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Abstract

Objective—Oral biofilm formation and progression on the surface of the tooth can lead to
advanced oral disease such as gingivitis. The purpose of this randomized, controlled, double-
blinded study was to evaluate the effects of a novel dental gel on oral plaque biofilm using
multimodal imaging techniques.

Materials and Methods—Twenty-five subjects with moderate gingival inflammation (L6e and
Silness Gingival Index = 2) and pocket depths <4 were randomly assigned to brush twice daily for
21 days with the test or the control dental gel. In vivo multimodality in situ imaging was
performed over a 3-week period using in vivo Optical Coherence Tomography (OCT) and Non-
Linear Optical microscopy (NLOM). Plaque levels, gingival inflammation and gingival bleeding
were also charted on days 0, 7, 14, and 21 using standard clinical indices.

Results—After 3 weeks, OCT and NLOM images showed a macroscopic break-up of the plaque
layer and smaller, fragmented residual deposits in the test group with no apparent changes in the
pellicle. Biofilm was also reduced in the control group, but to a lesser degree with regard to
thickness, continuity and surface area. Paralleling these imaging results, clinical indices were
significantly improved in both groups (P <0.05) and significantly lower in the test group (P
<0.05).

Conclusion—Both dental gels reduced oral biofilm with the test gel showing greater efficacy (P
<0.05) as determined by clinical and imaging parameters.
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INTRODUCTION

A recent publication evaluating data from the National Health and Nutrition Examination
Survey (NHANES) found that 47% of adults in the US suffer from periodontitis, the
progressed disease of gingivitis [1]. The initiation of gingival inflammation and subsequent
destruction of periodontal tissues has been found to originate from oral biofilm [2]. Biofilm
consists of a group of microorganisms embedded in an extracellular polysaccharide matrix
that are attached to the tooth surface [3] and are more generally known as plaque. Biofilms,
which are tightly adherent to oral surfaces, are a major cause of progressive periodontal
diseases [4]. The most common method of biofilm control is through the use of dentifrices,
usually in conjunction with physical tooth brushing [5]. Engaging in effective oral hygiene
practices can eliminate microbial plaque accumulation and eventually lead to the reduction
of gingival inflammation [6]. On the contrary, deviation from continuous plague control
results in the re-emergence of inflammation [7].

Mechanical plaque control is not adequately practiced by most individuals, despite its
essential role in the prevention of gingivitis and periodontitis [8-10]. Professional cleaning
is only accessible to a small fraction of the world’s population, therefore, improvements in
the approach to plaque control are essential to prevent and control extensive periodontal
disease. Accordingly, a multitude of novel dental gel formulations are being explored for
their ability to remove oral biofilm and to prevent its reaccumulation [9,11,12].

In addition to primary interventions such as tooth brushing, a wide range of adjunct
measures have been investigated for their ability to control oral plaque. Mouth rinses that
contain chlorhexidine preparations can be beneficial for plaque control; however, their side
effects prevent long-term usage [13]. Dentifrices containing triclosan copolymer can
improve oral biofilm accumulation; however, in some studies exceptional short-term
benefits were counteracted by lack of any lasting benefits [14]. Moreover, there is a
continuing discussion about the potentially undesirable effects of long-term triclosan usage
that include allergic sensitization [15], endocrine function disruption [16], and resistance to
antibiotics [17].

Cations such as calcium and iron, which are bound by activated edathamil, are essential to
biofilm formation and microbial growth. The metal-binding activated edathamil has the
capability to inhibit the establishment of oral biofilm by disrupting surface adherence
through interference with calcium and iron-binding processes [18]. The dental gel
investigated in this study contains a 2.6% proprietary formulation of activated edathamil
combined with the carrier and permeability enhancer methyl sulfonyl methane (MSM). The
formulation combines Generally Regarded as Safe (GRAS) and natural ingredients as
defined by the FDA. The test dentifrice is a commercially available OTC dental gel.

Several optical imaging modalities offer the opportunity for noncontact in situ surface and
subsurface characterization of the oral cavity.

A. Optical Coherence Tomography (OCT) is a noninvasive, high-resolution optical
imaging modality that uses near-infrared light reflected from an object to provide
sub-surface (1.5-2.5mm) images without ionizing radiation [19]. OCT imaging
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allows real-time video rate imaging speed, simultaneous OCT and CCD imaging
channels, 3D volumetric imaging and surface profiling capability. The imaging
system has approximately 8-15 pm depth and 20 pm lateral resolution; penetration
depth approximates 1.5-2mm.

B. 3-Dinvivo Nonlinear Optical Microscopy imaging (NLOM) OCT can be
combined with in vivo NLOM generating high-resolution imaging of specific tissue
components and fluorescence using many wavelengths of light [20,21]. Using a
custom-built imaging probe attached to a tabletop imaging system we are able to
image undisturbed biofilm at high-resolution.

The goal of this randomized, controlled, double-blinded study was to investigate in vivo the
effects of a novel dentifrice on dental biofilm and gingival health through Optical Coherence
Tomography (OCT) and Non-Linear Optical Microscopy (NLOM) as well as conventional
clinical indices. Effects on biofilm were measured using OCT, NLOM, and the Plaque Index
(Turesky Modification of Quigley-Hein Index) (P.l.). Gingival health was quantified using
the conventional gold standards, the Gingival Index (L6e and Silness) (G.1.), and the
marginal Sulcus Bleeding Index (mSBI).

MATERIALS AND METHODS

This project was performed in full compliance with University of California at Irvine IRB-
approved protocol #2002-2805. Written informed consent was obtained from all participants
in this study. Subjects were recruited by means of IRB-approved advertisements, flyers,
notices, and media. In addition, the study was posted on clinicaltrials.gov and the UCI
student health center.

Subjects

Twenty-five subjects, who were all students at UCI, ranging in age from 19 to 31 years old
(mean age of 23 years, 13 female, 12 male) with mild to moderate gingival inflammation
(L6e and Silness Gingival Index =2) [22,23] and pocket depths <4 were enrolled in this
prospective, randomized, controlled, double-blinded study. Subjects were recruited only if
they fulfilled the inclusion and exclusion criteria cited above. The volunteer patients also
had to have undergone dental prophylaxis within a period of 6-10 weeks before study
enrollment, be nonsmokers, not pregnant, nonlactating and in a state of good general health.

Clinical Protocol

No professional dental cleaning was performed immediately before or during the trial in
order to avoid the influence this would have on the data gathered and to sustain the type of
dental gel used as the only variable. Subjects were randomly assigned to brush twice daily
for 21 days with either the test dental gel (2.6% Livionex® Dental Gel, Los Gatos, CA), or
the control gel (Colgate Total®, Colgate-Palmolive, Piscataway NJ). A standard Oral B
ProFlex® toothbrush was provided to each volunteer and subjects were trained in standard
sulcular brushing technique. Subjects brushed their teeth 2 hours prior to each visit and
refrained from eating from that time onwards until after their visit. Noncontact in vivo
imaging was performed on Days 0 and 21 prior to any probing of the oral cavity to obtain
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low- and high-resolution surface and subsurface images of the dental plaque. Optical
Coherence Tomography (OCT) imaging was performed for all subjects; three subjects were
randomly selected from each group for 3-D in vivo Non-Linear Optical Microscopy
(NLOM) imaging. Plaque levels (Turesky Modification of Quigley-Hein Index) [24] (P.1.),
gingival inflammation (L6e and Silness Gingival Index) [23] (G.l.), and marginal Sulcus
Bleeding Index (mSBI) [25] were recorded. A standardized pressure sensitive probe (Florida
Probe) with 20 g probing force was used to measure probing depth. No other clinical data
were recorded per UCI IRB# 2002-2805.

A single blinded, precalibrated periodontist with more than 20 years of clinical experience
assessed the condition of each patient, recording all three clinical indices: Plaque Index,
Gingival Index, and marginal Sulcus Bleeding Index. The clinical data were collected with
the subject in a dental chair, under conventional dental office lighting. He was precalibrated
by charting all three clinical indices used in this study in 25 patients not associated with this
study until his scores were at >92% agreement with those charted by two other experienced
periodontists.

The following standardized locations were imaged on days 0 and 21: 1mm apical to the
gingival margin at the mid-buccal point on the (a) upper right central incisor, (b) upper left
first molar, (c) lower left central incisor, and (d) lower right first molar. All imaging was
performed on natural, unrestored tooth surfaces. A flexible imaging probe covered with a
disposable sterile sheath was used in noncontact mode to acquire the images. This approach
was previously developed and validated in ex vivo studies [20].

OCT measurements were performed using the commercially available Niris® OCT console
and imaging probe, (Imalux Corporation, Cleveland, OH), which allows realtime video rate
imaging speed, simultaneous OCT and CCD imaging channels, 3D volumetric imaging and
surface profiling capability. The imaging system has approximately 8-15 um depth and 20
um lateral resolution; penetration depth approximates 1.5-2 um. The imaging location and
angle were standardized to ensure accurate colocalization at subsequent imaging events.
NLOM of the dental biofilm was performed using a custom-built imaging probe attached to
a tabletop imaging system.

Saliva was collected from each subject at the beginning of each visit by simple
expectoration into a sterile collection tube. Plaque Test (Ivoclar Vivadent Inc., Amherst,
NY) and Coolblue (Coolblue®, Pfizer, New York, NY) dyes were used as optical contrast
agents during fluorescence imaging with NLOM. Each disclosing agent was mixed with
saliva at a 1:100 volume ratio and applied using an eye-dropper from 2mm above the tooth
surface to avoid any possible disturbance of the biofilm layer.

The study population consisted of student volunteers at UCI. As the required levels of
gingival inflammation and oral hygiene were moderate, recruitment was easily completed.
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Imaging Data
Representative in vivo OCT images from one subject in each group are shown in Figure 1.
At study outset, a thick, continuous layer of plaque up to 3 mm in depth covers the tooth
surface and gingival margin in both subjects (Fig. 1A and B on Day 0). Extending
throughout the entire visible gingival pocket, the interface between the plaque and
underlying dental structures appears seamless throughout the baseline images. Tooth enamel
and dentin are visible. After 3 weeks of control gel use, considerable reduction in plaque
presence is apparent vs. Day 0 (Fig. 1A RHS). Residual, somewhat fragmented biofilm is
visible within the gingival pocket while the tooth and gingival surfaces appear free of
biofilm. In Figure 1B extensive elimination of surface biofilm is also apparent after 3 weeks
of test gel usage. Again, tooth and gingival surfaces appear free of plaque. A thin patch of
residual, less dense and more loosely connected biofilm remains visible in the gingival
pocket. The enamel appears wider in this image because an oblique optical section was used
to reveal the small deposit of biofilm.

Higher resolution NLOM images acquired at the gingival margin of upper left central
incisors are shown in Figure 2. In a 3-D reconstructed top view image acquired from a
subject after 3 weeks of control gel usage (Fig. 2A, top), the blue signal from the tooth
surface shows horseshoe-shaped enamel rods. An overlying pink signal originating from the
salivary pellicle is visible and a superimposed red signal from bacterial plaque is apparent in
a fairly uniform, but patchy distribution across the entire sample area. Avertical optical
section of the upper 3-D image confirms the presence of thin but continuous bacterial plaque
and underlying pellicle on the tooth surface (Fig. 2A, right). Figure 2B depicts images from
a subject acquired after 3 weeks of test dental gel use. In the left image, a 3-D reconstructed
top view clearly shows the blue signal from the enamel (Fig. 2B, left). The pink signal from
the pellicle is again visible, and considerably less covered by the red signal emanating from
bacterial plaque than in Figure 2A. This finding is confirmed by a vertical optical section of
Fig. 2B, left as shown in (Fig. 2B, right), showing unaltered pellicle but fragmented and
thinner bacterial plague on the enamel surface.

Clinical Data

Data are summarized in Figure 3. In summary, clinical indices at study outset were
comparable between the control and test group. Over the next 21 days Plaque Index,
marginal Sulcus Bleeding Index and Gingival Index diminished progressively, showing a
significant improvement in each group at Day 21 versus Day 0 (P<0.05). Overall, the test
group showed significantly lower values for all indices vs. the control group at the end of the
21-day study (P<0.05).

DISCUSSION

At study outset, all subejcts manifested a moderate level of plague and gingival
inflammation based on the study recruitment exclusion and inclusion criteria. On Day 21
(study conclusion), both treatment groups demonstrated a substantial decrease in plaque
levels and gingival inflammation as evidenced by the conventional clinical indices for
plague and gingival health. This observation was not surprising. Initially, the subjects
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involved in this study demonstrated poor oral hygiene, and the rapid improvement in the oral
health may be due to motivation by the prospect of weekly oral exams, in addition to the
knowledge that they were enrolled in a study to identify the effects of a novel dental gel.
With the exception of initial poor oral hygiene, these subjects were young and in excellent
general health. Over the 21-day study period, their oral health improved quickly and
markedly.

The initial hypothesis that the new dental gel formulation may provide improved plaque
control was supported by the significantly lower plaque indices measured in the test group
versus the control gel group on Day 21. Previous studies have demonstrated effective plaque
inhibitiion by activated edathamil [18,26]. In an in situ examination of biofilm structure and
metabolic activity, activated edathamil was the most effective of four agents tested to affect
the cell membrane integrity of all bacterial organisms of biofilms on uncoated surfaces [27].
Some other publications describe an inadequate antiplaque effect of the chelating agent,
attributed to its lack of penetration into the biofilm layer [28]. The carrier and permeability
enhancer MSM was integrated into the test dental gel formulation used in this study to
address this potential issue [29]. Clinical evidence of the observed antiplaque effect was
supported by a unique, novel, multimodality imaging approach which permitted noncontact
surface and subsurface mapping and characterization of biofilm presence, distribution and
microarchitecture. Imaging data confirmed plaque removal by both dental gels, documenting
superior plaque control by the test gel without apparent damage to the underlying pellicle.

The status of the underlying pellicle after use of any antiplaque intervention is an important
issue, especially when the agent is intended for daily use. Since it is the interface between
teeth and the oral environment, the pellicle plays a key role in the maintenance of oral health
by regulating processes including lubrication, demineralization, and remineralization in
addition to shaping the composition of early microbial flora adhering to tooth surfaces. In
this study, an intact pellicle was mapped using NLOM in both subject groups. An additional
study to determine any potential effects of the new formulation on enamel demineralization
and mineralization, identified no adverse effects on enamel microstructure (in press).

OCT is an emergent, high-resolution imaging technology that has been used to image the
microstructure of the tooth surface and its underlying components. The resolution
capabilites of OCT allow noncontact imaging of microbial colonies and the microstructure
that develops in these biofilms. OCT is practical for its ability to image 3-D microstructures
at high-resolutions in real-time. In this way, biofilm accumulation can be imaged and
analyzed during any period of inhabitation on the tooth structures and thereby improve
characterization of biofilm structure and function. A study that imaged biofilm development
inolculated on a glass flow cell found that OCT’s imaging depth capabilites allowed it to be
an excellent imaging technique when compared to prominent imaging approaches such as ex
vivo Fluorescence Microscopy and Confocal Scanning Laser Microscopy [30]. The in vivo
results found in this study correlate with an ex vivo OCT study [31] which was able to image
and assess rapid oral biofilm attachment and growth.

The use of dentrifice in conjuction with physical tooth brushing is the established method
for biofilm control. However, research has shown that a combination of antimicrobial
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treatment and mechanical removal is necessary to prevent the survival and re-emergence of
biofilm [32]. In this study, the test gel used in conjuction with tooth brushing was shown to
inhibit re-establishment of dental biofilm and advancement of plaque formation. It is unclear
to what extent superior plaque control was the primary cause for the considerable
improvement in gingival inflammation observed in the subjects using the test gel, and to
what extent the anti-inflammatory effect of the gel formulation [33-35] drove the
improvement in gingival health. Further studies are necessary to obtain a more refined
understanding of this issue.

CONCLUSION

In this clinical study, a novel dental gel achieved excellent plaque control and reduced
gingival inflammation over a period of three weeks. Clinical indices as well as a novel in
vivo imaging approach mapped its antiplaque effects and confirmed the persistence of the
enamel pellicle.
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Day 0
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Fig. 1.
Representative in vivo OCT images from one subject in each group. PS, probe sheath; B,

biofilm; G, gingiva; E, enamel; D, dentin. A: Representative OCT images of subject in
control gel group. At study outset a thick plaque layer covering the gingival and enamel
surface is clearly visible. Considerable elimination of surface biofilm is apparent after 3
weeks of control gel usage with residual plaque visible at the enamel margin and inside the
gingival pocket.B: Representative OCT images of subject in test gel group. At study outset a
thick plaque layer covering the gingival and enamel surface is clearly visible. After 3 weeks
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of test gel usage extensive elimination of surface biofilm is apparent. A thin patch of
residual biofilm remains at the gingival margin. The enamel appears wider in this image
because an oblique optical section was used to reveal the small deposit of biofilm, which
was not visible at the usual imaging angle.
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Fig. 2.
In vivo NLOM of oral plaque at gingival margin of the upper central left incisor. Subjects

had brushed their teeth 2x daily with control (A) or test (B) toothpaste for 3 weeks.
Fluorescein (Sigma-Aldrich Corp, St. Louis, MO) and Coolblue (Coolbluel, Ffizer, New
York, NY) dyes were used as optical contrast agents during fluorescence imaging with
NLOM. Left (A): 3-D reconstructed top view image. Enamel rods are clearly visible. Blue
signal originates from tooth and saliva; pink signal originates from salivary pellicle and red
signal is from bacterial plaque. The enamel is covered by a continuous layer of biofilm, with
the blue signal from the enamel penetrating through the biofilm signal in a patchy fashion.
Right (A): Vertical optical section of 3-D image. This lateral view confirms the presence of
a solid and homogeneous film of bacterial plaque and underlying pellicle on the tooth
surface. Representative biofilm on tooth surface in subject using test toothpaste for 3 weeks.
Left (B): 3-D reconstructed top view image. Enamel rods are clearly visible in this 3-D
reconstructed top view image. More blue signal from enamel and less overlying red signal
from bacterial plaque are visible indicating the presence of less plaque than in A. Right (B):
Vertical optical section of 3-D image. This lateral view confirms the presence of pellicle and
less bacterial plaque on the tooth surface than in A. Especially on the right hand side of the
image the red signal from plaque is reduced and considerably less dense than in A.
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Fig. 3.
Clinical indices. A: Clinical P.I. on Day 0 and Day 21. B: Clinical mSBI on Day 0 and Day

21. C: Clinical G.I. on Day 0 and Day 21.
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