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A B S T R A C T

Objectives: Toothpastes are essential for oral hygiene and plaque control, yet limited data

exist on their ability to inhibit biofilm formation. This study evaluated the biofilm-inhibit-

ing effects of four toothpastes using an in situ biofilmmodel.

Design: Paste I contained fluoride, chlorhexidine, and aluminum lactate. Paste II added stron-

tium acetate and potassium chloride to Paste I. Paste III included hydroxyapatite, and Paste

IV contained papain and bromelain. Controls included water, a base paste, and 0.2% chlor-

hexidine. Six volunteers wore acrylic splints with bovine enamel slabs and rinsedwith tooth-

paste suspensions at intervals over 48 hours. Biofilm coverage and bacterial viability were

assessed via fluorescence microscopy using live/dead staining. Results: Results showed

reduced biofilm coverage with Paste I (31%*), Paste II (29%*), Paste IV (30%*), and Paste III

(40%) compared towater (72%) and base paste (47%). Chlorhexidine showed the lowest cover-

age (10%). Viability of bacteria (green fluorescence) was lowest with Paste III (9%*), followed

by Paste I (31%*), Paste II (28%*), and Paste IV and chlorhexidine (each 39%). Water and base

paste showed higher viability (54% and 51%, respectively). Statistically significant differences

were found compared to water (Mann-Whitney U-test, *P < .05).

Conclusions: Toothpastes with active ingredients significantly reduced biofilm formation and/

or viability. Paste III, containing hydroxyapatite, was particularly effective in reducing bacterial

viability. Further research is needed to explore alternatives to chlorhexidine as a preservative.

� 2025 The Authors. Published by Elsevier Inc. on behalf of FDIWorld Dental Federation. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

According to theWorld Health Organization (WHO) Oral Health

Status Report from 2022, 3.5 billion people worldwide are

affected by oral diseases. The 2019 Global Burden of Disease

Report identifies untreated tooth decay as one of the most

prevalent health issues worldwide.1 While these conditions

are rarely life-threatening, they can cause significant stress

and discomfort for those impacted. Over the past century, sig-

nificant advancements have been made in understanding oral

microbiology, although many aspects remain under investiga-

tion. A key focus in this field is the dental biofilm, a complex

bacterial community composed of various types of bacteria

embedded within an extracellular matrix.2 Biofilm formation
initiates with pellicle formation, created by the electrostatic

attachment of adsorbed proteins, enzymes, and glycoproteins

from saliva. This process involves a non-specific reversible

interaction between the pellicle layer andmicroorganisms, fol-

lowed by a phase of irreversible interactionmediated by bacte-

rial adhesins. Once individual bacteria adhere, co-adhesion

occurs, allowing additional bacteria to adhere and form colo-

nies. As the biofilmmatures, it develops horizontal and vertical

layers, resulting in extensive colonization.3,4

Plaque control primarily aims to prevent the colonization

of cariogenic bacteria, which produce acids that lower pH

within the biofilm and demineralize enamel. Maintaining

physiological conditions refers to maintaining a neutral pH

and a balanced microbial ecosystem in the oral cavity.5 How-

ever, it should be complemented by chemical agents.6 A vari-

ety of antimicrobial agents are available for biofilm control,

often used in toothpastes or mouthwashes.7 The develop-

ment of modern toothpastes can be traced back to the 19th
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century, with continuous improvements since then. The

ingredients are divided into active and inactive categories.

Active ingredients are therapeutic agents that vary depending

on the area of application. Inactive ingredients include sub-

stances responsible for shelf life, taste, rheology, abrasion,

foaming, and colour, among others.8

One of the most important agents for plaque control is the

polybiguanide chlorhexidine (CHX). Its positive charge allows it

to bind to negatively charged surfaces, altering bacterial mem-

brane integrity. Depending on concentration, it can exhibit

either bacteriostatic or bactericidal effects. However, long-term

use may result in discoloration and sensory disturbances, as

well as a burning sensation in the mouth and tongue, and in

some cases, pain and swelling in the oral cavity.9,10 Another

ingredient is aluminum lactate, a salt of lactic acid known for its

protein-coagulating, astringent, and haemostatic properties.11

Fluorides, widely recognized as essential components in

oral hygiene products, have played a significant role in the

global reduction of caries. Present in both the environment

and all living organisms, these salts of hydrofluoric acid pro-

mote the diffusion of fluoride intro various oral components,

including the saliva, pellicle, microbial biofilm, dental hard

tissue and oral mucosa.12,13 Fluorides are considered the

most important substances in caries prevention, serving as a

benchmark against which comparable remineralization sys-

tems are measured.14 Extensive data demonstrates the vital

role of fluoride in caries prevention.15

Hydroxyapatite (HAP) is an inorganic material, with the

molecular formula Ca5(OH)(PO4)3 which possesses a unique lat-

tice structure.16 As a nanoparticle approximately 20 nm in size,

it can interact with both the enamel surface and

microorganisms.17,18 Research suggests that a concentration of

10% HAP may optimize its remineralization potential.19 While

previous studies have demonstrated that hydroxyapatite can

promote the remineralization of early carious lesions and pre-

vent demineralization,20 its sole protective effects against caries

remain a topic of debate. Several studies and meta-analyses

have investigated the comparative efficacy of fluorides and

hydroxyapatite, yielding mixed results. For instance, Wierichs

found no definitive evidence supporting the effectiveness of

nano-HAP.21 In contrast, reviews by Anil and Limeback highlight

the positive therapeutic and preventive effects of hydroxyapa-

tite, noting that most studies reported beneficial outcomes

related to remineralization, reduced demineralization, and car-

ies prevention.22 Specifically, Limeback demonstrated a notably

lower incidence of caries associated with hydroxyapatite, partic-

ularly in paediatric populations.23

For the treatment of hypersensitivity, toothpastes contain-

ing potassium chloride and strontium acetate are frequently

used. Potassium chloride, a potassium salt of hydrochloric

acid, has been shown to significantly reduce hypersensitivity

by suppressing the response of A-beta and A-delta fibres. A-

beta fibres transmit non-painful stimuli, such as light touch,

while A-delta fibres carry sharp, localized pain signals in

response to harmful stimuli, including pressure and extreme

temperatures.24 Strontium acetate, a strontium salt of acetic

acid, works by occluding tubules. It can significantly reduce

dental hypersensitivity and thus provide pain relief.25

Enzymes such as papain and bromelain, derived from fruits,

have been utilized in medical applications for decades and are
now being incorporated into whitening toothpastes.26 Brome-

lain is a cysteine protease extracted from the pineapple catalys-

ing the cleavage of proteins into amino acids.27 It has

fibrinolytic, antithrombotic, anti-inflammatory and anti-

oedematous properties. Papain, extracted from the papaya fruit,

similarly breaks down organicmolecules into amino acids.28

Hyaluronic acid (HA) is a high molecular weight glycosami-

noglycan that occurs naturally as a component of the extracel-

lular membrane of connective tissue, synovial fluid, and other

tissues.29 It has been used in medicine, pharmacology and cos-

metics for many years. Known for its anti-inflammatory prop-

erties, HA also displays anti-edematous and antioxidant

capabilities. Hyaluronic acid can bind prostaglandins, metallo-

proteinases and other bioactive molecules, which explains its

anti-inflammatory effect.30 A recent in vitro study suggests

that HA can inhibit biofilm formation and the growth of Por-

phyromonas gingivalis, a major pathogen in periodontal dis-

ease, demonstrating effects comparable to CHX.31

The present study aimed to investigate the effects of dif-

ferent toothpastes on the biofilm in a 48 h in situ biofilm

model. We used toothpaste suspensions to ensure a con-

trolled concentration of active ingredients, allowing the effect

to be studied without mechanical cleaning. This approach

addresses the lack of studies on the antimicrobial activity of

toothpastes against the formation of oral biofilms.
Materials andmethods

Subjects and specimens

Six volunteers (n=6) working in the field of dentistry, either as

dental students or as employees of the Department of Opera-

tive Dentistry, Periodontology and Preventive Dentistry, Saar-

land University Hospital, Homburg, Germany, were included

in the study. All participants had acceptable oral hygiene and

health, without caries cavities and healthy periodontal condi-

tions (bleeding on probing < 10 %). None had received antibi-

otic treatment within the previous 6 months.

A total of 168 enamel slabs were prepared from bovine

incisors of 2-year-old cattle. The crowns of the teeth were cut

into rectangular specimens (5 £ 5 £ 1 mm) using a circular

saw and wet grinding machine (Buehler, D€usseldorf, Ger-

many). Specimens were polished up to 2.500 grit using silicon

carbide grinding paper (Buehler, Duesseldorf, Germany) and

disinfected by ultrasonication for 3 min in 3 % sodium hypo-

chlorite and 15 min in 70 % isopropanol. Finally, specimens

were stored in sterile water for 6 h. Two specimens were fixed

to individual left and right upper jaw splints made of methac-

rylate (Scheu Dental, Iserlohn, Germany) using silicone

impression material (Colt�ene/Whaledent, Langenau, Ger-

many).32 One of the enamel slabs from left and right splints

were used for fluorescence microscopy, the other for scan-

ning electron microscopy.

The Ethics Committee of the Saarland Medical Associa-

tion approved the trial protocol and declared that there were

neither professional nor ethical concerns about the study

(ethics vote no. 101/22, extended no. 198/22). The study was

conducted according to the guidelines of the Declaration of

Helsinki.
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Test substances

The subjects rinsed with suspensions of four active tooth-

pastes and one basic toothpaste without active ingre-

dients. Water and basic toothpaste served as negative

controls, while CHX (0.2%) was used as a positive control.

Water (Ampuwa�, Fresenius Kabi, Bad Homburg, Germany)

and CHX (Chlorhexidine 0.2 %-digluconate solution, Saar-

land University Pharmacy, Homburg, Germany) were pro-

vided as ready-to-use substances. The toothpastes were

supplied by Dr Theiss Naturwaren GmbH. A suspension of

0.5 g paste and of 2 ml sterile water was prepared from

the toothpastes for rinsing. The toothpastes and their

ingredients are listed in the Table.
Study design

Preliminary tests were carried out with each volunteer, in

which the individual biofilm formation on enamel test

specimens was examined and the adaptation to the test

procedures was checked. These tests were carried out in

order to have participants with comparable biofilm forma-

tion available and to avoid problems with correct adher-

ence to the test procedure. Each participant wore the

splints with enamel slabs a total of 7 times for 48 h each,

starting with water, followed by basic toothpaste, tooth-

pastes I to IV and, finally CHX. A wash-out phase of

14 days was kept between the test cycles, during which

the participants brushed with the following toothpaste.

Before the experiment with CHX, the participants contin-

ued to use paste IV. Mouth rinses were not used during

the entire period. The splints were worn in the oral cavity

for 48 hours. Participants rinsed their oral cavity with the

toothpaste suspensions, water or CHX thoroughly for 60 s

at 30 min, 12 h, 24 h, and 36 h after placing the splints.

When eating or drinking anything else than water, sub-

jects kept the splint in a moist environment and rein-

serted it after 30 min latest. Teeth brushing after splint

removal was limited to the use of water only. At the end

of the 48-hour wearing period, the splints were removed

from the oral cavity and the enamel slabs were further

processed.
Table – Test substances and toothpastes used in the present stu

Test substance Components

base paste aqua, polyethylene glycol 32 (PEG), sorbit

titanium dioxide, sodium lauryl sulpha

standard paste Base paste + sodium fluoride 1450 ppm, a

dine (CHX (0.05 %))

sensitive paste Base paste + sodium fluoride 1450 ppm, a

%), strontium acetate (2 %), potassium c

hydroxyapatite paste Base paste + sodium fluoride, sodium fluo

(0.8 %), CHX (0.05 %), hydroxyapatite (5

enzyme paste Base paste + sodium fluoride 1450 ppm, a

%), EDTA, papain (0.012 %), bromelain (

hyaluronic acid (0.2 %), magnesium hyd

chlorhexidine (CHX) chlorhexidine-digluconate 0.2 %

sterile water H2O
Vital fluorescence

One specimen from the splint on each side was used for fluo-

rescence microscopic analysis. The LIVE/DEAD� BacLightTM

Bacterial Viability Kit (Invitrogen, Molecular Probes, Eugene,

Oregon, USA) was used to stain the biofilms on the enamel

slabs. After staining with 10 ml of the dye solution composed

of 1 ml SYTO9 and 1 ml propidium iodide in 1000 ml of a 0.9%

sodium chloride, samples were incubated in a dark chamber

for at least 10 minutes. For each specimen six images were

captured at a magnification of 1000x using a fluorescence

microscope (Axio Skop, Carl Zeiss AG, Oberkochen, Germany)

and program Axio Imager M2. Finally, the ImageJ software

(Image J 1.52, NIH, Bethesda, Maryland, USA) was used to ana-

lyse coverage and vitality of the biofilms.

Coverage refers to the percentage of the area occupied by

biofilms in one image. In the analysis using ImageJ, coverage

is commonly calculated by comparing the number of pixels

of the biofilm occupied area to the total area of the image.

Vitality, on the other hand, pertains to the proportion of

green fluorescence in comparison to red fluorescence.
Scanning electron microscopy

The two remaining enamel slabs were used for scanning elec-

tron microscopy (SEM) to assess the morphology of the biofilm

and to detect toothpaste components present in the biofilms.

Fixation was performed in 2% glutaraldehyde in 0.1 M cacody-

late buffer for at least one hour at 4°C with evaporation protec-

tion. The samples were washed three times with 0.1 M

cacodylate buffer at room temperature for 10 minutes, fol-

lowed by dehydration using an ascending series of alcohol at

room temperature. Afterwards, the samples were left over-

night to dry, sputtered with carbon and were then analysed in

a scanning electron microscope (XL 30 ESEM FEG, FEI Com-

pany, Eindhoven, Netherlands) at 25x to 20.000x magnification

followed by energy dispersive X-ray spectroscopy (EDX).
Statistics

Statistical analysis was performed using the GraphPad

Prism10 program (GraphPad Software, San Diego, California,
dy

Experimental role

ol, hydroxyethyl cellulose, silica,

te (SLS)

Negative control

luminum lactate (0.8 %), chlorhexi- Test substance: paste I

luminum lactate (0.8 %), CHX (0.05

hloride (3 %),

Test substance: paste II

ride 1450 ppm, aluminum lactate

%),

Test substance: paste III

luminum lactate (0.8 %), CHX (0.05

0.05 %), calcium glycerophosphate,

rogen citrate

Test substance: paste IV

Positive control

Negative control
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USA). The statistical analyses were carried out against two

substances, water as a negative control and the basic tooth-

paste as a suspension without active ingredients using the

Mann-Whitney U-test. P-values < .05 were considered statis-

tically significant.
Fig. 1 –The coverage of enamel surfaces with biofilms after

the in situ experiments shown in %. The height of the bars

corresponds to the mean, the whiskers correspond to the §
standard deviations. Mean values are expressed as % of the

test surface covered by biofilms. The differences between

water and paste I, paste II, paste IV and CHXwere statisti-

cally significant (P < .05). CHX also showed a significant

reduction (P < .05) compared to the base paste. Significant

differences (P < .05) are marked with * in the graph.
Results

All volunteers completed the experiments without com-

plications.

Fluorescence microscopy

The highest percentage of biofilm covering the specimens

was measured for water at 79 § 11 %. The basic toothpaste

resulted in 47 § 28 % coverage. The positive control CHX

reduced the coverage to 10 § 12 %. The toothpaste suspen-

sions containing active ingredients reduced to 31 § 24 %

for toothpaste I, to 29 § 19 % for toothpaste II, to 40 § 40

% for toothpaste III and to 30 § 15 % for toothpaste IV.

Compared to water, a statistically significant reduction of

biofilm formation was observed with paste I (P = .01), paste

II (P = .005), paste IV (P = .005) and CHX (P = .005). The

results for the basic toothpaste (P = .6) and paste III

(P = .15) were not statistically significant in comparison to

water. When comparing the results of the basic toothpaste

with the other pastes, a statistically significant reduction

was only observed for CHX (P = .01) (Figure 1).

Vital fluorescence

The percentage of green fluorescence (vital bacteria) in

correlation to red fluorescence (dead bacteria) showed the

highest values for water (51 § 20 %) and the basic tooth-

paste (47 § 14 %) without statistically significant differen-

ces. The share of green fluorescence was lower in

comparison to water for paste I (31 § 9 %, P = .04), for

paste III (28 § 18 %, P = .04) and for paste IV (9 § 3 %,

P = .005). The green fluorescence for paste II (39 § 7%, P >
.05) and CHX (39 § 16%, P > .05) were not statistically sig-

nificantly different from water. In comparison to the basic

toothpaste, the results for paste I (P = .04) and paste IV

(P = .005) differed statistically significantly (Figures 2, 3).

SEM and EDX analyses

Representative images of biofilms confronted with the differ-

ent substances and toothpastes used in this study are pre-

sented in Figure 4. In all biofilms cocci-form bacteria were

observed, some organized in chains or colonies. Occasionally,

rod-shaped bacteria were visible. Residues of the toothpastes

were visible frequently. After both, rinsing with water and

the basic paste a multi-layered biofilm and intact bacteria

were present. Application of paste I revealed the presence of

mostly intact bacterial agglomerates and areas covered only

by the pellicle. After using paste II, the biofilm morphology

was disrupted, with large areas covered only by the pellicle

and the bacteria showing an altered morphology. After paste

III, smaller bacteria were visible in comparison to the other
pastes. The biofilms confronted with paste IV showed a

masked biofilm structure. The bacterial layers were covered

with a substance. Only a few rods and cocci penetrated this

matrix and were clearly recognizable on the surface. Rinsing

with CHX destroyed the biofilm structure, resulting in large

areas free of bacteria and remaining bacteria with disrupted

morphology.

EDX analysis revealed the presence of residues of the

toothpastes on the biofilms, which can be attributed to clean-

ing agents as silicon particles and titanium dioxide. These

residues were detected sporadically after using paste I and II

(Figure A1). Additionally, aluminum was found, which con-

firmed the presence of aluminum lactate in the toothpastes

(Figure A1). For paste III, residues of hydroxyapatite were

found (Figure 5). For paste IV, mainly titanium particles were

identified (Figure A1).
Discussion

The aim of this study was to investigate the effects of tooth-

pastes containing different active ingredients on the new for-

mation of oral biofilms. Previous studies have established the

efficacy of single substances like CHX33 and hydroxyapatite.34

However, there is still an ongoing discussion, if toothpastes

per se are able to reduce the biofilm formation after



Fig. 2 –The green fluorescence of biofilms as percentage of

the overall fluorescence (green plus red) representing vital

bacteria in the biofilms. Vitality of biofilms according to the

individual rinsing solutions is shown in %. The height of the

bars corresponds to themean, the whiskers correspond to

the § standard deviations. Mean values are expressed as %

of the test surface covered by biofilms. The differences

between water and paste I, paste III and paste IV were sta-

tistically significant (P < .05). Statistically significant differ-

ences were also found between the results for basic paste

vs. paste I and IV.

Fig. 3 –Representative fluorescence microscopy images: the

images were taken with the microscope after 48 h of wear

after staining the biofilmwith the LIVE/DEAD� BacLightTM

Bacterial Viability Kit.
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toothbrushing. This investigation performed an in situ

approach, using suspensions of toothpastes to study the

effects of them on the reduction of dental biofilm formation

without the influence of brushing. In order to ensure the reli-

ability of this in situ experiment, a number of measures were

implemented to control influencing factors.

A 14-day wash-out or adaptation phase was carried out

between the different substances in order to rule out any

interference between the toothpastes and substances. The

48-hour duration of biofilm formation ensured sufficient

biofilm development on the one hand and, at the same

time, repeated influencing of biofilm formation by the test

substances. In addition, the duration of the in situ experi-

ment was not too long and the protocol was not too com-

plex, so that the volunteers were able to follow the

instructions properly. The six volunteers were dental stu-

dents or dentists without carious lesions and active peri-

odontal diseases. The professional knowledge and the

direct contact with the study leaders thus also ensured a

basic awareness of the importance of the adherence to the

study protocol. Although this small sample may limit the

generalizability of our results, it is comparable to similar

studies in the literature.17,35,32 Since the aim of this study
was to prove a fundamental effect, we consider this small

number of subjects to be acceptable and the influence of

the statistical type II or beta error to be tolerable. It should

be noted that the six volunteers took part in the study



Fig. 4 –Representative scanning electron microscope images after rinsing at 1000x and 10000xmagnification.
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over a total period of 14 weeks and wore the splints with

the enamel test specimens a total of 7 times for 2 days

each during this period. Overall, the experimental proce-

dure was designed to minimize the variability between the

subjects, a disadvantage that can occur in randomized

controlled trials.36 The use of bovine teeth offers several

advantages due to their structural and chemical similarity
to human teeth. Human teeth are often extracted for path-

ological reasons. In addition, study participants may be

reluctant to wear parts of foreign human teeth in their

oral cavity. These reservations are significantly lower with

teeth from cattle that are used for human nutrition and

have been tested in veterinary medicine.37,38 Fluorescence

microscopy is able to visualize viable and non-viable



Fig. 5 – EDX analysis after rinsing with the HAP-P.
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bacteria, while scanning electron microscopy provides

morphological insides into biofilm structures. It is possible

to investigate biofilms and the effects of antimicrobial

substances.39 The LIVE/DEAD� BacLightTM Bacterial Viabil-

ity Kit (Invitrogen, Molecular Probes, Eugene, Oregon, USA)

was employed to stain the test specimens with propidium

iodide (PI) and SYTO 9 dyes. While both dyes stain nucleic

acids, they differ in spectral properties and membrane

permeability: PI is a red fluorescent dye that penetrates

damaged membranes, while SYTO 9 can penetrate both

intact and damaged membranes, emitting green fluores-

cence. If both dyes are present, PI displaces SYTO 9 due to

its higher affinity for nucleic acids. Fluorescence micros-

copy has proven reliable, easy to perform, and offers good

colour contrast between stained bacteria.40 However, there

is a correlation between staining capacity and the physio-

logical state of bacteria, with actively metabolizing cells

fluorescing more strongly than inactive ones.41 Studies

suggest that staining may compromise cell viability, a

hypothesis confirmed by transmission electron microscopy

(TEM), which showed intact bacteria in unstained controls

and lysis in stained samples.41,42 Consequently, a
processing time of no more than 10 minutes was aimed

for when imaging individual test specimens.

Scanning electron microscopy (SEM) was used to confirm

fluorescence microscopy results, providing precise structural

analysis of biofilms, although it cannot differentiate between

viable and non-viable bacteria.43 SEM allows magnification

up to 20.000 times and was complemented by energy-disper-

sive X-ray analyses to identify residues from the rinsing solu-

tions.44 However, due to the time-consuming specimen

preparation and its limitations in assessing bacterial viability,

SEM should not be used as the sole evaluation method;

instead, it is combined with fluorescence microscopy to

enhance biofilm visualization.45,43

The negative control using water exhibited the highest

biofilm coverage (71.84 %) and vitality (54.21 %) among all

rinsing solutions, indicating the establishment of a robust

biofilm, which was confirmed by fluorescence and scanning

electron microscopy.46,35 The base paste was also tested as a

negative control to evaluate the efficacy of its basic ingre-

dients, revealing no significant differences in vitality (P = .69)

and coverage (P = .13) compared to water, although it tended

to have lower biofilm coverage. Scanning electronmicroscopy
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also revealed multilayered biofilms during rinsing with the

base paste, and the morphology of the bacteria appeared pre-

dominantly intact. Compared to the scanning electron micro-

scopic evaluation of the water rinse, a lower coverage was

observed, confirming the fluorescence microscopic results.

The results thus confirm the efficacy of the base components.

These results validate the effectiveness of the base paste,

likely due to sorbitol’s presence, known for its humectant

properties8 and inhibitory effects on S. mutans biofilm forma-

tion.47 However, further research on sorbitol is needed. Over-

all, the base paste demonstrated greater coverage and vitality

than the four tested toothpastes, suggesting the impact of

additional ingredients in each formulation.

The 0.2% chlorhexidine (CHX) rinse solution was used as

the positive control due to its well-established antibacterial

and anti-adhesive properties. It is recognized as the gold stan-

dard for controlling biofilms. Rinsing with CHX resulted in the

lowest biofilm coverage (9.55%), which is attributed to its anti-

adhesive effect. This allows it to bind to negatively charged

surfaces and salivary proteins, thereby disrupting pellicle for-

mation.9 Although the vitality of bacteria in CHX-treated sam-

ples was measured at 38.65%, this value is misleading as the

poor coverage resulted in mainly isolated viable bacteria being

detected, which complicates the interpretation of the viable-

to-nonviable ratio. Scanning electron microscopy confirmed

the altered biofilm structure and reduced bacterial integrity,

further validating the anti-adhesive properties of CHX

observed through fluorescence and electron microscopy. This

study confirmed the anti-adhesive effect of CHX using both

fluorescence and scanning electronmicroscopy.

All of the tested toothpastes were effective in reducing

both the coverage and vitality of biofilms, achieving reduc-

tions of ≤40%. The toothpastes contained various active

ingredients, including aluminium lactate (0.8%), chlorhexi-

dine (0.05%), sodium fluoride and sorbitol. Previous studies

have confirmed the biofilm-reducing effects of chlorhexidine

and aluminium lactate.33,9,10 This study examined the differ-

ences between these ingredient combinations in rinsing solu-

tions, considering dilution effects in situ and without

mechanical cleaning. While all toothpastes had a positive

effect on reducing biofilms, as evidenced by scanning elec-

tron microscopy, there were some differences between them.

The sensitive paste performed slightly better in terms of

coverage and vitality reduction than the standard paste,

though the difference was minimal for both. The literature on

strontium acetate and potassium chloride mainly concerns

controlling hypersensitivity rather than affecting the

biofilm.25,48 The inclusion of the two additional ingredients in

the paste may have contributed to the variation in results.

The enzyme paste, which contains papain (0.012%), brome-

lain (0.05%) and hyaluronic acid (0.2%), achieved the highest

vitality (39.21%) of all the pastes and did not demonstrate

additional antibacterial effects. The enzyme paste’s mean

coverage value was comparable to the mean values of the

active and sensitive pastes. Bromelain has been shown to

interact with the tooth surface in an in vitro study. It reduces

the surface tension of bacteria by hydrolysing saliva proteins

and glycoproteins, which are bacterial messengers that

adhere to the tooth surface.49 Another in vitro study demon-

strated a growth-restricting effect on Streptococcus mutans,
but only at concentrations of 35% or higher.50 According to a

clinical study by Abdulkareem et al, the mean plaque index

can be significantly reduced after using a hyaluronic acid con-

taining mouthwash compared to baseline data.51 Another

study by Alharbi et al, demonstrated that high-molecular-

weight hyaluronic acid can suppress both the formation and

growth of P. gingivalis biofilms.31 Therefore, hyaluronic acid

has a positive effect on oral health and inflammation of the

gums and periodontium. It can be concluded that the enzyme

paste containing papain, bromelain and hyaluronic acid did

not exhibit any additional antibacterial properties in this

study. It is unclear whether this is due to insufficient concen-

tration in the toothpastes, possible interaction with, or inhibi-

tion by, other ingredients.

The hydroxyapatite toothpaste differed significantly

from all the others. Although it allowed the highest bio-

film coverage (an average of 40.4%), a strong antibacterial

effect was observed. With 9.3%, this solution reduced

vitality more than all the other substances tested. This

effect is most likely due to the addition of hydroxyapatite.

The use of 5% HAP confirms the results of a comparable

study by Nobre and Mirela.52 Earlier studies only examined

and compared HAP and CHX individually.52,32 One possible

explanation for the effect of HAP and CHX in combination,

as in the present study, is a synergistic relationship

between the two substances.

All toothpastes in this study contained 0.05% CHX, with a

lower concentration achieved by diluting the suspension and

accounting for dilution by saliva. Previous studies have

shown that the long-term use of a 0.05% CHX paste contain-

ing aluminium lactate has a positive effect on the gingival

index with no side effects.53 In vitro studies have also demon-

strated the antibacterial properties of CHX at concentrations

of 0.05% and 0.025%.54

Another limitation is the small number of participants.

It should be noted that the volunteers had to adhere to a

strict oral hygiene regimen, behave in a disciplined man-

ner, and wear splints with test specimens repeatedly over

a period of around three months. The number of six vol-

unteers was chosen for biometric reasons, as this is the

minimum required for statistical tests. This number was

also chosen for ethical reasons, to minimize stress for the

healthy test persons, and due to the exploratory nature of

this study.

Further studies can then be conducted to specifically

investigate the effect of individual active substances or com-

binations of active substances. Furthermore, further studies

should examine the individual components of toothpaste

suspensions under mechanical application. In the present

study, no sequencing was performed, which further limits

the validity of the results. No statement can be made about

the quality of the change in the biofilm.
Conclusions

This in situ study demonstrated the biofilm-inhibiting effect

of all toothpastes. The HAP paste containing 5% hydroxyapa-

tite exhibited the most significant antibacterial activity.
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and informed consent was obtained for experimentation

with human subjects. The studies involving human partic-

ipants were reviewed and approved by Ethics Committee

of the Saarland Medical Association (No. 101/22, amend-

ment: 198/22). All experiments were performed in accor-

dance with relevant guidelines and regulations. Research

has been performed in accordance with the Declaration of
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Appendix

Figure A1



Fig. A1–EDX Analysis (a) EDX area analysis after rinsing with water (b) EDX area analysis after rinsing with base paste, no

indication of paste residues on the test specimens (c) EDX analysis after rinsing with standard paste, the spot analysis

revealed an increased proportion of oxygen (38 % by weight (wt)) and aluminum (0.34% by weight). The elevated oxygen and

aluminum content may suggest the potential presence of aluminum lactate in the rinsing solution. The elevated silicon con-

tent of 7 wt.-% suggests the presence of residual abrasive substances in the toothpaste (d) EDX analysis following rinsing

with the sensitive paste reveals an elevated value of silicon, with a concentration of 12 wt.-% (e) EDX analysis after rinsing

with the enzyme paste, an increased proportion of titanium (15% by weight) and oxygen (29% by weight) was detected by the

spot analysis, which can be attributed to the presence of toothpaste.

10 gund e t a l .



th e e f f e c t o f tooth p a s t e su s p en s i on s on the f o rmat i on o f ora l b i ofi lms i n s i t u 11
R E F E R E N C E S
1. Qin X, Zi H, Zeng X. Changes in the global burden of untreated
dental caries from 1990 to 2019: a systematic analysis for the
global burden of disease study. Heliyon 2022;8:e10714. doi:
10.1016/j.heliyon.2022.e10714.

2. Do T, Devine D, Marsh PD. Oral biofilms: molecular analysis,
challenges, and future prospects in dental diagnostics. Clin
Cosmet Investig Dent 2013;5:11–9. doi: 10.2147/ccide.s31005.

3. Hannig C, Hannig M. The oral cavity—a key system to under-
stand substratum-dependent bioadhesion on solid surfaces
in man. Clin Oral Invest 2009;13:123–39. doi: 10.1007/s00784-
008-0243-3.

4. Wolff D, Kensche AA, Rupf S, et al. Der orale Biofilm − neue
Perspektiven zu einem alten Thema? Dtsch Zahn€arztl Z
2014;69:658–73.

5. Kilian M, Chapple ILC, Hannig M, et al. The oral microbiome −
an update for oral healthcare professionals. Br Dent J
2016;221:657–66. doi: 10.1038/sj.bdj.2016.865.

6. Serrano J, Escribano M, Rold�an S, et al. Efficacy of adjunctive
anti-plaque chemical agents inmanaging gingivitis: a system-
atic review and meta-analysis. J Clin Periodontol 2015;42:
S106–38. doi: 10.1111/jcpe.12331.

7. Marsh PD. Controlling the oral biofilm with antimicrobials. J
Dent 2010;38(Suppl 1):S11–5. doi: 10.1016/s0300-5712(10)70005-1.

8. Lippert F. An introduction to toothpaste - its purpose, history
and ingredients. Monogr Oral Sci 2013;23:1–14. doi: 10.1159/
000350456.

9. Mathur S, Mathur T, Srivastava R, et al. Chlorhexidine: the
gold standard in chemical plaque control. Natl J Physiol
Pharm Pharmacol 2011;1:45–50.

10. Varoni E, Tarce M, Lodi G, et al. Chlorhexidine (CHX) in den-
tistry: state of the art. Minerva stomatol 2012;61:399–419.

11. Fiedler HP. Zur Prophylaxe der Zahnfleischentz€undungen und
Parodontopathien [On the prevention of gingivitis and perio-
dontopathies]. Zahnarztl Welt Zahnarztl Rundsch ZWR Zah-
narztl Reform 1967;68:210–1.

12. Schiffner U. Verwendung von Fluoriden zur Kariespr€avention.
Bundesgesundheitsbl 2021;64:830–7. doi: 10.1007/s00103-021-
03347-4.

13. Wegehaupt F, Menghini G. [Fluoride Update]. Swiss Dent J
2020;130:677–83.

14. Amaechi BT, van Loveren C. Fluorides and non-fluoride remi-
neralization systems. Monogr Oral Sci 2013;23:15–26. doi:
10.1159/000350458.

15. Samaranayake L, Porntaveetus T, Tsoi J, et al. Facts and falla-
cies of the fluoride controversy: a contemporary perspective.
Int Dent J 2025;75(4):100833. doi: 10.1016/j.identj.2025.04.013.

16. Habibah TU, Amlani DV, Brizuela M. Hydroxyapatite dental
material. StatPearls. Treasure Island (FL): StatPearls Publish-
ing; 2023.

17. Hannig C, Basche S, Burghardt T, et al. Influence of a mouth-
wash containing hydroxyapatite microclusters on bacterial
adherence in situ. Clin Oral Invest 2013;17:805–14. doi:
10.1007/s00784-012-0781-6.

18. Hannig M, Hannig C. Nanomaterials in preventive dentistry.
Nat Nanotech 2010;5:565–9. doi: 10.1038/nnano.2010.83.

19. Huang SB, Gao SS, Yu HY. Effect of nano-hydroxyapatite con-
centration on remineralization of initial enamel lesion in
vitro. Biomed Mater 2009;4:034104. doi: 10.1088/1748-6041/4/
3/034104.

20. Amaechi BT, AbdulAzees PA, Alshareif DO, et al. Comparative
efficacy of a hydroxyapatite and a fluoride toothpaste for pre-
vention and remineralization of dental caries in children. BDJ
Open 2019;5:18. doi: 10.1038/s41405-019-0026-8.

21. Wierichs RJ, Wolf TG, Campus G, et al. Efficacy of nano-
hydroxyapatite on caries prevention—a systematic review
and meta-analysis. Clin Oral Invest 2022;26:3373–81. doi:
10.1007/s00784-022-04390-4.

22. Anil A, Ibraheem WI, Meshni AA, et al. Nano-hydroxyapatite
(nHAp) in the remineralization of early dental caries: a scop-
ing review. Int J Env Res Public Health 2022;19:5629. doi:
10.3390/ijerph19095629.

23. Limeback H, Enax J, Meyer F. Biomimetic hydroxyapatite and
caries prevention: a systematic review and me-ta-analysis.
Can J Dent Hyg 2021;55:148–59 https://pubmed.ncbi.nlm.nih.
gov/34925515/.

24. Addy M, West NX. The role of toothpaste in the aetiology and
treatment of dentine hypersensitivity. Monogr Oral Sci
2013;23:75–87. doi: 10.1159/000350477.

25. Gr€unberg C, Bauer F, Crispin A, et al. Effectiveness of dentifri-
ces with new formula-tions for the treatment of dentin hyper-
sensitivity - a meta-analysis. Am J Dent 2017;30:221–6 https://
pubmed.ncbi.nlm.nih.gov/29178705/.

26. Joiner A. Whitening toothpastes: a review of the literature. J
Dent 2010;38:e17–24. doi: 10.1016/j.jdent.2010.05.017.

27. De Lencastre Novaes LC, Jozala AF, Lopes AM, et al. Stability,
purification, and applications of bromelain: a review. Biotech-
nol Prog 2016;32:5–13. doi: 10.1002/btpr.2190.

28. Mamboya F, Amri E. Papain, a plant enzyme of biological
importance: a review. Am J Biochem Biotechnol 2012;8:99–
104. doi: 10.3844/ajbbsp.2012.99.104.

29. Casale M, Moffa A, Vella P, et al. Hyaluro-nic acid: perspec-
tives in dentistry. a systematic review. Int J Immunopathol
Pharmacol 2016;29:572–82. doi: 10.1177/0394632016652906.

30. Dahiya P, Kamal R. Hyaluronic acid, a boon in periodontal
therapy. N Am J Med Sci 2013;5:309–15. doi: 10.4103/1947-
2714.112473.

31. Alharbi MS, Alshehri FA, Alobaidi AS, et al. High molecular
weight hyaluronic acid reduces the growth and biofilm forma-
tion of the oral pathogen porphyromonas gingivalis. Saudi
Dent J 2023;35:141–6. doi: 10.1016/j.sdentj.2023.01.008.

32. Schestakow A, P€utz N, Guth MS, et al. Influence of a hydroxy-
apatite suspension on 48-h dental biofilm formation in-situ.
Arch Oral Biol 2022;136:105388. doi: 10.1016/j.archoral-
bio.2022.105388.

33. Mart�ınez-Hern�andez M, Reda B, Hannig M. Chlorhexidine
rinsing inhibits biofilm formation and causes biofilm disrup-
tion on dental enamel in situ. Clin Oral Investig 2020;24:3843–
53. doi: 10.1007/s00784-020-03250-3.

34. Kensche A, Holder C, Basche S, et al. Efficacy of a mouthrinse
based on hydroxyapatite to reduce initial bacterial colonisa-
tion in situ. Arch Oral Biol 2017;80:18–26. doi: 10.1016/j.archor-
albio.2017.03.013.

35. Schestakow A, Hannig M. Effects of experimental agents con-
taining tannic acid or chitosan on the bacterial biofilm forma-
tion in situ. Biomolecules 2020;10:1315. doi: 10.3390/
biom10091315.

36. Lim C-Y. In J. Considerations for crossover design in clinical
study. Korean J Anesth 2021;74:293–9. doi: 10.4097/kja.21165.

37. Oesterle LJ, Shellhart WC, Belanger GK. The use of bovine
enamel in bonding studies. Am J Orthod Dentofac Orthop
1998;114:514–9. doi: 10.1016/s0889-5406(98)70171-4.

38. Wegehaupt FJ, Widmer R, Attin T. Is bovine dentine an appro-
priate substitute in abrasion studies? Clin Oral Invest
2010;14:201–5. doi: 10.1007/s00784-009-0283-3.

39. Arweiler N, Auschill T, Donos N, et al. Antibacterial effect of an
enamel matrix protein derivative on in vivo dental biofilm vital-
ity. Clin Oral Invest 2002;6:205–9. doi: 10.1007/s00784-002-0185-0.

40. Berney M, Hammes F, Bosshard F, et al. Assessment and inter-
pretation of bacterial viability by using the LIVE/DEAD Bac-
Light kit in combination with flow cytometry. Appl Env
Microbiol 2007;73:3283–90. doi: 10.1128/aem.02750-06.

41. Tawakoli PN, Al-Ahmad A, Hoth-Hannig W, et al. Comparison
of different live/dead stainings for detection and

https://doi.org/10.1016/j.heliyon.2022.e10714
https://doi.org/10.2147/ccide.s31005
https://doi.org/10.1007/s00784-008-0243-3
https://doi.org/10.1007/s00784-008-0243-3
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0004
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0004
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0004
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0004
https://doi.org/10.1038/sj.bdj.2016.865
https://doi.org/10.1111/jcpe.12331
https://doi.org/10.1016/s0300-5712(10)70005-1
https://doi.org/10.1159/000350456
https://doi.org/10.1159/000350456
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0009
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0009
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0009
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0010
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0010
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0011
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0011
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0011
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0011
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0011
https://doi.org/10.1007/s00103-021-03347-4
https://doi.org/10.1007/s00103-021-03347-4
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0013
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0013
https://doi.org/10.1159/000350458
https://doi.org/10.1016/j.identj.2025.04.013
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0016
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0016
http://refhub.elsevier.com/S0020-6539(25)03301-5/sbref0016
https://doi.org/10.1007/s00784-012-0781-6
https://doi.org/10.1038/nnano.2010.83
https://doi.org/10.1088/1748-6041/4/3/034104
https://doi.org/10.1088/1748-6041/4/3/034104
https://doi.org/10.1038/s41405-019-0026-8
https://doi.org/10.1007/s00784-022-04390-4
https://doi.org/10.3390/ijerph19095629
https://pubmed.ncbi.nlm.nih.gov/34925515/
https://pubmed.ncbi.nlm.nih.gov/34925515/
https://doi.org/10.1159/000350477
https://pubmed.ncbi.nlm.nih.gov/29178705/
https://pubmed.ncbi.nlm.nih.gov/29178705/
https://doi.org/10.1016/j.jdent.2010.05.017
https://doi.org/10.1002/btpr.2190
https://doi.org/10.3844/ajbbsp.2012.99.104
https://doi.org/10.1177/0394632016652906
https://doi.org/10.4103/1947-2714.112473
https://doi.org/10.4103/1947-2714.112473
https://doi.org/10.1016/j.sdentj.2023.01.008
https://doi.org/10.1016/j.archoralbio.2022.105388
https://doi.org/10.1016/j.archoralbio.2022.105388
https://doi.org/10.1007/s00784-020-03250-3
https://doi.org/10.1016/j.archoralbio.2017.03.013
https://doi.org/10.1016/j.archoralbio.2017.03.013
https://doi.org/10.3390/biom10091315
https://doi.org/10.3390/biom10091315
https://doi.org/10.4097/kja.21165
https://doi.org/10.1016/s0889-5406(98)70171-4
https://doi.org/10.1007/s00784-009-0283-3
https://doi.org/10.1007/s00784-002-0185-0
https://doi.org/10.1128/aem.02750-06


12 gund e t a l .
quantification of adherent microorganisms in the initial oral
biofilm. Clin Oral Investig 2013;17:841–50. doi: 10.1007/s00784-
012-0792-3.

42. Wojcik K, Dobrucki JW. Interaction of a DNA intercalator
DRAQ5, and a minor groove binder SYTO17, with chro-matin
in live cells−influence on chromatin organization and his-
tone-DNA interactions. Cytom A 2008;73:555–62. doi: 10.1002/
cyto.a.20573.

43. Relucenti M, Familiari G, Donfrancesco O, et al. Microscopy
methods for biofilm imaging: focus on SEM and VP-SEM pros
and cons. Biol (Basel) 2021;10:51. doi: 10.3390/biology10010051.

44. Scimeca M, Bischetti S, Lamsira HK, et al. Energy dispersive X-
ray (EDX) microanalysis: a powerful tool in biomedical
research and diagnosis. Eur J Histochem 2018;62:2841. doi:
10.4081/ejh.2018.2841.

45. Quintas V, Prada-L�opez I, Tom�as Carmona I. Analyzing the
Oral Biofilm Using Fluorescence-Based Microscopy: What’s in
a Dye? 2014. doi: 10.13140/2.1.2104.5762.

46. Feng J, Cheng L, Zhou X, et al. In situ antibio-film effect of
glass-ionomer cement containing dimethylaminododecyl
methacrylate. Dent Mater 2015;31:992–1002. doi: 10.1016/j.
dental.2015.05.005.

47. Chan A, Ellepola K, Truong T, et al. Inhibitory effects of xylitol
and sorbitol on strep-tococcus mutans and candida albicans
biofilms are repressed by the presence of sucrose. Arch Oral
Biol 2020;119:104886. doi: 10.1016/j.archoralbio.2020.104886.

48. Pollard AJ, Khan I, Davies M, et al. Comparative efficacy of
self-administered dentifrices for the management of
dentine hypersensitivity − a systematic review and net-
work meta-analysis. J Dent 2023;130:104433. doi: 10.1016/j.
jdent.2023.104433.

49. Ledder RG, Madhwani T, Sreenivasan PK, et al. An in vitro
evaluation of hydrolytic enzymes as dental plaque control
agents. J Med Microbiol 2009;58:482–91. doi: 10.1099/
jmm.0.006601-0.

50. Rahmi H, Widayanti A, Hanif A. Utilization of bromelain
enzyme from pineapple peel waste on mouthwash formula
against streptococcus mutans. IOP Conf, Ser,: Earth Env, Sci
2019;217:012036. doi: 10.1088/1755-1315/217/1/012036.

51. Abdulkareem AA, Al Marah ZA, Abdulbaqi HR, et al. A ran-
domized double-blind clinical trial to evaluate the efficacy of
chlorhexidine, antioxidant, and hyaluronic acid mouth-
washes in the management of bio-film-induced gingivitis. Int
J Dent Hyg 2020;18:268–77. doi: 10.1111/idh.12432.

52. Nobre CMG, P€utz N, Hannig M. Adhesion of hydroxyapatite
nanoparticles to dental materials under oral conditions. Scan-
ning 2020;2020:6065739. doi: 10.1155/2020/6065739.

53. Rathe F, Auschill TM, Sculean A, et al. The plaque and gingivi-
tis reducing effect of a chlorhexidine and aluminium lactate
containing dentifrice (Lacalut Aktiv) over a period of 6
months. J Clin Periodontol 2007;34:646–51. doi: 10.1111/j.1600-
051X.2007.01099.x.

54. Moeintaghavi A, Arab H, Khajekaramodini M, et al. In vitro
antimicrobial comparison of chlorhexidine, persica mouth-
wash and miswak extract. J Contemp Dent Pract 2012;13:147–
52. doi: 10.5005/jp-journals-10024-1111.

https://doi.org/10.1007/s00784-012-0792-3
https://doi.org/10.1007/s00784-012-0792-3
https://doi.org/10.1002/cyto.a.20573
https://doi.org/10.1002/cyto.a.20573
https://doi.org/10.3390/biology10010051
https://doi.org/10.4081/ejh.2018.2841
https://doi.org/10.13140/2.1.2104.5762
https://doi.org/10.1016/j.dental.2015.05.005
https://doi.org/10.1016/j.dental.2015.05.005
https://doi.org/10.1016/j.archoralbio.2020.104886
https://doi.org/10.1016/j.jdent.2023.104433
https://doi.org/10.1016/j.jdent.2023.104433
https://doi.org/10.1099/jmm.0.006601-0
https://doi.org/10.1099/jmm.0.006601-0
https://doi.org/10.1088/1755-1315/217/1/012036
https://doi.org/10.1111/idh.12432
https://doi.org/10.1155/2020/6065739
https://doi.org/10.1111/j.1600-051X.2007.01099.x
https://doi.org/10.1111/j.1600-051X.2007.01099.x
https://doi.org/10.5005/jp-journals-10024-1111

	The Effect of Toothpaste Suspensions on the Formation of Oral Biofilms In Situ
	Introduction
	Materials and methods
	Subjects and specimens
	Test substances
	Study design
	Vital fluorescence
	Scanning electron microscopy
	Statistics

	Results
	Fluorescence microscopy
	Vital fluorescence
	SEM and EDX analyses

	Discussion
	Conclusions
	Explanation on the subject of people
	Author contributions
	Data availability statement
	Conflict of interest
	Funding
	Appendix
	References


