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Abstract:

Objective: This systematic review evaluated the efficacy of silver diamine fluoride (SDF) at various concentrations, follow-
up intervals, and in combination with other agents in reducing Streptococcus mutans (S. mutans) and Lactobacillus, as
well as comparing its effectiveness with other antimicrobial agents.

Material and Methods: A systematic search was conducted in Scopus, Web of Science, Cochrane Library, PubMed,
and Google Scholar for studies published up to 31 December 2023. Eligible studies included both in vitro and clinical
studies evaluating the effects of SDF on S. mutans and Lactobacillus. Extracted data included SDF concentration,
follow-up interval, and antibacterial outcomes. The risk of bias was assessed using the appropriate tools, according to
the study design.

Results: Twenty-four studies met the inclusion criteria. In vitro studies consistently demonstrated the strong antibacterial
effects of SDF, with increased efficacy at higher concentrations. Clinical studies reported significant reductions in S. mutans
and Lactobacillus for up to six months post-treatment. When compared to other agents, SDF showed comparable or
superior antibacterial efficacy. Most studies showed a moderate to high risk of bias.

Conclusion: SDF demonstrated significant antibacterial activity against S. mutans and Lactobacillus in both laboratory

and clinical studies. Its efficacy is influenced by factors such as concentration, follow-up interval, and combination with
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other agents. Despite methodological variability limiting the certainty of evidence, the current findings support SDF as
an effective antibacterial agent against cariogenic bacteria. Further well-designed and standardised clinical trials with

longer follow-up periods are needed to strengthen the evidence base and validate its comparative effectiveness in caries

management.
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Introduction

Although the prevalence of dental caries has
declined in developed countries over recent decades, it
remains a widespread global health concern, particularly
in low socioeconomic regions and among children'. Dental
caries is a preventable disease when its etiological factors
are well understood’. It is initiated by acidogenic bacteria
that ferment dietary carbohydrates, producing organic acids
that demineralise dental hard tissues’.

Minimally invasive dentistry and preventive strategies,
including pit and fissure sealants and fluoride applications,
are widely adopted in clinical practice and have shown
high efficacy"®. More recently, silver diamine fluoride
(SDF) has garnered attention due to its ability to arrest
caries progression without removing the lesion. SDF is
a colourless compound containing silver and fluoride,
known for its enamel-strengthening properties and long-
standing use as an antimicrobial agent®. It is considered a
simple, cost-effective, and non-invasive method for caries
management’. Studies have indicated that SDF can arrest
and prevent coronal and dentine caries in primary and
permanent teeth®’.

Streptococcus mutans (S. mutans) is a key pathogen
in dental caries due to its ability to produce large quantities
of extracellular polysaccharides and acids that exceed the
salivary buffering capacity®. Additionally, it strongly adheres
to tooth surfaces and initiates plaque formation. In contrast,
Lactobacillus species have a limited ability to initiate biofilm

formation independently but rely on S. mutans-derived
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polysaccharides for colonization®’. Consequently, S. mutans
facilitates the adherence and proliferation of Lactobacillus on
tooth surfaces. The presence of fermentable carbohydrates
further promotes the growth of these bacteria, supporting
caries progression’. Lactobacillus species are commonly
found in both superficial and deep carious lesions®. Both
S. mutans and Lactobacillus can survive in highly acidic
environments enriched with fermentable sugars, which
favor Lactobacillus growth and accelerate the progression
of dental caries®’.

In vitro studies indicate that SDF inhibits S. mutans
and Lactobacillus bioflm formation, disrupts multispecies
cariogenic biofilms on dentin surfaces, and reduces
demineralization"®. The anticaries mechanism of SDF is
primarily attributed to the positively charged silver ions,
which adhere to bacterial cell walls and inhibit bacterial
aggregation. These ions interact with essential bacterial
enzymes, blocking the electron transport chain or reacting
with thiol groups to deactivate enzymatic functions, ultimately
leading to bacterial cell death. Additionally, silver ions can
electrostatically bind to the anionic components of bacterial
membranes, resulting in membrane leakage or rupture, and
may react with phosphorous and sulfur-containing proteins,
causing cytoplasmic extrusion. Another mechanism involves
the interaction of silver ions with bacterial DNA, leading to
mutations or inhibition of replication. Moreover, binding of
silver ions to bacterial amino acids can form organometallic

complexes that further enhance antibacterial activity®.
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Although Khurshid et al.? provided robust evidence
supporting the antibacterial efficacy of SDF and its role
in dentin caries arrest, knowledge gaps remain regarding
its clinical effectiveness across different concentrations
and follow-up intervals. Moreover, while the addition of
potassium iodide (KI) has been proposed to counteract
the undesirable black staining associated with SDF?,
its synergistic effect on cariogenic bacteria remains
inconclusive, warranting further investigation. To date,
no systematic review has comprehensively evaluated
the antibacterial effects of SDF against S. mufans and
Lactobacillus. This systematic review, therefore, evaluated
the antibacterial efficacy of SDF at different concentrations,
follow-up intervals, and in combination with other agents
against S. mutans and Lactobacillus levels, and compared

its effectiveness with that of other antimicrobial agents.

Material and Methods

Study design

This systematic review followed the PRISMA
guidelines and was registered with PROSPERO (Reg ID:
CRD42024502846). The research question was developed
using the Population, Intervention, Comparator, Outcomes,
and Study Design (PICOS) framework as follows: What
is the effectiveness of SDF at different concentrations,
follow-up interval, and in combination with other agents in
reducing S. mutans and Lactobacillus/L. acidophilus level
compared to other antimicrobial agents in both paediatric
and adult populations?

The PICOS elements were defined as follows:
Population (P), children or adults; Intervention (1), SDF
applied at different concentrations, follow-up intervals, and
in combination with other agents; Comparison (C), other
antimicrobial agents; Outcome (O), reduction in_S. mutans
and Lactobacillus/L. acidophilus count; Study design (S):

in vitro and in vivo studies.
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Eligibility criteria

Studies were eligible for inclusion if they evaluated
the antibacterial effects of SDF on S. mutans or
Lactobacillus. Eligible studies were required to report the
SDF concentration and post-treatment intervals, with or
without comparator groups. Comparators interventions
included other antimicrobial agents, a negative control
such as distilled water, or untreated groups. Studies were
required to report quantitative outcomes for S. mutans
or Lactobacillus counts, regardless of the measurement
method. Eligible study designs included randomised
controlled trials, non-randomised controlled trials, cohort
studies, observational studies, and in-vitro experiments.
Only full-text articles published in English were included,
with no restriction on publication date. Animal studies
and those lacking relevant microbiological outcomes were
excluded. In addition, case reports, case series, review
articles, theses/dissertations, and conference abstracts

were also excluded.

Search strategy

A comprehensive search was conducted in four
electronic databases (Scopus, Web of Science, Cochrane
Library, and PubMed) for articles published up to December
31, 2023, on the effectiveness of SDF in inhibiting S. mutans
and Lactobacillus. Additional searches of grey literature were
performed using Google Scholar. The search included and
combined several keywords, synonyms, and free terms.
The search strategy and limits for each database were as
follows: For Scopus, the search string was TITLE-ABS-KEY
("silver diamine fluoride" OR "SDF") AND ("streptococcus
mutans" OR "lactobacillus' OR "mutans" OR "S. mutans")
AND ("caries" OR "dental decay" OR "cavity" OR "dentin*
caries" OR "dentinal caries" OR "carious") AND NOT
DOCTYPE (ab AND bk AND ch AND re). For Web of
Science, the query was ALL=(("silver diamine fluoride" OR

"SDF") AND ("streptococcus mutans' OR "lactobacillus"
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OR "mutans" OR "S. mutans") AND ("caries" OR "dental
decay" OR "cavity" OR "dentin* caries" OR "dentinal caries"
OR "carious")), and Review Article (Exclude — Document
Types) and Book Chapters or Proceeding Papers (Exclude
- Document types). In PubMed, the search was (((silver
diamine fluoride[Title/Abstract]) OR (SDF[Title/Abstract]))
AND ((streptococcus mutans[Title/Abstract]) OR (s.
mutans[Title/Abstract]) OR (Lactobacillus[Title/Abstract]))
AND ((dental caries[Title/Abstract]) OR (dental decay[Title/
Abstract]) OR (caries[Title/Abstract]))). The Cochrane
Library search used "silver diamine fluoride" OR "SDF" in
Title Abstract Keyword AND "Streptococcus mutans' OR
"mutans" OR "Lactobacillus" in Title Abstract Keyword AND
"caries" OR "dental decay" OR "cavity" in Title Abstract
Keyword — in Trials. Finally, Google Scholar was searched
using the string: caries OR SDF OR /actobacillus OR mutans

"silver diamine fluoride" "streptococcus mutans' —review.
Reference lists of all included full-text articles were manually

screened to identify additional relevant studies.

Study screening and selection

Two reviewers (NAA and MMA) independently
screened the titles and abstracts of studies identified
through electronic database searches. Results were
exported to EndNote version 9 (Clarivate Analytics, USA),
and duplicates were removed. Full texts were retrieved
when abstracts lacked sufficient information to determine
eligibility. In the second phase, the full texts were assessed
based on the inclusion criteria. Any disagreements were
resolved through discussion with a third reviewer (ASH).
The study selection process is illustrated in the PRISMA

flow diagram (Figure 1).

Data extraction and management
For both in vitro and in vivo studies, the extracted
data included the first author, year of publication, country

of origin, study objective, SDF concentration, comparator
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agents (if any), follow-up interval, and bacterial counts of
S. mutans and Lactobacillus before and after treatment.
Additional details such as outcome measures, sample size,
and type were recorded for in vitro studies, while in vivo
studies included participant number and age range, sample
type, and study design. Data extraction and verification
were independently performed by the same two reviewers
(NAA and MMA), with discrepancies resolved through
discussion with a third reviewer (ASH). The characteristics
and findings related to the antibacterial efficacy of SDF are
summarised in Table 1 (in vitro), Table 2 (RCT), and Table
3 (other study designs).

Risk of bias and quality assessment

The quality of the included studies was independently
assessed by two reviewers (ASH, MMA), and any
discrepancies were resolved through discussion. Due to
methodological heterogeneity among the included studies,
different assessment tools were applied according to study
type. For in vitro studies, the Quality Assessment Tool for In
Vitro Studies (QUIN Tool) was used”™. This tool comprises
12 criteria, each scored as 2 for “adequately specified,”
1 for “inadequately specified,” and 0 for “not specified”"".
The final score for each study was calculated using the
formula: (Total scorex100)/(2xnumber of applicable
criteria). A score >70% indicated low risk of bias, 50-70%
represented moderate risk, and <50% indicated high risk of
bias. For randomised controlled trials (RCTs), the Risk of
Bias 2 (RoB2) tool was used to assess both external and
internal validity. The assessment covered the randomisation
process, allocation concealment, missing outcome data,
outcome measurement, and selective reporting''. Each
domain was rated as low risk, some concerns, or high risk
of bias. Meanwhile, the ROBINS-I (Risk of Bias in Non-
Randomised Studies of Interventions) tool was used for
non-randomised studies to evaluate the potential bias due

to confounding, bias in the selection of participants into the
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[ Identification of studies via databases and registers ]
M
Records identified through database searching Records removed before screening:
(n=222)
Duplicate records removed by EndNote (n=187)
—>
= Up to 31% December 2023
=]
=
B
= Records manually removed for reasons (n=104)
=
s Scopus (n=101)
=) o Review articles (n=17)
—
Web of Science (n=69) L] Thesis/ dissertations (n=21)
[ Book chapter (n=16)
PubMed (n=34)
—J
\4
Records excluded after title and abstract screening with
Records screened »| reason:
° Not related to effect of SDF on dental caries
Reports sought for retrieval »| Reports not retrieved
on
=
-
5 v
8 Full-text articles excluded with reason:
) Reports assessed for eligibility
wn >
o No results on effect of SDF to either S. mutans or
(n=36)
Lactobacillus (n=6)
[ ] Not enough antimicrobial result to conclude (n=2)
L Study effect of SDF on radiation-induced dentin
caries (n=1)
] ici =
Study only the cytotoxicity level of SDF (n=1)
v o Not enough details on the SDF concentration and
)
Studies included in the review (n=24):
k5
= o In vitro studies (n=17)
=
E ° Randomised controlled trials (n=4)
(Sl
[ Observational studies (n=3)
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—J

PRISMA=preferred reporting items for systematic reviews and meta-analyses, SDF=silver diamine fluoride

Figure 1 PRISMA flow diagram of literature search and study selection
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study, bias in the classification of interventions, bias due to
deviations from intended interventions, bias due to missing
data, bias in the measurement of outcomes, and bias in
the selection of the reported results". Each domain was
rated as having a low, moderate, or serious risk of bias.
Where insufficient methodological information was provided,
the domain was rated as no information. The overall risk of
bias of each study was determined using the highest level

of risk identified among the domains.

Results

Selection and characteristics of included studies

A total of 361 records were retrieved from the
electronic database search. After removing the duplicates,
174 articles remained. Of these, 104 were excluded during
the initial screening for not meeting the inclusion criteria,
and 32 more were excluded after reviewing titles and
abstracts. Two full-text articles were unavailable. After
the full-text screening of 36 articles, six were excluded
for lacking data on the effects of SDF on S. mutans or
Lactobacillus, and two were excluded due to insufficient
antimicrobial outcomes. One focused on radiation-induced
caries, while another assessed only the cytotoxicity of SDF.
Four studies lacking details on the SDF concentration and
follow-up interval were also excluded. Ultimately, 24 studies
met the inclusion criteria and were included in this review.
One study' employed both an in vitro design and a non-
randomised controlled trial (Figure 1).

2451224 oyamined the

Seventeen in vitro studies
antibacterial effects of SDF compared with various agents
against S. mutans, with some also evaluating Lactobacillus
or L. acidophilus. The agents included silver fluoride (AgF),
silver nitrate (AgNOa), chlorhexidine (CHX), sodium fluoride
varnish (NaF), ammonium hexafluorosilicate (AHF), and
casein phosphopeptide-amorphous calcium phosphate
(CPP-ACP). Outcomes assessed including colony

forming units (CFU), biofilm viability, zone of inhibition
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(ZQl), minimum inhibitory concentration (MIC), minimum
bactericidal concentration (MBC), and bacterial growth
via microscopy. SDF concentrations, exposure times, and
evaluation time points of the test agents varied across
studies (Table 1).

The review also covered the antibacterial
effectiveness of SDF in vivo studies, comprising four"**’
(Table 2), one non-randomised controlled trial"®, and three
observational®®* (Table 3). These studies involved children
aged 3-14 years with some adult participants. Sample
sizes ranged from five to 87. Various biological samples
were analysed, including saliva and dental plaque, following
treatment with 38.0% SDF either alone or in combination
with KI. Comparators (control) included nano silver
fluoride (NSF), CHX, and NaF varnish. The time interval
between treatment and outcome measurement varied from
immediately post-treatment to 6 months, with most studies
reporting outcomes at 1-, 3-, and 6-month intervals.

Most of the studies were conducted in Hong

5,19,20,23,30,31 4,14,15,25 18,26-28

Kong and India ,

the USA"#% China®*, Egypt', Saudi Arabia™®, Kuwait',

, followed by Brazil

Turkey”, and Indonesia'®. The outcome measures evaluated
the antibacterial efficacy of SDF and other agents using
bacterial count, ZOI, MIC, MBC, bacterial sequencing,
dead/live cell ratio, and bacterial morphology analyses. The
most common measure was the evaluation of the mean
log CFU"*™213192°%8 ollowed by ZOI*™*"*™ while some
studies examined the dead/live bacteria®®'®?**2*%' MIC/

2,19,24

MBC'™, MID", cell morphological changes®'®*, and relative

abundance of bacteria®®.

The antibacterial efficacy of SDF

Concentration of SDF

The antibacterial efficacy of SDF varied with
concentration across the included studies. De Almeida
et al." compared 12.0% and 30.0% SDF and found that
30.0% SDF exhibited a greater inhibition zone against S.
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mutans (11.00 mm) than 12% SDF (9.70 mm) and 0.12%
CHX (9.20 mm) at all tested contact times, indicating a
concentration-dependent effect. Similarly, Favaro et al.’!
reported that 30.0% SDF exhibited the largest inhibition
zone compared with CHX, AgF, and Ag alone, confirming

its superior antibacterial potential among tested agents. In

2,5,12,13,15-24,30,31 1,12,26-30

contrast, most in vitro and clinical studies
investigated 38.0% SDF concentration, which consistently
demonstrated the strongest antibacterial activity against S.
mutans and Lactobacillus. This concentration resulted in
significant reductions in bacterial viability and CFU counts,
as well as visible biofilm disruption and higher dead-to-live
bacterial ratios under microscopy. These findings suggest
that increasing SDF concentration enhances its antibacterial
efficacy, with 38.0% SDF exhibiting stronger antibacterial
effects against S. mutans and Lactobacillus, and support

its clinical preference in the dental practice.

Follow-up interval post SDF application

Several studies have investigated the antibacterial
eficacy of SDF based on the time interval between its
application and post-treatment assessments. Short-
term outcomes were observed immediately” to 1 month

1,29

post-treatment ™™, while longer-term follow-ups ranged

#2830 |n an in vitro study, Mei et al.”

from 3 to 6 months
observed that SDF inhibited cariogenic biofilm formation.
The inhibition of S mutans growth was obvious in the first
7 days after SDF application based on a very low CFU
count. However, the CFU increased over time, indicating
that repeated SDF application may be necessary to maintain
its inhibitory effect on biofilm formation. In clinical settings,
Mei et al.*’ found the relative abundance of S mutans and
Lactobacillus decreased from week 2 to week 12 following
SDF application in the arrested caries group, whereas
Lactobacillus levels increased in active caries after 12
weeks post-treatment. Furthermore, Garrastazu et al®
and Verma et al.”’ also reported significant reductions in S.

mutans counts from 1 to 6 months after SDF application.
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However, Chakraborty et al.”® observed a gradual decline
in the inhibitory effect over time (mean CFU: 243.40+71.90
at 1 month, 292.35+89.15 at 3 months; 341.75+103.61
at 6 months). Overall, a single application of 38.0% SDF
demonstrated sustained antimicrobial effects for up to 3-6
months, although reapplications may be required to optimise

the long-term efficacy.

Combination and comparison of SDF with other
antimicrobial agents

Numerous studies have investigated the antibacterial
efficacy of SDF, either in combination with or in comparison

to other antimicrobial agents, as summarised below.

SDF vs Chlorhexidine (CHX)

In vitro studies demonstrated that SDF had greater
antibacterial activity than 0.12—0.2% CHX, showing larger
inhibition zones, lower MIC/MBC values, and greater

121821 Hamama et al.”®

reductions in S. mutans counts
reported that 38.0% SDF significantly increased the
percentage of dead bacteria in dentine (56.1+13.0%)
compared to 2.0% CHX (19.0£10.8%). However, clinical
findings are mixed. Garrastazu et al.”® found no significant
difference between 30.0% SDF and 1.0% CHX gel in
reducing salivary S. mutans in children over 30 and 90
days. While Karched et al.”” observed greater bacterial
reduction with 38.0% SDF than 2.0% CHX in adult carious
lesions. Overall, while laboratory data strongly support the
enhanced antibacterial potency of SDF, clinical evidence

remains limited and inconclusive, highlighting the need for

further well-designed trials.

SDF vs Sodium Fluoride varnish and Fluoride
gel (NaF and APF)

Several studies have compared the effectiveness
of SDF with NaF and APF gel against S. mutans and
Lactobacillus. Savas et al.”' reported that 38% SDF exhibited

significantly higher antibacterial activity against S. mutans
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biofilms on enamel in vitro than APF gel, reducing the mean
CFU to zero compared with 2.62x108. Yu et al.*® similarly
found that SDF reduced mean Iog10 CFU to 4.49+0.57
on dentin blocks, compared with 6.56+0.39 for 5% NaF
varnish. Annisa et al.”® also reported a larger inhibition zone
for SDF against S. mutans (9.55 mm) than 5%NaF (4.13
mm). However, an in vivo study by Verma et al.”’ found
no significant differences between 38.0% SDF and 5%NaF
varnish in reducing salivary S. mutans counts over six
months in children, indicating similar clinical effectiveness
despite in vitro superiority. These findings highlight the need

for further in vivo studies to confirm the advantages of SDF.

SDF vs Casein phosphopeptide—amorphous
calcium phosphate (CPP-ACP)

Limited evidence from a single in vitro study by Ali
et al.”® compared 38.0% SDF with CPP-ACP using an
S. mutans biofilm-caries model. SDF showed complete
eradication of S. mutans (mean CFU: 0.00), while CPP-ACP
had a significantly higher mean CFU (96x10°+34.64x10°).
The study indicated superior antibacterial efficacy of
SDF, while the action of CPP-ACP was attributed to its
remineralising effect rather than antibacterial action. Further
studies are warranted to explore the potential synergistic
effect of combining SDF with CPP-ACP.

SDF vs other silver components: Nano Silver
Fluoride (NSF), Silver Fluoride (AgF), and Silver
Nitrate (AgNO_)

Several studies have compared the antimicrobial
efficacy of SDF with other silver compounds, such as NSF,
AgF, and AgNOS, against cariogenic bacteria and reported

mixed results*'>"”

. Targino et al.”® found no significant
difference between 38.0% SDF and NSF against S. mutans
(MICs: 33.33+14.43 and 33.54+14.52, respectively; MBCs:
50 for both; p-value <0.005). Lou et al.” reported larger
inhibition zones for 38.0% SDF against both S. mutans and

L. acidophilus (mean(+S.D.): 395.8+15.1 mm?; 362.6+23.7
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mm? respectively) compared with AgF (423.6+82.4 mm’;
208.7+13.9 mm® respectively) and AgNO3 (177.8+14.90
mm? 171.2+20.8 mm® respectively with p-value<0.005).
Similarly, Favaro et al.* observed larger zones for 30.0%
SDF against S. mutans (5.94 mm) than AgF (2.67 mm)
and Ag nanoparticles (2.66 mm) (p-value<0.05). Clinical
findings from Ammar et al.' showed significant reductions
in S. mutans and Lactobacillus counts in dentin caries
after one month of treatment with both SDF and NSF, with
median Iog10 CFU decreasing from 4.85 to 4.30 (S. mutans)
and 4.48 to 3.95 (Lactobacillus) in the SDF group, and from
4.70 to 3.70 (S. mutans) and 4.70 to 0.00 (Lactobacillus) in

the NSF group, indicating comparable antibacterial efficacy.

SDF vs Ammonium Hexafluorosilicate (AHF)

Evidence comparing the antibacterial efficacy of
SDF and AHF against S. mutans remains limited. Annisa
et al.”® using the agar disk diffusion method found that
38.0% SDF produced a larger mean ZOI diameter (9.55
mm) against S. mutans compared to AHF (8.86 mm),
indicating greater antibacterial activity. Savas et al.”' found
that SDF completely inhibited bacterial growth (mean
CFU=0.0), whereas AHF exhibited higher bacterial counts
(2.65%10%. However, these findings are based on two
studies, underscoring the need for further investigations
to confirm these results and explore potential synergistic

effects between SDF and AHF.

SDF vs laser treatment

Research has shown that combining SDF with laser
treatment can enhance its antibacterial efficacy against
2,24

cariogenic bacteria
effects of SDF used with CO2 and 445 nm diode lasers

. Two in vitro studies investigated the

against S. mutans bioflms. Zhao et al.” reported a greater
reduction in S. mutans CFUs with 38.0% SDF combined
with CO2 laser (mean Iog10 CFU: 2.2+1.1) compared to
the SDF alone (mean IongFU: 2.9+0.8). Similarly, Xue

et al.* found that the combination of SDF with a 445-nm
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diode laser yielded a lower mean Iog10 CFU of S. mutans
(4.21£0.26) than SDF alone (4.54+0.15). SEM and CLSM
analyses corroborated these findings, showing marked
disruption of bacterial bioflms and a higher proportion of

non-viable cells in the combined treatment groups.

SDF vs Potassium lodide (KI)

Studies evaluating the combination of SDF with
potassium iodide (Kl) against cariogenic bacteria have
reported inconsistent findings. In vitro, Hamama et al.”’
stated that SDF+KI effectively reduced S. mutans in infected
dentinal tubules. In contrast, Vinson et al.”* reported higher
S. mutans biofilm disruption with SDF alone compared to
SDF+KI. An in vivo study by Langpoklakpam et al.? found
no difference in Lactobacillus counts between the SDF
and SDF+KI groups after three months, and Karched et
al.” similarly reported comparable S. mutans reductions
between groups. Overall, the added benefit of KI remains

inconclusive.

SDF vs Chitosan

One in vitro study investigated the effectiveness of
38.0% SDF and chitosan, and in combination against S.
mutans'®. Different volumes (30pl, 60pl, 90pl) of 38.0% SDF,
and 2.0% and 3.0% chitosan were used; 38.0% SDF alone
at 90 pl showed the highest mean ZOI (40.22 mm), followed
by (38.55 mm) at 60 pl and (24.36 mm) at 30 pl. Chitosan
alone showed the lowest mean ZOI at 2.0% and 3.0%. at
all volumes'®. However, there was a comparable mean ZOI
between the group of 38.0% SDF alone at 30 pl and the
group of 3.0% chitosan and 38.0%SDF in combination at
30 pl (23.23 mm)®.

Quantitative analysis

Quantitative assessment of in vitro studies revealed
that 38.0% SDF demonstrated strong antibacterial activity
against S. mutans. Across nine studies, S. mutans CFU

2,5,13,19,21-24,31

counts ranged from 0.0 to 4.54+0.15 Iog10
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The ZOI ranged between 9.55 mm and 40.22 mm
(mean=24.9+10.5 mm)*'*"*"® while the MIC and MBC
averaged 33.3+14.4 ug/mL and 50 pg/mL, respectively™.
The CLSM analyses indicated a dead: live bacterial ratio
between 1.42+0.11 and 6.74+5.29*°"**%°" Whereas
for Lactobacillus, CFU counts across two studies ranged
from 0.43+0.37 to 1.80+0.28 |og105'3‘. CLSM ratios ranged
between 2.19+0.55 and 6.74+5.29, confirming substantial
bacterial inactivation®®'.

In vivo studies similarly demonstrated pronounced
suppression of S. mutans following 38.0% SDF application.
CFU values ranged from 0.0 (post-treatment) to
2.94x10°+3.09 at three months, with a median of 4.30 (0.48)
log CFU at one month""****? Sequencing-based relative
abundance analyses showed a decline from 10% to 6%
(OTUs=13.047), indicating persistent antibacterial effects™.
While for Lactobacillus, initial suppression was observed at
one month (11.67+9.36), followed by an increase at three
months (22.47+18.26), with a median of 3.95 (4.70) Iog10

CFU at one month"®

. Sequencing data (OTUs=23 at three
months) indicated minimal long-term alteration in microbial
diversity, suggesting partial resistance and recolonization®.

Due to heterogeneity in study designs, outcome
measures, and reporting formats, data were summarized
descriptively using ranges and mean estimates rather than

quantitative meta-analysis as presented in Table 4.

Risk of bias within the studies

The methodological quality of the included in vitro
studies was evaluated using the QUIN tool. Overall,
the studies demonstrated a moderate risk of bias, with
total scores ranging from 46% to 88%. Most studies
clearly stated their objectives and used appropriate
methodologies; however, sample size justification, operator
calibration, blinding, and assessor details were frequently
underreported. These limitations are common in in vitro
designs where randomisation and blinding are often

impractical. Remarkably, Xue et al.**, Favaro et al.®, and
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Tables 4 Quantitative summary of SDF antibacterial efficacy against S. mutans and Lactobacillus

Bacteria Study Outcome Measure Number of Range (MeanzS.D.) Median (IQR)
design studies
S. mutans in vitro CFU 9 0.0-4.54+0.15 NR
ZOl (mm) 5 9.55-40.22 5.94
MIC (ug/mL) 1 33.3+14.4 NR
MBC (ug/mL) 1 50 NR
CLSM (dead:live ratio) 6 1.42+0.11-6.74+£5.29 NR
MID (mm?) 1 9.0 (12% SDF), 11.0 (30 % SDF) NR
Lactobacillus in vitro CFU 2 0.43+0.37-1.80+0.28 NR
CLSM (dead:live ratio) 2 2.19+0.55-6.74+5.29 NR
S. mutans in vivo CFU 5 0.0 (post treatment) - 4.30 (0.48) at 1
2.94x10°+3.09 (at 3 months) month
Relative abundance 2 110% to 6%; OTUs=13.047 NR
(sequencing)
Lactobacillus in vivo CFU 2 11.67+9.36 (at 1 month) - 3.95 (4.70) at 1
22.47+18.26 (at 3 months) month
Relative abundance 1 OTUs=23 (at 3 months) NR
(sequencing)

CFU=colony-forming units, CLSM=confocal laser scanning microscopy, IQR=interquartile range, MBC=minimum bactericidal concentration,
MIC=minimum inhibitory concentration, MID=maximum inhibitory dilution, NR=not reported, OTU=operational taxonomic unit, S.D.=standard

deviation, SDF=silver diamine fluoride, ZOl=zone of inhibition

Zhao et al.? achieved a low risk of bias (88%, 88%, 71%
respectively) due to comprehensive reporting and robust
analyses. Conversely, de Almeida et al." and Annisa et
al.”® scored below 50%, reflecting a high risk of bias due
to limited methodological transparency and inadequate
statistical analysis (Table 5).

The risk of bias for the included RCTs was
assessed using the ROB 2.0 tool across five domains.
Overall, the trials demonstrated low to high risk of bias,
with variability observed among domains. Only Ammar et
al.'" exhibited a low risk of bias in all domains, reflecting
strong methodological quality. Garrastazu et al.*® showed
some concerns related to incomplete reporting of allocation
procedures, although other domains were at low risk. In
contrast, Langpoklakpam et al.*® and Verma et al.”” were
rated as high risk of bias due to missing information
on randomisation procedures, deviations from intended

interventions, and selective outcome reporting (Figure 2).

Journal of Health Science and Medical Research

The non-randomised studies were evaluated using
the ROBINS-I tool. The overall assessment showed a
serious risk of bias across all included studies. Each study
showed serious bias due to confounding and moderate
bias in participant selection and outcome measurement,
which were the most common sources of concern. Other
domains, such as classification of interventions, deviations
from intended interventions, and handling of missing data,
were generally rated low risk, indicating adequate procedural
control. All four studies (Karched et al.”?, Mitwalli et al.”®, Mei
et al.*’, Chakraborty et al.)*® received an overall “serious”
judgment owing to incomplete control of confounders
and insufficient reporting of participant selection methods

(Figure 3).
Discussion

In this systematic review, the antimicrobial efficacy

of SDF against S. mutans and Lactobacillus was assessed
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Table 5 Risk of bias of included in vitro studies

Asmad NA, et al.
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De Almeida et al., 2 0 1 2 2 0 0 1 0 0 1 2 1 46°
2011"
Chu et al., 2012" 2 2 2 2 2 0 0 2 0 0 2 2 16 67°
Mei et al., 2013 2 0 1 2 2 1 0 2 1 1 2 2 16 67"
Mei et al., 2013° 2 0 2 2 2 0 0 2 0 0 2 2 14 58°
Targino et al., 2014" 2 0 2 2 2 0 0 2 0 0 2 2 14 58"
Hamama et al., 2 0 2 2 2 0 0 2 0 0 2 2 14 58°
2015%°
Savas et al., 2015~ 2 0 1 2 2 0 1 2 0 0 2 2 14 58°
Annisa et al., 2017 2 0 1 2 1 1 0 2 0 0 1 2 1 46°
Vinson et al., 2018% 2 0 1 2 2 0 0 2 0 0 2 2 13 54°
Lou et al., 2018" 2 0 2 2 2 0 0 2 0 0 2 2 14 58°
Yu et al., 2018% 2 0 2 2 2 0 2 2 0 0 2 2 16 67°
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Criteria: adequately specified=2 points, inadequately specified=1 point, not specified=0 points, not applicable=excluded from the calculation
Risk-of-bias grade judgment was based on the QUIN tool by Sheth et al.® and Kendell-Wall et al.”®, Final score (%)=(total scorex100)/
(2xnumber of applicable criteria). Risk-of-bias categories: ®low (final score >70%), Ymoderate (final score 50-70%), “high (final score <50%).
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and compared with other antimicrobial agents through both
in vitro and in vivo studies. Outcome measures included
quantitative and qualitative assessments, such as CFU
counts, MIC, MBC, and ZOI. Additionally, molecular
techniques like 16S rDNA and rRNA sequencing were
included to identify and classify the bacteria at the genetic
level. The reviewed studies indicated that SDF inhibits the
growth of cariogenic bacteria, both in the planktonic and
the biofilm'*™.

Presently, SDF is considered a therapeutic agent for
arresting and preventing dental caries®. SDF is very easy to
apply to the tooth structure with no pain. lts application does
not require any specific devices or equipment'®. Additionally,
it is noted that SDF promotes calcium fluoride and silver
phosphate, thereby helping to strengthen dental structures'®.

It is well-documented that silver compounds have
superior antimicrobial properties®. Silver has a broad-
spectrum effect with excellent anti-biofilm properties.
Therefore, silver ions have been incorporated into some
dental materials®®. In fact, various mechanisms were
proposed regarding the antimicrobial properties of silver®.
Silver ions can interact with the thiol group of enzymes,
leading to enzyme deactivation, resulting in bacterial cell
death. Further, silver ions interact with the DNA of bacterial
cells, causing DNA mutation, eventually causing bacterial
death®. Another mechanism was proposed related to
binding silver ions with bacterial cells, causing leakage or
rupture of the bacterial cell membrane and subsequent

bacterial death®*

. Additionally, silver can form a protein-
metallic complex by binding with the bacterial amino acids,
leading to the accumulation of silver ions inside the bacterial
cell, finally causing DNA and RNA inactivation®.
According to the reviewed studies, SDF is available
in different concentrations, including 12.0%, 30.0%, and
38.0%. The results indicate that the antimicrobial effect
of SDF is influenced by its concentration. The results

support that increasing silver ions leads to bacterial growth
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suppression. The higher the concentration of SDF, the
higher the reported antimicrobial effects®. A12.0% SDF
showed considerable antibacterial effects. However, 38.0%
SDF produced a larger ZOI against S.mutans, which was
even larger than CHX™.

In this review, the majority of studies tested
the antibacterial effect of 38.0% SDF using different
methodologies, such as CFU, biofilm imaging, and viability
assays. The findings of these studies indicated that 38.0%
SDF significantly reduced the viability of S.mutans and
Lactobacillus. This is because SDF can cause membrane
damage, the biofilm disruption of bacterial cells, and
increase the dead-to-live bacteria ratio. This finding concurs
with the proposed antimicrobial mechanism of SDF, where
silver ions can cause the rupture of the bacterial cell
membrane, leading to bacterial death®. Additionally, the
fluoride present in SDF can arrest dental caries by reducing
the demineralisation process’. Nevertheless, the cytotoxicity
of SDF still raises concerns regarding its use. Research
showed that SDF was cytotoxic even nine weeks after SDF
rinsing. The SDF was toxic to human gingival fibroblasts
and could cause long-term effects'™®.

Furthermore, the antibacterial effect of SDF depends
not only on its concentration, but also on the interval between
applications. Evidence from an in vitro study showed that
SDF has an immediate antibacterial effect that is gradually
reduced over time®. Short-term outcomes of clinical studies
have demonstrated a significant antibacterial effect of SDF
immediately after application®, after 3 days,” and up to

1,29

one month ™. Additionally, other clinical studies support

that SDF has an antibacterial effect that persists from 3

to 6 months®®

. However, results regarding the persistent
inhibitory effect of SDF over time were controversial. A
study by Mei et al. (2020)® reported a sustained reduction
in S. mutans in the caries active group and arrested caries
group from week 2 to week 12, indicating that SDF continues

to produce its antimicrobial effect against S. mutans even
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for several weeks post-treatment. Conversely, in the
arrested caries group, the level of Lactobacillus decreased
after 12 weeks, but increased in the active caries group
after 12 weeks. A similar finding was reported by**®.
Chakraborty et al.”® reported that S. mutans levels were
reduced immediately post-SDF application, then gradually
the level of S. mutans increased over the next 6 months.
Langpoklakpam et al.*® found that the counts of Lactobacillus
declined immediately after SDF application, then started to
increase during the next 3 months. This finding suggests
that the persistent antibacterial effect of SDF may depend on
the type of dental caries, bacterial colonization, and the oral
hygiene of the participants. Additionally, it seems that the
antibacterial effect of SDF in a single application is limited.
Hence, routine reapplication is necessary to maintain its
antibacterial effectiveness.

The studies included in this systematic review
evaluated a range of antimicrobial agents besides SDF,
including CHX, NaF, APF, CPP-ACP, silver components
(NSF, AgF, and AgNOS), AHF, and laser treatments. CHX is
a synthetic antimicrobial agent known for its broad-spectrum
efficacy against bacteria, fungi, yeasts, and viruses, and
is widely used in caries control and periodontal therapy .
NaF and APF are fluoride-based agents commonly applied
for caries prevention, particularly in early childhood caries”.
CPP-ACP has demonstrated remineralising properties
and potential in enamel repair and caries prevention®.
Silver-based agents (NSF, AgF, and AgNOa) and AHF
have demonstrated antimicrobial activity against S.
mutans biofims®. Additionally, laser treatments have been
investigated for their bactericidal potential and may offer a
non-invasive adjunctive approach to caries management38.

The findings from this review suggest that combining
SDF with agents, such as NSF, KI, chitosan, or diode
laser, may enhance its antibacterial efficacy compared to
SDF alone"'®****. However, Yu et al.*® reported that the

addition of NaF reduced the antibacterial effects of SDF.
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This may be due to the inactivation of bioactive silver
ions, as components in the NaF varnish could bind and
neutralise silver ions, limiting their interaction with bacterial
cells®. This finding is significant because it suggests that
the combination of SDF with NaF may compromise the
antimicrobial efficacy of SDF. The application of SDF with or
without NaF was found to decrease the demineralisation of
dentine caries, but SDF alone exhibited a stronger inhibition
of biofilm growth than NaF*. These findings suggest that
although NaF may support remineralisation, its combination
with SDF could compromise the antimicrobial effectiveness
of SDF, potentially reducing its efficacy in caries prevention
and management.

Several RCTs have evaluated the efficacy of
SDF in caries management. For instance, Chibinski et

al®

conducted a systematic review and meta-analysis
confirming the effectiveness of SDF in controlling caries
progression in primary teeth®. Jain et al. ** and Ruff et al.*”
both conducted RCTs comparing SDF and NaF varnish in
preventing new carious lesions in preschoolers, offering
valuable clinical insights. These studies support the role of
SDF in both the prevention and arrest of dental caries™*'.

The use of SDF in caries management has been
associated with certain disadvantages. A primary concern
is tooth discoloration after SDF application, which has been

reported in several studies**

. This discoloration, commonly
observed as black or dark brown staining following
application, which can be aesthetically unappealing,
particularly in anterior teeth, may be less acceptable
to paediatric and geriatric patients®. Furthermore, the
bitter taste of SDF application has been reported as a
disadvantage, especially in children, potentially affecting
compliance and willingness for repeated treatments™.
Additionally, the need for retreatment to maintain efficacy,
as highlighted in multiple studies, may impact long-term

39,44

adherence and outcomes™ ™. Moreover, the potential to

stain soft tissues and clothing during SDF application has
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been noted as a practical concern that necessitates careful
application and patient management®. These limitations
should be weighed when considering the clinical use of
SDF for caries prevention and arrest.

The findings of this review should be interpreted
carefully, andsome limitations should be considered.
First, most included studies were in vitro and relied
on bacterial cultures rather than clinical trials, limiting
direct clinical applicability. Significant heterogeneity was
observed across studies in terms of SDF formulations,
concentrations, treatment protocols, and outcome
assessments. Furthermore, long-term antibacterial
substantivity was inadequately addressed, and this review
focused solely on S. mutans and Lactobacillus, excluding
other cariogenic bacteria. The methodological quality of the
evidence also presents concerns. In vitro studies showed an
overall moderate risk of bias due to factors related to the
lack of sample size justification, unreported assessor details,
and the lack of operator calibration and blinding. Only 3 of 17
in vitro studies were rated as having a low risk of bias with

2,4,24

comprehensive reporting™ ", while 2 studies were judged

to have a high risk of bias'"

. For RCT studies, the quality
was variable. Only one study achieved a low risk of bias.
Other studies had limitations in the randomisation process
and outcome reporting. Lastly, the included non-randomised
studies generally showed a serious risk of bias. This bias
was indicated due to the presence of confounding and the
lack of clearly reported participant selection criteria. Despite
these limitations, this review provides a comprehensive

summary of the evidence.

Conclusion

This systematic review highlights the significant
antibacterial efficacy of SDF against S. mutans and
Lactobacillus. A 38.0% SDF concentration showed the
strongest effect, with sustained outcomes of 3 to 6 months,

which supports its clinical utility for caries management.
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While combining SDF with other agents appears promising,
further research is needed to identify optimal formulations
and to evaluate the long-term outcomes. In comparative
analysis, 38.0% SDF consistently outperformed NaF, CHX,
and APF gels, with some evidence suggesting advantages
over other silver-based agents. Overall, the strength of
evidence remains moderate across most studies. In vitro
studies generally exhibited a moderate risk of bias, whereas
non-randomised in vivo studies and clinical trials showed
higher risks due to limitations in randomisation, blinding,
and control of confounding variables. Well-designed,
standardised, randomised trials are needed to confirm
these outcomes and to establish robust, evidence-based
clinical guidelines for SDF use in caries prevention and

management.
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