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Abstract

Background—Silver diamine fluoride (SDF) is used topically to prevent or arrest dental caries.
The study aim was to characterize the kinetics of silver and fluoride following topical application
of SDF.

Methods—Sixteen adults participated in a pharmacokinetics study following the application of
38% SDF to 5 teeth (about 50 L, estimated 4 to 11 mg per subject). Serum and urine samples
were collected over 24 hours following application and were analyzed for silver (Ag) and fluoride

(F).

Results—Ag serum peak was 0.67+0.49 ng/mL; median time to peak was 3 hr. The estimated
elimination half-life of Ag was 4626 hr. No Ag was recovered in urine. Baseline F~ serum levels
ranged from <10-50 ng/mL (<0.01-0.05 ppm) and fluctuated around baseline following SDF. The
24-hr urinary F~ was 1.294+0.81 mg.

Conclusions—SDF was well tolerated in this study and no adverse events related to SDF were
reported.

Practical Implications—This clinical study confirmed that topical application of 38% silver
diamine fluoride, in growing use in the U.S., is safe and well tolerated in healthy adults.
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Introduction

Silver diamine fluoride (SDF) is a topical agent that has been increasingly studied as a
nonrestorative treatment to prevent or arrest dental caries.! SDF has been used in adults for
dental desensitization?=3 and in the elderly for prevention or treatment of root caries.*=> The
majority of the SDF efficacy studies were performed in children. Studies have shown SDF to
prevent new caries and arrest carious surfaces in the teeth of preschool and school-aged
children,®-11 though one study reported that SDF was less effective in preventing caries in
permanent first molars compared to ART glass-ionomer cement sealants.12

Where caries lesions are present, the majority of the SDF applied to the teeth is thought to
be sequestered in the teeth.13 However, after topical application some of the the product may
also be swallowed and some amount may be absorbed through the Gl tract or excreted.
Direct absorption from the oral mucosa is unlikely. Circulating levels of silver and fluoride
would be expected be be proportional to the dose of silver and fluoride administered
topically to the teeth. In addition, as fluoride is primarily excreted renally,14 absorbed
fluoride can be collected in the urine. In contrast, silver is unlikely to be recovered in the
urine as biliary excretion is the principle route of elimination of silver.1®

Despite the numerous efficacy studies, only one study reported the time course of silver and
fluoride concentrations following application of SDF. Vasquez and colleagues conducted a
preliminary pharmacokinetics study in six adults in which 38% SDF was applied topically to
the intact, non-carious buccal segments of three teeth in each participant.1® The maximum
concentration and time to maximum concentration for serum silver and fluoride were
determined in the four hours following application. Though peak serum concentrations of
fluoride and silver were observed within 3 and 2.5 hrs respectively, the follow-up period was
too short to adequately determine the serum exposure (i.e., area under the curve or AUC) or
elimination half-life for fluoride and silver following SDF application. The aim of this study
was to further characterize the kinetics of silver and fluoride over 24 hr following topical
application of SDF in healthy adults.

Materials and Methods

The reporting guidelines for Clinical Pharmacokinetic Studies (ClinPK) are followed in this
17
paper.

Subject Recruitment

The study was conducted under IND 124808 from the U.S. Food and Drug Administration
(FDA). The study was approved by the Western IRB (#20171249). We enrolled healthy adult
participants from August, 2017 to September, 2017 from the greater Seattle, Washington
USA region. Inclusion criteria were that participants must be aged 18 years or older, have at
least 20 teeth, were healthy as determined by medical history by the attending clinician, and
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not be taking prescription or over-the-counter medications. Participants were excluded if
they were pregnant, weighed less than 50 kg, had oral mucositis or ulcerative lesions, or
known sensitivity to silver or fluoride.

Following informed consent, basic demographics and health history were obtained. A brief
visual examination was conducted to note any evidence of inflammatory or ulcerative
changes to the gingival or other oral tissues. Participants were instructed to use non-fluoride
toothpaste on the study day through the 24-hr blood draw. Fluoride-free collection tubes
were used for blood collection. Prior to application of the SDF, baseline blood and urine
samples were collected from each participant. Teeth were brushed with a soft toothbrush to
remove debris and dried with gauze prior to application.

The test product was aqueous silver diamine fluoride [Ag(NH3),]F, CAS RN 33040-28-7,
38.3% to 43.2% in purified water 5.0 — 5.9% (w/v) fluoride; 24.4 —28.8% (w/v) silver
(Advantage Arrest, Elevate Oral Care, LLC, West Palm Beach, FL, USA). SDF is identical
to that used in a previous FDA-supervised clinical trial and the subject of a current Phase 3
randomized clinical trial.1® The nominal silver and fluoride concentrations in SDF are 2.5
mg/mL and 0.45 mg/mL, respectively. One drop (about 50 pL) was dispensed from the
manufacturer’s multi-use bottle into a plastic dappen dish. The SDF solution was applied to
the cervical area of the facial surfaces of 5 posterior teeth with a dental applicator brush. The
amount applied was calculated as the difference in weights before and after application and
estimated to be from 4 to 11 mg. For most of the subjects (75%), the amount applied was
between 7 and 9 mg. The teeth were isolated with cotton rolls for one minute and then rinsed
with water and high-volume evacuation.

Participants were not allowed to eat for at least 2 hr following application and were directly
observed during the first 12 hr after application. Procedures were carried out in the
University of Washington Medical Center, Institute of Translational Health Sciences,
Translational Research Unit and the Regional Clinical Dental Research Center, School of
Dentistry, University of Washington.

Sampling and Analytical Analysis

Blood samples (6 mL) were collected at baseline and 30 min, 1, 2, 3, 4, 6, 8, 12 and 24 hr
following application of SDF. Participants collected urine for 24 hr following application of
SDF and the total volume was recorded. Serum was obtained by centrifugation and serum
and urine samples were frozen at —20°C until analysis. Blood and urine samples were
analyzed by the Environmental Health Laboratory and Trace Organics Analysis Center at the
University of Washington (Seattle WA, USA). Fluoride concentrations were determined by
fluoride ion selective electrode.19 In brief, 950 L of serum or urine was combined with 50
pL of buffer TISAB Il with EDTA (Thermo Scientific Orion, Waltham, MA). Readings
were taken using a fluoride ion selective electrode (Thermo Scientific Orion). mV readings
were converted to fluoride concentrations using a 6-point calibration curve (R2 > 0.9992)
and reported in increments of 10 ng/mL. The limit of detection for fluoride was 10 ng/mL
(0.01 ppm) for both serum and urine. Silver concentrations were determined by inductively
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coupled plasma-mass spectrometry (ICP-MS) based on U.S. Environmental Protection
Agency (EPA) 6020a Rev.1 2007.20 For each serum sample, 0.5 mL of serum was digested
with 0.5 mL concentrated nitric acid using microwave-assisted digestion with a CEM MARS
(CEM, Matthews, NC) (800 W, 10 min ramp to 90°C, held for 60 min). Following digestion,
samples were diluted to 5 mL with a final concentration of 10% nitric acid. For each urine
sample, 1 mL of urine was diluted with nitric acid to 5 mL with a final concentration of 10%
nitric acid. Tb (10 ng/mL) was used as the internal standard for all samples. Prepared
samples were analyzed using an Agilent 7900 ICP-MS (Agilent Technologies, Santa Clara,
CA). Silver concentrations were estimated using a 6-point calibration curve (R% = 1.0000 for
urine and R2 = 0.9999 for serum). The limits of detection for silver were 0.1 ng/mL for
serum and 0.05 ng/mL for urine.

Data Analysis

Results

Participants

For the pharmacokinetic analysis, baseline serum silver and fluoride concentrations were
assessed and when appropriate, subtracted from other timed serum concentrations to adjust
for baseline levels. Pharmacokinetic parameters were estimated using Phoenix WinNonlin
(Certara, Princeton, NJ, USA). The elimination rate constant (Kgjim) Was determined by non-
linear regression of the terminal slope with a minimum of 3 time points with decreasing
concentrations over time observed after the peak concentration. Half-life (t1/2) was
calculated as In(2)/Kejim- Two areas under the curve (AUC) were calculated. The AUCq_p4
was calculated using a log-linear trapezoidal rule of serum silver concentrations from time 0
to 24 hr. For participants for whom an elimination rate constant was estimated, AUC(-co
was calculated using a log-linear trapezoidal rule of serum concentrations and extrapolated
to infinite time by Cy4 hr/Kelim- The AUC-co represents the total serum exposure to silver
following application of SDF. The extrapolated AUC was calculated as (AUCg-co —
AUC(_o4 hr)/AUCg-co X 100. The total urinary recovery of fluoride and silver was
determined by multiplying the concentration measured in a 24-hr urine sample by the total
volume of urine of the 24-hr urine sample.

Sixteen healthy adults participated in the study. The participant demographics are
summarized in Table 1. No adverse events, determined by the investigators and medical
monitor as related or possibly related to the application of the silver diamine fluoride, were
observed (gingival inflammation or soft tissue changes) or reported by participants (nausea,
vomiting, difficulty swallowing or breathing, swelling around the lips or skin of the face,
itchiness around the lips or skin of the face, hives or rash, stomach ache or diarrhea).

Silver Pharmacokinetics

Individual and average serum silver vs. time curves are shown in Figure 1 and
pharmacokinetic parameters are summarized in Table 2. The baseline serum silver
concentrations ranged from less than detectable (<0.1 ng/mL) in 13 of 16 participants to
0.17 ng/mL (Participant 1). After correction for baseline levels, the peak baseline-corrected
concentrations of silver was 0.67+0.49 ng/mL (range: 0.13 to 2.0 ng/mL) and the median
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peak time was 3 hrs after SDF application. For four participants, the peak concentrations
were observed between 8 and 24 hours. The average estimated half-life of silver was 46 + 26
hr in 11 of 16 participants. The terminal half-life was not estimated for participants with
fewer than 3 decreasing concentrations following Cpax (n = 4) or concentrations that
remained elevated and resulted in an imprecise estimate of half-life. The 24-hr exposure to
silver (AUCq_24 pr) Was 9.8 + 9.0 ng-hr/mL. However, for those participants who had a
calculated terminal half-life, the fraction of the total AUC extrapolated from the last
measured concentration at 24 hr was large (64.9 + 13.5%). No silver was recovered in the
urine.

Fluoride pharmacokinetics

Individual and average serum fluoride vs. time curves are shown in Figure 2 and mean
baseline fluoride concentrations and 24-hr urinary excretion are summarized in Table 2. At
baseline, serum fluoride concentrations ranged from <10 to 50 ng/mL (<0.01 to 0.05 ppm).
After application of SDF, fluoride concentrations were relatively invariant during the 24 hr
sampling period for all participants. The amount of fluoride recovered in urine over 24 hr
ranged from 0.35 to 3.8 mg (Table 2).

Discussion

Limited data have been published describing the kinetics of SDF, despite SDF being
marketed and used in several countries. In the study participants, serum silver concentrations
ranged from 0.13 to 2.2 ng/mL which was typically observed 3 hr post-application. In
contrast, Vasquez et al.1 reported peak serum silver concentrations of 3.02 to 29.02 ng/mL.
Though the time to peak concentrations was comparable between studies, the peak serum
silver concentrations were substantially higher in the Vasquez study.1® The SDF doses
between the studies did not differ (this study: estimated 4 to 11 mg; Vasquez et al.: 7.57 mg).
Moreover, since silver is not renally excreted, we are unable to confirm the dose by
comparing the amount recovered in the 24-hr urine samples. Although silver is reportedly
excreted in the bile,2! including fecal collection in the study design would pose participant
recruitment challenges due to the very long half-life of silver, analytical difficulties, and
computational issues as we would not be able to differentiate between unabsorbed
swallowed silver from the SDF application vs. silver that was excreted in the bile following
absorption. We cannot account for differences in the silver concentrations between the two
studies. In addition, Participant #1 had elevated serum silver concentrations compared to the
other participants, even after correction for baseline silver concentrations.

Both this study and its predecessor!8 applied a clinically relevant amount of SDF to intact
non-carious buccal segments. Because there was no absorption into caries lesions, a greater
proportion of the applied dose was likely swallowed and the results from the analyses of
blood and urine are therefore higher than might be expected when treating dental caries.

A major limitation of this study is that the sampling time following application of SDF was
inadequate to properly characterize the elimination of silver. The total extrapolated AUC
was quite high (range: 43 to 85%) and the estimated terminal half-life (46 £ 26 hr) was
longer than the duration of the study. Moreover, the terminal half-life could not be estimated
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in five of the 16 participants. The estimated pharmacokinetic parameters of silver may be
imprecise due to the short duration of the study compared the half-life of silver in these adult
subjects. A study duration between four to seven days, with the inclusion of 48, 72, 120, and
168 hr sampling timepoints, might be necessary to fully capture the pharmacokinetics of
silver and the return of serum silver concentrations to baseline levels.

Due to the serum concentrations near the detection limit of the assay for fluoride, possibly
low amount of fluoride ingested from SDF, and inherent variability in fluoride from diet,
there was no discernible peak for serum fluoride. The fluctuations in serum fluoride
concentrations appear to be unrelated to application of SDF. Over the 24-hr period, fluoride
concentrations ranged from <10 to 60 ng/mL which was similar to the results reported by
Vasquez et al.16 In the current study, the average 24-hr urinary recovery of fluoride was 1.29
+ 0.81 mg, which is within reported 24-hr fluoride urinary excretion in adults aged 18 to 75
years summarized by Villa et al. (range 0.49 to 7.52 mg).22

No adverse effects were observed and none of the participants reported any adverse effects
that were deemed to be related to the application of the SDF. Similarly, no serious adverse
events were observed in children 24 to 72 mo of age receiving SDF in a short-term
randomized clinical trial.18 In the pediatric study, the adverse event rate did not differ
between the SDF treatment and placebo group. Most commonly, diarrhea or stomachache
were reported and were mild in severity. Moreover, Duangthip et al. reported no serious
adverse events in 799 children aged 3 to 4 years treated with SDF at 38% and 12% when
applied annually or biannually over 18 months.23

The low dosage applied topically and frequency of treatment mediates concerns about risks.
It is important, nevertheless, to understand the disposition of silver and fluoride following
SDF application in both adults and also children. It would be challenging ethically and
practically to conduct a pharmacokinetic study in children due to the intensive and long
duration of blood sampling required to monitor silver concentrations. Moreover, the
variability in serum silver concentrations seen in adults suggests that it would be difficult to
reduce the number of blood samples that would need to be taken in children. These issues
are not unique to SDF, but to drug development in general. Increasingly, the use of
“quantitative clinical pharmacology” (model-based drug development) has been used to
predict drug disposition and efficacy in children and adults (reviewed by Mehrotra et al.24).
Bachler et al. developed a physiologically-based pharmacokinetic model for ionic silver and
silver nanoparticles in rats and adult males.2® Further work will need to be done to
determine whether the proposed physiologically-based pharmacokinetic model for ionic
silver could be adapted for pediatric silver disposition, though it might be impossible to
validate the model as no data exist for silver pharmacokinetics in children.

Following application of SDF in healthy adult volunteers, the circulating levels of silver
peaked at 3 hrs and slowly declined in 24 hr in the majority of participants, though some
participants had a delayed peak serum silver concentration that was observed between 6 and
24 hr. The average half-life of silver was approximately 2 days though a study but a longer
duration of sampling would need to be conducted to provide a more precise estimate of half-
life and serum exposure to silver. The EPA lifetime lowest allowable effect level (LOAEL)
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for silver exposure is 1 g total dose, which is well over 400-fold the maximum amount of
silver applied in this study.28 Serum fluoride levels fluctuated within normal ranges for the
duration of the study and the excretion of fluoride in these adult participants was comparable
to literature values. Results from this study support the continued development of topical
SDF as a safe and efficacious treatment.
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Figure 1.
Kinetics of silver following application of 38% silver diamine fluoride in healthy adults (n =

16). (A) Observed individual serum silver concentrations (open circles) with average serum
silver concentrations (closed circles) and (B) baseline-corrected serum silver concentrations
vs. time (average concentration + standard deviation for each timepoint shown).
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Figure 2.
Kinetics of fluoride following application of 38% silver diamine fluoride in healthy adults (n

= 16). (A) Mean observed serum fluoride concentrations vs. time (average concentration +
standard deviation for each timepoint shown). Limit of detection was 10 ng/mL (0.01 ppm)
for serum fluoride.
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Table 1.

Participant demographics in the study of the pharmacokinetics of 38% silver diamine fluoride applied

topically to the teeth

Characteristic Healthy Adult Volunteers (N = 16)

Age (years) ° 41.4+13.4 (1810 57)

Male (n =) 8
Race (n =)
Caucasian 11
Asian 3
More than one race 2

Ethnicity (n =)
Not Hispanic or Latino 15
Unknown or not reported 1

SDF Applied (mg) %7 7+2(4t011)

aMean + standard deviation and (range) are provided for age and SDF applied.

bSDF applied was calculated as the difference in weights before and after application.
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Table 2.

Summary of observed serum silver and fluoride concentrations and pharmacokinetic parameters and urinary
recovery of fluoride (N=16) in a study of 38% silver diamine fluoride applied topically to the teeth of adults

a Silver
Parameters

Fluoride

Observed Baseline (ng/mL) b 0.15+0.03 (<0.10-0.17)

c 53+58(1-24
T (1) (1-24)

e 0.70 +£0.52 (0.13-2.2
Conax (NG/ML) ( )

Baseline-corrected Cy,ay (Ng/mL) 0.67 £ 0.49 (0.13-2.0)

f 46 + 26 (19 -110
ty (B1) ( )

AUCo aar, (nghiimL) 9.8+9.0(2.3-41)

AUCoo0 (ng-hiimL) " 23.9.+5.8(13 - 31)

Extrapolated AUC (%) 64.9+135(431-86.2)

Baseline urinary concentration (ng/mL)/ <0.05(<0.05-0.06)

26 £ 12 (<10 — 50)

d

876 + 469 (400 — 2090)

24-hr urinary concentration (ng/mL)/ <0.05(<0.05-0.06)

373 + 92 (200 - 530)

Total urinary recovery (mg) K

1.29+0.81(0.35-3.8)

aAverage + standard deviation (range)

Baseline serum silver concentrations were detectable in 3 of 16 participants; baseline serum fluoride concentrations were detectable in 13 of 16

participants. Values less than the lower limit of detection were not included
silver and <10 ng/mL for fluoride, respectively).

c . .
Tmax: time of peak serum concentration
d .
Not determined

e -
Cmax: observed peak serum concentration

in the calculation of the average and standard deviation (<0.1 ng/mL for

ftj_/g: terminal elimination half-life (determined for 11 of 16 participants for silver)

gAUCo_24 hr: area under the curve from time 0 to 24 hr

AUCQ-oo: area under the curve from time 0 to oo (n = 11, calculated for participants with a terminal elimination half-life estimate for silver)

IExtrapoIated AUC: (AUCQ-0o — AUC(Q-24 hr)/AUCQ-co x 100

/Median and range reported for silver (limit of detection <0.05 ng/mL for urinary silver); average and standard deviation reported for fluoride.

K . . . .
Total urinary recovery: (24 hr urine concentration) x (24 hr urine volume)
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