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Abstract 

Dental caries is the most prevalent biofilm-mediated disease worldwide, and Streptococcus 
mutans is its principal eJological agent. Because broad-spectrum anJsepJcs disturb the com-
mensal flora and may drive resistance, anJ-virulence strategies based on safe natural prod-
ucts are increasingly sought. Sulforaphane (SFN), a cruciferous isothiocyanate, has docu-
mented bacteriostaJc acJvity, but its effect on clinical S. mutans isolates and on the molec-
ular determinants of cariogenicity is poorly defined. Twenty-five clinical S. mutans isolates 
from carious lesions and dental plaque were challenged with SFN (Sigma-Aldrich) in 0.5% 
DMSO. AnJbacterial acJvity was assessed by agar-well diffusion and broth microdiluJon 
(MIC/MBC) with chlorhexidine as posiJve control and triphenyltetrazolium chloride as viabil-
ity indicator. Biofilm formaJon and the anJ-biofilm effect were quanJfied by the crystal-vio-
let microJter assay. Expression of g0C (EPS synthesis), ldh (acidogenicity) and sodA (oxida-
Jve-stress defense) was measured by qRT-PCR at sub-MIC (625 µg/mL) using 16S rRNA as 
reference gene (2-ΔΔCt method). SFN showed dose-dependent acJvity (zone of inhibiJon 17.8 
± 0.55 mm at 5%). The MIC was 1250 µg/mL for all isolates; no killing occurred up to 2500 
µg/mL (MBC > 2500 µg/mL; MBC/MIC > 2), indicaJng a bacteriostaJc, anJ-virulence acJon. 
Eighteen isolates were strong, 3 moderate and 4 weak biofilm producers; SFN suppressed 
biofilm formaJon dose-dependently (p < 0.0001). At sub-MIC, SFN down-regulated g0C by 
≈99.5% (≈195-fold), sodA by ≈97.2% (≈35-fold) and ldh by ≈97.0% (≈34-fold) (all p < 0.01). 
g0C/sodA expression was strongly correlated (r = 0.72), and PCA cleanly separated treated 
from untreated profiles (PC1 = 70.8%). SFN is a bacteriostaJc, mulJ-target anJ-virulence 
agent against clinical S. mutans, simultaneously disabling biofilm scaffolding, acidogenesis 
and oxidaJve-stress defense without killing the cell — a profile favorable for caries control 
with low resistance-selecJon pressure.  
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Introduc)on 
Dental caries remains one of the most wide-
spread chronic non-communicable diseases of 
humans, affecJng billions of individuals across 
all age groups and imposing a substanJal 
global health and economic burden [1,2]. The 
disease is now understood not as a simple in-
fecJon but as a diet-driven, biofilm-mediated 
ecological shij, in which frequent exposure to 

fermentable carbohydrates selects for acido-
genic and aciduric organisms that progressively 
demineralize the dental hard Jssues [2,3]. 
Within the complex oral microbiota, Strepto-
coccus mutans is regarded as the principal eJ-
ological agent of caries [1,4]. Its cariogenic po-
tenJal rests on a coordinated triad of virulence 
properJes. First, sucrose-dependent adhesion 
and the synthesis of extracellular 

polysaccharides (EPS) allow the organism to 
colonize the tooth surface and build a cohe-
sive, diffusion-limiJng biofilm matrix [3,5,6]. 
Second, prolific fermentaJon of dietary sugars 
to organic acids (acidogenicity) lowers plaque 
pH below the criJcal threshold for enamel dis-
soluJon [7,8]. Third, the capacity to grow and 
metabolize under acidic and oxidaJvely chal-
lenging condiJons (aciduricity and 



  Molecular Mechanisms of Sulforaphane-Mediated Biofilm and Virulence RegulaJon of Streptococcus mutans 

Vol 14, No 2 (2026)    DOI 10.5195/d3000/2026.1492 

	http://dentistry3000.pitt.edu	
2	

aerotolerance) enables S. mutans to outcom-
pete less tolerant commensals and to perpetu-
ate the cariogenic state [7,9]. 
These properJes are governed by defined mo-
lecular effectors. The glucosyltransferases, es-
pecially the products of g0B and g0C, polymer-
ize sucrose into water-insoluble glucans that 
form the adhesive scaffold of dental plaque 
and are widely regarded as the single most im-
portant virulence determinant of cariogenic 
biofilm [5,6,10]. Lactate dehydrogenase, en-
coded by ldh, catalyzes the terminal reducJon 
of pyruvate to lacJc acid and is the dominant 
route of acid end-product formaJon [8,11]. 
Survival under the resulJng oxidaJve and acid 
stress depends in part on detoxifying enzymes 
such as superoxide dismutase (sodA), which 
dismutates superoxide radicals and protects 
the cell during the aerobic and redox fluctua-
Jons of the plaque environment [9,12]. 
ConvenJonal chemical control relies heavily on 
broad-spectrum anJsepJcs such as chlorhexi-
dine. Although effecJve, these agents act indis-
criminately against commensal and pathogenic 
species alike, may cause local side effects, and 
contribute to the broader problem of anJmi-
crobial resistance [13]. This has sJmulated in-
terest in an alternaJve paradigm: anJ-viru-
lence therapy, in which the pathogenic behav-
ior of an organism is disarmed without neces-
sarily killing it, thereby preserving the protec-
Jve commensal community and minimizing 
the selecJve pressure that drives resistance 
[13-15]. 
Sulforaphane [SFN; 1-isothiocyanato-4-(me-
thylsulfinyl)butane] is an aliphaJc isothiocya-
nate derived from the glucosinolate glu-
coraphanin, which is especially abundant in 
broccoli and other cruciferous vegetables 
[16,17]. Its defining structural feature is a 
highly electrophilic –N=C=S group that reacts 
readily with cellular nucleophiles, parJcularly 
protein thiols, allowing it to modulate mulJple 
enzymaJc and regulatory targets simultane-
ously [16,18]. SFN has been extensively charac-
terized for cytoprotecJve, Nrf2-modulaJng, 
anJ-inflammatory and anJcancer acJviJes, 
and displays an excellent safety profile in nu-
merous preclinical and clinical studies [19,20]. 
In the anJmicrobial sphere, SFN exerts bacteri-
ostaJc effects against a range of pathogens 
through diverse mechanisms encompassing 
biofilm interference, enzyme inhibiJon, en-
ergy-metabolism disrupJon and stress-re-
sponse modulaJon [18,21-23]. 
Despite this promise, evidence for SFN acJvity 
against S. mutans remains limited. A recent 
study demonstrated inhibiJon of the labora-
tory reference strain UA159 and caries control 
in a rat model, primarily through suppression 
of glucosyltransferase and acid-producJon 
genes and the quorum-sensing comCDE system 

[24]. However, two important gaps persist: the 
acJvity of SFN against geneJcally diverse clini-
cal isolates has not been characterized, and its 
impact on the oxidaJve-stress defense axis 
(sodA) has not been examined. Addressing 
these gaps is essenJal for judging the transla-
Jonal potenJal of SFN. 
The present study therefore had two aims: (i) 
to determine the antibacterial and anti-biofilm 
activity of SFN against 25 clinical S. mutans iso-
lates recovered from carious lesions and dental 
plaque; and (ii) to define the molecular basis of 
SFN-mediated virulence regulation by quanti-
fying its effect on three complementary viru-
lence axes — EPS synthesis (gtfC), acidogenic-
ity (ldh) and oxidative-stress defense (sodA). 
We hypothesized that SFN attenuates S. mu-
tans cariogenicity through a sub-lethal, multi-
target mechanism rather than through bacte-
rial killing. 
 
Material and Methods 
A cross-secJonal study was conducted on 35 
Bacterial isolates and culture condiJons 
Carious lesions and dental plaque were se-
lected as the sampling source because dental 
caries is the clinical outcome of a pathogenic S. 
mutans biofilm rather than a separate enJty: 
the organism iniJates caries only ajer adher-
ing to the tooth surface and forming a mature 
biofilm. Isolates recovered from acJve carious 
sites therefore represent clinically validated, 
strongly biofilm-forming strains that have al-
ready demonstrated cariogenic potenJal in 
vivo, making them a more relevant model for 
studying biofilm formaJon and its inhibiJon 
than laboratory reference strains. 
Twenty-five (n = 25) clinical isolates of S. mu-
tans were recovered from carious lesions and 
supragingival dental plaque. PresumpJve iden-
JficaJon was based on growth and character-
isJc colony morphology on MiJs-Salivarius-
Bacitracin (MSB) agar. Species idenJty was 
subsequently confirmed by the automated VI-
TEK system (biochemical idenJficaJon) and 
further verified at the molecular level by detec-
Jon of the 16S rRNA gene, ensuring accurate 
idenJficaJon of all isolates prior to tesJng. 
Confirmed isolates were maintained on blood 
agar and incubated anaerobically under 5% 
CO2 (candle-jar system) at 37 °C for 48 h. For 
experimental work, isolates were sub-cultured 
in TrypJc Soy Broth (TSB) without glucose for 
suscepJbility tesJng, and in TSB supplemented 
with glucose for biofilm and molecular assays, 
and grown to the logarithmic phase. Inocula 
were standardized to a 0.5 McFarland turbidity 
(1.5 × 108 CFU/mL) at OD600, then diluted to the 
required working density (1 × 106 CFU/mL for 
MIC). 

PreparaJon of sulforaphane and control solu-
Jons 
A 0.5% DMSO soluJon was prepared as the sol-
vent vehicle. Sulforaphane (Sigma-Aldrich, 
USA) was dissolved in 0.5% DMSO to yield a 
10% (100 mg/mL) stock, homogenized by mag-
neJc sJrring for 30 min and stored at −20 °C. 
Working concentraJons were obtained by se-
rial diluJon in 0.5% DMSO. Chlorhexidine (CHX) 
served as the posiJve anJbacterial control, 
0.5% DMSO as the solvent control, and sterile 
broth as the negaJve (sterility) control. Bacte-
rial viability in the MIC assay was visualized us-
ing 2,3,5-triphenyltetrazolium chloride (TTC, 5 
mg/mL), which is reduced by metabolically ac-
Jve cells to red, water-insoluble formazan [25]. 
Agar-well diffusion assay 
Preliminary anJbacterial screening was per-
formed by agar-well diffusion on Mueller-Hin-
ton agar. Lawns of each standardized isolate 
were prepared, and 5-mm wells were charged 
with 100 µL of SFN at 5% (50 mg/mL), 2.5% (25 
mg/mL), 1.25% (12.5 mg/mL) or 0.62% (6.2 
mg/mL). Ajer anaerobic incubaJon (5% CO2, 
37 °C, 24 h), inhibiJon-zone diameters were 
measured in millimeters and recorded as mean 
± SD across the 25 isolates. 
Minimum inhibitory and bactericidal concen-
traJons (MIC/MBC) 
MIC was determined by broth microdiluJon in 
96-well microJter plates. Two-fold serial dilu-
Jons of SFN spanning 2500, 1250, 625, 313, 
156, 78, 39 and 19.5 µg/mL were prepared in 
TSB and inoculated with 1 × 106 CFU/mL. CHX 
(serial diluJons from 128 µg/mL) was the posi-
Jve control, 0.5% DMSO the solvent control 
and uninoculated broth the negaJve control. 
Ajer incubaJon (37 °C, 24 h, 5% CO2), 20 µL of 
TTC (5 mg/mL) was added and plates were re-
incubated in the dark; colorless wells indicated 
growth inhibiJon and red/pink wells indicated 
viable growth. Absorbance was read at 490 nm 
and the percentage of inhibiJon computed 
against controls. The MIC was the lowest con-
centraJon prevenJng visible growth. 
The MBC of SFN was evaluated by sub-cultur-
ing the colorless (growth-inhibited) wells of the 
MIC plates at the four highest concentraJons 
(2500, 1250, 625 and 313 µg/mL). A loopful (10 
µL) from each clear well of all 25 isolates was 
streaked onto blood agar and incubated anaer-
obically under 5% CO2 at 37 °C for 48 h. Ajer 
incubaJon, plates were examined for visible 
bacterial colony growth. The MBC was defined 
as the lowest concentraJon producing no col-
ony growth, and the MBC/MIC raJo was used 
to classify the agent as bactericidal (≤ 2) or bac-
teriostaJc (> 2). 
Biofilm formaJon assay 
Biofilm-forming capacity was quanJfied by the 
crystal-violet microJter-plate method [34,35]. 
Standardized isolates were cultured in TSB 
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with 1% glucose in 96-well U-bowom plates (in 
triplicate; 37 °C, 48 h, 5% CO2). Planktonic cells 
were removed by triple PBS washing; adherent 
biofilm was fixed with absolute methanol, 
stained with 0.1% crystal violet, washed, and 
solubilized with 33% glacial aceJc acid. Absorb-
ance was read at 600 nm. Using the cut-off op-
Jcal density (ODc), isolates were graded as 
non-biofilm, weak, moderate or strong produc-
ers [26]. 
AnJ-biofilm assay 
The inhibitory effect of SFN on biofilm develop-
ment was assessed in duplicate against five 
concentraJons (1250, 625, 313, 156 and 78 
µg/mL). SFN and standardized inoculum were 
co-incubated in TSB with 1% glucose (37 °C, 48 
h, 5% CO2); biofilms were then processed and 
quanJfied as in SecJon 2.5. Biofilm inhibiJon 
was expressed relaJve to the untreated biofilm 
control, and dose-response significance was 
evaluated staJsJcally. 
RNA extracJon and quanJtaJve RT-PCR 
For transcripJonal analysis, each isolate was 
prepared in parallel as an untreated control 
and an SFN-treated culture at sub-MIC (625 
µg/mL), so that observed changes reflected 
genuine virulence modulaJon rather than loss 
of viability. Biofilm cells were lysed in TRIzol 
and total RNA was extracted following the 
manufacturer protocol (chloroform phase sep-
araJon, isopropanol precipitaJon, 70% etha-
nol washing, rehydraJon in nuclease-free wa-
ter). RNA was reverse-transcribed to cDNA, 
and target transcripts were amplified by SYBR-
Green real-Jme PCR (CFX96, Bio-Rad). Expres-
sion of g0C, ldh and sodA was normalized to 
the housekeeping gene 16S rRNA, and relaJve 
expression (fold change) was computed by the 
comparaJve 2-ΔΔCt method [27]. Gene-specific 
primers are listed in Table 1. 
StaJsJcal analysis 
Data are presented as mean ± standard devia-
Jon. Because gene-expression fold-change val-
ues were non-normally distributed and con-
tained outliers, between-group differences 
(control vs SFN) were tested with the non-par-
ametric Mann-Whitney U test; dose-response 
biofilm data were analyzed by analysis of vari-
ance. A p-value < 0.05 was considered signifi-
cant. Pearson correlaJon and principal compo-
nent analysis (PCA) were used to explore co-ex-
pression structure among the three genes. 
Ethics statement 
The study was reviewed and approved by the 
Medical Ethics Committee of Middle Technical 
University, Baghdad, Iraq (Reference No. MEC: 
121; approval date 07/05/2025), and con-
ducted in accordance with the Declaration of 
Helsinki and ICH-GCP guidelines. 

Results 
AnJbacterial acJvity by agar-well diffusion 
SFN displayed clear, concentraJon-dependent 
anJbacterial acJvity against all 25 clinical iso-
lates. The mean inhibiJon-zone diameter rose 
progressively with concentraJon, from 10.9 ± 
1.54 mm at 0.62% to 13.7 ± 0.74 mm at 1.25%, 
14.8 ± 0.58 mm at 2.5% and 17.8 ± 0.55 mm at 
5% (Table 2, Figure 1). The narrow standard de-
viaJons at higher concentraJons indicate a 
consistent response across the geneJcally di-
verse isolate collecJon. 
Minimum inhibitory and bactericidal concen-
traJons 
In broth microdiluJon, the MIC of SFN was uni-
form across the collecJon at 1250 µg/mL 
(1.25%). The mean percentage of inhibiJon de-
clined steeply with diluJon: 91.8% at 2500 
µg/mL and 90.2% at the MIC (1250 µg/mL), fall-
ing to 44.0% at 625 µg/mL, 33.5% at 313 µg/mL 
and progressively to 2.3% at 19.5 µg/mL (Table 
3, Figure 2). When the colorless (growth-inhib-
ited) wells at 2500, 1250, 625 and 313 µg/mL 
were sub-cultured onto blood agar, visible col-
ony growth appeared for all 25 isolates at 
every concentraJon tested; no bactericidal 
endpoint was therefore reached within the ex-
amined range (MBC > 2500 µg/mL). The result-
ing MBC/MIC raJo (> 2) classifies SFN as a bac-
teriostaJc agent against clinical S. mutans, con-
sistent with an anJ-virulence rather than a mi-
crobicidal mode of acJon. 
Biofilm-forming capacity of the isolates 
All 25 isolates were confirmed biofilm produc-
ers, but with differing intensity. The majority — 
18 isolates (72%) — were strong producers, 
while 3 (12%) were moderate and 4 (16%) were 
weak (Table 4, Figure 3). This predominance of 
strong biofilm formers underscores the cario-
genic relevance of the collecJon and provides 
a stringent test bed for anJ-biofilm interven-
Jon. 
AnJ-biofilm acJvity of SFN 
SFN inhibited biofilm formaJon in a clearly 
dose-dependent manner across the tested 
range (78–1250 µg/mL). The mean biofilm op-
Jcal density (OD600) of the untreated biofilm 
control was 0.96, and decreased progressively 
with increasing SFN concentraJon to 0.72 at 78 
µg/mL, 0.63 at 156 µg/mL, 0.56 at 313 µg/mL, 
0.49 at 625 µg/mL and 0.41 at 1250 µg/mL (Fig-
ure 4). The reducJons at 313, 625 and 1250 
µg/mL were highly significant versus the un-
treated control (p < 0.0001), and the effect at 
156 µg/mL was also significant (p < 0.01). The 
isolate-level heatmap confirms that this sup-
pression was consistent across the collecJon, 
with the strongest decrease at and approach-
ing the MIC. The parallel between the anJ-bio-
film dose-response and the growth-inhibiJon 
profile indicates that SFN curtails biofilm 

development at concentraJons at and below 
those required to limit planktonic growth. 
SFN down-regulates virulence-associated 
genes 
Changes in gene expression can provide im-
portant informaJon regarding responses to 
different treatments [40]. At sub-MIC (625 
µg/mL), SFN profoundly suppressed all three 
target genes relaJve to untreated controls (Ta-
ble 5, Figures 5–6). Expression of g0C de-
creased from 2.571 to 0.013, a reducJon of ap-
proximately 99.5% (≈195-fold) and the largest 
effect observed (Mann-Whitney p = 1.2 × 10⁻⁶). 
sodA fell from 1.732 to 0.049 (≈97.2%, ≈35-
fold; p = 3.6 × 10⁻⁴), and ldh from 2.787 to 
0.082 (≈97.0%, ≈34-fold; p = 7.4 × 10⁻³). The 
uniformity of these reducJons across the three 
funcJonal axes is evident in the expression 
heatmap (Figure 5) and in the sample-level dis-
tribuJons, which show a consistent downward 
shij ajer treatment (Figure 6). 
Coordinated, mulJ-gene response 
The three genes responded in a coordinated 
rather than independent manner. Pearson 
analysis revealed a strong posiJve correlaJon 
between g0C and sodA (r = 0.72) and a moder-
ate correlaJon between sodA and ldh (r = 
0.58), with a weaker link between g0C and ldh 
(r = 0.36) (Figure 7). Principal component anal-
ysis separated treated from untreated isolates 
along the first principal component, which 
alone explained 70.8% of the total variance 
(PC2 = 21.7%) (Figure 8). Together these anal-
yses indicate that SFN imposes a disJnct, inte-
grated mulJ-gene expression signature, con-
sistent with a mulJ-target mechanism affecJng 
adhesion, acidogenesis and oxidaJve defense 
simultaneously. 
 
Discussion 
This study provides the first integrated charac-
terizaJon of sulforaphane acJvity against clini-
cal S. mutans isolates, linking phenotypic anJ-
bacterial and anJ-biofilm effects to the tran-
scripJonal regulaJon of three complementary 
virulence axes. The central finding is that SFN 
awenuates cariogenicity not by killing the or-
ganism but by coordinately disabling the mo-
lecular machinery of biofilm formaJon, acid 
producJon and oxidaJve-stress defense. 
BacteriostaJc, anJ-virulence profile 
The MIC of 1250 µg/mL combined with the ab-
sence of any bactericidal endpoint (MBC > 
2500 µg/mL; MBC/MIC > 2) firmly places SFN in 
the bacteriostaJc category. This agrees with 
the report on the reference strain UA159, in 
which SFN likewise failed to produce a bacteri-
cidal effect yet markedly weakened cariogenic 
virulence [24]. The higher MIC observed here 
relaJve to laboratory strains is expected: clini-
cal isolates frequently exhibit greater pheno-
typic robustness, thicker matrices and biofilm 
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heterogeneity, and the present collecJon was 
dominated by strong biofilm producers. A bac-
teriostaJc, anJ-virulence acJon is increasingly 
viewed as advantageous, since it disarms the 
pathogen while exerJng minimal selecJve 
pressure for resistance and sparing the protec-
Jve commensal flora [13-15]. 
Suppression of g0C and the structural collapse 
of biofilm 
Among the three genes, g0C was the most 
strongly repressed (≈99.5%). Glucosyltransfer-
ase C synthesizes the water-insoluble glucans 
that consJtute the adhesive backbone of cari-
ogenic biofilm, mediaJng both iniJal awach-
ment and three-dimensional matrix architec-
ture [5,6,10]. Near-complete suppression of 
g0C provides a direct mechanisJc explanaJon 
for the dose-dependent anJ-biofilm effect doc-
umented in Figure 4: by collapsing glucan syn-
thesis, SFN deprives the biofilm of its scaffold, 
impairing adhesion, cohesion and aggregaJon. 
This is fully consistent with the established 
principle that targeJng g0 genes selecJvely 
undermines S. mutans virulence without erad-
icaJng the species or perturbing commensal 
streptococci [28,29], and mirrors the acJon of 
other natural products such as tea catechins 
and shikimic acid [29,30]. 
Suppression of ldh and the chemistry of demin-
eralizaJon 
Down-regulaJon of ldh (≈97%) targets acido-
genicity, the proximate cause of enamel disso-
luJon. Lactate dehydrogenase is the principal 
enzyme converJng glycolyJc pyruvate to lacJc 
acid, and its acJvity governs the magnitude of 
the plaque pH drop that iniJates demineraliza-
Jon [8,29]. A reduced ldh transcript pool im-
plies a diminished capacity to acidify the tooth 
surface, meaning that SFN awacks not only the 
structural basis of caries (the biofilm) but also 
its chemical driver (acid producJon). This dual 
acJon disJnguishes anJ-virulence agents that 
merely loosen the biofilm from those, like SFN, 
that also blunt the cariogenic insult itself. 
Suppression of sodA: a novel oxidaJve-stress 
dimension 
The strong repression of sodA (≈97%) is, to our 
knowledge, a novel observaJon for SFN against 
S. mutans. Superoxide dismutase neutralizes 
superoxide radicals and is central to the 
aerotolerance and stress survival that allow 
this organism to persist within the fluctuaJng 
redox environment of dental plaque [9,12]. As 
an isothiocyanate bearing a reacJve –N=C=S 
group, SFN readily conjugates protein thiols 
and perturbs cellular redox homeostasis 
[16,18,31]. By suppressing sodA, SFN is ex-
pected to strip the organism of a first-line anJ-
oxidant defense, rendering it more vulnerable 
to oxidaJve stress within the biofilm and less 
able to maintain a stable cariogenic commu-
nity. This oxidaJve-stress axis was not 

addressed in earlier work on SFN and S. mutans 
[24], and it adds a mechanisJcally disJnct di-
mension to the compound's anJ-virulence pro-
file. 
Evidence for a coordinated mulJ-target mech-
anism 
The correlaJon and PCA analyses reinforce a 
mulJ-target interpretaJon. The strong co-reg-
ulaJon of g0C and sodA, together with clean 
PCA separaJon of treated and untreated pro-
files along a dominant first component, indi-
cates that SFN imposes an integrated transcrip-
Jonal shij across adhesion, acidogenesis and 
oxidaJve defense simultaneously, rather than 
acJng on a single pathway. Such behavior is 
consistent with the recognized mulJ-target 
pharmacology of isothiocyanates [18,21,31]. It 
is plausible that these effects are partly medi-
ated through upstream regulatory systems 
known to control these genes, notably the 
VicRK two-component system, the over-ex-
pression of which up-regulates the g0 genes 
[32,33]; this hypothesis warrants direct invesJ-
gaJon. 
Clinical relevance and limitaJons 
From a translaJonal standpoint, an agent that 
suppresses biofilm, acid producJon and stress 
defense at sub-inhibitory, non-lethal concen-
traJons, while displaying the well-documented 
safety of SFN [19,20], is an awracJve candidate 
for caries-prevenJve formulaJons. Several lim-
itaJons temper these conclusions. The work 
relies on single-species in-vitro assays that do 
not reproduce the ecological complexity of 
mulJspecies oral biofilms or the salivary and 
host environment. TranscripJonal analysis was 
restricted to three representaJve genes; 
broader transcriptomic profiling, together with 
enzyme-acJvity and protein-level assays, 
would more fully delineate the regulatory net-
work, including the VicRK and ComDE systems 
[32,34]. The fold-change data also exhibited 
considerable inter-isolate variability, reflecJng 
the genuine biological heterogeneity of clinical 
isolates. Finally, in-vivo validaJon and formal 
biocompaJbility tesJng are required before 
clinical applicaJon. 
	
Conclusion 
Sulforaphane acts as a bacteriostaJc, mulJ-
target anJ-virulence agent against clinical S. 
mutans isolates. Without killing the cell, it sim-
ultaneously dismantles the three core determi-
nants of cariogenicity — biofilm/EPS synthesis 
(g0C), acid producJon (ldh) and oxidaJve-
stress defense (sodA) — by more than 97% at 
sub-inhibitory concentraJons, with a clear 
dose-dependent anJ-biofilm effect and a coor-
dinated, mulJ-gene transcripJonal signature. 
These findings posiJon SFN as a promising nat-
ural candidate for caries control with low re-
sistance-selecJon potenJal and jusJfy further 

mulJspecies, mechanisJc and in-vivo invesJ-
gaJon. 
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Table 1. Primer sequences used for quanJtaJve RT-PCR. 

Gene Primer sequence (5ʹ→3ʹ) Tm (°C) Amplicon (bp) 

sodA F: TCGCAAACGCTAATGCGGC 
R: AATTGCTGCGGCTACTTCCG 61–62 203 

ldh F: ACTCGCCTCGATCTCGTTGG 
R: GGACTGAACGCGCATCAACA 62 244 

g0C F: AGCAACGGATACAGGGGACC 
R: GTGTAGCGCACCAAACCAGC 62 216 

16S rRNA F: TCGGAGTCAACGGATTTGGTC 
R: AGCATCGCCCCACTTGATTT 62 305 

 
Table 2. Mean inhibiJon-zone diameters of SFN against S. mutans isolates (n = 25). 

SFN concentraJon InhibiJon zone (mm, mean ± SD) 

5% (50 mg/mL) 17.8 ± 0.55 

2.5% (25 mg/mL) 14.8 ± 0.58 

1.25% (12.5 mg/mL) 13.7 ± 0.74 

0.62% (6.2 mg/mL) 10.9 ± 1.54 
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Figure 1A. Agar-well diffusion plate showing inhibiJon zones produced by SFN at 5%, 2.5%, 1.25% and 0.62% against a representaJve S. mutans 
isolate; CN denotes the solvent control. 

 
Figure 1B. Mean inhibiJon-zone diameters (mm) of SFN across the four tested concentraJons (n = 25). 
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Table 3. Mean percentage inhibiJon and growth outcome of S. mutans across SFN concentraJons (n = 25). 
SFN (µg/mL) Mean inhibiJon (%) Growth (TTC) 

2500 91.8 ± 0.01 No growth (–) 

1250 (MIC) 90.2 ± 0.01 No growth (–) 

625 44.0 ± 0.14 Growth (+) 

313 33.5 ± 0.54 Growth (+) 

156 16.7 ± 0.09 Growth (+) 

78 12.0 ± 0.08 Growth (+) 

39 5.8 ± 0.05 Growth (+) 

19.5 2.3 ± 0.03 Growth (+) 

 
Figure 2A. Broth-microdiluJon MIC assay with TTC viability staining for the 25 isolates. Colorless wells indicate growth inhibiJon; red/pink wells 
indicate viable growth. Wells at 2500 and 1250 µg/mL remained colorless across all isolates, defining the MIC at 1250 µg/mL (highlighted). 
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Figure 2B. Dose-dependent mean growth inhibiJon (%) of S. mutans by SFN; the dashed line marks the 90% inhibiJon threshold (mean, n = 25). 
 
Table 4. DistribuJon of biofilm-forming capacity among the 25 clinical isolates. 

Biofilm category No. of isolates Percentage 

Strong 18 72% 

Moderate 3 12% 

Weak 4 16% 

Total 25 100% 

 
Figure 3A. Crystal-violet microJter assay of biofilm formaJon by the 25 clinical isolates; intensity of staining reflects biofilm biomass. C-ve denotes 
the negaJve (sterility) control. 
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Figure 3B. DistribuJon of biofilm-forming capacity (strong/moderate/weak) among the 25 isolates. 
 

 
Figure 4A. Crystal-violet anJ-biofilm assay: residual biofilm of the 25 isolates ajer treatment with serial SFN concentraJons (1250–78 µg/mL, in 
duplicate); C-ve denotes the negaJve control. 
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Figure 4B. Mean biofilm opJcal density of S. mutans across SFN concentraJons versus the untreated biofilm control. ** p < 0.01; **** p < 0.0001 
(mean ± SD, n = 25). 

 
Figure 4C. Heatmap of mean biofilm opJcal density for each isolate (S1–S25) across SFN concentraJons and the untreated biofilm control, showing 
dose-dependent biofilm reducJon. 
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Table 5. RelaJve expression (fold change, 2^-ΔΔCt) of target genes before and ajer SFN treatment (n = 25). 
Gene Control (mean ± SD) SFN (mean ± SD) ReducJon p-value 

g0C 2.571 ± 4.468 0.013 ± 0.020 ↓99.5% 1.2×10⁻⁶ 

sodA 1.732 ± 2.290 0.049 ± 0.065 ↓97.2% 3.6×10⁻⁴ 

ldh 2.787 ± 4.326 0.082 ± 0.157 ↓97.0% 7.4×10⁻³ 

 
Figure 5. Expression heatmap of g�C, sodA and ldh in control versus SFN-treated S. mutans, showing uniform down-regulaJon ajer treatment. 

 
Figure 6A. DistribuJon of g�C fold-change values in control and SFN groups (raincloud/violin plot). 
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Figure 6B. DistribuJon of ldh fold-change values. 

 
Figure 6C. DistribuJon of sodA fold-change values. 
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Figure 7. Pearson correlaJon matrix among g�C, sodA and ldh fold-change values. 

 
Figure 8. Principal component analysis of the three-gene expression profile, separaJng control from SFN-treated isolates (PC1 = 70.8%, PC2 = 21.7%). 
 


