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Abstract 

This study investigated the antibiofilm effects of Clitoria ternatea flowers anthocyanin fraction (AF) on Streptococcus mutans , Actinomyces 
viscosus , and Aggregatibacter actinomycetemcomitans . AF was obtained using column chromatography, and liquid chromatography-mass 
spectr ometr y w as employ ed for its c har acterization and identification. The cr ystal violet assay and scanning electr on micr oscopy anal- 
ysis r ev ealed significant inhibition of earl y biofilm formation and destruction of preformed biofilms after AF treatment (0.94–15 mg 
ml −1 ). Antiadhesion assay on acrylic teeth demonstrated that AF effecti v el y hamper ed sucr ose de pendent and inde pendent attach- 
ment. Importantl y, gr owth curv e and pH dr op assays showed that AF inhibited pH reduction for all bacteria tested without hindering 
bacterial gr owth. Furthermor e , the tetr azolium-based cytoto xicity assay indicated no to xicity to war ds normal human g ing i v al fibr ob- 
lasts at 0.78–12.5 mg ml −1 . These findings suggest C. ternatea anthocyanins ar e pr omising antibiofilm agents for oral biofilm control, 
acting during both initial formation and on mature biofilms. 

Ke yw or ds: Actinom yces viscosus ; Aggr egatibacter actinom ycetemcomitans ; antiplaque; blue pea flow ers; caries; Str eptococcus mutans 
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Introduction 

Biofilms, complex communities of microorganisms encased in a 
pr otectiv e matrix, pose a significant challenge in healthcare due 
to their heightened antimicr obial r esistance. Dental caries (tooth 

decay), a prime example of a biofilm-r elated disease, r esult fr om 

the complex interplay of oral bacteria. Early colonizers like Strepto- 
coccus mutans and Actinomyces viscosus initiate the process (Foster 
and Kolenbrander 2004 , Dige et al. 2009 , Fine et al. 2010 ). Their acid 

production and biofilm formation pave the way for establishing 
more pathogenic bacteria like Aggregatibacter actinomycetemcomi- 
tans , known for its persistent biofilms (Oettinger-Barak et al. 2013 ).
Pr e v enting the attachment and acid production of these early col- 
onizers could be crucial in combating dental caries (Argimón and 

Caufield 2011 ). 
While antiplaque agents like fluoride, triclosan, and chlorhexi- 

dine exist, their limitations, such as the potential side effects of 
c hlorhexidine (Van Strydonc k et al. 2012 ), motiv ate the searc h 

for alternative solutions for biofilm control. Secondary metabo- 
lites from plants offer a promising source of potential antimi- 
crobial and antibiofilm compounds (Roy et al. 2018 , Lahiri et 
al. 2019 , Guimarães et al. 2021 ). These phyto-constituents can 

target and disrupt various biofilm components and formation 

processes. 
Anthoc y anins, a class of water-soluble pigments responsible 

for the vibrant red, purple, and blue colours in man y fruits, v egeta- 
bles, and flo w ers, ar e gl ycosylated deriv ativ es of anthoc y anidins.
Pelargonidin, delphinidin, cyanidin, peonidin, petunidin, and mal- 
vidin are among the most commonly occurring anthoc y anidins in 
n  
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lants (Choo 2019 ). Tr aditionall y, anthoc y anins have been used as
edicine and natural food colorants (Vidana Gamage et al. 2021 ).

he anthoc y anins in C. ternatea flo w ers possess diverse biologi-
al activities, including antioxidant, antibacterial, antibiofilm, an- 
icancer, and anti-inflammatory pr operties (Jeyar aj et al. 2022a ).
n the context of oral health, the antibiofilm potential of antho-
 y anins is particularly noteworthy. Studies have shown that grape
ar c anthoc y anin extr act can r educe dental caries and surface

oughness in rats infected with S. mutans (Zagnat et al. 2017 ). Sim-
larl y, cr anberry pr oanthoc y anidins, structur all y r elated to antho-
 y anins , ha ve been shown to reduce S. mutans biofilm biomass,
xtr acellular pol ysacc harides, and acidogenicity without affect- 
ng bacterial viability (Koo et al. 2010 ). Ho w e v er, the effects of C.
ernatea anthoc y anin fraction (AF) on biofilm-forming oral colo-
izers and its potential cytotoxicity remain unexplored. 

T his study in vestigated the antibiofilm potential of C. ternatea
F against S. mutans , A. viscosus , and A. actinomycetemcomitans . Ad-
itionally, the effects of bacterial adhesion, acid production, and 

ts potential cytotoxicity on human g ing iv al fibr oblast cells (HGF-
) were investigated. 

aterial and methods 

lant material preparation and extraction of 
amples 

 resh C. ternatea flo w er petals (8.5–9.0 ◦ Brix) w er e obtained fr om a
oriculture in Subang J ay a, Selangor, Malaysia. Ten gram of C. ter-
atea flo w er petals w er e extr acted with 50% ethanol (200 ml) un-
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er continuous agitation for 3 h at 25 ◦C. The resulting extract was
 acuum filter ed, concentr ated with a r otary e v a por ator (45 ◦C),
reeze-dried ( −80 ◦C), and subsequently stored at −80 ◦C for anal-
sis. 

artitioning and semipurification by column 

hroma togr aphy 

he crude extract was partitioned and semipurified using a col-
mn c hr omatogr a phy method (Jeyar aj et al. 2022a ). The fr eeze-
ried extract of C. ternatea flo w ers (5 g) was dissolved in 100 ml
f distilled water, and the solution was adjusted to pH 2. Liquid–
iquid partitioning was performed using ethyl acetate (100 ml) to
 emov e less polar flavonoids. The aqueous phase, enriched in an-
hoc y anins, w as collected and subjected to two additional rounds
f partitioning with ethyl acetate . T he resulting aqueous phase
as concentrated under reduced pressure at 37 ◦C using a rotary
 v a por ator. 

Further purification of the AF was ac hie v ed using Amberlite
AD-16 resin. The column was prepared by rinsing with 1 l of
urified w ater, follo w ed b y activation with 500 ml of 2% (w/v)
queous sodium hydroxide . T he column was then washed with
 l of acidified water until the pH r eac hed 3. The concentrated
F (10 ml) was loaded onto the column and rinsed with 300 ml
f acidified water (pH 3) at a flow rate of 10 ml/min to re-
o ve phenolic acids . Anthoc y anins w ere eluted using a solu-

ion of 95:5 (v/v) methanol:acidified water (pH 2). The eluted
F was concentr ated, fr eeze-dried, and then stor ed at −80 ◦C.
he total anthoc y anin content (TAC) of AF was determined us-

ng the pH differential method as described by Jeyaraj et al.
 2021 ). 

iquid chroma togr aphy-mass spectrometry 

LC-MS) char acteriza tion 

iquid c hr omatogr a phy-mass spectr ometry (LC-MS) anal ysis was
erformed following the method from a pr e vious stud y (Je yaraj et
l. 2022a ). For this purpose, Agilent 1290 Infinity LC system was
tilized, coupled with a 6520 Accurate-Mass Q-TOF mass spec-
r ometer. The mass spectr ometer was equipped with a dual elec-
r ospr ay ionization source (Agilent, Santa Clara, CA). To achieve
 hr omatogr a phic separ ation, Zorbax Eclipse XDB-C18, Narrow-
ore 2.1 ×150 mm, 3.5 μm column was employed, along with a
uard column made of the same material. The MS detection was
arried out in positive mode within a mass range of 500–2000 m/z.
he elution gr adients wer e composed of acetonitrile/methanol

1:1), formic acid (0.1:99.9, v/v) for phase A, and formic acid/water
0.1:99.9, v/v) for phase B. The elution conditions were set as fol-
ows: from 0 to 2 min, 2% A and 98% B; from 3 to 5 min, 5% A and
5% B; from 5 to 30 min, 20% A and 80% B; from 30 to 72 min,
5% A and 65% B; from 72 to 83 min, 100% A and 0% B; from 83
o 85 min, isocratic conditions with 100% A; from 87 to 90 min,
% A and 98% B to return to the initial conditions . T he flow rate
as maintained at 0.5 mL min 

−1 , with an injection volume of
 μl. Nitrogen gas was employed as the desolvation gas at 300 ◦C
ith a flow rate of 60 l h 

−1 , and He gas was used as damping gas,
eclustering potential 40 of eV; collision energy 5 eV; collision cell
ntrance potential 10 eV. 

acterial strains and growth conditions 

his study utilized Streptococcus mutans (ATCC 25175), Actinomyces
iscosus (ATCC 43146), and Aggregatibacter actinomycetemcomitans
ATCC 33384). All str ains wer e initiall y gr own fr om gl ycer ol stoc ks
n brain heart infusion (BHI) agar plates. 
ssessment of minimum inhibitory 

oncentr a tions (MICs) 
inimum inhibitory concentration (MIC) was determined using

he broth microdilution method outlined by the Clinical and Lab-
ratory Standards Institute ( 2012 ). Bacteria wer e gr own ov ernight
n BHI broth at 37 ◦C, anaerobically, adjusted to 0.5 McFarland stan-
ard to obtain OD 600nm 

of 0.1 with 1% glucose. Serial dilutions of
he AF in distilled water (1.87–60 mg ml −1 ) were prepared, and
00 μl of bacterial inoculum was added to each well. Plates were
ncubated anaer obicall y for 24 h at 37 ◦C (Anaer ogen P ak Jar, Ox-
id Ltd.) and the OD at 600 nm was measured using a microtiter
late reader. Chlorhexidine was used as a positive control. The
IC was determined in triplicate using biological replicates ( n = 3).
he MIC was defined as the lo w est AF concentration preventing
isible bacterial growth and demonstrating a significant change
n absorbance compared to the positive control ( P ≤ .05). In cases
ith ≥90% inhibition, that concentration was considered the MIC.

ssessment of minimum bactericidal 
oncentr a tion (MBCs) 
acterial suspensions (100 μl) from wells without visible growth

n the MIC assay were subcultured onto BHI agar plates and in-
ubated for 24 h at 37 ◦C under anaerobic conditions . T he MBC
as determined in triplicate using biological replicates ( n = 3). The
BC was defined as the lowest concentr ation pr e v enting bacterial

rowth on the fresh plates. 

iofilm inhibition assay 

he ability of AF to pr e v ent bacterial biofilm formation was as-
essed using a modified O’Toole ( 2011 ) microplate assay. Bacteria
er e gr own ov ernight in BHI br oth at 37 ◦C, adjusted to 0.5 McFar-

and standard, to obtain OD 600 of 0.1 with 1% glucose . T he bac-
erial suspension (100 μl) was added to 96-well plates along with
terile-filtered AF (0.9375–15 mg ml −1 ). Plates were incubated for
4 h at 37 ◦C. Wells were then rinsed, fixed with 2.5% glutaralde-
yde, and stained with 200 μl of a 0.1% crystal violet. Bound dye
as extracted with 200 μl of 95% ethanol and absorbance was
easured at 600 nm. The OD values were then converted to per-

enta ges r elativ e to the untr eated contr ol. The negativ e contr ol
onsisted of a bacterial suspension in broth without any treat-
ent, while the positiv e contr ol included a bacterial suspension
ith 0.2% chlorhexidine, a disinfectant known for its ability to

liminate oral biofilms effectively. Control wells that were not in-
culated with bacteria were included to account for any back-
r ound staining fr om the media or other components . T he biofilm
nhibition assay was performed with three biological replicates
 n = 3), each biological replicate had three technical replicates.
he minimum biofilm inhibitory concentration (MBIC) is initially
ssessed by visually identifying the lo w est AF concentration that
r e v ents visible biofilm formation. This is then confirmed quanti-
ativ el y as the lo w est concentr ation, r esulting in a significant r e-
uction in OD readings compared to the negative control, indicat-

ng a significant reduction in biofilm biomass. 

iofilm er adica tion assay 

he standardized inoculum (similar to the one used in the MBIC
ssay) was used to establish biofilms in all wells for 24 h at
7 ◦C, anaer obicall y. The w ells w ere rinsed with PBS to r emov e
n y nonadher ent planktonic cells befor e being tr eated with AF
final concentration: 0.9375–15 mg ml −1 ), and incubated for an-
ther 24 h. After rinsing with distilled water, the crystal violet as-
ay (as described in the biofilm inhibition section) was performed.
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The biofilm eradication assay was performed with three biolog- 
ical replicates ( n = 3), each biological replicate had three tech- 
nical replicates . T he minimum biofilm eradication concentration 

(MBEC) is initially assessed by visually identifying the lo w est ex- 
tr act concentr ation, r esulting in a clear well (no turbidity). This is 
then confirmed quantitativ el y as the lo w est AF concentr ation, r e- 
sulting in a significant reduction in the OD reading compared to 
the untreated control. 

Growth curve assessment 
To ensure that AF exhibited antibiofilm effects without exert- 
ing bactericidal activity at its MBIC, the effect of AF at sub- 
MIC on the total bacterial growth within the well was moni- 
tor ed ov er 24 h. T he assa y was performed with three biological 
replicates ( n = 3), each biological replicate had three technical 
replicates. 

Acid production in the biofilm system 

The effect of AF on bacterial acid production was assessed follow- 
ing a modified pr otocol fr om Sathiaseelan et al. ( 2019 ). BHI broth 

supplemented with 1% sucrose and AF (0.9375–15 mg ml −1 ) was 
inoculated with overnight bacterial culture and incubated for 24 
h at 37 ◦C. Initial and final pH le v els of the br oth wer e measur ed 

using a calibrated microelectrode. An untreated control (bacterial 
culture without the addition of AF, but with distilled water) was 
included for comparison. The assay was performed with three bi- 
ological replicates ( n = 3), each biological replicate had three tech- 
nical replicates. 

Antiadhesion assay on artificial teeth 

The effect of AF on oral bacteria’s adherence to artificial teeth 

w as assessed follo wing a modified version of Sathiaseelan et al.
( 2019 ). One resin-based artificial tooth (VIPI-DENT plus, Madespa,
Toledo, Spain) was pre-disinfected and placed in BHI medium 

with or without 5% sucrose. A standardized bacterial inoculum 

(3.5 × 10 9 cells ml −1 ) and sub-MIC AF wer e added. Solv ent con- 
trols (with or without sucrose) and a 0.2% chlorhexidine as the 
positiv e contr ol wer e included. Incubation was under anaer obic 
conditions at 37 ◦C for 4–6 h. Planktonic cells wer e r emov ed, and 

adher ed cells wer e detac hed by sonication. Adher ence was quan- 
tified by measuring absorbance at 600 nm, with adherence per- 
centage calculated by: (O.D. adhered cells/O.D. total cells) × 100.
The antiadhesion assay was performed with three biological repli- 
cates ( n = 3), each biological replicate with three technical repli- 
cates. 

Scanning electron microscopy (SEM) analysis 

The antibiofilm effect of AF was visualized on glass coverslips 
using SEM, following the method of Sathiaseelan et al. ( 2017 ).
Biofilms were grown on coverslips in 24-well microplates supple- 
mented with AF at MBIC and MBEC concentrations (0.94–7.5 mg 
ml −1 ) and incubated overnight at 37 ◦C. Biofilms were then fixed 

with 2.5% glutaraldehyde, rinsed with PBS, and dehydrated us- 
ing a graded ethanol series. Dried biofilms were mounted on 

conductiv e ta pe, gold-sputter ed, and examined using a Hitachi 
S3400N-II scanning electr on micr oscope. To quantify the bacte- 
rial cells in the SEM ima ges, Ima geJ softwar e (v ersion 1.50b, Na- 
tional Institutes of Health, Bethesda, USA) was utilized. SEM im- 
a ges wer e taken fr om thr ee independent biofilms (biological r epli- 
cates, n = 3), with at least fiv e ima ges ca ptur ed per biofilm at 
different locations on the co verslip. T he images were first con- 
verted to 8-bit greyscale. A consistent threshold was applied to 
ll images to differentiate bacterial cells from the background.
he “Analyze Particles” function was used to count the indi- 
idual bacterial cells in a defined area of each image (150 μm

150 μm). The number of cell counts was log-transformed 

nd standardized per unit area (log cells/cm 

2 ) of the speci-
en. 

v alua tion of the cytotoxic effect on cell line 

GF-1 

he cytotoxicity of AF was assessed using a 3-(4,5- 
imethylthiazol-2-yl)-2,5-diphen yl-2H-tetr azolium br omide 

MTT) assay. HGF-1 were grown in Dulbecco’s Modified Eagle’s 
edium (DMEM) supplemented with 10% fetal bovine serum 

nd 1% penicillin-stre ptom ycin solution. HGF-1 (1 × 10 4 cells
l −1 ) were seeded in a 96-well microtiter plate and incubated

or 24–48 h under a 5% CO 2 atmosphere. After incubation, cells
er e tr eated with v arious concentr ations of AF (15–0.117 mg
l −1 ) in serum-free medium. A control well contained only cell

uspension with culture medium. Following 24 h of incubation,
TT solution (5 mg ml −1 in PBS) was added, and plates were

ncubated for another 4 h at 37 ◦C. The supernatant was r emov ed,
ormazan crystals were dissolved in DMSO, and cell viability was
etermined by measuring the OD at 570 nm. The cytotoxicity
ssay was performed with three biological replicates ( n = 3),
ach biological replicate had three technical replicates. Cell 
iability per centages w ere calculated relative to control cells
set at 100%). A 0.2% chlorhexidine solution served as a positive
ontrol. 

ta tistical anal yses 

ll experiments were carried out in independent triplicates . T he
tatistical analysis was performed using SPSS version 13.0 for 
 indows (SPSS Inc., Chicago , IL). The r esults wer e r eported as
ean ± standard deviation ( n = 3). To assess the variations be-

ween the test groups, a one-way analysis of variance test was em-
lo y ed. Ad ditionally, Tuk e y’s multiple comparison post-test was
tilized to compare the means. A P -value less than .05 indicated
 statistically significant difference. 

esults and discussion 

har acteriza tion of anthocyanins 

he vibrant blue colour of blue pea flo w ers is attributed to their
ich anthoc y anin content. LC-MS analysis of the AF identified nine
ajor ternatins, including those from the B, C, and D classes (ter-

atin B1, B2, B3, B4, C1, C2, D1, D2, D3), along with se v er al iso-
ers, pr edominantl y belonging to the ternatin class ( Table S1 ).

his is consistent with the flo w er’s c har acteristic color ation of
r e vious studies (Escher et al. 2020 , Jeyaraj et al. 2022a , Vidana
amage and Choo 2023 ). This is further supported by the ab-
ence of these pigments in white C. ternatea varieties (Oguis et
l. 2019 ). Ternatins ar e pol y ac ylated deri vati ves of delphinidin
,3 ′ ,5 ′ -triglucoside, c har acterized by multiple acyl groups, often
-coumaric acid, attached to the core anthoc y anidin structure.
hese acyl groups not only contribute to the stable blue colour
ut also play a crucial role in the bioactivity of these compounds

Kazuma et al. 2003 ). Notably, ternatin D-type compounds and
heir isomers were particularly abundant. The TAC of AF was
etermined to be 28.19 ± 0.95 mg CGE g −1 . This finding aligns
ith the results of Jeyaraj et al. ( 2022a ), who reported a TAC of
5.9 ± 2.4 mg CGE/g, indicating successful extraction of antho- 
 y anins from C. ternatea flo w ers. 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf035#supplementary-data
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Figure 1. Effect of C. ternatea flo w ers AF on biofilm formation of (A) Streptococcus mutans (B) Actinomyces viscosus , and (C) Aggregatibacter 
actinomycetemcomitans . Means with different letters indicate significant ( P < .05) differences among the treatments. 
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inimum inhibitory concentr a tions and 

inimum bactericidal concentr a tions 

he MIC of AF was determined as 7.5 mg ml −1 for both S. mu-
ans and A. viscosus . A. actinomycetemcomitans sho w ed a higher MIC
t 15 mg ml −1 , demonstrating lo w er sensitivity to the treatment
 Table S2 ). The MBC (minimum bactericidal concentration) was
5 mg ml −1 for S. mutans and double that (30 mg ml −1 ) for A. visco-
us and A. actinomycetemcomitans ( Table S2 ). This indicates bacte-
icidal effects at higher concentrations and bacteriostatic effects
t lo w er concentrations. 

The enhanced susceptibility of Gr am-positiv e bacteria ( S. mu-
ans and A. viscosus ) compared to the Gram-negative A. actino-
ycetemcomitans aligns with general trends in antibiotic resis-

ance, often attributed to the pr otectiv e outer membrane of Gram-
egativ e bacteria (Br eijyeh et al. 2020 ). This observation is also
upported by pr e vious studies demonstr ating the gr eater efficacy
f plant extracts against Gram-positive bacteria (Cisowska et al.
011 , Mahmad et al. 2018 ). 
The observed MICs for the AF differ from those reported by
eyaraj et al. ( 2022a ), who investigated the antimicrobial ac-
ivity of a similar fraction against Escherichia coli , Bacillus sub-
ilis , and Bacillus cereus . This discrepancy is likely due to varia-
ions in bacterial strains , experimental conditions , and potential
easonal differences in the chemical composition of C. ternatea
o w ers. 

The higher MIC and MBC values ( Table S2 ) for A. actinomycetem-
omitans underscore its known resistance profile, consistent with
r e vious findings using C. ternatea extracts (Subianto et al. 2023 )
nd other agents (Bakri and Douglas 2005 ; Oettinger-Barak et al.
013 ). This bacterium’s resilience may be attributed to its adapt-
bility and ability to modulate virulence factors (Fong et al. 2003 ).

ffect on biofilm formation 

he C. ternatea AF demonstrated significant inhibition of biofilm
ormation in all three tested oral pathogens at sub-inhibitory con-
entrations ( Fig. S1 ). S. mutans displayed the highest susceptibil-

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf035#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf035#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf035#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf035#supplementary-data
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Figure 2. Effect of C. ternatea flo w ers AF on preformed biofilm formation of (A) Streptococcus mutans , (B) Actinomyces viscosus , and (C) Aggregatibacter 
actinomycetemcomitans . Means with different letters indicate significant ( P < .05) differences among the treatments. 
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ity, with inhibition r ates r anging fr om 95% to 58%, follo w ed b y A.
viscosus (93%–30%) and A. actinomycetemcomitans (85%–18%). The 
MBIC 50 (the concentration inhibiting 50% of biofilm formation) 
w as lo w est for S. mutans (0.94 mg ml −1 ) and highest for A. acti- 
nomycetemcomitans (3.75 mg ml −1 ) ( Table S2 ). OD measurements 
(Fig. 1 ) r e v ealed a dose-dependent inhibition of biofilm formation 

for all bacterial species tested. The observed species-specific vari- 
ation in susceptibility to the AF could be attributed to se v er al fac- 
tors, such as differences in cell wall composition among Gram- 
positive ( S. mutans and A. viscosus ) and Gram-negative ( A. acti- 
nomycetemcomitans ) bacteria might influence the penetration and 

interaction of AF with cellular targets, variations in efflux pump 

mec hanisms, whic h can activ el y expel compounds fr om bacterial 
cells, or the presence of specific resistance genes or variations in 

metabolic pathways could also play a role in the differential sus- 
ceptibility. 

Pr e vious studies have demonstrated the antibiofilm activity of 
anthoc y anins from red wine , grapes , cranberries , black plum, and 

purple highland barley bran against various bacteria, including 
. mutans , P. aeruginosa , K. pneumonia , and S. enterica (Daglia et al.
010 , Koo et al. 2010 , Gopu et al. 2015 , Zagnat et al. 2017 , Zhang
t al. 2020 ). Cranberries , for instance , ha ve been well-studied for
heir anthoc y anins’ ability to reduce biofilm formation by S. mu-
ans (Koo et al. 2010 ; Castellanos et al. 2024 ). Similarly, antho-
 y anin extr acts fr om so ybeans and w alnuts have been reported to
nhibit biofilm formation in Pseudomonas and Klebsiella species by 
educing bacterial cell hydrophobicity and adhesion to surfaces 
Enaigbe et al. 2020 ). 

The antibiofilm activity of the C. ternatea AF in this study is
ikely due to its diverse ternatin profile, particularly the abun-
ance of ternatin D-type compounds and isomers . T hese poly ac y-

ated anthoc y anins, with multiple sugar moieties enhancing sol-
bility and acyl groups contributing to stability and membrane 

nteractions , ma y disrupt bacterial integrity within the biofilm.
he antibiofilm activity against oral pathogens aligns with Jeyaraj 
t al. ( 2022b ), who demonstrated antibiofilm activity of similar
nthoc y anins fraction predominately ternatin D-type, against P.
eruginosa . 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf035#supplementary-data
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Figure 3. Inhibitory effect of C. ternatea flo w ers AF in sucrose-independent and sucrose-dependent adherence assays against (A) Streptococcus mutans , 
(B) Actinomyces viscosus , and (C) Aggregatibacter actinom ycetemcomitans. Differ ent letters indicate significant difference at P < .05 (capital letters: between 
differ ent concentr ations of the same attac hment, lo w er case letters: betw een differ ent attac hments of the same concentr ation). 
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ffect on preformed biofilm 

he C. ternatea AF demonstrated dose-dependent efficacy in erad-
cating pr e-formed or al biofilms (Figs 2 and S2 ), a finding that di-
 er ges fr om the r esults of Jeyar aj et al. ( 2022b ), who reported no
ignificant disruption of preformed P. aeruginosa biofilms by the
ame fraction. The observed difference in AF’s effect on preformed
iofilms between our study (oral bacteria) and Jeyaraj et al. ( 2022b )
 P. aeruginosa ) might not necessarily indicate specificity to oral bac-
eria alone. It is possible that AF has varying efficacy against differ-
nt bacterial species or that other factors such as biofilm compo-
ition, bacterial physiology, or experimental conditions contribute
o this discr epancy. Futur e studies should inv estigate the effects
f shorter AF exposure times on oral biofilms, assessing the im-
act on biofilm biomass, viability, and structural integrity. This
ould provide a more realistic assessment of AF’s potential for

linical use. Additionally, conducting biofilm assays on artificial
eeth, whic h mor e closel y mimic the natur al tooth surface, could
ffer a more clinically relevant model for evaluating AF’s efficacy.
ffect on bacterial growth 

o investigate if the anti-biofilm activity of the C. ternatea AF was
ue to direct growth inhibition, bacterial growth curves were mon-

tor ed ov er 24 h ( Fig. S3 ). AF did not significantly affect planktonic
acterial growth, suggesting that the observed antibiofilm effect

s not primarily due to bactericidal or bacteriostatic action. This is
onsistent with Sterniša et al. ( 2022 ), who highlighted that biofilm-
ar geting a gents that do not dir ectl y inhibit bacterial gr owth ar e
ess likely to induce resistance mechanisms, potentially offering
 more efficient approach to biofilm control. 

ffect on acid production in the biofilm system 

 he pH-drop assa y r e v ealed significant differ ences in acidogenic
otential between untreated and AF-treated S. mutans biofilms.
ntr eated biofilms r a pidl y acidified the envir onment, r eac hing a
H below the critical value of 5.5, known to promote tooth dem-

neralization, within the first 3 h, as shown in Table S3 (Selwitz

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf035#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf035#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf035#supplementary-data
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Figure 4. SEM images of the effect of C. ternatea flo w er AF at MBIC on biofilm inhibition at 3000 × (bar, 10 μm) magnification. —indicates no treatment; 
+ indicates with treatment. 
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et al. 2007 ). Conv ersel y, AF-tr eated biofilms exhibited significantl y 
suppressed acid production, maintaining a pH above 5.5 even af- 
ter 24 h. This suggests that anthoc y anins may not only reduce 
biofilm EPS content, hindering acid diffusion but also potentially 
inhibit enzymes involved in the gl ycol ytic pathway of S. mutans 
(Belli and Marquis 1991 ), thus reducing acid production. 

This finding is consistent with pr e vious studies demonstr at- 
ing the acidogenicity-reducing effects of anthoc y anins fr om v ar- 
ious sources a gainst S. mutans . Cr anberry pol yphenols, includ- 
ing anthoc y anins, disrupt S. mutans biofilm de v elopment and aci- 
dogenicity (Koo et al. 2010 ). Similarl y, cr anberry and blueberry 
extract inhibits S. mutans acid production, potentially through 

disruption of glucosyltr ansfer ases (GTFs) crucial for biofilm de- 
velopment (Philip et al. 2019 ). Grape-derived anthoc y anins and 

pol yphenols hav e also been shown to suppr ess S. mutans gr owth,
acid production, and biofilm activity (Furiga et al. 2009 ). These col- 
lective findings underscore the potential of anthoc y anins as natu- 
r al anticaries a gents by tar geting both biofilm formation and acid 

production. 

Effect on bacterial attachment 
In vitro assessment of C. ternatea AF using acrylic teeth as a model 
for natural tooth surfaces revealed significant dose-dependent in- 
hibition of bacterial adhesion (Figs 3 and S4 ). This effect was ob- 
serv ed acr oss both sucr ose-dependent and sucr ose-independent 
attac hment mec hanisms, indicating a m ultifaceted antiadhesiv e 
ction. Sucr ose-dependent attac hment involv es the synthesis of
xtr acellular pol ysacc harides (glucans) by bacterial enzymes, pri-
arily GTFs and fructosyltransferases, which facilitate bacterial 

dhesion to the tooth surface (Koo et al. 2010 ). The observ ed r e-
uction in sucrose-dependent attachment suggests that AF may 

nterfere with these enzymes or the glucan synthesis process.
ucr ose-independent attac hment involv es v arious mec hanisms,
ncluding interactions between bacterial adhesins and host recep- 
ors on the tooth surface . T he decrease in sucrose-independent
dher ence observ ed with AF tr eatment may be due to alterations
n bacterial cell surface pr operties, suc h as hydrophobicity or
 har ge, whic h could hinder initial attachment. 

The ability of C. ternatea AF to inhibit early oral bacterial ad-
esion, a crucial step in biofilm formation that becomes increas-

ngl y irr e v ersible ov er time, suggests its potential as a pr e v enta-
iv e a gent a gainst or al biofilm de v elopment. This effect is in line
ith pr e vious studies demonstr ating the antiadhesiv e pr operties
f various plant extracts against oral pathogens. Hanafiah et al.
 2018 ) reported a 50% reduction in S. mutans biofilm adhesion with
0 mg ml −1 of their extract, while this study found a similar re-
uction with a m uc h lo w er concentration of AF (0.94–15 mg/ml).
imilarly, Sathiaseelan et al. ( 2024 ) observed a 50% decrease in S.
utans, A. viscosus and A. actinomycemcomitans adhesion with 0.94–

5 mg ml −1 of red pitahaya betacyanins fr action, whic h is compa-
able to the 50% reduction in adhesion observed in this study with
F . Importantly , this antiadhesive effect occurs at concentrations

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf035#supplementary-data
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Figure 5. SEM images on the effect of C. ternatea flo w er AF at MBEC on biofilm destruction at 3000 × (bar, 10 μm) magnification. —indicates no 
treatment; + indicates with treatment. 

Figure 6. Viability of HGF-1cells treated with various concentrations of C. ternatea flo w er AF at 24 h. Cells lysed by 0.2% CHX were used as the positive 
control, while the untreated cells were assayed as the negative control. Different letters indicate significant difference at P < .05. 
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of 0.94–15 mg ml −1 without any significant effect on planktonic 
bacterial growth (Fig. 3 ), indicating a targeted mechanism that 
could be exploited for novel antiplaque strategies . T hese findings 
demonstrate the antiadhesive properties of AF against oral bac- 
teria, and further r esearc h is needed to determine if this effect 
extends to other bacteria. 

SEM visualization of fixed biofilms 

SEM of S. mutans biofilms r e v ealed a marked reduction in cell den- 
sity and disruption of biofilm arc hitectur e following AF at MBIC 

and MBEC le v els (Figs 4 and 5 ), demonstr ating a significant 1.0–
1.3 log cells cm 

−2 decrease in bacterial cell density compared to 
the untreated control ( Table S4 and S5 ). Control biofilms exhib- 
ited a thick, uniform matrix, while AF-treated biofilms sho w ed 

pr ogr essiv e disruption. The treated biofilms were sparser, with 

smaller, less densel y pac ked bacterial clusters . T hese observations 
were further supported by the results from crystal violet (Figs 1 
and 2 ) and bacterial attachment assays (Fig. 3 ), which revealed 

a significant reduction in biofilm biomass and adhesion. These 
findings, along with pr e vious r eports of cr anberry anthoc y anin- 
induced membrane abnormalities and cytoplasmic leakage (Wu 

et al. 2008 , Lacombe et al. 2010 ), suggest that AF disrupts biofilm 

integrity and may affect the viability of bacterial cells within the 
biofilm. 

Cytotoxicity assessment 
To assess the safety of C. ternatea AF for potential or al car e a ppli- 
cations, its cytotoxicity was e v aluated on HGF-1 cells, the primary 
cells responsible for repairing oral periodontal tissues (Bartold et 
al. 2000 ). The AF exhibited no significant cytotoxic effects on HGF- 
1 cells across a concentration range of 0.78–12.5 mg ml −1 over 24 
h, maintaining cell viability above the 80% threshold for healthy 
cultures (Fig. 6 ). 

These findings align with pr e vious studies demonstr ating mini- 
mal toxicity of C. ternatea anthoc y anins on normal cells, including 
human embryonic kidney cells (HEK-293) (Jeyaraj et al. 2022a ) and 

human for eskin fibr oblast cells (Hs27) (Neda et al. 2013 ). This sug- 
gests that C. ternatea anthoc y anins exhibit a favourable safety pro- 
file for potential use in the or al cavity. Inter estingl y, C. ternatea ex- 
tr acts hav e sho wn c ytotoxic effects a gainst v arious human cancer 
cell lines (Shiv a pr akash et al. 2015 ), suggesting that cancer cells 
may be more sensitive than normal human cells. 

Importantly, the MBIC and MBEC values ( Table S2 ) for AF 
against S. mutans , A. viscosus , and A. actinom ycetemcomitans wer e 
significantly lo w er than the c ytotoxic threshold. This indicates 
that AF effectiv el y inhibits and disrupts biofilms in a dose- 
dependent manner, e v en at concentr ations well-toler ated by nor- 
mal cells, highlighting its potential as a safe and effective an- 
tibiofilm agent. 

Conclusions 

This study demonstrates the potent antibiofilm and anti- 
adher ence pr operties of the C. ternatea AF a gainst or al bacte- 
ria. Significantly, it inhibits biofilm formation and disrupts pre- 
formed biofilms without dir ectl y impacting bacterial growth. This 
specificity suggests a targeted antibiofilm mechanism rather than 

br oad micr obicidal activity, potentiall y minimizing the risk of de- 
v eloping bacterial r esistance. Furthermor e, the lac k of cytotoxicity 
to w ar ds normal HGF-1 cells highlights its potential safety profile.
These results suggest that the C. ternatea AF holds promise as a 
pr ospectiv e antibiofilm agent specifically targeting oral biofilms. 
upplementary data 

upplementary data is available at FEMSLE Journal online. 
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