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Abstract: Enzymes in toothpastes can support host immune responses, and thus maintain oral health.
This study aimed to investigate gingival health and the plaque-reducing effects of enzyme-containing
toothpastes. A laboratory study tested the antimicrobial potential of different enzyme-containing
toothpaste formulations. Two promising formulations (enzyme-containing toothpastes with glucose
oxidase and D-glucose with (C+) and without Citrox (C−) Citrox) were investigated in a clinical
crossover trial (two slurries: sodium lauryl sulfate-containing (SLS), a toothpaste without SLS
(reference), and water). Subjects (n = 20) abstained from toothbrushing for four days and rinsed with
a toothpaste slurry. Bleeding on probing (BOP) and plaque indices (PI) were measured. A mixed
linear model was used to statistically compare the slurries with respect to BOP and PI change.
The in vitro bacterial growth-inhibiting evaluation showed the best results for SLS, followed by C+
and C−. The change in BOP and PI exhibited statistically significant differences to water rinsing
(BOP; PI changes in % points (difference of the baseline and post-rinse values: water = 8.8%; 90.0%;
C+ = −1.4%; 80.4%; SLS = 1.5%; 72.1%; reference = 0.8%; 77.5%; C− = −1.8%; 75.1%). All slurries
exhibited anti-gingivitis and anti-plaque effects, resulting in a prophylactic benefit for limited-access
regions during brushing.

Keywords: gingiva; toothbrushing; dentifrice; prophylaxis; prevention; bacteria; gingivitis; low
responder; high responder

1. Introduction

The presence of oral microorganisms and their potential pathological causes were
already described in the 17th century by Antoni van Leeuwenhoek’s microscopic inves-
tigations [1]. Attempts to eliminate oral pathogens in the oral cavity by antibiotics and
mouth rinses were the consequential implications, and studies investigating more specific
anti-biofilm therapies followed [2,3]. Nowadays, most attempts to eliminate oral pathogens
are replaced by more biological approaches to promote oral health. The maintenance of a
healthy balanced microbiome is hereby the primary goal to prevent oral infections, such as
caries and periodontitis [4,5]. General daily oral hygiene regimens by mechanical plaque
removal and the application of adequate toothpastes are the main focuses of oral health
to prevent and reduce gingivitis [6]. Persisting dental plaque near the gingival sulcus can
initiate gingivitis and trigger the progression of oral diseases [7,8]. The most prominent
oral diseases, such as caries and periodontitis, develop upon interrupted homeostasis,
when dysbiosis occurs [9]. Plaque accumulation induces shifts in the composition of
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disease-associated microorganisms in the oral cavity and disease can develop as conse-
quence to the elevated pathogen level and host’s immune response. The earliest defense
mechanisms against pathogens are based on the nonspecific immune response. The specific
immune response, in contrast, comprises the antigen-specific and target-oriented defense
by cytokines and inflammatory mediators [10]. As preventive measure, plaque control can
re-establish healthy gingival conditions and is effective against gingivitis [7]. In this context,
new toothpaste formulations are constantly developed and aim to support a biological
approach and contain antibacterial agents, enzymes, or proteins to even boost the defense
mechanisms of saliva mainly against pathogenic oral pathogens if possible.

One important nonspecific immune response in saliva is based on the lactoperoxidase
(LPO) system. It renders the natural saliva defense by oxidizing salivary thiocyanate
(SCN−) in the presence of elevated hydrogen peroxide levels. Hydrogen peroxide and
SCN− exhibit antimicrobial activities and have already been shown to inhibit the growth
of cariogenic bacteria in vitro [11–13]. In the oral cavity, hydrogen peroxide is either
secreted by the salivary glands or produced by several bacterial species [13]. Enzyme-
containing toothpastes with an implemented LPO system frequently depend on the en-
zyme glucose oxidase (GOX) for the production of hydrogen peroxide and SCN− for the
peroxide-dependent production of antibacterial hypothiocyanite by LPO [14]. The efficacy
of enzyme-containing toothpastes has also been exhibited in clinical studies [15], i.e., in
a meta-taxonomic study, which indicates bacterial shifts toward an overall healthier oral
microbiome after toothbrushing with respective enzyme-containing toothpastes [16]. Tooth-
paste formulations with implemented enzymes and proteins must comply with certain
requirements, such as the locking of the enzymatic cascade during toothpaste production
and tube storage, ensuring that enzyme activation is triggered only during toothbrushing,
and the formulation of the stable amounts of enzymes to exhibit measurable oral health
benefits. These benefits should ideally be investigated separately from the mechanical
plaque removal capacities of toothpastes to avoid effects of interindividual brushing habits
and different mechanical cleaning efficacies of toothpastes (due to their abrasive load). Sep-
arating chemical actions of toothpastes from the mechanical effects during toothbrushing
requires appropriate approaches. Addy and his colleagues described a method to analyze
the plaque-reducing effects of toothpaste slurries during a four-day period without bristle
contact [17]. This method is also suitable for the analysis of gingival health and the plaque
reducing effects of toothpastes without considering their mechanical cleaning potentials.
Detecting the chemical effects of toothpaste slurries on gums and plaques solely requires
strong controls to keep up with. Effective plaque control and gingivitis-reducing effects
are shown for sodium lauryl sulfate (SLS)- and triclosan-containing toothpastes [18–20].
However, the anionic surfactant SLS is assumed to cause desquamative effects on oral
mucosa [21,22]. Additionally, toothpaste formulations without SLS are exhibited to re-
duce recurrent aphthous ulcers (RAU) compared with SLS-containing formulations [23].
Triclosan supplements can protect these potential side effects of SLS by reducing the in-
creasing mucosal permeability of oral mucosa and reducing RAU incidence [24]. This
triclosan/SLS adjustment of side effects, nonetheless, depends on the relative amount of
triclosan and SLS in toothpaste formulations, and protection against its side effects is not
always offered [25,26].

Hence, the following study aimed to (1) prior screen different SLS-free enzyme-
containing toothpaste prototypes in vitro using a simple agar disc diffusion assay with
an exemplary caries-associated bacterial strain (Streptococcus mutans) and (2) to clinically
assess the related gingivitis- and plaque-reducing effects of the most promising two test
enzyme-containing toothpastes in comparison with SLS-containing toothpastes, a reference
toothpaste without enzymes or SLS, and water rinsing using a four-day plaque model with
a novel splint approach. The null hypothesis assumed that enzyme-containing toothpastes
without SLS and triclosan show the same gingivitis- and plaque-reducing effects than water
(control) and SLS- and triclosan-containing toothpastes.
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2. Materials and Methods

This two-part study consisted of a preliminary laboratory test to evaluate the antibacte-
rial efficacies of divergent prototype toothpastes with enzymatic activity and a randomized
controlled trial (RCT), in which the most relevant and potentially most active prototypes
were tested in vivo. The RCT was approved by the local ethics committee (BASEC-no.
2016-00266) and was in accordance with the principles of the Declaration of Helsinki.
Moreover, the trial was registered in the Internet Portal of the German Clinical Trials
Register (DRKS00009823) and the Swiss National Clinical Trials Portal (SNTP000001645).
A written informed consent was obtained from all the participants. The study complied
with the Consort 2010 checklist of information to include when reporting a randomized
trial (Supplemented Table S1).

2.1. Laboratory Study
2.1.1. Toothpaste Slurries

The prototype toothpastes were prepared to exhibit enzymatic activity upon expo-
sure to oxygen. Table 1 lists the compositions of the base toothpaste formulation. Active
ingredients, such as glucose oxidase (GOX), D-glucose, vitamin C, sodium bisulfite, and an-
tibacterial adjuncts, such as Citrox [27], were added in distinct concentrations (Table 2). The
base formulation comprised commercially available Enzycal 950 toothpaste (CURADEN,
Kriens, Switzerland; Supplemented Table S2). The enzymatic activity that was strived for
was based on the atmospheric oxygen-triggered conversion of D-glucose to D-glucono-
1.5-lactone and hydrogen peroxide. The divergent prototypes, which were tested in the
preliminary study, were also tested for the long-term stability of the enzymatic activity
(data not published).

Table 1. Composition of six prototype toothpastes used in the in vitro preliminary testing. The
prototypes in bold (258, C58) were applied as enzymatic-containing toothpastes in the randomized
clinical trial.

Prototype Enzymes
(%)

D-Glucose
(%)

Vitamin C
(%)

Sodium Bisulfite
(%)

SCN−
(%)

Citrox
(%)

000 0 0 0 0 0 0
255 * GOX 0.5 1 0.1 0 0 0

755 * GOX 0.25
LPO 0.25 0.4 0.004 0 0.1 0

258 * GOX 0.5 1 0 0.2 0 0
C00 0 0 0 0 0 1

C58 * GOX 0.5 1 0 0.2 0 1

GOX = glucose oxidase; LPO = lactoperoxidase; SCN− = thiocyanate; * prototype manufacturing under oxygen
exclusion in glove boxes.

Table 2. Mean diameter (mm) in agar diffusion tests with S. mutans using ten toothpaste proto-
types, hydrogen peroxide solutions (0.1 and 0.05%), and a sodium lauryl sulfate-containing control
toothpaste (sodium lauryl sulfate (SLS) = Colgate, reference control toothpaste).

Prototype/
Test Solution

Mean
(mm) SD (%)

000 – –
255 11.9 0.8
755 – –
258 20.4 5.4
C00 – –
C58 19.2 3.9

0.1% H2O2 16.1 3.3
0.05% H2O2 14.3 3.0

SLS 46.8 2.2
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Furthermore, four toothpastes were clinically tested under blinded conditions using
William’s square design to randomly allocate sequences to the subjects: two toothpastes,
which exhibited the highest antibacterial efficacy in a pilot agar diffusion test, one reference,
consisting of the same formulation without enzymatic activity, and a commercially available
reference toothpaste (Table 1). All toothpastes were applied in identical 15 mL tubes, which
were double-coded with colors and letters. The codes for the sequences (letters) and colors
were sealed in an envelope and decoding was only possible after the statistical analysis.

The enzymatic activity of the enzyme-containing toothpastes was initiated upon
oxygen exposure. To ensure the longevity of the enzymatic activity, the subjects were
instructed closely to generate a foamy slurry by brushing the oral rippled splint with the
respective toothpaste and closing all tubes correctly after usage. Figure 1 describes the
background of the enzymatic activity.

Figure 1. The peroxidase system of the natural saliva defense system generates hydrogen peroxide by the enzyme
glucose oxidase and initiates the oxidation of thiocyanate (SCN−) to hypothiocyanite (HOSCN/OSCN−) by the enzyme
lactoperoxidase (LPO). The enzyme-containing toothpastes abstain from starch and amyloglucosidase for D-glucose delivery.
D-Glucose was directly formulated in the toothpastes together with glucose oxidase. Thiocyanate and LPO are only added
to the prototype 755 (see Table 2). The prototypes 255, 258, and C58 rely on the endogenous salivary LPO and thiocyanate
for the production of hypothiocyanite.

2.1.2. Laboratory Testing

The different prototypes of toothpastes with varying compositions were first investi-
gated in a laboratory setting. A simple agar disc diffusion assay was employed to measure
the antibacterial efficacies of toothpaste slurries by means of measuring the zones of in-
hibition. For this purpose, a pure culture of S. mutans (OMZ 918) was also utilized. The
respective colonies were gained from Colombia sheep’s blood agar plates (bioMérieux,
Marcy l’Etoile, France) and propagated planktonic in a mixture of a 30% saliva solution
and a 70% modified fluid universal medium (mFUM) [28–30]. The whole saliva from
one healthy subject was centrifuged (2 × 30 min, 13,400 rpm), and the supernatant was
diluted 1:2 in 0.9% sodium chloride prior to sterile filtration (TPP syringe filters 0.2 µm
pores, Faust, Schaffhausen, Switzerland). After 24 h of anaerobic incubation (GENbox
anaer and GENbag anaer, bioMérieux), the S. mutans broth culture was adjusted to an
optical density (OD550) of 1 and used to streak the mFUM agar plates (mFUM with 1%
Agar nobile Beckton Dickinson, Allschwil, Switzerland). Additionally, the sterile filter
paper disks with a diameter of 9 mm (Gel-Blotting Paper, WhatmanTM, Fisher Scientific Sa,
Wohlen, Switzerland) were applied on each plate and immediately covered with 100 µL of
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test solutions. A total of 0.2% chlorhexidine (Chlorhexamed, GlaxoSmithKline Consumer
Healthcare GmbH & Co. KG, München, Germany), 0.1% and 0.05% H2O2 solutions, and
supernatant of a commercially available toothpaste (Colgate Total® Original, Colgate-
Palmolive Company, Therwil, Switzerland) with strong antibacterial efficacy were used as
controls on each plate. The supernatants of prototype toothpaste slurries and toothpastes
without antibacterial activity (negative control) were tested in triplets. Table 2 summarizes
the respective evaluations of this study.

2.2. Clinical Study
2.2.1. Study Population

To detect differences in plaque- and gingivitis-reducing effects, mainly high responders
with respect to gingivitis formation in accordance with and modified from Trombelli and
his colleagues were included in the clinical study [7,8]. The inclusion criteria were a caries-
free dentition with a minimum number of posterior teeth (at least three neighboring side
teeth) without restorations to avoid plaque retentive niches and surfaces, which might
hamper the disclosing and cleaning, respectively.

Systemically healthy subjects (minimum age of 18 years, detailed inclusion criteria
in Figure 2) were recruited in the first evaluation phase, which included two runs of each
four-day abstinence from oral hygiene procedures with pure water rinsing twice a day.
Subjects with a decline of bleeding on probing (BOP) scores after four days of omitted
toothbrushing were excluded from further tests. Only subjects showing equal or increasing
BOP scores were assessed as high responders and subjected to the test phase. Participating
subjects were instructed to maintain their regular diet and do not rinse their teeth during
the study with mouth rinses or use antiseptics.

Figure 2. Flow chart with details on subject enrollment and intervention in this study. Section 2.2 (Section 2.2.1 &
Section 2.2.2) Study Design.

The recruitment of subjects was performed from July to November 2016 at the Center
for Dental Medicine, Zurich, Switzerland, disseminating information on the website and
flyers at local university facilities. Forty-one healthy subjects were interested in partici-
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pating and were initially screened for the inclusion/exclusion criteria (Figure 2). Twenty
healthy volunteers aged 19–55 (mean: 29.6 years; stratified for gender, 10 males) were
enrolled in the trial, starting with interventions from August until March 2017 (Figure 2).

The study was a randomized controlled, stratified, crossover study at one center (Center
for Dental Medicine, University of Zurich, Switzerland). All the subjects attended either five
or 13 appointments. All the subjects were informed about the study details and screened for
potential inclusion and exclusion criteria at the first visit. In addition, an alginate impression
was taken from the upper jaw to produce individual splints (Figure 2), which served as
“scrub-rail” during the test phase (details below). A dental technician prepared the splints for
each study subject. The participants who complied with the inclusion criteria started the eval-
uation phase, which consisted of two runs of water rinsing. At the second and fourth visits,
plaque accumulation was disclosed with a dye (paro® plak, Esro AG, Kilchberg, Switzerland)
to document plaque accumulation [31]. Bleeding on probing (BOP) [32] was tested using
standardized probes (Click-Probe®, KerrHawe SA, Bioggio, Switzerland). Subsequently, the
subjects received professional tooth cleaning and were asked to abolish oral hygiene for four
days and were advised to only rinse with tap water twice a day. On the third and fifth visits,
BOP and plaque indices (PI) were re-documented prior to the professional tooth cleaning
to complete the water runs of the evaluation phase. After each run, a wash-out period of
nine days was interposed (Figure 2). After the evaluation phase, the collected data, i.e.,
BOP and PI, were evaluated, and those who revealed equal or increasing BOP scores were
engaged as high responders to attend the actual test phase, which comprised four runs with
toothpaste slurries. At the beginning of each test run, the BOP and PI scores were collected,
and a professional tooth cleaning was performed using ultrasonic devices and rubber cups.
Thereafter, high responders received their individual splint, a standardized toothbrush (Paro
M43, Esro AG), a timer, a syringe, and a test toothpaste (either an enzyme-containing test
toothpaste without sodium lauryl sulfate-containing glucose oxidase enzymes, D-glucose,
with (C+) or without Citrox (C−), or an enzyme-free reference toothpaste consisting of SLS-
and triclosan-free toothpastes (reference) or an SLS- and triclosan-containing toothpaste
(SLS)) with instructions. Again, the subjects were asked to abolish all the oral hygiene
procedures for four days and rinse twice daily with toothpaste slurries generated with the
rippled splints as follows: the subjects were asked to insert the splint (Figure 3), apply the
toothpaste to the toothbrush, apply 2 mL tap water to the mouth using the syringe, and start
brushing the splint for 30 s to generate a toothpaste slurry without actually brushing the
teeth. Afterward, the splint was removed, and the slurry rinsing continued for 90 s. This
procedure was repeated twice daily for four days until the next BOP/PI collection and tooth
cleaning with the subsequent wash-out phase.

All the test toothpastes were handed out in identical tubes marked with letters and
colors. The corresponding code affiliations were sealed in a letter until the end of the study
and were opened after the statistical analysis. Each subject tested all the test toothpastes in
a controlled order (see Statistical Analysis).

2.2.2. Clinical Parameters

All the examinations were performed by one trained and blinded dentist (PNP).
Cleaning efficacy [31] was recorded at the baseline and after rinsing with the respective
slurries. The BOP [32] was measured at baseline and after four days of rinsing. Differences
in the BOP of both timepoints (post-rinsing BOP minus pre-rinsing BOP) were employed
for analysis. A calibration to determine the outcome of the cleaning efficacy and the
BOP was not performed because red-colored plaque and blood, respectively, ensured a
clear differentiation to determine both parameters. In addition, the documentation and
calculation of the percentage of clinical outcome data were double-checked by the dental
assistant and the trained dentist on the same day of the examinations.
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Figure 3. Representative oral splint applied during brushing to produce the foamy slurry of the test
toothpastes and representative oral scan of the upper jaw (3Shape Trios, TRC; 3Shape, Copenhagen,
Denmark) after four-day oral hygiene abstinence. The subjects were instructed to brush the rippled
splint with the test toothpastes to avoid the actual mechanical intervention of the teeth.

2.3. Statistical Analysis

The different test toothpastes were distributed to the subjects according to a William’s
square design to reduce the first-order carry-over effects. Descriptive statistics were
calculated for both endpoints BOP and PI changes (mean, standard deviation (SD), median
and interquartile ranges).

The two mixed linear models were employed to detect the differences between tooth-
paste slurries with regard to the BOP and PI changes, respectively, during the rinsing
runs. The changes in BOP and PI were both expressed as percentage points, and each was
modeled as a function of the fixed factor toothpaste slurry (with five levels, including the
water rinses) and a patient as a random factor (with 20 levels). The pairwise comparisons
between the toothpastes were then performed on their estimated marginal means, and
the resulting p-values were adjusted for multiple testing according to Tukey’s test. The
estimated marginal means and their standard errors (estimated mean (% point change) ±
SE (% point change)) are reported throughout the manuscript. Method for comparing a
family of five estimates (p-value adjustment). The significance level was set to α = 0.05, and
all the calculations were performed with the statistical software R [33] using the following
packages [34,35].

3. Results
3.1. Laboratory Testing

Out of the six tested prototype toothpastes, three compositions exhibited higher an-
tibacterial efficacies against S. mutans in an agar diffusion assay (Supplemented Data S1).
Two prototypes (258 and C58) showed the largest zones of inhibition in the agar assay
(Table 2), both consisting of GOX and D-glucose with sodium bisulfate. C58 was addition-
ally implemented with Citrox, and the SLS- and triclosan-containing reference toothpastes
showed, nevertheless, the overall strongest antibacterial efficacy against S. mutans with
respective inhibition zones of 46.8 mm ± 2.2 mm (Table 2).
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3.2. Clinical Outcomes

Four slurries were analyzed for their ability to reduce plaque formation without
mechanical intervention and their effect on BOP. All the subjects utilized water rinses at
the beginning, which manifested the best outcome in terms of plaque formation (mean
± SD: 90% points ± 2.8% points) and an increase in BOP (8.8% points ± 1.0% points)
compared with the test slurries. The SLS-containing reference toothpaste showed the
highest plaque control by pure rinsing (72.1% points ± 2.8% points) followed by C− (75.1%
points ± 2.8% points). C+ and the placebo showed similar outcomes (C+: 80.2% points
± 2.8% points; placebo: 77.5% points ± 2.8% points). In terms of BOP, the best results
were obtained using both enzyme-containing toothpastes (C+: −1.4% points ± 1% point;
C−: −1.9% points ± 1% point), compared with the reference toothpastes (SLS: 1.5% points
± 1% point; placebo: 0.8% points ± 1% point). Statistically, all four toothpaste slurries
showed significant differences to rinsing with water with respect to BOP (all test groups:
p < 0.0001) and plaque (C+: p = 0.05; Colgate Total Original: p < 0.0001; placebo: p = 0.05;
C−: p = 0.05; Table 3). No statistically significant differences could be detected within the
four toothpaste slurries, neither for BOP nor for PI (Figures 4 and 5).

Figure 4. The boxplots of differences in bleeding on probing (BOP) after rinsing and at the baseline
of each test toothpaste and the water application are presented for all the subjects (n = 20, colored),
showing median percentages, 25th and 75th quartiles, standard deviation, and outliers. The data
of both water runs, which were performed prior to the test phase, were averaged. C+ = enzyme-
containing toothpaste with Citrox; SLS = SLS-containing reference toothpaste; placebo = reference
toothpaste without SLS and without enzymes; C− = enzyme-containing toothpaste without Citrox;
control = mean values after water rinsing.
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Figure 5. Boxplots of estimated means (plaque indices) of each test toothpaste and the water
application of all the subjects (n = 20, colored) in percentage (%), showing median percentages, 25th
and 75th quartiles, standard deviation, and outliers. The plaque indices of both water runs, which
were performed prior to the test phase, were averaged. C+ = enzyme-containing toothpaste with
Citrox; SLS = SLS-containing reference toothpaste; placebo = reference toothpaste without SLS and
without enzymes; C− = enzyme-containing toothpaste without Citrox; control = mean values after
water rinsing.

Table 3. Descriptive mean values with standard deviation (SD), median, and interquartile ranges (IQR), as well as estimated
mean values and standard error (SE) of all toothpastes and rinsing with water for both bleeding on probing (BOP) and plaque
indices (PI) changes (% points; difference of the baseline and post-rinse values). The statistically significant differences in
toothpaste slurries to water are marked with stars; * 0.05 > p ≥ 0.01, ** 0.01 > p ≥ 0.001, *** p < 0.001.

Descriptive Statistics Estimated Means

BOP PI BOP PI
Rinses Mean SD Median IQR Mean SD Median IQR Mean SE Mean SE

Water 8.8 4.6 7.5 6.3 90.0 6.9 92.6 4.8 8.8 1.0 90.0 2.8
Reference 0.8 4.4 −0.3 3.7 77.5 18.4 80.1 13.2 0.8 *** 1.0 77.5* 2.8

C+ −1.4 4.5 0.0 6.0 80.4 7.2 78.6 9.5 −1.4 *** 1.0 80.2 * 2.8
C− −1.8 5.0 −2.5 7.4 75.1 12.2 75.3 14.1 −1.9 *** 1.0 75.1 ** 2.8
SLS 1.5 4.2 1.5 4.8 72.1 13.3 77.7 18.6 1.5 *** 1.0 72.1 *** 2.8

4. Discussion

This study evaluated the efficacy of divergent SLS-free enzyme-containing toothpaste
formulations in laboratory testing. The potentially most active prototypes were further
tested to assess the related gingivitis- and plaque-reducing effects in comparison with SLS-
containing toothpastes, a placebo toothpaste without enzymes, and water rinsing using
a four-day plaque model. The main findings of the laboratory testing showed superior
antimicrobial effects using the SLS- and triclosan-containing toothpaste compared with
all other groups. This strong effect against S. mutans generated large zones of inhibition,
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namely, 46.8 mm ± 2.2 mm (Table 2), which was in line with other studies [20] and
amounted for more than twice the diameter of all enzyme-containing toothpastes in the
agar disc diffusion assay. Nonetheless, this superior effect of the SLS- and triclosan-
containing toothpaste was leveled with the other toothpastes in the four-day rinsing phase
to less pronounced effects in plaque accumulation and BOP. Significant differences in
BOP and plaque formation were shown for all toothpastes compared with water rinsing.
However, only little differences within all four toothpaste groups were detectable in
this study: the enzyme-containing test toothpastes C+ and C− resulted in both reduced
BOP values compared with the placebo and SLS reference and SLS groups. The null
hypothesis was, therefore, partially rejected. The SLS and C− groups showed the highest
reduction in plaque formation (Table 3). Colgate, which served as SLS- and triclosan-
containing test toothpaste, resulted in expectedly strong gingivitis- and plaque-reducing
effects; however, both enzyme-containing test toothpastes were able to keep up with it,
exhibiting comparable effects on gum health and plaque formation. The effective plaque
control and gingivitis-reducing effects of the control toothpaste Colgate were described
before and confirmed in the current laboratory and clinical experiments [18–20]. The
multi-factorial mode of action was described as an interplay between triclosan, a co-
polymer and zinc citrate, which complement one another, leading to the inhibition of
glycolysis, bacterial proteases, as well inhibition of the interleukin-induced prostaglandin
E2 production and overall reduction of Gram-positive and Gram-negative bacteria [36,37].
The enzyme-containing toothpastes, however, were able to unfold their antibacterial effects
more distinctively during the clinical experiments. The antimicrobial efficacy was based on
the atmospheric oxygen-triggered conversion of D-glucose to D-glucono-1.5-lactone and
hydrogen peroxide. This was achieved during the experiments, when participants brushed
the splint to produce and activate the slurry with atmospheric oxygen. Surprisingly,
however, more pronounced effects were measured in the clinical experiments than on
the single species level during the laboratory testing. Possible reasons might include the
activation and incubation time of the toothpastes during the diffusion assays. The slurries
were mixed and activated by vortexing, and applied on the disc diffusion assay. The contact
time with direct atmospheric oxygen might have been shorter, than the clinical brushing
time of 2 min, since the agar discs were incubated anaerobically and further conversion to
hydrogen peroxide might have been reduced. Therefore, the in vitro antibacterial effects
may be primarily based on antibacterial actions of the supplements, such as Citrox and
other ingredients rather than their combined action with the enzymes, which led to the
overall reduced antibacterial efficacies in the laboratory testing compared to the clinical
experiments. The antibacterial adjuncts used contain many bioflavonoids, which were
studied in laboratory experiments with different oral bacteria and Candida species [27,38].
It is derived from citrus fruits and working concentrations of 1–2%v/v were recommended
to effectively inhibit the bacterial growth in biofilms [27]. Recently, recommendations
were published to use oxidizing agents such as Citrox as supplement in mouth rinses to
prevent Covid-19 infections and progression [39], next to other prevention protocols and
the appropriate patient management to reduce the risk of infection [40]. In this context, the
authors highlighted the need of clinical trials to evaluate the properties of the bioflavonoids
further.

In addition to the antibacterial effects of the implemented enzymes and antibacte-
rial adjuncts, some bacterial growth-inhibiting effects might also be based on the high
glycerin [41] and sorbitol amount [42] in the toothpastes (Supplemented Table S2). We
observed, that these supplements unfold their antibacterial properties not on agar plates
(Table 2, Supplemented Data S1), but apparently under in vivo conditions. This might
at least explain the lack of measurable differences between the reference used, and the
enzyme-containing toothpastes in the clinical evaluation (Figures 4 and 5).

The laboratory study was designed to screen the antibacterial properties of the dif-
ferent prototypes on S. mutans. Regarding the anti-gingivitis effects of the toothpastes;
however, the testing would also have been interesting with gingivitis- or periodontitis-
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associated species. S. mutans was used to simplify comparisons with other studies, which
most often apply this species in similar diffusion assays [20,43–45].

Addy et al., who described the applied clinical study protocol to analyze rinses during
a four-day period, did not observe any plaque-reducing effects by the use of different tooth-
pastes after 96 h compared with rinsing with chlorhexidine [17]. Unfortunately, besides
the information on fluoride contents in the applied toothpastes, only little details were
communicated in the mentioned study to enable deeper comparisons. The lack of signifi-
cant differences within the toothpastes employed in this study exhibited equal anti-plaque
and anti-gingivitis efficacies between the test groups. Notwithstanding, there appeared
to be a high heterogeneity between the study subjects, and the change in BOP indicated
high heterogeneity regarding the toothpaste effects between the subjects (Figure 4). The
measured plaque scores after 96 h, however, showed for most study subjects very similar
tendencies for each toothpaste (Figure 5). Some host responses, such as plaque-induced
gingivitis, are known to vary significantly between individuals. For instance, in healthy
subjects, plaque accumulation leads to divergent clinical parameters, such as plaque index,
gingival index, or gingival crevicular fluid volume [8], showing that healthy subjects react
differently to plaque accumulation over time. These clinical differences were classified
as the periodontal-resistant and periodontal-insufficient groups [46] or as high and low
responders, respectively [8]. The response of both groups to gingivitis therapy (toothbrush-
ing with a fluoride toothpaste) reestablished healthy gums for high and low responders
similarly [7]. In this study, a modified version of high and low responder discrimination
was applied to reduce heterogeneity in study subjects. The pre-phase, which initially
consisted of 36 subjects, was utilized to identify subjects, which exhibited high responder
characteristics. The plaque response during pre-phase was, however, only observed during
a four-day period twice (instead of three weeks as described above [8]).

The actual sample size of 20 subjects was mainly chosen on the basis of previous
studies, which investigated anti-plaque or anti-gingivitis effects after rinsing [17,47–50].
The sample size turned out to be sufficient due to a calculated post hoc power of 99.9%
(PI: water vs. toothpaste rinses). A higher number of subjects might have balanced the
differences and revealed more statistical differences between some of the toothpastes.
However, all the test toothpastes revealed the plaque scores of ranges between 70% and
80% already after 96 h of plaque accumulation. The BOP was slightly reduced after rinsing
with enzyme-containing toothpastes and prolonged using the reference toothpastes. It
seems rather questionable if differences in this range cause clinically discriminable or
clinically relevant oral health conditions. A longer observation period, however, would be
interesting to differentiate between the toothpastes.

On the one hand, this suggests that new enzyme-containing toothpastes can exhibit
comparable degrees of anti-plaque and anti-gingivitis effects compared with formulations
with SLS or triclosan. On the other hand, it points out the need for the long-term investiga-
tions and analyses of different enzyme-containing toothpaste formulations. For instance,
Midda et al. implied oral health benefits in subjects using enzyme-containing toothpastes
after three months [15].

5. Conclusions

Rinsing with toothpaste slurries to evaluate the in vivo efficacy of toothpaste slurries
seems a promising tool to screen anti-plaque and anti-gingivitis effects during short ob-
servation periods without mechanical brushing using a rippled splint. All tested slurries
exhibited anti-gingivitis and anti-plaque effects, resulting in a prophylactic benefit for less
accessible regions during brushing.

Supplementary Materials: The following are available online at https://www.mdpi.com/1660-4
601/18/2/835/s1, Data S1: Representative Images of the Agar Disc Diffusion Assays Using Six
Prototype Toothpastes on S. mutans. The panels show the zones of inhibition around the discs after
application of different prototypes and rinses, focusing on (a) the placebo 000 and the enzyme-
containing prototype 255, (b) the reference toothpaste Colgate; (c) the enzyme-containing prototypes

https://www.mdpi.com/1660-4601/18/2/835/s1
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755 and 700, (d) enzyme-containing prototype 255, with references of 0.05% and 0.1% hydrogen
peroxide, (e) and (f) the enzyme-containing prototypes C58, C00, 268, and other tested prototypes.
Table S1: Consort 2010 checklist of information to include when reporting a randomized trial. Table S2:
Base Formulation of Enzyme-Containing Toothpastes.
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