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Abstract
• Objective: The objective of this study was to evaluate the in vivo effects of a 2.6% edathamil gel (Livionex® Dental Gel) on surface micro-

hardness and microstructure in 180 pre-eroded enamel chips. 

• Methods: This was a double-blind, randomized study. Two enamel chips each were cut from 90 healthy sterilized extracted teeth. One chip
from each pair underwent microhardness testing and scanning electron microscopy (SEM) to establish baselines. The remaining 90 sam-
ples were demineralized, and then mounted onto intra-oral retainers worn by nine subjects, with five chips mounted on each retainer for
each of the two study arms. In one two-week study arm subjects brushed with the control toothpaste; in the other they used the test gel.
Study arms were separated by a two-week washout. Sequence of toothpaste use was randomized. At the end of each study arm, samples
underwent microhardness measurements (Knoop) and SEM visualization. 

• Results: After intraoral wear, enamel chips recovered fully from demineralization, with no significant difference in microhardness between
the two treatments (p > 0.05). In SEM images, enamel surfaces at study’s end also appeared comparable in the two groups.

• Conclusion: Pre-eroded enamel chips remineralized intra-orally to a similar level after using a control or a test toothpaste containing 
2.6% edathamil.

(J Clin Dent 2017;28:49–55)
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Introduction
Most toothpastes achieve plaque control through a mechanical

brushing mechanism, often aided by abrasives, and sometimes with
added chemical anti-plaque mechanisms such as detergents, anti-
bacterial, or plaque-disruptive ingredients. Mechanical plaque removal
depends heavily on patient compliance, and sometimes it is diffi-
cult to establish daily habits for arduous, repetitive, and time-con-
suming habits like flossing and using interdental aids. Incorporating
mild abrasives into a dentifrice can improve plaque removal through
brushing, but, if used inexpertly, such ingredients can cause dental
abrasion, sensitivity, or gingival lesions. Thus, there is interest in
chemically supported, non-abrasive antiplaque modalities. To date,
one of the most effective of these is chlorhexidine, but its side effects
can include taste alteration and staining of teeth. Adding pyrophos-
phate to dentifrice formulations has been shown to reduce crystal
formation in supragingival calculus, but it does not reduce subgin-
gival calculus development. Clearly, there exists a need for novel,
more effective approaches to oral plaque control. 
Cations, such as calcium and iron, are essential to microbial adher-

ence, biofilm formation, and bacterial growth. Recent studies have
shown that by binding cations such as iron and calcium, the micro-
chelator edathamil has the capability to inhibit biofilm formation
and to disrupt its adhesion to surfaces. While some previous stud-
ies have demonstrated effective biofilm inhibition by edathamil,
other publications describe only a small antiplaque effect, attrib-
uted to the limited ability of conventional edathamil formulations
to penetrate biofilm. To overcome this hurdle, a dental gel formu-
lation with 2.6% activated edathamil content (Livionex® Dental
Gel; Livionex, Inc., Los Gatos, CA, USA) contains an added car-
rier and permeability enhancer with the goal of promoting biofilm
penetration and enhancing antiplaque efficacy. Several clinical stud-

ies have evaluated the antiplaque effects of this approach, identify-
ing reduced biofilm presence and gingival inflammation after test
gel use versus a control. 
Throughout each day, the tooth surface undergoes continuous

cycles of de- and remineralization. Demineralization is paralleled
by reduced enamel surface hardness, resulting in a heightened risk
of abrasion and attrition. The rate of demineralization depends on
various factors, including the pH and duration of the acid chal-
lenge. Prior to actual tissue loss, surface remineralization can occur
through the replacement of lost mineral ions, typically from the
salivary reservoir of calcium and phosphate ions. Dentifrices, espe-
cially those containing fluoride and mineral ion formulations, can
be helpful in supporting dental recovery by promoting remineral-
ization after acid attack. This raises the issue whether transient metal
ion micro-chelating processes from the activated edathamil at the
plaque surface might affect underlying enamel surface microstruc-
ture and mineralization, as well as its ability to remineralize after
demineralization.  
The goal of this clinical study was to compare the effects of in

vivo use of a dental gel containing activated edathamil and no fluo-
ride versus a sodium fluoride-containing dentifrice on enamel min-
eralization and microstructure after an erosive challenge. 

Materials and Methods
This research was performed in full compliance with the University

of California, Irvine-approved protocol #2013-9778. A total of
180 enamel samples were included in this study, 90 of which served
as baseline controls, and 90 as test samples for intra-oral wear. Nine
subjects wore custom-fabricated intra-oral retainers for two study
arms of two weeks each, with five sterilized enamel chips attached



to the palatal area of the retainer. New chips were used for each
arm of the study. In one study arm subjects used a control tooth-
paste (Aquafresh® Extreme Clean, GlaxoSmithKline, Philadelphia,
PA, USA); in another arm subjects used a test gel (LivionexDental
Gel, Los Gatos, CA, USA). During the two-week washout period
before the first study arm and between each arm of the study, sub-
jects used Tom’s of Maine® toothpaste (Tom’s of Maine, Kennebunk,
ME, USA). Subjects were supplied with a new Oral-B® toothbrush
(Procter & Gamble, Cincinnati, OH, USA) at the beginning of each
new arm and washout period of the study. The sequence of tooth-
paste use by the subjects was randomized.

Dentifrices
Control Product — Aquafresh Extreme Clean. The active ingre-

dients include sodium fluoride (0.15% w/v of fluoride ion). The
inactive ingredients include water, hydrated silica, sorbitol, glyc-
erin, PEG-8, flavor, sodium lauryl sulfate, xanthan gum, titanium
dioxide, cocamidopropyl betaine, sodium saccharin, synthetic iron
oxide, and D&C Red 30.
Washout Product — Tom’s of Maine. Ingredients include propy-

lene glycol (vegetable derived), water, sodium stearate, aloe bar-
badensis leaf juice (organic), glyceryl laurate, natural fragrance,
humulus lupulus (hops) CO2 extract, helianthus annuus (sunflower)
seed oil.
Test Product – Livionex Dental Gel. Ingredients include aqua,

sulfonylbismethane, edathamil, stevia, peppermint, menthol, FD&C
Blue 1, natural gums and stabilizers.

Samples
Ninety extracted teeth, classified as healthy by an experienced

dentist using a loupe and headlamp, were used in this study. They
were sterilized using ethylene oxide (EtO) at 130°F for two hours
and 10 minutes. This method was selected because it has been found
to have no effect on the remineralization of enamel, unlike other
methods of sterilization. Following gas sterilization, the specimens
were placed in an aerator (AMSCO) for 12 hours at 120°F to remove
any residual EtO products. Two enamel chips were cut from the
same area of each extracted tooth (Figure 1). A total of 180 chips
were prepared in this fashion. The chips were then polished under
water cooling using a rotating polisher (Meta-Serv™ 3000 Grinder-
Polisher; Buehler, Lake Bluff, IL, USA). The sequential polishing
protocol used a 600-grit silica carbide disc for 10 seconds, 1200-grit
for 20 seconds, 2400-grit for 30 seconds, and 4000-grit for 45 sec-
onds. Finally, samples underwent one minute of ultrasonication to
remove any residual polishing debris. From each chip “pair,” one
chip was held back as a control sample and subjected to standard
Knoop microhardness testing (Figure 2) followed by standard SEM
imaging. Knoop microhardness testing is an established and stan-
dard technique for measuring enamel mineralization. These sam-
ples were then stored in demineralized water at a temperature of
4C and 100% humidity, and protected from ambient light in a sealed
and labeled double-walled container. A total of 90 control samples
were evaluated in this way. 
The remaining 90 chips were subjected to a standard deminer-

alization protocol consisting of six hours of demineralization using
an acetate/calcium/phosphate buffer. The buffer contained 2.0 
mmol/L calcium, 2.0 mmol/L phosphate, and 0.075 mol/L acetate

maintained at pH 4.5 with 40 ml per sample used individually. The
demineralized chips were then attached to a custom-fabricated retain-
er (Figure 3) for the duration of one arm of the study; i.e., two weeks.
Ninety samples were used intraorally, with five per retainer per study
arm, in a total of nine patients, over two study arms. At the end of
each study arm, samples were detached from the retainer and embed-
ded in acrylic (SamplKwik™, Buehler, Lake Bluff, IL, USA) for micro-
hardness measurements. Microhardness testing was performed using
a Struers Duramin microhardness tester (Struers Ltd., Denmark)
with a Knoop diamond indenter using a 50 g load and a 10-second
indentation period. The indentations were imaged with a 40/0.65
NA objective. Knoop values were calculated using proprietary soft-
ware supplied by the manufacturer. On each sample, three meas-

Figure 1. Sterilized enamel chip ready for mounting on retainer.

Figure 2.Enamel chip embedded for microhardness testing.
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urements were recorded at 500 µm intervals. The mean of these
measurements was calculated to represent the surface microhard-
ness of each sample. Finally, samples were mechanically removed
from the acrylic investment and subsequently underwent process-
ing for SEM that included dehydration in a graded series of aque-
ous ethanol (50, 70, 90, and 100% ethanol) for 10 minutes at each
concentration. They were then mounted on stubs using colloidal
silver liquid (Ted Pella, Redding, CA, USA), and gold-coated on a
PAC-1 Pelco advanced coater 9500 (Ted Pella, Redding, CA, USA).
Micrographs of the enamel surface were acquired utilizing a Philips
515 (Mohawk, NJ, USA) SEM at magnifications of 10x–10,000x.  

Subjects
All subjects signed an informed consent form prior to enroll-

ment in this study, which was performed in full compliance with
UCI IRB approved protocol #2013-9778.  Subjects consisted of
nine healthy volunteers aged 18–30 (mean age of 26.4; five male,
four female) with a minimum of 16 clinically and radiographically
healthy teeth as defined by clinical examination, and with an absence
of any pathological hard or soft tissue signs or symptoms. 

Protocol
At the baseline visit, standard alginate impressions of the upper

jaw were recorded. These were sent to an orthodontic laboratory
for fabrication of a removable palatal appliance designed to hold
five enamel blocks, a commonly used protocol for in vivo oral stud-
ies. Retainer fit and comfort were checked prior to adhering the
enamel chips onto the retainer using yellow dental sticky wax.
During each arm of the study, subjects brushed their teeth twice

daily and abstained from all other oral hygiene measures. Brushing
proceeded with the retainer removed from the mouth; all surfaces
of the teeth were brushed with a pre-moistened toothbrush and
1.5 g of dental gel for 120 seconds. Subjects did not expectorate.
Then the retainer was replaced in the mouth, and the retained slur-
ry was rinsed around the palatal area of the appliance where the
chips were mounted for 60 seconds. Neither the appliance nor the
enamel specimens were brushed. The subjects then expectorated

and rinsed gently with tap water (15 mL, 10 seconds) before again
expectorating.  Subjects wore the retainer for a minimum of 22 hours
per day, removing it during meals and placing it in a sealed con-
tainer during that time.
Since this was a double-blind, randomized study, neither sub-

jects, clinicians, microhardness testers, SEM imagers, nor any other
members of the study were aware of product allocation or treat-
ment status of the samples.

Study Timeline
Day -14: Take impressions, begin two-week pre-study washout
Day 0: Begin study arm 1 
Day 14: End study arm 1, begin washout  
Day 28: Washout completed, begin study arm 2 
Day 42: End study arm 2

Primary End Points
Data collected from each sample:
1. Microhardness (Knoop): Three indentation length measure-
ments per sample; then the mean was computed for each 
sample

2. SEM images: Sample surfaces were scanned and photographed
at magnifications from 10x–10,000x. Photomicrographs from
each sample were recorded documenting:
(a) Typical appearance
(b) Areas with the most healthy (best) appearance
(c) Areas with the most damaged (worst) appearance.

Results
All subjects completed the study in full compliance with the

approved protocol. 

Microhardness Measurements using Standard Knoop Indenter
Technique
Microhardness results per sample and treatment are shown in

Table I. Mean sample microhardness values after two weeks’ expo-

sure to either treatment were equal to or minimally greater than
microhardness values prior to demineralization. This indicates that
all enamel chips had re-hardened intra-orally since their initial ex
vivo demineralization. Standard deviations in sample microhard-
ness ranged from 19–24% within the study groups. This is not unusu-
al given the varied and undefined history of the different source
teeth used to generate the enamel slab samples. Using a two-tailed
t-test, the “final to initial” microhardness ratios were comparable
for the samples exposed to the two toothpastes under the same con-
ditions (p > 0.05). The data indicate that enamel surface remineral-

Figure 3.Enamel chips mounted on retainer.

Table I
Mean Microhardness Values Expressed as Percent of 

the Original Hardness for Control and Test Dentifrice Groups
Control Dentifrice

Mean Microhardness Ratio (Knoop)
final microhardness/original 

microhardness
(n=90; 3 measurements/sample)

Mean (SD): 1.09  (0.24 )

Test Dentifrice

Mean Microhardness Ratio (Knoop)
final microhardness/original

microhardness
(n=90; 3 measurements/sample)

Mean (SD): 1.14  (0.19)
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ization over a two-week period was similar using the test product
and the control product.

Scanning Electron Microscopy
Samples appeared unaltered to the naked eye at the culmina-

tion of this study. Overall, the samples from both treatment groups
had a similar appearance in the SEM (Figures 4 and 5). Figure 4

shows representative photomicrographs of samples in the control
group at a magnification of 3,000x. In Figure 4(C), scratches result-
ing from the polishing process performed prior to microhardness
measurement are visible. Figures 4(B) and 4(D) show evidence of
mild demineralization. Some small areas of enamel defects or local-
ized roughening were evident in most images of samples from the
control group. Typically, these changes extended over 10–15% of
each sample’s total surface area. Figure 5 shows representative pho-
tomicrographs of samples in the test group at a magnification of
3,000x. In Figures 5(B) and 5(C), scratches resulting from the pol-
ishing process performed prior to microhardness measurement are
visible. In Figures 5(A) and 5(B), the surface area appears rough-
ened and mildly demineralized. Figure 5(B) also reveals some minor
pitting and cracking. The cracking may be artefactual from the

SEM preparation process. Overall, the sample surfaces appeared
somewhat more homogeneous in appearance in the test group than
the control group.   

Discussion
The goal of this clinical study was to compare the effects of in

vivo use of a dental gel containing 2.6% activated edathamil and
no fluoride versus a control dentifrice containing 0.15% w/v of flu-
oride ion on enamel mineralization and microstructure after an
erosive challenge. 
Samples were eroded by means of a standard technique through

exposure to demineralization using an acetate/calcium/phosphate
buffer. This technique was developed by the Featherstone labora-
tory and has been used as standard procedure for many years. 
Dental erosion is a multi-factorial condition wherein an initial

softening of the enamel surface in response to an erosive challenge
can eventually be followed by permanent loss of the demineralized
tooth structure. Partial loss of mineral on the surface is accompa-
nied by a reduction in microhardness, leaving eroded enamel more
prone to abrasion and wear.  Additional factors contributing to
the erosive properties of specific agents include their mineral con-
tent and their buffering capacity, as well as the composition and
flow rate of saliva in the mouth. The degree of saliva and plaque
saturation with regard to dental minerals such as hydroxyapatite
and fluorapatite also affect outcomes of the erosive challenge.  
Mounting enamel slabs onto a removable retainer for intra-oral

wear permits intra-oral exposure of samples that can then be removed
from the oral cavity for ex vivo analysis. In this study, pre-eroded
enamel samples were exposed intra-orally to dental gel slurry pro-
duced by brushing the natural teeth. This model was chosen to avoid
the potentially confounding effects of variables in tooth brushing
techniques, and in differing levels of abrasiveness of the two dental
gels used. While several studies have demonstrated comparable effects
of a slurry versus a tooth brushing technique, other investigations
have identified differences in the outcomes from the two applica-
tion techniques. Further studies are required to identify the best
techniques for accurately reproducing the clinical in vivo effects of
specific toothpastes.  
In this study, the enamel surface recovery from erosion appeared

similar in SEM images after use of a control or test dental gel. The
SEM images show isolated circumscribed patches of surface enam-
el deficiencies. A few areas of typical erosive damage are visible,
paralleling the results of other studies investigating enamel erosion
followed by remineralization. Comparable results were recently
reported from another study that used SEM to compare the intra-
oral effects of the same two dentifrices on pre-eroded samples. 
Because SEM is not suitable for quantifying actual mineraliza-

tion changes, enamel surface sample microhardness was also meas-
ured prior to erosion and after intra-oral sample wear.  Mean sam-
ple microhardness at the study endpoint did not differ significantly
between the enamel chips exposed to the control versus the test
agent. Ideally, sample microhardness should also have been deter-
mined directly after erosion. However, the enamel chips were indi-
vidually embedded and mounted in acrylic for microhardness inden-
tation measurements. After microhardness measurements, samples
were mechanically removed from the acrylic to allow sample prepa-
ration for SEM, a process during which samples are prone to frac-

Figure 4.Photomicrographs (x3,000) of samples treated with control dentifrice.
Scratches from the polishing process prior to microhardness measurement are visible
in 4(C). 4(B) and 4(D) show evidence of mild demineralization.

Figure 5.Photomicrographs (x3,000) of samples treated with test dentifrice. In
4(C) and 4(D) scratches from the polishing process prior to microhardness measure-
ment are visible. 5(A) and 5(B) show evidence of mild demineralization.
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ture and damage. Adding a second cycle of mounting and subse-
quent extraction from the acrylic investment to the protocol could
have resulted in breakage of a considerable number of the samples,
based on our previous experience. For this reason, the investigators
decided to use a well-established erosion model and exclude post-
demineralization microhardness measurements from the protocol. 
The control gel used in this study contains fluoride, whereas the

test gel does not. This study determined similar levels of recovery
from erosion as determined by SEM and by microhardness testing in
the test and the control groups. A large number of in vitro and in situ
studies have reported the beneficial effects of fluoride dentifrices for
the prevention and management of dental erosion. Moreover, denti-
frices containing NaF have been demonstrated to remineralize acid-
softened enamel. However, there is increasing interest in alternative
dentifrice formulations that avoid fluoride content.  
Interventional effectiveness appears to depend not only on the

dentifrice formulation and application mode, but also on the ero-
sion model used. Exposure to saliva and some dietary products
can support remineralization. The postulated mechanism for this
effect is that the deposition of salivary calcium and phosphate onto
the softened tooth surface once the erosive agent is neutralized will
cause re-hardening of the enamel.  In an ex vivo study using citric
acid erosion, immersion of the samples in artificial saliva caused
partial re-hardening after one to four hours and complete reminer-
alization after six to 24 hours. In another study, tooth samples under-
went acid erosion with grapefruit juice for 20 minutes followed by
remineralization using casein phosphopeptide amorphous calcium
phosphate (CPP-ACP) paste. SEM images of the samples suggest-
ed a remineralization-supportive effect by this dentifrice formula-
tion. CPP-ACP contains inorganic components that can potential-
ly act as remineralizing agents on the enamel. Indeed, a wide range
of studies involving a plethora of toothpastes have reported vary-
ing degrees of remineralizing efficacy for many calcium and/or phos-
phate and/or fluoride-containing formulations.  
This study is one in a series of projects to evaluate the effects on

oral biofilm and gingival inflammation of a dental gel that con-
tains 2.6% edathamil. The OTC dental gel contains no soaps, abra-
sives, or antibiotic agents. Instead, it disrupts surface adherence of
biofilm and prevents biofilm cohesion through metal-binding chela-
tors. In a double-blind study using twenty-five subjects over 21 days,
those who brushed with the test gel showed significantly greater
improvement in plaque levels as well as gingival health versus sub-
jects who used a control gel. Recent clinical and high-resolution
imaging studies have confirmed these findings, demonstrating sig-
nificantly reduced biofilm formation, re-accumulation and persist-
ence after clinical use of this formulation. Utilizing high-resolution
multiphoton microscopy oral biofilm imaging techniques to track
the effects of the test gel versus a control gel over three weeks, sig-
nificantly lower clinical plaque levels were associated with a macro-
scopic break-up of the dental biofilm layer and smaller, fragment-
ed residual deposits in the test group versus the control group. Metallic
cations are essential to microbial adherence, biofilm formation,
and bacterial growth, and their presence can disrupt surface attach-
ment and prevent biofilm production.Moreover, calcium and iron
also play critical roles in the inflammatory process, so that the use
of a metal-binding agent such as edathamil may also have a benefi-

cial effect on mitigating inflammation. Recent studies have deter-
mined that metal chelation inhibits the formation of cytotoxic 4-
Hydroxynonenal (HNE) and the initiation of apoptotic/inflam-
matory events. Several pilot clinical studies support these findings,
demonstrating lower levels of gingival inflammation in subjects
after using the test gel versus a conventional control dentifrice.
In summary, pre-eroded enamel samples recovered equally after

two weeks of intra-oral test or control gel use, as determined by
microhardness measurements and SEM imaging. Limitations of
the study include the use of an intra-oral slurry rinse rather than
actual tooth brushing on enamel, and the use of a one-time ex vivo
demineralizing event rather than controlled ongoing cycles of intra-
oral de- and remineralization. Moreover, subjects’ intra-oral param-
eters, such as eating habits, intra-oral pH, and salivary function,
were not recorded nor taken into account.  Additional, more exten-
sive and better controlled studies over longer periods of time are
currently under way to provide additional information regarding
the mid- and long-term effects of this dentifrice on oral health, and
to evaluate mechanistic models for the test gel’s effects. 

Conclusion
Two-weeks’ use of a 2.6% edathamil test gel produced a similar

level of recovery from demineralization as a fluoride-containing
control gel in enamel samples that were worn intra-orally.
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