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ABSTRACT

Objective: This study aimed to quantitatively investigate the accumulation of Streptococcus mutans biofilm
on enamel and root surfaces and assess the amount of biofilm removal using (1) experimental toothpaste
and (2) water, in a closed system of flow chamber.

Methods: Eight sound premolars were embedded in epoxy resin and polished with silicon carbide
grinding papers to display enamel and root surfaces. To mimic biofilm, cultures of Streptococcus mutans
were prepared and grown on the tooth surfaces over night before they were exposed to either 2 liters of
Milli Q water or 2 liters of 40% experimental toothpaste in the flow chamber. The amount of biofilm was
measured and quantified in Fluorescence microscopy. Mean fluorescence values were recorded and anal-
ysed using Microsoft® Excel® (MS Excel 2016).

Results: The ability to grow biofilm was equally present at both the enamel and root surfaces. The use of
water and 40% experimental toothpaste showed a significant reduction of areas covered with biofilm on
both enamel and root dentin in comparison to untreated surfaces (p < 0.01). Significantly more biofilm was
removed from enamel compared to root surfaces when treated with either water and toothpaste (p < 0.01).
Slightly less biofilm was removed by the use of water compared to toothpaste on both enamel and root
dentin surfaces, although the differences were not statistically significant.

Conclusion: The results indicate that less biofilm is removed from the root surfaces than enamel by the
use of water and 40% experimental toothpaste in flow chamber. Assessing oral biofilm accumulation and
monitoring biofilm formation on enamel and root dentin surfaces give oral health professionals important
directions that could strenghten the significance of dental caries prevention. Improving older individuals’
oral hygiene practices should therefore be considered an important measure to prevent root caries.
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Introduction - ) .
Dental caries is the most widespread noncommunicable

disease globally, affecting more than 2 billion people worldwide
[11]. A systematic review on the global burden of untreated

Dental caries is a biofilm-mediated and multifactorial disease
resulting in mineral loss of dental hard tissues. Carious lesions

can be categorized according to their anatomical location on
the tooth, on the coronal or root/cementum surfaces,
respectively [1]. Although a range of bacteria are involved in the
cariogenic flora in biofilm, Streptococcus mutans have been
considered a key pathogen in the progression of dental caries
[2-6]. Notwithstanding, root surfaces are at higher risk of bio-
film-triggered mineral loss than enamel, as tooth substance of
the root have lower mineral content than enamel [7]. As a result,
the demineralization process occurs more rapidly on root sur-
faces than enamel [7,8]. Additionally, as the location of the root
surface is close to the gingival margin and the cementoenamel
junction, tooth cleaning in these areas is more difficult.
Consequently, more biofilms are considered to be retained in
these sites, making them more susceptible to dental caries
[7,9,10].

dental caries found that the oral disease is now peaking later in
life, and has been shifting from childhood to adulthood [12]. The
review stated that the prevalence and incidence of untreated
dental caries increased after the age of 40, with a prevalence
peak at 70 years of age due to the appearance of root caries [12].
Root caries is the dominant primary caries form in older people,
particularly due to gingival recession caused by normal ageing
process, but also as a result of periodontitis, which is highly
prevalent among older individuals [13-19]. The exposed root
surfaces are predisposed to oral microorganisms which cause
demineralization of the cementum surfaces [20]. It is estimated
that one-third of the geriatric population is affected by root
caries [21], and as the proportion of elderly people is increasing
worldwide, prevalence estimates will continue to increase in the
future [8,22]. Efforts to prevent the burden of root caries in the
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elderly population are therefore strongly needed [8,23-25],
particularly as the ability to remove biofilm often decreases as
people age due to reduced manual dexterity, impaired vision or
physical limitations associated with Parkinson’s disease or
arthritis [9,26].

A common and effective method to reduce the amount of
oral bacteria is mechanical removal with a toothbrush (manual
or powered) supplied with fluoride toothpaste [23,27-29].
Interdental aids such as interdental brushes, dental floss or
water flossers are recommended as supplements to remove
biofilm from interproximal and subgingival areas [30]. Although
the efficacy of various mechanical tools for removal of biofilm is
well-documented [31-33], few studies have reported on how
much biofilm removal is achievable through such mechanisms.

In addition, due to the irregular surface topography of the
root surfaces, it has been argued that root surfaces have greater
ability to retain and grow more oral biofilm compared to smooth
enamel surfaces [10,34]. Dental enamel is an acellular, hard,
avascular tissue, which consist of 96% inorganic material
(hydroxyapatite nanocrystals), 3% water, and 1% organic
component [35]. The enamel crystals form both prisms (rods)
and interprisms (interrods) in the enamel, providing it its
characteristic structure and strength. The rods and interrods
cause the uneven microstructure of the surface enamel, which is
especially noticeable when exposed to acid [36]. In contrast, the
mineral content of dentin is approximately 50 vol%
(hydroxyapatite minerals). The dentin is also a hydrated tissue,
which is rich in both collagen and non-collagenous molecules
(30 vol%). Consequently, dentin is considered structurally more
intricate than enamel, involving dentinal tubules which contain
a hypermineralized layer (peritubular dentin), and a softer
intertubular dentin between them. Fluid from the pulp and
cytoplasmic cell extensions of odontoblasts fill the dentinal
tubes [36].

However, although adhesion of oral biofilm is assumed to
differ between the root surfaces and enamel, the ability and
grade of differences have not been widely demonstrated in
controlled environments. Thus, assessing dental biofilm
accumulation on both enamel and root surfaces and monitoring
biofilm formation could give important directions that could
strengthen the significance of caries prevention in older people.
Therefore, the aim of this study was to quantitatively investigate
the accumulation of Streptococcus mutans biofilm on enamel
and root surfaces and assess the amount of biofilm removal
using (1) experimental toothpaste and (2) water, in a closed
system of flow chamber.

Materials and methods
Tooth surface preparations

Eight sound premolars from the Nordic Institute of Dental
Materials (NIOM) toothbank (REK 2012/413) were placed in
cylindrical shaped teflon molds (@ 25 mm) and filled with epoxy
resin (EpoFix; Struers, Rotherham, UK). After 24 hours, the
molded teeth were polished with silicon carbide grinding

papers (Struers, Ballerup, Denmark) to display enamel and root
surface of either buccal or lingual aspect. The surfaces were pol-
ished with grinding paper with grain size 15 um (Struers
Waterproof SiC FEPA P# 1200, Ballerup, Denmark). The disk
thickness was trimmed to ~2.5 mm (Figure 1). Prior to the exper-
iments, the disks were rinsed in soap-water, and disinfected with
75% ethanol. They were then left in a 50 mL falcon tube contain-
ing a mixture of 75% ethanol diluted 1:3 in 10X phosphate buff-
ered saline (Dulbecco’s PBS, DPBS, Lonza, Verviers, Belgium).

Biofilm formation

Stock cultures of Streptococcus mutans (ATCC 700610) for exper-
imental use were prepared from the batch stored at -70°C
freezer. An approximated amount of 10 L bacteria, using a ster-
ile plastic inoculation loop, was diluted in 10 mL of Brain Heart
Infusion medium (BHI) (Oxoid Ltd, Basingstoke, UK) as a stock
solution and incubated overnight (ON) (approximately 24 Hrs.)
at 37°Cand 5% CO, supplemented atmosphere.

The disks used for biofilm formation were washed with 75%
ethanol for 2 minutes, using forceps, in circular movements. The
disks were then air-dried before washing in Phosphate-buffered
saline (PBS) (Lonza, Walkersville, MD, USA) for 2 minutes in same
circular movements. The disks of teeth were then dried in
separate wells before they were transferred into 6 wells of petri
dishes (Corning Incorporated, ME, USA) containing a diluted
(1:100) stock solution of Streptococcus mutans in BHI for ON in
the laboratory cabinet at 37°C and 5% CO, supplemented
atmosphere. Disks that were to serve as controls were placed in
separate wells.

Figure 1. Premolars embedded in resin disks of 25 mm diameter (blue
circle) were trimmed to fit in the flow chamber and to avoid movement. The
red line depicts the enamel-dentin-junction. Images were approximately
obtained from area of enamel (upper black rectangle) and root dentin
(lower black rectangle).



Flow chamber

The disks were placed into the flow chamber (Figure 2) after the
biofilm was formed overnight on the surface of interest. A paral-
lel plate laminar flow chamber, milled from a single block of
PMMA, was used for creating liquid flow directed towards and
above the disks. The chamber was designed to fit a 50 mm x 25
mm glass slide, cut from ordinary microscope glass slides (VWR
collection). A 5 mm thick quartz glass lid was sandwiched
between the flow chamber and a rigid 8 mm aluminum plate. To
fit the disks of teeth, the height of the chamber was fixed to 3 mm.

The biofilm covered disks were flushed with either 2 liter of
Milli Q water or 40% experimental toothpaste in the flow
chamber. Flow rate was kept at approximately 1 liter per minute,
with a pressure at ~1.5 bar.

Four separate runs of all 8 teeth were conducted. The teeth
were randomized in each experimental run. Two teeth were
kept as positive control (‘Untreated’). Three teeth were
subjected to Milli Q water treatment and three teeth
were treated with 40% experimental toothpaste. Additionally,
four tooth disks without biofilm formation, were served as
negative control.

Experimental toothpaste

Different toothpaste-dilutions were tested according to their
ability to flow through the chamber-system without clogging
the connected tubes and valves. The final flow rate and the
pressure (~1.5 bar) were also a result of this consideration. A
maximum amount of 40% toothpaste, diluted in Milli Q water,
was found to be optimal for this. Hence a 40% experimental
toothpaste was used in the trials described below. The tooth-
paste containing the main ingredients [37] (Table 1), was pre-
pared, diluted, covered and then kept at room temperature on a
magnetic stirrer before use.

Fluorescence microscopy

All eight teeth were measured and quantified for fluorescence
biofilm on the root dentin and enamel. Before quantifying the
biofilm formation in the fluorescence microscopy, all teeth were
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Table 1. Weight amounts and the components used in the experimental
toothpaste.

Composition Weight
CaCo, (Calcium carbonate) 809
SDS (sodium dodecyl sulphate) 39¢
CMC (Carboxymethyl cellulose) 29
Sorbitol 209
Glyserin/Glyserol 209
Distilled water 649

This produced 200 mL of toothpaste, which, prior to usage in this project,
was diluted in 40% distilled water.

washed in PBS using forceps in circular movements. For bacterial
viability, 1.5 pL of Filmtracer (LIVE/DEAD FilmTracer, Biofilm
Viability Kit) was diluted in T mL 10X PBS. The samples were
then incubated in room temperature, and covered with alumin-
imum foil for 15 minutes. The surfaces were then investigated
using a fluorescence light microscope with excitation bandpass
filter of 530-550 for red fluorescence of Pl (Olympus BX5T1,
Tokyo, Japan), where images using a 10x magnification were
obtained, comparing the root dentin to the enamel for the
same specimen.

Fluorescence quantification

A Java-based image processing program, namely ImageJ (soft-
ware version 1.51j, NIH, USA), was used to quantify fluorescence.
The images were converted to 16-bit versions and adjusted for
suitable level prior to measuring the mean value. Mostly, entire
images were subjected to quantification. However, if the photo-
graphed images displayed cracks or artifacts, a standardized
region of interest (ROI-tool) was utilised to eliminate this source
of error. It this case, the comparing surface (enamel or root den-
tin) was matched for area of detection.

Statistical analysis

Each run yielded two disks as positive control (untreated bio-
film), three disks treated with water and another three treated
with toothpaste. Two images (enamel and root) from the eight
teeth specimens (16 images per run), through four different

Figure 2. Flow chamber setup: (1) Air supply with pressure kept at approximately 1.5 bar - (2) Output valve with tank containing either water or 40% tooth-
paste — (3) Input valve - (4) Flow chamber containing tooth (embedded in resin disk) — (5) Outlet valve - (6) Waste container.
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Figure 3. Layered Streptococcus mutans biofilm grown on a plane surface of enamel and root dentin (A, E). Reduced, but evenly distributed single layer
of biofilm observed on plane enamel surfaces after water treatment. (B, F), with variating aggregation of biofilm. Little biofilm and less aggregations
were observed on the surfaces after treatment with toothpaste (C,G). Negative controls, with no Streptococcus mutans biofilm, show neither biofilm or
aggregations but lines after grinding (D, H). Scale bar of 200 pm is shown in image 3a.

runs, provided a total number of 64 images, which were used in
the statistical analysis.

Mean fluorescence values were recorded and analyzed using
Microsoft® Excel® (MS Excel 2016). Average values and standard
errors to denote a 95% confidence interval (Cl) were calculated,
and the effects of different treatments (water or toothpaste) on
different surfaces (enamel or root dentin) were analyzed using
one-tailed t-test with unequal variance. In this analysis, we set a
< 0.01 to reduce the change of type | error and used Bonferroni
correction to reduce the change of type Il error.

Results
Fluorescence measurements of biofilm on tooth disks

Images from the fluorescence microscopy technique (with 10x
magnification) appeared to display a multilayered formation of

the Streptococcus mutans biofilm (Figure 3A, E). Treatment of
disks with water flow showed reduced and evenly distributed
single layered biofilm on the surface, including areas of accumu-
lation (Figure 3B, F). Disks treated with 40% experimental tooth-
paste showed generally less amount of biofilm and areas with
biofilm accumulation (Figure 3C, G). The negative control teeth
without biofilm formation showed ground surfaces, but without
biofilm formation (Figure 3D, H).

The quantified values of fluorescence biofilm are presented
in Figure 4. Mean values with error bars denoting 95% confidence
interval (Cl) were determined by one-tailed t-test with unequal
variance. P-values for compared groups are given in Table 2.
The green bar graphs in Figure 4 represent mean values for
biofilm on root dentin, and the blue bars show mean values of
biofilm on enamel (Figure 4). The results showed that the ability
to grow biofilm on enamel and root dentin was equally present
at both tooth surfaces, and the differences were not found to be

Mean values of Streptococcus mutans biofilm
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Figure 4. Mean fluorescence values (with errorbars denoting the 95% confidence interval determined by one-tailed t-test with unequal variance) of amount
of Streptococcus mutans biofilm as measured in RFU, on plane root dentin and enamel surfaces. Treatment with water showed a reduction of biofilm area
regarding both enamel and root dentin compared to untreated surfaces (*p-value < 0.01). Similar reduction is observed with 40% toothpaste for both
enamel and root dentin (*p-value < 0.01). Difference between enamel and root dentin was found (*p-value < 0.01) when treating with both water and 40%

toothpaste.



Table 2. To determine significant difference in amount of biofilm between
the compared groups, p-values (sig. diff < 0.01*) were calculated.
Compared mean values of biofilm

p-values

9.66692E-10*
1.05921E-10*
0.175943292

Corrected p-values
8.700228E-09
9.532890e-10
1.000000e+00

Untreated vs Water
Untreated vs Toothpaste
Water Vs Toothpaste

Untreated vs Water 1.22416E-07* 1.101744E-06
Untreated vs Toothpaste 5.73674E-08* 5.163066E-07
Water Vs Toothpaste 0.29883622  1.000000E+00
Untreated Enamel vs Untreated Root  0.467530711 1.000000E+00
Water Enamel vs Water Root 0.007261388* 1.135249E-02
Toothpaste Enamel vs Toothpaste Root  0.002494016* 2.244614E-02

statistically significant (p > 0.45). Similar conclusion could be
drawn regarding the use of water compared to 40% experimental
toothpaste on enamel and root dentin, showing that although
slightly less biofilm was removed using water compared to
toothpaste on enamel (p > 0.18) and root dentin surfaces
(p > 0.29), the results were not statistically significant. However,
the results indicated that the use of water and toothpaste
resulted in a significant reduction of area covered with biofilm
on both enamel and root dentin, in comparison to untreated
surfaces (p < 0.01). Correspondingly, significantly more biofilm
was removed from enamel compared to root dentin surfaces
using both water and toothpaste (p < 0.01).

Discussion

This study aimed to quantitatively investigate the accumulation
of Streptococcus mutans biofilm on enamel and root surfaces
and assess the amount of biofilm removal using (1) experimen-
tal toothpaste and (2) water, in a closed system of flow chamber.
The results demonstrated that the ability to grow biofilm was
equally present at enamel and root surfaces, and there were no
significant differences in the amount of biofilm accumulated on
the two tooth surfaces (p = 0.45). These findings are not in con-
gruence with research indicating that exposed root surfaces
have binding properties different from enamel surfaces, which
consequently could affect early biofilm formation on the adja-
centenamel surface [10,34]. This discrepancy could be explained
by our in vitro model, which is based on a simplified biofilm,
without involving the complex oral environment of saliva, pelli-
cle or any other microorganisms. However, our findings could
still contribute to underscore the importance of biofilm removal
from both enamel and root surfaces in clinical practice, espe-
cially as Streptococcus mutans particularly possesses the ability
to colonize clean tooth surfaces at early stages [10]. More impor-
tantly, as research indicate that more biofilms are considered to
be retained on root surfaces compared to enamel [34], and that
the growth of microbiota on exposed root surfaces proceeds
more rapidly than on enamel [10], plaque removal from root
surfaces in clinical practice is of particularly great importance
[23,38,39]. Additionally, as poor oral hygiene and the presence
of plaque are considered important risk factors for root caries in
older people [20,38], maintaining good oral hygiene practices
and not allowing plaque to accumulate on exposed root

BIOMATERIAL INVESTIGATIONS IN DENTISTRY 80

surfaces are essential [38]. Hence, older individuals should be
encouraged to brush their teeth twice a day [18,40], and for
most elderly people, sulcular brushing with soft toothbrush
(Bass method) is a preferable method for teeth cleaning [9].
Individuals with gingival recession should additionally be
instructed to prevent further recession, which could involve the
use of extra soft toothbrush, lighter brushing pressure or remod-
ification of the brushing method [9]. Older people affected by
diminished manual dexterity may additionally benefit from
electric toothbrushes or manual customized toothbrushes
[34,35]. For those being care-dependent, tooth brushing should
be supported by caregivers [40,41], and dental professionals
should provide necessary oral health care education [18,40].

The use of both water and 40% experimental toothpaste in
flow chamber managed to remove biofilm from both enamel
and root surfaces. A similar effect of water on plaque removal
was found in a recent in vitro study, which tested the ability of
water flossers to remove biofilm from training typodont teeth
[33]. The study concluded that water flosser is an effective and
appropriate oral hygiene device for cleaning teeth, preventing
dental caries and maintaining oral hygiene [33]. Although our
model does not have the same power as water floss devices,
working in the pressure range of 50-90 psi. [29], our study has
clinical relevance with regard to biofilms’ ability to adhere to
surfaces of the teeth when treated with water or toothpaste
under specific flow and pressure conditions. Notwithstanding,
our model is not able to accurately simulate a traditional
mechanical biofilm removal with toothbrushes or a professional
biofilm removal with air/powder flow in the dental practice or
even water flosser device. In future in vitro studies, we therefore
suggest that parameters such as flow and pressure should be
adjusted as much as possible to mimic the clinical aspect more
closely, although factors such as valves and tubes naturally tend
to pose limitations in laboratory studies.

Moreover, although not all biofilm was removed by either
water or toothpaste, our results indicated that slightly more
biofilm was removed on both tooth surfaces using experimental
toothpaste compared with only water. This finding supports the
evidence showing that particulate abrasive is a key ingredient
for cleaning effectiveness in toothpaste [42]. Additionally, as the
abrasivity of toothpaste largely depends on the amount of
abrasive [43,44], itis reasonable to assume that a greater amount
of plaque could have been removed from the tooth surfaces in
this study, if the experimental toothpaste had not been diluted
with water.

A main finding in this study was that significantly more
biofilm was removed from enamel compared to root surfaces
when treated with water and 40% experimental toothpaste. This
indicates that the use of water and 40% experimental toothpaste
in flow chamber is more able to efficiently remove biofilm from
enamel in comparison to root surfaces. This could be explained
by the irregular surface topography of the exposed root dentin
surface, as the organization and structure of oral biofilm vary
according to the sites where plaque forms [10]. Additionally, as
poor oral hygiene and the presence of Streptococcus mutans are
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found to be associated with the formation of root caries [22,45],
and because cleaning of root surfaces proves to be difficult due
its location close to the gingival margin and cementoenamel
junction [7,46], the importance of plaque removal from root
surfaces is further reinforced. Thus, improving older individuals’
oral hygiene practices should therefore be considered an
important measure to prevent root caries.

The single-species biofilm used in this study may be
considered a limitation with regard to clinical comparison. The
oral biofilm is both multi-species and interacts with the protein
pellicle, probably adhering more firmly and hence not that
easily removed as described in our model. As an attempt to
mimic the biofilms attachment as in the oral environment, both
coating with (sterile natural or artificial) saliva and introduction
of 0.5% sucrose, prior to bacterial incubation, could have been
implemented. These may have altered the attachment ability
and hence the outcome of the study.

Furthermore, the cell concentration of the final bacterial
suspension covering the disks was not measured. Optical
density (OD) and bacterial count would have strengthened
the model even further. However, this study focused on
measurement of the remaining amount of biofilm covering the
surface, not on the number of bacteria. Hence, the results remain
informative in such scope.

Another aspect to take into consideration, is the number of
samples used in this study. Our findings indicated that
toothpaste treatment seemed to remove more biofilm than
water, although the results were not supported by the statistical
analysis as statistically significant. Hence, a larger sample could
possibly have resolved this uncertainty.

Conclusion

Based on the results of the present study, it can be concluded
that the ability to grow biofilm was equally present at both
enamel and root surfaces, as layered Streptococcus mutans bio-
films grown on plane surfaces of enamel and root dentin were
corresondingly equal.

It could further be concluded that significantly more biofilm
was removed from enamel compared to root dentin surfaces
by the use of both water and 40% experimental toothpaste in
flow chamber. The results may give oral health professionals
important directions that could strengthen the significance of
dental caries prevention in the elderly population, and
improvement of older individuals’ oral hygiene practices
should be particularly considered in relation to root caries
prevention.
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