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Salivary Pellicle Modification with Grape-seed Extract:  

In Vitro Study on the Effect on Bacterial Adhesion and 

Biofilm Formation

Thiago Saads Carvalhoa / Dea Muçollib / Sigrun Eickc / Tommy Baumannd

Purpose: Grape-seed extract (GSE) contains polyphenols that readily adhere to proteins and modify the acquired
enamel pellicle (AEP). The first step in biofilm formation is bacterial adhesion to the AEP-covered enamel. The aim 
of this in vitro study was to test whether AEP modification with GSE, fluoride (F-FF ), or their combination (GSE+F-FF ) mod-
ulates bacterial adhesion, biofilm metabolism and composition, or cariogenic demineralisation of the enamel.

Materials and Methods: The study comprised 3 parts: 1) single-strain Streptococcus gordonii species, 2) a five-spei -
cies biofilm model, or 3) biofilm (re-)formation using the five-species biofilm model after removal of initial biofilm
with toothbrushing. Human whole-mouth stimulated saliva was used to form an AEP on human enamel specimens.
The AEP was incubated in water (control), or modified with GSE, F-FF , or GSE+F-FF . Bacterial adhesion, biofilm diversity, 
metabolic activity, biofilm mass, and cariogenic demineralisation (surface hardness) of enamel were assessed after 
incubation in bacterial broths after 4 h or 22 h. Differences between groups were analysed with one-way ANOVA
and post-hoc Bonferroni tests.

Results: GSE and GSE+F-FF  statistically significantly decreased single-strain S. gordonii adhesion, but had no relevant i
influence when the five-species biofilm model was used. In the biofilm (re-)formation model, GSE reduced bacterial 
adhesion compared to GSE+F-FF , while F-FF caused less cariogenic demineralisation than was found in the control group.

Conclusion: AEP modified with GSE retards S. gordonii adhesion, but it does not influence the formation, metaboi -
lism and composition of a cariogenic multi-species biofilm.
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Caries is the most common disease of the dental hard 
tissue, burdening children and adults alike.20 The dis-

ease is defined as a local destruction of the minerals 
caused by cariogenic microorganisms that produce organic 

acids when supplied with fermentable carbohydrates. The 
microorganisms, however, rarely adhere directly onto the
bare enamel devoid of saliva; rather, this adherence occurs 
on dental surfaces covered with the acquired enamel pelli-
cle (AEP).23 The AEP is formed initially from potent interac-
tions between proteins from the saliva and the tooth sur-
face, forming a strongly-adhered bacteria-free protein layer.
Further protein-protein interactions modulate the progres-
sion of AEP formation, which culminates in a mature pellicle
composed mainly of statherin, amylase, proline-rich proteins
(PRPs), mucins, among other proteins.30 Some of these 
proteins contain receptors that allow adhesion of bacte-
ria,13 so that AEP is an integral part of oral homeostasis, 
directly influencing initial bacterial colonisation.23 Bacterial 
adherence begins with short-range physicochemical interac-
tions between specific ligands on the bacterial cells and the 
receptors in the AEP.13

Considering this interplay, any modification of the AEP
could have a direct impact on the adhesion of bacteria,
which, in turn, could eventually modify the quality of the bio-
film and lead to either an increase of biofilm (and ultimately 
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more caries) or a decrease in biofilm (and ultimately a pro-
tective effect). Several substances have the ability to modify 
the AEP, including oils,17 proteins4 and plant extracts.39 The
latter can do this largely because they contain polyphenols, 
which have the ability to form strong interactions with the 
salivary proteins,6,9,33 increasing the AEP thickness19 and 
improving its acid-resistance and protective qualities.39

Grape-seed extract (GSE) is a polyphenol-rich plant ex-xx
tract that has been gaining attention in dentistry. Grapes
belong to the group of plants that contain high concentra-
tions of tannins, so GSE is of great interest in caries pre-
ventive research. It seems to promote remineralisation,5 as 
well as being able to significantly inhibit single-strain bacte-
ria such as Streptococcus mutans, or multi-species bio-
films.7 However, its biofilm-inhibiting mechanism of action is
not yet fully known, and the present study could help eluci-
date this question. We investigated whether the salivary 
pellicle modification with GSE, fluoride, or their combination 
will have an influence on: 1) bacterial adhesion of a single
strain, 2) the formation (bacterial adhesion), composition,
quantification and metabolic activity of a cariogenic multi-
species biofilm, as well as the cariogenic demineralisation
caused by the biofilm, 3) (re-)formation, composition, quan-
tification and metabolic activity of a multi-species cariogenic
biofilm and cariogenic demineralisation of enamel after me-
chanical removal (toothbrushing) of an initial biofilm.

MATERIALS AND METHODS 

The present study used human teeth and saliva. It was car-rr
ried out in accordance with the approved guidelines and
regulations of the local ethics committee (Kantonale Ethik-
kommission). The teeth and saliva were pooled, and as the
ethics committee categorises these pooled samples as “ir-rr
reversibly anonymised”, no previous ethical approval was 
required.

Preparation of Human Enamel Specimens 

The human teeth used for this study were taken from a 
pooled biobank. They had been extracted by dental practi-
tioners in Switzerland (no water fluoridation) and stored in
2% chloramine-T trihydrate solution. 

The enamel specimens were prepared by embedding the
teeth in acrylic resin, followed by grinding and polishing 
their surface (Struers Knuth-Rotor 2 and LaboPol 21; Ball-
erup, Denmark) until the outermost 200 μm of enamel was 
removed. This resulted in smooth, highly polished and pla-
nar parallel specimens. The enamel specimens were stored 
in a mineral solution (1.5 mmol/l CaCl2, 1.0 mmol/l 
KH2PO4, 50 mmol/l NaCl, pH 7.0) until the time of the ex-
periment. Immediately prior to the experimental procedures, 
the initial surface microhardness (SMH) of all enamel spec-
imens was measured. Potential contaminating bacteria on 
the specimens were killed by boiling, then incubation in
brain-heart infusion broth (BHI; Biomérieux, Marcy l’etoile, 
France) at 37°C with 10% CO2 for 24 h, and then boiling a 
second time.

Collection of Whole-mouth Stimulated Human Saliva 

Whole-mouth stimulated human saliva was collected from 
healthy adult volunteers (n 30). They chewed on paraffin 
tablets for 10 min and collected their saliva in chilled vials. 
The saliva was immediately pooled, then centrifuged 
(20 min, 4°C, 4000 g). After collecting the supernatant, the
fluid was exposed to UV radiation for 30 min to kill microor-rr
ganisms, after which this saliva was divided into aliquots
and stored at -80°C. The sterility of the saliva was tested by 
cultivation. Individual aliquots of saliva were defrosted im-
mediately prior to the experiment and used. 

Similar to the teeth used in the experiment, the pooled 
saliva is also categorised as ‘irreversibly anonymised’, and
no previous ethical approval was necessary. Nevertheless, 
the saliva donors gave their informed spoken consent to 
use the saliva for research purposes.

Salivary Pellicle Formation and Modification

After defrosting the sterile saliva, an aliquot of 50 μl was
placed on each enamel specimen. AEP was allowed to form
for 2 h (at 37°C), after which the enamel specimens were 
incubated for 30 min in one of four solutions for AEP modi-
fication, according to the following experimental groups.
1. Control group: non-modified pellicle layer (only deionised

water was used);
2. Extract group (GSE): pellicle layer was modified with a

2 mg/ml grape-seed extract solution;
3. Fluoride group (F-FF ): pellicle modified with a 500-ppm

fluoride (from sodium fluoride) solution;
4. Extract and fluoride group (GSE+F-FF ): pellicle modified

with a solution containing 2 mg/ml grape-seed extract
solution and 500 ppm fluoride.

All solutions (and deionised water) were freshly prepared 
under sterile conditions prior to the experimental procedures.

Surface Microhardness Measurement

Surface microhardness (SMH) was measured with a Knoop
diamond under a 50-g load and dwell time of 10 s (UHL 
VMHT Microhardness Tester, UHL Technischer Mikroskopie;
Aßlar, Germany). Six indentations were made 50 μm apart, 
and the average of these six indentations was considered 
as the SMH value for the specimen. For statistical analy-
ses, relative SMH (rSMH) was calculated using the formula: 
rSMH = (SMHfinal / SMHinitial) x 100. 

Bacterial Strains

The bacterial strains used in this study were: Streptococcus 
gordonii ATCC 10558,i Streptococcus mutans ATCC 25175, 
Streptococcus sobrinus ATCC 12104, Lactobacillus acidoph-
ilus ATCC 11975 and Actinomyces naeslundii ATCC 12104. i
The strains were passaged for 24 h on tryptic soy agar 
(TSA) plates (Oxoid; Basingstoke, UK) with 5% sheep blood,
10% CO2, at 37°C.

Bacterial Adhesion Assays and Cariogenic 

Demineralisation

Quantification of the biofilm was performed in accordance 
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with previous studies.22,27 Since the biofilm is made up of 
bacterial cells (living and dead) and, to a large degree, extra-
cellular matrix of exopolysaccharides (EPS), the analyses in
the present experiment included: bacterial adhesion, biofilm 
mass (total mass including living and dead cells, as well as 
the EPS) and metabolic activity (mostly related to the living 
bacterial cells within the biofilm). The methods used here 
follow a previous study,3 and were carried out in 3 parts: 1) 
analysis of bacterial adhesion using a single bacterial spe-
cies; 2) analysis of bacterial adhesion and cariogenic de-
mineralisation using a five-species biofilm; 3) analysis of 
further bacterial adhesion and cariogenic demineralisation 
after mechanical removal of initial biofilm with a toothbrush.

1. Analysis of bacterial adhesion using a single bacterial 
species
For this experimental setup, S. gordonii was used as the 
single bacterial species. A total of 48 enamel specimens 
were distributed into the four experimental groups (n=12), 
and the experiment was made in duplicate (twice with 6
specimens each). AEP formation and modification were car-rr
ried out as described previously. The specimens were then 
contaminated with S. gordonii in a bacterial suspension
(OD600= 0.1; equivalent to 108 bacteria/ml) in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Invitrogen) and in-
cubated (37°C; 10% CO2; 30 min). In this experiment, we
tested bacterial adhesion to the enamel specimens. This 
was quantified by determining bacterial counts (colony form-
ing units [cfu]). For that, the specimens were washed once
with 0.9% w/v NaCl solution to remove non-adhered bacte-
ria, then the enamel surface was scraped with a cotton swab 
to remove the adhered biofilm, and the swabs were placed 
and dispersed in 1 ml 0.9% (w/v) NaCl solution. This sus-
pension was then serially diluted 1:10 and plated onto tryp-
tic soy agar with 5% sheep blood and incubated (10% CO2,
37°C, 72 h), after which the cfu were counted using an aCO-
Lyte SuperCount colony counter (Synbiosis; Cambridge, UK).

2. Analysis of bacterial adhesion and cariogenic 
demineralisation using a five-species biofilm
A total of 96 enamel specimens were used: 48 specimens
(12 per group) were used to verify bacterial adhesion after 
4 h of incubation; 48 specimens (12 per group) were used
for biofilm formation and cariogenic demineralisation after 
22 h of incubation. Again, the experiment was carried out in
duplicate (with 6 specimens per group per experimental run). 

The specimens were then submitted to AEP formation 
and modification, as previously described, and later con-
taminated with a five-species bacterial suspension consist-
ing of a mixture of: S. gordonii, S. mutans, S. sobrinus, L.
acidophilus and A. naeslundii (McFarland 4 in 0.9% w/v
NaCl) in a ratio of 1:1:2:2:3, before adding a 1:9-ratio of 
brain-heart infusion (BHI) broth (BioMérieux; Marcy l’Etoile, 
France) with 5% sucrose and incubating for 4 h at 37°C with
10% CO2.

After the 4-h incubation period, the 48 specimens used 
for bacterial adhesion were removed from the experiment
and treated for CFU counts. We then tested:

a. Biofilm formation (bacterial adhesion): the adhered bac-
teria were removed with sterile cotton swabs soaked with 
NaCl (0.9%), and this solution was serially diluted 1:100 
and plated onto tryptic soy agar, and incubated as be-
fore. The cfu counts were recorded.

b. Biofilm composition: the cfu were counted considering 
the different bacterial strains. 

c. Quantification and metabolic activity: the suspension
containing the biofilm was used to analyse the metabolic 
activity and the biofilm mass, as described in previous
studies.22,27 Metabolic activity was assessed with a re-
sazurin-based redox indicator, Alamar blue. For that, 5 μl
of Alamar blue (alamarBlue reagent, Thermo Fisher Sci-
entific; Waltham, MA, USA) was mixed with 100 μl of nu-
trient medium and added to the suspended biofilm. The 
mixture was incubated for 1 h at 37°C and analysed with 
an absorbance microplate reader (ELx808, Biotek Instru-
ments; Winooski, VT, USA). Differences of absorbances 
at 600- to 570-nm wavelengths were calculated. For bio-
film mass, the suspended biofilm was fixed (60°C; 1 h) 
and stained for 10 min with 50 μl of 0.06% (w/v) crystal
violet (Sigma-Aldrich; St Louis, MO, USA) per well. The
staining was then quantified using the absorbance micro-
plate reader at a wavelength of 600 nm.

The other 48 specimens used for bacterial adhesion and car-rr
iogenic demineralisation were removed from the BHI broth
with 5% sucrose medium and placed in BHI containing phos-
phate buffer (0.021 mol/l KH2PO4; 0.016 mol/l Na2HPO4). 
The specimens were left to incubate for a further 18 h
(37°C; 10% CO2), for a total incubation time of 22 h. After-r
wards, we checked biofilm formation, composition, and
quantification and metabolic activity, as described above, 
but for bacterial count, the NaCl (0.9%) solution was serially 
diluted 1:1000. 

These enamel specimens were also submitted to sur-rr
face microhardness measurements to assess enamel de-
mineralisation. SMH was measured before (SMHinitial) and
after exposure to bacteria (SMHfinal).

3. Biofilm (re-)formation and analysis of further bacterial 
adhesion and cariogenic demineralisation after mechanical 
removal of initial biofilm with a toothbrush
For this assay, a total of 48 enamel specimens were distrib-
uted into these four experimental groups (12 specimens/
group). Likewise, it was carried out in duplicate (with 6 
specimens per group per experimental run). Initially, enamel 
surface microhardness (SMHinitial) was measured, then 
enamel specimens were subjected to AEP formation and 
modification. Afterwards, they were contaminated with the
five-species bacterial suspension, as described in part 2. 

The specimens were incubated in the bacterial mixture 
for a total of 22 h (4 h in BHI with sucrose and 18 h in BHI
with phosphate buffer), after which the biofilm was mechan-
ically removed by toothbrushing. For that, the enamel spec-
imens were individually brushed with soft toothbrushes
(force: 1.5 ± 0.05 N; movement: 2 strokes/second for 
10 s). Individual toothbrushes were used for the individual
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groups. After brushing, the specimens were dipped into
0.9% NaCl, and were once again submitted to AEP forma-
tion and modification (2 h, as described above), contamina-
tion with the five-species bacterial suspension, and incuba-
tion for another 22 h (4 h in BHI with sucrose and 18 h in
BHI with buffer). Finally, assessment was performed as be-
fore: biofilm (re-)formation (bacterial adhesion), biofilm com-
position, and quantification and metabolic activity, as well
as cariogenic demineralisation.

Statistical Analysis

Results for each part of the study were analysed separately. 
One-way ANOVA with post-hoc Bonferroni tests were carried
out for total cfu counts (log10), amount (%) of cariogenic
streptococci (S. mutans, S. sobrinus) and L. acidophilus, met-
abolic activity of the biofilm, biofilm mass, and enamel sur-r
face microhardness.

RESULTS 

Analysis of Bacterial Adhesion using a Single 

Bacterial Species

Using only one bacterial strain (S. gordonii ATCC 10558),i
statistically significant differences between the groups were
observed (p < 0.001). The number of cfu in both groups
containing the extract (GSE, GSE+F) was significantly lower 
than the control or F-FF  groups (Fig 1).

Analysis of Bacterial Adhesion and Cariogenic 

Demineralisation using a Five-species Biofilm

In the five-species biofilm (Figs 2 and 3) we analysed the 
following after 4 h and 22 h of incubation:

Biofilm formation: The amount of bacterial adhesion to
the enamel increased by more than a 1 log10 in compari-
son to when one bacterial strain was used, with values 
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around 5.0 log10 cfu for S. gordonii (Figi 1) to values over 
6.0 or 7.0 log10 cfu for the five-species biofilm (Figs 2a
and 3a, respectively). There were no statistically significant
differences in bacterial adhesion between the groups, either 
after 4 h of incubation in a cariogenic medium (Fig 2a;
p = 0.288) or after 22 h of incubation (Fig 3a; p = 0.607).

For the enamel specimens incubated for 4 h in a cariogenic
medium, we observed:
 Biofilm composition (Fig 2): Almost 80% of the bacteria 

that adhered to the enamel surface were cariogenic (ei-
ther S. sobrinus or S. mutans), and no significant differ-rr
ences were observed between the groups (p = 0.962).

 Quantification and metabolic activity: Statistically signifi-
cant differences were found neither in metabolic activity 
of the biofilm (Fig 2c; p = 0.383) nor in biofilm mass 
(Fig 2d; p = 0.256).

For specimens incubated for 22 h, we observed:
 Biofilm composition: The cariogenic species portion of 

the bacteria adhered to enamel drastically decreased in 
comparison to the 4-h incubation period, with the vast
majority of adhered bacteria being S. gordonii, but still no 
statistically significant differences were observed be-
tween the groups (p = 0.437). 

 Quantification and metabolic activity: No statistically 
significant difference existed in the metabolic activity of 
the biofilm (Fig 3c; p = 0.702) between the groups, but 
the groups presented statistically significant differences 
in terms of biofilm mass (Fig 3d; p = 0.022). The GSE 
group presented statistically significantly greater biofilm 
mass than did the control group (p = 0.034). After 22 h 
of incubation, all groups presented enamel demineralisa-
tion to a similar degree (Fig 3e; p = 0.854), with relative
enamel surface hardness decreasing from 100% to
around 40%-50%.

Fig 3  Assay of the formation, composition and metabolism of a 
cariogenic biofilm using a five-species biofilm model. Results after 
22 h incubation (4 h in cariogenic medium, and 18 h in non-cario-
genic medium): a. means and SD (error bars) of colony forming units 
(log10 cfu); b. proportion of different bacterial species in the biofilm 
(darker areas indicate cariogenic microorganisms; lighter [patterned]
areas indicate non-cariogenic microorganisms); c. means and SD 
(error bars) of biofilm metabolic activity; d. means and SD (error 
bars) of biofilm mass; e. relative surface hardness. Statistical differ-rr
ences between groups are shown by lines with the respective 
p-value. &Extract & 

Fluoride
FluorideExtractCControl

7 57.5

7.0

6.5

6.0

5.5

5.0

4.5

04.0

Lo
g 1

0
f

 c
fu

S iiS. gordonii

S. sobrinus

S. mutans

&Extract & 
Fluoride

FluorideExtractCControl

100%100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%0%

f
f

%
B

ac
te

ria
l c

om
po

si
tio

n 
of

 b
io

fil
m

 (
%

)

&Extract & 
Fluoride

FluorideExtractCControl

M
et

ab
ol

ic
 a

ct
iv

ity
 (
ar

b 
U

)

0 200.20

0.15

0.10

0.05

0.00

-0.05

0.10-0.10

&Extract & 
Fluoride

&Extract & 
Fluoride

Fluoride

Fluoride

Extract

Extract

CControl

CControl

f
B

io
fil

m
 m

as
s 

(a
rb

 U
)

f
%

R
el

at
iv

e 
su

rf
ac

e 
ha

rd
ne

ss
 (
%

)

0 00.10

0.08

0.06

0.04

0.02

0.000.00

8080

70

60

50

40

30

2020

pp = 0.0340.034

a

b

c

d

e



306 Oral Health & Preventive Dentistry

Carvalho et al

Analysis of Biofilm (Re-)formation and Cariogenic 

Demineralisation after Mechanical Removal of Initial 

Biofilm with Toothbrush

 Biofilm formation: After toothbrushing, (re-)formation of 
the biofilm differed between the groups (Fig 4a; 
p = 0.006), with lower cfu counts in the GSE group than
in the GSE+F-FF  group (p = 0.003). 

 Biofilm composition: The bacterial composition of the
biofilm (re-)formed on the enamel specimens were 
largely made up of S. gordonii, but S. mutans was also
present, and no statistically significant differences were
observed between the groups (Fig 4b; p = 0.613). 

 Quantification and metabolic activity: No differences 
were found in the metabolic activity of the biofilm (Fig 4c; 
p = 0.998) or in the biofilm mass (Fig 4d; p = 0.445).
However, statistically significant differences were seen in 
the cariogenic demineralisation of the enamel: deminer-rr
alisation was statistically significantly greater in the con-
trol group than in the F-FF  group (Fig 4e; p = 0.045).

DISCUSSION

Carious lesions are the detrimental outcome of the acid 
produced by oral biofilms. Thus, a major research focus in
dentistry is on bettering the understanding of oral biofilms 
and means of maintaining their ecological balance. The first
step in biofilm formation is the adhesion of the microorgan-
isms to the pellicle-covered enamel. Initially, the adhesion 
is based on electrostatic attractions; at more advanced 
stages, chemical forces such as hydrogen bonds, hydropho-
bic interactions, calcium bridges, and van der Waals forces
become more dominant.13 The process of adhesion begins
when planktonic bacterial cells bind to specific proteins
present in the AEP, among which are the proline-rich pro-
teins (PRPs) and -amylase.13 It is therefore speculated 
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cariogenic microorganisms); c. means and SD (error bars) of biofilm 
metabolic activity; d. means and SD (error bars) of biofilm mass; e. 
relative surface hardness. Statistical differences between groups 
are shown by lines with the respective p-value.
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that any compound which binds to these proteins could
modulate the process of bacterial adhesion.

Proanthocyanidins are polyphenols, which belong to the
group of compounds that can readily bind to AEP proteins. 
They are found in a wide range of plants, with particularly 
high concentrations in flowers, leaves, nuts, fruits, and
some seeds (such as grape seed).31 They have a complex
structure formed from monomeric (flavan-3-ol) molecules 
bound together, arranged as dimers (2 monomeric units), 
oligomers (with a few monomeric units), or forming a poly-yy
meric structure (with up to 60 monomeric units). In proan-
thocyanidins from grapes, the most common flavan-3-ol
monomeric units are (epi)catechin, (epi)afzelechin, and (epi)
gallocatechin.38

Proanthocyanidins have a particularly high affinity to-
wards -amylase and PRPs. Their affinity is higher towards 
the latter, probably because they have numerous proline 
amino acids in their structure. There are two main mecha-
nisms involved in the interaction between the polyphenolic
compounds and proline:1,28 1. proline contains a pyrrolidine 
ring, which cannot form hydrogen bonds with the oxygen 
atoms that form the peptide bonds in protein molecules;
thus, the oxygen atoms in peptide bonds are “free” to read-
ily form hydrogen bonds with the hydroxyl groups of polyphe-
nols; 2. proline is a hydrophobic amino acid, able to form 
hydrophobic bonds with the hydrophobic ring structures of 
the polyphenols. PRPs also have a coiled structure that 
probably contains more proline amino acids on its outer 
surface which create more binding sites for the polyphe-
nols. In contrast, -amylase has less proline than do PRPs. 
It also has a globular conformation, which means it pos-
sesses an even lower number of proline amino acids on its 
outer surface, in turn leading to fewer binding sites for the
polyphenolic molecules.1

Some proanthocyanidins, on the other hand, contain the
galloyl moiety that grants the molecule a greater affinity to-
wards -amylase.34 This is the case in the oligomeric pro-
anthocyanidins from grape-seed extracts, which are mostly 
made up of epicatechin gallate, a galloylated monomeric 
unit.12 It is therefore likely that the galloyl functional group
in the oligomeric proanthocyanidins from the GSE could in-
teract with both PRPs and -amylase in the AEP, thus affect-
ing bacterial adhesion.

Remarkably, our results show that bacterial adhesion
was only affected when the S. gordonii single bacterial
strain was used, decreasing its adhesion when the AEP was 
modified with GSE. A similar outcome was not observed in
the multi-species biofilm. On the one hand, these results
were unexpected because GSE can also inhibit multi-spe-
cies biofilms.7 But on the other hand, our results might
shed some light on the inhibiting mechanism of GSE. In the 
vast majority of studies with GSE on bacterial inhibition,
GSE and the bacteria were in direct contact with each other, 
either by adding the GSE to the bacteria medium,11,41 or by 
applying a GSE rinse solution intraorally and later assessing 
salivary levels of streptococci.29 In contrast, our experiment 
applied the GSE solution to the AEP; the bacterial suspen-
sion was never in direct contact with the solution. Thus, the 

polyphenols did not act on the bacteria themselves, but
rather on the proteins of the AEP. This leads us to speculate 
that, when the oligomeric proanthocyanidins from GSE are
freely available in the bacteria medium or in the oral cavity, 
the polyphenolic molecules are able to interact directly with 
the bacterial cells and modulate their metabolism. They in-
hibit glucosyltransferase activity in S. mutans,8,21 which in
turn causes fewer polysaccharides to be produced, and 
fewer polysaccharides promote less biofilm formation. How-
ever, when the polyphenols already interact with the AEP, 
such us in the present study, there might be an interaction
with the early colonisers (as observed with the inhibition of 
S. gordonii adhesion), but not with the late colonisers, whichi
are the most important for producing a biofilm matrix.

Furthermore, the anti-caries effect of GSE is best ob-
served at a concentration of 2 mg/ml,41 which also yields
the greatest anti-bacterial effect (minimum inhibitory con-
centration).7,10,11,32 Even though we used this concentra-
tion in our experiment, we observed no effect on the multi-
species biofilm. Nevertheless, one can further assume a
dilution of the GSE when it is adsorbed, and its final con-
centration in the APE will be lower. We also tested solutions 
containing 500 ppm fluoride, but observed no general pro-
tection from them, except in the assay of biofilm (re-)forma-
tion after toothbrushing, when the fluoride solution statisti-
cally significantly decreased enamel demineralisation. It is 
important to bear in mind that we applied the solutions only 
once, whereas the preventive effect of fluoride rather de-
rives from its constant availability in the oral fluids. During
the de- and remineralisation processes, fluoride is eventu-
ally incorporated into the enamel mineral crystal lat-
tice.36,37 remineralising the tooth mineral. In fact, previous 
studies have also shown that GSE is also able to promote 
remineralisation, mostly in dentin.2,5,11,26,35,40

In the present study, the modification of the AEP was due
to the strong interaction of polyphenolic compounds with 
proteins,19 which can ultimately lead to a thicker AEP.18

Such modified AEPs can have a protective effect against 
acid attacks.16,39 Hence, connecting all the above-men-
tioned concepts, we hypothesise that the mode of action of 
GSE in caries prevention could be threefold:
 Oligomeric proanthocyanidins adsorb onto the salivary 

pellicle and hinder the direct contact of acids with the
tooth surface;24

 The oligomeric proanthocyanidin molecules already 
bound to the modified AEP have an effect on the initial
adhesion of early colonisers such as S. gordonii, as ob-
served in our results, but less effect on the adhesion of 
late colonisers. Nevertheless, the ‘freely available’ pro-
anthocyanidin molecules in saliva (e.g. from using a
mouthrinse containing GSE) can interact with the bacte-
rial cells of late colonisers and inhibit glucosyltransfer-rr
ase, leading to fewer polysaccharides being produced,
and consequently, less biofilm formation;

 The presence of oligomeric proanthocyanidins coupled
with a regular availability of fluoride (e.g. from frequent oral
hygiene measures) can intensify enamel remineralisation.
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Despite the limitations of this in vitro study – which is far 
from representing the real in situ or in vivo situations – it
still has its merits in that we used human teeth as the sub-
strate and human saliva as the coating agent. The vast 
majority of studies testing the effect of plant extracts on 
bacterial adhesion either use glass beads or hydroxyapatite 
blocks as substrate, or artificial saliva/protein solutions as
coating agents. Above all, these studies usually add the 
plant extracts directly to the bacterial strains.25 The use of 
either artificial saliva or protein solutions do not allow the
formation of a clinically realistic AEP, likewise when glass 
beads or hydroxyapatite blocks are used; all of this influ-
ences bacterial adhesion. In this regard, our study probably 
led to a salivary pellicle that is more closely related to the
clinical setting. It allowed us to test bacterial adhesion to a
modified AEP without the direct influence of the extract on 
the bacteria. Some in situ studies have already shown that
polyphenolic beverages lead to reduced reduced initial bac-
terial adhesion.14,15 In situ experiments are now necessary 
with the presented solutions to confirm the results in a
clinical setting.

CONCLUSION

A salivary pellicle modified with grape-seed extract is able
to hinder the adhesion only of single-strain bacteria. How-
ever, the polyphenol molecules already bound to the pellicle
do not influence the formation, metabolism or composition 
of a cariogenic multi-species biofilm. 
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