-2). Merged
cross sectional images (Figure 1f-3) reveal that the microcolonies are
surrounded by EPS forming compartmentalized yet interconnected
microbial units of different sizes, which were found attached
throughout the enamel surface. It is apparent that sucrose-mediated
biofilm formation created spatial heterogeneities manifested by com-
plex networks of EPS-surrounded microcolonies, forming an intricate
structural framework providing support for localized bacterial accu-
mulation and biofilm buildup. Excitingly, similar 3D architecture and
presence of microcolonies (see arrows) were observed in sucrose-
grown biofilms formed in vivo using the intra-oral human plaque
model (Figure 2b). Close-up images show intricate and compartmen-
talized mixed-species bacterial cell clusters when plaque-biofilms were
formed with sucrose (Figure 2c).

In situ pH distribution in biofilm structure
The non-invasive 3D pH mapping allows spatio-temporal analysis of
pH microenvironment within the biofilm and across the surface of
attachment. The in situ pH distribution of S. mutans biofilms on the
enamel surface is shown in Figure 3. Figure 3a displays the dynamic
pH changes during neutralization by pH 7 buffer solution as well as
the re-acidification of the biofilm environment following addition of
glucose. The data indicated that EPS-enmeshed microcolonies were

Figure 2 Intact mixed-species biofilms formed on teeth in vivo using the intra-oral (in situ) model. Representative 3D rendering images of plaque-biofilms
formed in the presence of glucose+fructose (a) or sucrose (b). (c) Projection images of structured plaque-biofilms. All bacterial cells labeled with EUB338-
Cy3 are depicted in green, while Streptococcus labeled with STR405-Cy5 is in red. Microcolonies (see yellow arrows) were observed in sucrose grown
biofilms formed in vivo using the intra-oral human plaque model. (c) demonstrated the typical microlonies structure that were enlarged from (b).
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resistant to neutralization by the buffering solution, particularly at
biofilm/enamel interface. pH values at specific locations inside and
outside of the microcolonies were determined over time as detailed in
Figure 2b. Areas inside the microcolonies were divided into zone 1–5,
while the area outside of microcolonies was named as zone 6. For
regions located outside of microcolonies (zone 6), the pH rapidly
increased to above 6 after 30 min incubation in neutral pH buffer.
However, acidic regions (pHo5.5) were detected in the interior of the
microcolonies (zone 1–5), and persisted even after 60 min of buffer
incubation; more than 120 min of neutral pH buffer exposure were
required before neutralization ensues. This observation suggests that
the presence of EPS-microcolony structure might be creating localized
areas of resistance to neutralization and thereby delaying the buffering
effect. Although we observed some variation of the pH values across
the interior regions within the microcolonies, there were no significant
differences between the various zones. Furthermore, glucose pulse
after neutralization rapidly re-generated the acidic regions inside of
microcolonies, indicating that glucose was utilized for acid production
and the produced acids were accumulated within the microcolonies
despite the presence of neutral pH buffer surrounding the biofilm.

EPS-enmeshed microcolonies size with the 3D dimensional pH
distribution
The correlation between microcolonies diameter and the neutralization
resistance at the interface between the biofilm and the enamel surface
was examined and shown in Figure 2c. pH at the center of microcolonies
with different diameters were selected for measurement. The results
indicated that larger microcolonies were more resistant to neutralization,
maintaining the biofilm pH under the critical demineralization point
(pH 5.5) for prolonged period than those with smaller diameter.

DISCUSSION

In this study, we analyzed the influence of sucrose on the 3D
architecture of intact biofilms formed on human tooth enamel, the
spatial distribution of in situ pH and the dynamics of acidification
within biofilm microenvironment. The data revealed that sucrose-

grown biofilms were characterized by the presence of bacterial clusters
(microcolonies) surrounded by an EPS-rich matrix. Furthermore,
localized acidic pH values were confined in the interior of these
microcolonies, which were highly resistant to neutralization. Interest-
ingly, once neutralized, the acidic pH microenvironments were rapidly
re-generated when glucose was provided to the biofilms. Importantly,
the acidogenic biofilm structure was capable of causing substantial
mineral loss and deep lesions on the enamel surface. This study provides
a feasible explanation on how a complex 3D biofilm architecture help
create localized acidic microenvironments in close proximity of the
enamel surface, which promote the demineralization of tooth enamel.
Sucrose-mediated biofilm formation created spatial heterogeneities

manifested by a complex network of microcolonies which modulate
the development of compartmentalized acidic microenvironments
across the 3D architecture. Furthermore, such structural organization
was recapitulated in vivo when biofilms were formed intra-orally in the
presence of sucrose. The maintenance of pH values below 5.5 in the
interior of these EPS-embedded microcolonies is important because
enamel starts to rapidly demineralize.3 We found that acidic pH values
at the tooth-biofilm interface were maintained under this critical point
even after 60 min of incubation in neutral buffering solution, while the
pH at the outside of microcolonies was readily neutralized (Figure 2b).
As a result, regions of low pH value were confined at these specific
locations, which could explain the appearance of white spot-like
lesions pattern along the biofilm-enamel interface, leading to the
elevated surface roughness as shown in Figure 1b. Notably, larger
microcolonies maintained low pH values more effectively compared
with smaller microcolonies, consistent with a recent report indicating
an association between microcolony size and acidic pH values at the
biofilm/apatite interface.25 Thus, the prolonged period of enamel
exposure to such acidic pH values within the enlarged microcolonies
could more severely erode the apatitic surface. Indeed, white spot-like
pattern was only visible on the enamel surface from sucrose-grown
biofilms (Smsuc-43 h and Smsuc-67 h).
In contrast, biofilms formed with 0.5% glucose and 0.5% fructose

(equivalent monosaccharide amounts of the disaccharide sucrose)

Figure 3 Biofilm structure and real-time pH profile. (a) Real-time pH distribution within biofilms; (b) pH value at selected zones within microcolony; (c) pH
at the Interface between biofilm and enamel surface vs microcolony diameter; (d) pH at the Interface between biofilm and enamel surface vs height. EPS,
exopolysaccharides.
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were incapable of forming organized bacterial clusters and were devoid
of EPS-rich matrix. Consistent with previous observations,26–27 the
level of mineral loss and lesion depth was less pronounced than those
formed in sucrose-biofilms despite the fact that these sugars can be
metabolized by S. mutans into acids and cause demineralization.
Furthermore, the pattern of demineralization was also different; a
more homogeneous and opaque demineralized areas across the
enamel surface were observed. Thus, it is conceivable that the presence
of highly structured and enlarged EPS-enmeshed microcolonies
created by sucrose utilization could retain produced acids at the
enamel/biofilm interface more effectively than those from non-
structured bacterial accumulation found in glucose+fructose-grown
biofilms. A recent report also revealed that biofilms subjected to
enzymatic degradation of the EPS matrix was readily neutralized by
neutral pH buffer, and failed to maintain the acidic microenvironment
in the interior of the microcolony.25 The acids accumulated and
confined in these specific areas of sucrose-grown biofilms could cause
a more aggressive pattern of localized enamel demineralization and
deeper lesions (vs glucose+fructose biofilms).

Clinical relevance
The development of highly structured bacterial microcolonies that are
enmeshed in an EPS-rich matrix creates acidic regions at specific
locations at the surface of biofilm attachment (despite exposure to
buffered neutral pH). The presence of localized acidic pH regions at
critical pH values on the enamel surface (associated with microco-
lonies) may serve as demineralizing sites for the onset of early carious
lesions clinically known as “white spots”. EPS-enmeshed microcolonies
might be a potential “structural target” for anti-caries therapies aimed
at controlling the assembly of virulent biofilms.

CONCLUSION

The simultaneous biofilm 3D architecture and pH distribution
profiling revealed that the assembly of an EPS-rich matrix surrounding
densely packed bacterial microcolonies may have an important role for
the localized enamel demineralization, and thereby the initiation and
severity of carious lesions. The formation of complex 3D architectures
via sucrose utilization creates spatially heterogeneous yet localized
acidic microenvironments that help maintain pH values under critical
pH, particularly in close proximity of enamel surface. In turn, the
maintenance of acidic pH values (o5.5) enhances the level of
demineralization in situ, leading to the appearance of white spot- like
lesions on the human tooth enamel surface.
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