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Abstract
This study evaluated salivary fluoride (F) bioavailability during diurnal and noctur-

nal periods after using a high-fluoride or regular dentifrice. Fifteen healthy adults

participated in a double-blind crossover study, brushing with either a 1450 ppm

F or 5000 ppm F dentifrice. Saliva was collected at pre-brushing, immediately

after brushing, and at 5 min, 2, 4, and 8 h post-brushing in both periods. Fluoride

concentrations were measured using an ion-selective electrode and analyzed with

the Wilcoxon matched-pairs and Kruskal–Wallis tests (5% significance). At pre-

brushing, no statistically significant differences were detected between groups. Both

dentifrices increased salivary fluoride concentrations, reaching peak levels immedi-

ately after brushing. However, the high-fluoride dentifrice consistently maintained

significantly higher concentrations compared with the regular formulation. During

the nocturnal period, elevated fluoride levels persisted for up to 8 h with the high-

fluoride dentifrice, whereas concentrations returned to pre-brushing levels within 2 h

with the regular formulation. In conclusion, fluoride bioavailability was greater and

more sustained during the nocturnal period than during the diurnal period, empha-

sizing the influence of brushing time on salivary fluoride retention. High-fluoride

dentifrice further enhanced this effect across both periods.

K E Y W O R D S
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INTRODUCTION

The use of fluoride (F) remains the most effective strategy

for preventing and controlling dental caries at both individ-

ual and population levels [1]. Its mechanism of action is

physicochemical, promoting enamel and dentin remineral-

ization while reducing demineralization [2]. Among various

fluoride delivery methods, dentifrices are considered the most

rational approach, as they combine mechanical biofilm dis-

ruption with the topical availability of fluoride to support de-
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and remineralization processes [3, 4]. The widespread use of

fluoride dentifrices has been identified as a major contributor

to the global decline in dental caries in recent decades [5].

For fluoride to be effective, it must be free and soluble in

the aqueous oral environment (saliva or biofilm fluid), and

its anticaries activity therefore depends on its bioavailability

in these fluids [1, 6]. Following topical fluoride application,

such as toothbrushing with fluoridated dentifrice, salivary

fluoride concentrations increase proportionally to the fluo-

ride content of the product used [7]. Although salivary flow
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dilutes fluoride levels post-brushing, fluoride can be retained

in enamel, residual biofilm, and oral soft tissues (such as the

tongue and mucosa) [3, 8, 9]. Fluoride stored in these reser-

voirs can later be released into the biofilm fluid, particularly

during pH drops caused by sugar intake, thereby prolonging

its protective effect.

The salivary bioavailability of fluoride after toothbrushing

is limited to a relatively short period. While fluoride concen-

trations can exceed pre-brushing levels by more than 100-fold

within the first 3 min after brushing, they typically return to

pre-brushing within 120 min [10, 11]. This dynamic is influ-

enced by factors such as the form and solubility of fluoride

in the formulation, post-brushing rinsing practices, and sali-

vary flow rate [10, 12]. During sleep, when salivary flow is

markedly reduced, fluoride availability in the oral cavity may

be significantly altered [13].

Dentifrices containing 1450 ppm F represent the stan-

dard formulation recommended for daily use by the general

population, providing effective caries prevention through reg-

ular topical fluoride exposure [14]. In contrast, high-fluoride

dentifrices (5000 ppm F) are indicated for individuals at ele-

vated risk of caries, such as those with reduced salivary

flow, orthodontic appliances, root exposure, or a history of

active carious lesions [15]. Indeed, high-fluoride dentifrices

(5000 ppm F) have been shown to increase fluoride levels in

saliva, biofilm fluid, and solids; reduce mineral loss and lesion

depth in demineralized dentin; reverse non-cavitated lesions;

and potentially promote greater calcium fluoride deposition

compared to regular dentifrices containing 1000–1500 ppm

F) [9, 16, 17].

Despite the proven clinical benefits of high-fluoride den-

tifrices, particularly in high-risk groups, limited data exist

regarding their pharmacokinetics under different physiologi-

cal conditions, such as during nocturnal periods with reduced

salivary flow. Comparing these two formulations under both

diurnal and nocturnal conditions offers valuable insights into

their respective capacities to maintain therapeutic fluoride

levels in the oral cavity over time, which is crucial for optimiz-

ing individualized caries prevention strategies. Therefore, this

study aimed to evaluate the salivary fluoride bioavailability

during diurnal and nocturnal periods following a single brush-

ing with a high-fluoride dentifrice, and to compare it with the

fluoride bioavailability achieved using a regular 1450 ppm F

dentifrice.

MATERIAL AND METHODS

Ethical considerations

This study was approved by the Research Ethics Commit-

tee of the Federal University of Piaui (protocol number

483,913). All participants provided written informed consent.

The research was conducted in accordance with Resolution

No. 466 of the Brazilian National Health Council, the guide-

lines of the Ministry of Health, and the principles outlined

in the Declaration of Helsinki. This study is reported accord-

ing to the CONSORT (Consolidated Standards of Reporting

Trials) guidelines.

Study design and participants

A randomized short-term clinical trial with a crossover design

was conducted with 15 healthy adult participants (6 males and

9 females; mean age: 24.4± 2.5 years), all residing in a munic-

ipality with fluoridated public water supplies (0.6–0.8 ppm F),

which were submitted at four experimental conditions derived

from the combination of two dentifrice formulations (1450

and 5000 ppm F) and two brushing periods (diurnal and noc-

turnal). Participants were allocated to treatment sequences

according to a Williams Latin square design. Specifically,

each participant completed the four experimental phases in

a unique order, and all possible treatment sequences were

arranged so that each treatment appeared once in each period

position, and each treatment was preceded equally often by

each of the other treatments.

Eligible participants were adults in good general and oral

health (i.e., free from chronic systemic diseases) with a

normal stimulated salivary flow rate ≥2 mL in 2 min. Exclu-

sion criteria were smoking, active caries lesions, periodontal

disease, orthodontic appliances, cardiovascular disease, preg-

nancy, lactation, and the use of medications known to reduce

salivary flow (e.g., anticonvulsants, tricyclic antidepressants,

and hormonal contraceptives) and the use of antibiotics for

the last month before study. All participants underwent a

dental examination and completed a questionnaire addressing

general health status and medication use.

The sample size was calculated based on previous stud-

ies [18] using a similar experimental design. The parameters

considered included four experimental groups, an estimated

standard deviation of the salivary fluoride concentration of

0.55 μg F/mL, a minimum detectable salivary fluoride con-

centration difference of 0.45 μg F/mL between groups, an

alpha error of 5%, and a beta error of 20%. The calculated

sample size was 13 participants; anticipating a potential 20%

dropout rate, the final sample size was set at 15.

Each participant underwent four experimental phases in

which they randomly performed a single brushing with one

of the two dentifrices (1450 or 5000 ppm F) during either

the diurnal (8:00 a.m. to 4:00 p.m.) or nocturnal (10:00

p.m. to 6:00 a.m.) periods (Figure 1). They were advised

to avoid fluoride-rich foods (e.g., tea and fish) during the

saliva collection period but were not restricted from drinking

water. Due to the crossover design of the study, no dietary

restrictions were imposed. A 3-day lead-in and washout
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F I G U R E 1 The CONSORT flow diagram of the study.

period with fluoride-free dentifrice was applied before

and between each experimental phase. Randomization of

participants to sequences was performed prior to the start of

the study by an investigator not involved in data collection.

Dentifrices

Two commercially available dentifrices with different fluo-

ride concentrations were used in the experimental phases:

one regular dentifrice containing 1450 ppm F and one high-

fluoride dentifrice containing 5000 ppm F. Both products

used sodium fluoride (NaF) as the fluoride source, silica

as abrasive, and were manufactured by the same company

(Table 1). To ensure blinding, the dentifrices were dispensed

into identical plastic tubes labeled only with a code.

Determination of total soluble fluoride
concentration in dentifrices

To determine the total soluble fluoride concentration in the

dentifrices, approximately 1 g of each dentifrice was weighed

using an analytical balance and homogenized with 30 mL of

deionized water. A 1 mL aliquot of this suspension was mixed

with 1 mL of TISAB II and analyzed using a fluoride ion-

selective electrode (Analyser 18AF) calibrated with standard

fluoride solutions ranging from 0.5 to 64 μg F/mL. Measure-

ments were performed in quintuplicate and expressed in μg

F/mL (Table 1).

Saliva collection

Saliva collection was performed after a single brushing

episode with the assigned fluoridated dentifrice during either

the diurnal or nocturnal period, with a minimum interval

of 12 h since the last exposure to a fluoride-free dentifrice.

During washout periods, participants resumed their usual

brushing frequency using only the fluoride-free dentifrice.

Participants were provided with kits containing a toothbrush,

saliva collection containers, a disposable cup of standard-

ized volume (15 mL) for post-brushing rinsing, a fluoride-free

dentifrice (placebo), and the test dentifrices assigned to each

study phase. They received both verbal and written instruc-

tions to brush their teeth for one minute using approximately

1 g of dentifrice (corresponding to the full length of the

brush bristles). Two milliliters of unstimulated saliva were

collected in a prelabeled test tube before (pre-brushing) and

immediately after brushing and water rinse and at times 5 min,
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T A B L E 1 Composition of the dentifrices used in the study.

Dentifrice brand
manufacturer

Fluoride
concentration
(ppm F) declareda

Soluble fluoride
concentration (ppm F)
observed (SD)b

Fluoride salt
forma Ingredientsa

Colgate total 12,

Colgate-Palmolive

1450 1489 (37) NaF Glycerin, water, hydrated silica, sodium

lauryl sulfate, arginine, flavor, zinc oxide,

cellulose gum, poloxamer 407, tetrasodium

pyrophosphate, zinc citrate, benzyl alcohol,

cocamidopropyl betaine, sodium saccharin,

xanthan gum, phosphoric acid, sucralose

CI 77891, titanium dioxide (CI 77891).

OrthoGard,

Colgate-Palmolive

5000 5055 (120) NaF Water, sorbitol, hydrated silica, PEG-12,

tetrapotassium pyrophosphate, sodium

lauryl sulfate, flavor, xanthan gum, sodium

benzoate, sodium saccharin, FD&C blue

(CI 42090)

Abbreviation: NaF, sodium fluoride; SD, standard deviation.
aInformed by the manufacturer.
bn = 5.

2 h, 4 h, and 8 h after brushing. The water rinse was per-

formed with 15 mL of tap water for 5 s. During the night, in

the saliva-collection period of 2 and 4 h, the participants woke

up, performed the collections, and returned to bed. All saliva

samples were immediately stored in the participants’ house-

hold freezers after collection. On the following day, samples

were retrieved by the responsible researcher and transferred to

the laboratory, where they were kept at −20˚C until analysis.

Determination of fluoride concentration in
saliva

Fluoride concentrations in saliva were determined using a

fluoride-specific electrode (Analyser 18AF-001, Analyser

Analytical Instrumentation) coupled to an ion analyzer (Orion

EA-740, Thermo Scientific). One-milliliter aliquots of saliva

were centrifuged at 5000 g for 3 min (Kasvi). Then, 0.5 mL of

the supernatant was mixed with an equal volume of TISAB II

buffer. Fluoride concentrations were calculated using a linear

regression calibration curve obtained from standard fluoride

solutions ranging from 0.0625 to 32 μg F/mL, prepared under

the same conditions as the saliva samples. Samples exceeding

the calibration range were appropriately diluted to fall within

the range of the standard curve.

Area under the curve calculation

The area under the curve (AUC) of salivary fluoride concen-

tration over time was calculated using GRAPHPAD PRISM 9.0

(GraphPad Software). Calculations were performed using the

trapezoidal method, which assumes linear changes between

consecutive data points and sums the area of trapezoids

formed under the curve. The actual time intervals between

collections (0, 5, 120, 240, and 480 min) were used in the anal-

ysis to ensure accurate estimation of fluoride bioavailability.

Statistical analysis

Salivary fluoride concentration data normality was assessed

using Shapiro–Wilk test, which indicated non-normal distri-

bution of the data, except for AUC data, which presented

normal distribution after log transformation of fluoride con-

centration data. Therefore, statistical comparisons between

dentifrices (1450 and 5000 ppm F) and between periods

(diurnal and nocturnal) were performed using the Wilcoxon

matched-pairs test. Post-brushing salivary fluoride concentra-

tions at different time points were compared to pre-brushing

using the Kruskal–Wallis test, followed by Dunn’s multiple

comparisons post hoc test. The AUC was analyzed using

ANOVA followed by Tukey’s post hoc test, with the signif-

icance level set at 5%. Descriptive statistics are presented

in graphs and tables. All statistical analyses were con-

ducted using GRAPHPAD PRISM VERSION 9.02 (GraphPad

Software).

RESULTS

Table 2 presents the median and the interquartile range of

salivary fluoride concentrations (μg F/mL) following the use

of dentifrices containing 1450 and 5000 ppm F during the

diurnal and nocturnal periods. During the diurnal period,

statistically significantly higher fluoride concentrations were
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T A B L E 2 Median (IQR) of salivary fluoride concentration (μg F/mL) according to the dentifrices (1450 or 5000 ppm F) and periods (diurnal

or nocturnal).

Time

1450 ppm F 5000 ppm F
Diurnal Nocturnal Diurnal Nocturnal

Pre-brushing 0.06 (0.03)aA 0.06 (0.06)aA 0.06 (0.02)aA 0.06 (0.02)aA

Immediately 7.05 (9.57)aA 13.48 (18.37)bA 40.11 (92.20)aB 41.53

(117.28)aB

5 min 1.11 (4.75)aA 2.41 (9.50)bA 7.99 (20.97)aB 8.06 (31.06)aB

2 h 0.09 (0.07)aA 0.17 (0.28)bA 0.15 (0.15)aB 0.39 (0.48)bB

4 h 0.06 (0.03)aA 0.08 (0.08)bA 0.10 (0.08)aA 0.20 (0.33)bB

8 h 0.07 (0.04)aA 0.07 (0.03)aA 0.06 (0.05)aA 0.12 (0.14)bB

Note: Different lowercase letters indicate a statistical difference between the periods within the same dentifrice, while different capital letters indicate a statistical difference

between the dentifrices within the same period (p < 0.05) by the Wilcoxon matched-pairs test.

Abbreviation: IQR, interquartile range.

observed at 0 min, 5 min, and 2 h after brushing with the

5000 ppm F dentifrice than with the 1450 ppm F denti-

frice (p < 0.05). In the nocturnal period, salivary fluoride

concentrations were statistically significantly higher for the

5000 ppm F dentifrice at all time points except pre-brushing

(p < 0.05). Pre-brushing salivary fluoride concentrations did

not differ across experimental conditions (p > 0.05), indicat-

ing comparable starting levels before brushing and supporting

the effectiveness of the fluoride-free washout period in mini-

mizing residual fluoride carry-over between phases. However,

for the 1450 ppm F dentifrice, significantly higher fluoride

levels were detected during the nocturnal period than during

the diurnal period at 0 min, 5 min, 2 h, and 4 h (p < 0.05).

For the 5000 ppm F dentifrice, higher salivary fluoride con-

centrations were also found during the nocturnal period than

during the diurnal period at 2, 4, and 8 h post-brushing

(p < 0.05).

Figure 2 displays the kinetic curves of salivary fluoride

concentration (μg F/mL) over time following brushing with

both dentifrices during diurnal and nocturnal periods. For all

groups, the peak fluoride concentration occurred immediately

after brushing, followed by a progressive decline. The high-

est salivary fluoride concentrations were recorded after using

the 5000 ppm F dentifrice during the nocturnal period, with

elevated levels persisting for up to 8 h (p < 0.05). This figure

also illustrates the time required for salivary fluoride levels to

return to pre-brushing. For the 1450 ppm F dentifrice, fluoride

concentrations returned to pre-brushing after 5 min (diurnal)

and 2 h (nocturnal). In contrast, for the 5000 ppm F denti-

frice, pre-brushing levels were reached at 2 h (diurnal) and

8 h (nocturnal) post-brushing (p < 0.05).

Figure 3 shows the AUC for salivary fluoride concentra-

tion over time. Statistically significant differences were found

between the diurnal and nocturnal periods, regardless of the

dentifrice used (p < 0.05). Additionally, the 5000 ppm F

dentifrice showed significantly higher AUC values than the

1450 ppm F dentifrice in both periods (p < 0.05), indicating

F I G U R E 2 Kinetics (mean ± SD, n = 15) of log-transformed

salivary fluoride concentration (log10 μg F/mL) according to time after

brushing with different dentifrices and periods. The maximum

concentration of fluoride is reached immediately after brushing for all

groups. The asterisks show the time point at each salivary fluoride

concentration reaches the pre-brushing values by Dunn’s test

(p < 0.05). Time points on the X-axis are displayed at equal intervals,

and Y-axis values were log-transformed to facilitate visualization. SD,

standard deviation.

greater overall fluoride bioavailability, especially during the

nocturnal period.

DISCUSSION

In this study, both dentifrices increased salivary fluoride

concentrations following brushing; however, significantly

higher concentrations were observed after using the high-

fluoride (5000 ppm F) dentifrice. These findings align with

previous reports demonstrating greater fluoride bioavailabil-

ity with high-fluoride formulations [11, 19, 20]. Notably,

this is the first study to compare the salivary fluoride

kinetics of regular and high-fluoride dentifrices across

both diurnal and nocturnal periods, providing new insights
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F I G U R E 3 Mean of the area under the curve (AUC) of salivary

fluoride concentration as a function of time (μg F/mL min−1) according

to treatments (n = 15). **indicate the statistical difference between the

same dentifrice in different periods (p < 0.05). ***indicate the

statistical difference between different dentifrices within the same

period (p < 0.05). Vertical bars indicate the standard deviation.

into circadian effects on fluoride retention in the oral

cavity.

The differences in salivary fluoride concentrations

observed between the regular and high-fluoride denti-

frices support the dose-response relationship of fluoride

and confirm that saliva is a sensitive indicator capable of

detecting variations between treatments and across time

points following dentifrice use [18]. These results can be

attributed in part to the formulations of the products. Both

NaF/silica-based dentifrices demonstrated total soluble

fluoride concentrations consistent with their labeled content,

ensuring effective delivery of bioavailable fluoride [21],

as fluoride must remain chemically soluble within the

formulation to exert its preventive effects [1]. Nevertheless,

it should be acknowledged that dentifrices differ not only in

fluoride concentration but also in other excipients and active

compounds such as abrasives, humectants, and detergents,

which may influence fluoride availability, salivary clearance,

and even interaction with oral surfaces. Although both for-

mulations tested here were silica-based, such compositional

variations may have contributed to the observed differences

in peak salivary fluoride concentrations and in the rate and

duration of fluoride retention over time, particularly under

nocturnal conditions, and warrant further investigation.

The analysis of the AUC for salivary fluoride confirmed

that the 5000 ppm F dentifrice maintained significantly higher

fluoride levels over time compared to the regular formu-

lation, in both diurnal and nocturnal periods. Additionally,

peak salivary fluoride concentrations were higher for par-

ticipants using the high-fluoride dentifrice. These findings

underscore the superior potential of high-fluoride products

to protect dental substrates, especially root surfaces, which

are more susceptible to caries and require higher fluoride

concentrations for effective remineralization [22]. This is clin-

ically relevant for high-risk populations, such as individuals

with active caries, reduced salivary flow, or those undergoing

orthodontic treatment, where high-fluoride dentifrices have

demonstrated efficacy in reducing demineralization around

brackets [17, 23, 24].

The nocturnal period warrants particular consideration due

to the physiological reduction in salivary flow during sleep,

which limits both mechanical clearance and buffering capac-

ity in the oral cavity. While both dentifrices were found

to elevate salivary fluoride levels at night, only the high-

fluoride dentifrice sustained elevated concentrations up to 8 h

post-brushing. In contrast, fluoride concentrations returned

to pre-brushing within 2 h following the use of the regu-

lar formulation. This extended fluoride bioavailability during

nocturnal hyposalivation may provide crucial protection when

the risk of demineralization is heightened due to reduced

salivary defense mechanisms [13].

The clinical implication of these findings is the reinforce-

ment of nightly toothbrushing with fluoridated dentifrices,

particularly those with high fluoride concentration. During

sleep, oral clearance and the natural protective mechanisms

against acid challenges are impaired [13]. Under these condi-

tions, residual fermentable carbohydrates in dental biofilm or

late-evening acidic exposures may lead to prolonged low pH

episodes, favoring demineralization. The prolonged fluoride

availability provided by the 5000 ppm F formulation before

bedtime may therefore enhance protection against noctur-

nal demineralization. In addition, extended intraoral fluoride

retention favors the formation of fluoride reservoirs [7, 9],

which can gradually release ions into saliva and biofilm,

sustaining cariostatic activity throughout the night.

It is important to address some limitations of the present

study. Although the experimental design involved awakening

participants during the night for saliva collection, allowing

accurate and consistent sampling, this simulated sleep condi-

tion may have temporarily increased salivary flow compared

to continuous sleep, possibly underestimating the extent of

fluoride retention under real nocturnal hypofunction. Addi-

tionally, interindividual differences in brushing technique,

dentifrice foam removal, and post-brushing rinsing, despite

instructions and standardization and the crossover design,

may have contributed to variability in salivary fluoride levels.

These should be considered when generalizing the findings.

Another methodological limitation concerns the use

of TISAB II in fluoride analysis. Although there is a
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recommendation to use TISAB III in samples with low

concentrations of F, there is no consensus in the literature on

which TISAB to use to buffer saliva samples to determine F

concentration, since some used TISAB II [6, 18] and others

used TISAB III [9, 20]. Although TISAB II has been routinely

employed in our laboratory and is well-documented in the

literature, it may present reduced sensitivity for detecting very

low fluoride concentrations, particularly at later collection

times when salivary fluoride levels approach pre-brushing.

This methodological choice, even though internally validated

and consistent with previous studies, could have influenced

the accuracy of results under critical low-fluoride conditions.

In conclusion, the high-fluoride dentifrice significantly

enhanced salivary fluoride bioavailability compared to the

regular formulation, during both daytime and nighttime use.

These results support its clinical indication for managing den-

tal caries, particularly in individuals at elevated risk. The

prolonged fluoride retention observed during the night fur-

ther reinforces the recommendation of its use before bedtime

as part of a targeted caries-prevention strategy, particularly

when salivary protection is naturally reduced.
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