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reduces initial biofilm
attachment on hydroxyapatite:
a scanning electron
microscopy study

Nils Gade"**, Konstantin J. Scholz’, Louis Kopp',
Andreas Rosendahl’, Wolfgang Buchalla', Annette Wiegand® and
Aine M. Lennon'

‘Department of Conservative Dentistry and Periodontology, University Hospital Regensburg,
Regensburg, Germany, ?Department of Preventive Dentistry, Periodontology and Cariology, University
Medical Center Géttingen, Gottingen, Germany, *Department of Operative Dentistry and
Periodontology, Center for Dental Medicine, Faculty of Medicine, Medical Center, University of
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The incorporation of cerium instead of calcium into the crystal lattice of
hydroxyapatite appears to increase the resistance of dental hard tissues to caries
lesion initiation and progression. The effect on initial biofilm formation is yet
unknown. The aim of this study was to assess the effect of cerium(lll)chloride
(50%CeCls) pretreatment of hydroxyapatite (HA) discs on subsequent growth of
an initial 3 species caries-biofilm. Twelve 9.5 mm diameter hydroxyapatite discs
were divided into three groups (n=4) and treated for 1 min with either 50%
CeCls, ultrapure water (Control), or 0.02% chlorhexidine gluconate (CHX) and
washed twice in ultrapure water for 1 min. Samples were incubated in artificial
saliva (21°C, 120 min) for pellicle formation and then placed in an active
attachment caries biofilm model comprising Actinomyces naeslundii, Schaalia
odontolytica, and Streptococcus mutans, cultured anaerobically at 37 °C for 4 h
before being fixed in 2.5% glutaraldehyde and examined using scanning electron
microscopy (SEM) and energy dispersive x-ray analysis (EDX) in high-vacuum
mode. SEM-micrographs at up to 50,000x showed net-like or spherical
precipitates on the surface of all CeCls-samples but not on the Control or CHX-
samples. CeCls-samples also showed signs of acid attack possibly due to the
low pH (2.6) of the CeClsz solution. Rods and cocci were found on all Control,
but only on 2 of 4 CHX samples. On CeCls samples, only one harbored isolated
cocci but no rods were observed. EDX-analyses confirmed the presence of
Cerium in all CeClz samples with atomic percent (At%) ranging from 0.1 to 0.4
for areas without visible precipitates and up to 4.1 for areas with precipitates.
CeClz-treatment before pellicle formation results in the development of
precipitates on the surface of HA and appears to have potential to inhibit initial
biofilm growth on HA compared to CHX treated or untreated controls.
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The oral cavity is a complex ecosystem in which a large
number of microorganisms coexist and interact. In addition to
bacteria, this microbial community includes viruses,
bacteriophages and fungi (1) forming biofilms that adhere to the
tooth surface (2). However, before a biofilm can attach and
grow, a pellicle (3) forms on the tooth surface by binding
proteins and other molecules from saliva. Early colonizers such
as streptococci and actinomyces species adhere to the pellicle
forming an initial dental biofilm (4, 5). Even before the term
was coined (6), scanning electron microscopy of what we now
call “biofilm” revealed bacteria embedded in a polysaccharide-
like matrix (7). Extracellular polysaccharides produced by oral
bacteria such as S. mutans make up an important part of
biofilm in the form of dental plaque (4). Depending on their
composition, biofilms can shift toward an acid-producing and
acid-tolerant environment in which acidophilic pathogenic
microorganisms become dominant (2). Fermentation of dietary
carbohydrates by these acidophilic species leads to an increase
in acidic metabolites resulting in a drop in biofilm pH. This
acidic pH causes demineralization of dental hard tissue at the
tooth surface and the development of caries (8). Over time,
therapeutic approaches to caries have evolved from preventive to
operative therapy (9). Fluoride is the most widely used and well-
studied caries-preventive agent (10, ). Despite the caries
decline since the introduction of fluoride, caries remains the
most prevalent condition globally, particularly in disadvantaged
groups (12,
forms are widespread and only a significant minority actively

). As fluorides in systemic and local application
avoids fluoride use (14, 15), there is a need to develop and
investigate alternative caries preventive strategies. While some
bactericidal agents such as chlorhexidine digluconate (CHX) or
cetylpyridinium chloride (CPC) are highly effective against oral
bacteria, there are concerns about their repeated use due to
potential development of resistance and shifts in oral microbiota
towards caries or periodontitis (16, 17).

Cerium is a lanthanide, a rare earth element (18). As a
trivalent ion, the atomic radius of cerium III is 1.01 A and that
of divalent calcium is 1.00 A, which means that Ce III may be
capable of substituting for Ca®* (18). EDX analyses showed that
application of CeCl; resulted in the incorporation of cerium into
bovine enamel (19). The replacement of Ca** by cerium in
hydroxyapatite is thought to create a more stable crystal,
resulting in greater acid resistance (20). Human enamel treated
with CeCl; has been shown to have increased resistance to
demineralization (21, 22). Bacteriostatic effects on planktonic
bacteria have also been demonstrated for CeCl; when added
directly to the culture medium (22, 23). Cerium compounds are

not currently used clinically for caries or periodontitis
treatment, and available safety data are limited to animal
laboratory studies (24). A recent study found no difference in
cytotoxicity for cerium salts including CeCl; and ionic fluorides
(NaF, NH,F) (25). To our knowledge, the effects of cerium
chloride pretreatment of hydroxyapatite surfaces, rinsed off

prior to biofilm formation, have not yet been tested.
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The primary aim of this study was to evaluate the effect of
cerium III chloride (50%CeCl;) pretreatment of hydroxyapatite
discs on the subsequent growth of an initial 3-species caries
biofilm in vitro. A secondary aim was to determine whether
cerium remains incorporated on the hydroxyapatite surface
following a brief treatment and rinse protocol.

Sample preparation

Twelve 9.5 mm diameter hydroxyapatite discs (HA-discs)
(Clarkson Chromatography Products, PA, USA) were used for
the experiments. The discs were sonicated in ultrapure water
10 min, repeated three times with water changes, then sterilised
by dry autoclaving (Varioklav Dampfsterilisatoren, Modell 25T,
H+P Labortechnik AG, Oberschleiffheim, Germany) and
attached to the sterile lid of an Amsterdam Active Attachment
model (AAA) device (
test solutions or biofilm culture medium in 24 well plates

) so that they could be submerged in

(Greiner Bio-one, Kremsmiinster, Austria).

HA-disc treatment

Twelve discs each were assigned to one of three test groups.
The first group (CeCl;) was treated with a 50% cerium (III)
chloride, CeCl;, solution Sigma Aldrich, St. Louis, MO, USA
(pH 2.6). The second group (CHX group) was treated with
0.02% chlorhexidine gluconate (CHX), (pH 5.5) solution,
prepared by diluting a 20% CHX stock (Sigma Aldrich,
St. Louis, MO, USA) with ultrapure water. The third group
(Control), which served as the negative control, was treated with
ultrapure water only (pH 6.8). Each disc was placed in 1.5 mL
of the respective treatment solution for 1 min. Thereafter
samples were washed twice in ultrapure water, for 1 min each.

Artificial saliva and pellicle formation

Artificial saliva was prepared as described by Hahnel, 2007
(27) by dissolving 850 mg mucin (Sigma Aldrich, St. Louis, MO,
USA), 10 mg lysozyme, 1,000 mg alpha-amylase and 40 mg
bovine albumin (Sigma Aldrich, St. Louis, MO, USA) in 1L
phosphate buffered saline (PBS). The solution was sterile filtered
(Steritop-GP  Merk-Milipore, Darmstadt,
Germany). An artificial pellicle was formed on each HA sample

up to 0.2um

surface by incubating in 1.5 mL of artificial saliva at 21°C for 2 h.

Bacterial strains and culture conditions

The following species were obtained as dried cultures from the
German Collection of Microorganisms and Cell cultures (DMSZ,
Braunschweig, Germany): Actinomyces naeslundii (DSM 43013),
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Schaalia odontolytica (DSM 19120), and Streptococcus mutans
(DSM 20523). Planktonic cultures of each were grown
anaerobically at 37°C overnight (80% N,, 10% CO,, and 10%
H,) in a microincubator (MI23NK, SCHOLZEN Microbiology
Systems, St. Margrethen, Switzerland). Tryptic soy broth TSB
(Sigma Aldrich, St. Louis, MO, USA) was used as a liquid
brain heart infusion (BHI) broth
(Merk, Darmstadt, Germany) was used for A.

medium for S. mutans,
naeslundii
and S. odontolytica. Overnight cultures were harvested by
centrifugation (ROTINA 420 R, 129 Hettich Lab Technology,
Tuttlingen, Germany). Pellets were resuspended in biofilm
culture medium (BCM) consisting of 10% fetal bovine serum
(FBS; Gibco Life Technologies, Carlsbad, CA, United States),
40% artificial saliva as described above and 50% modified fluid
Universal medium (mFUM) supplemented with 67 mmol/L
Serensen’s buffer (pH 7.2), containing carbohydrate 0.15% (w/
w) glucose and 0.15% (w/w) sucrose (28). The optical density
(OD) for each bacterial suspension was adjusted to 0.5 at
600 nm (Ultrospec 3300; Amersham Biosciences, Amersham,
UK), and the three bacterial suspensions in BCM were then
mixed in equal parts, resulting in the final BCM inoculum.

Biofilm formation

A 24-well plate was then prepared, containing 1.5 mL of BCM
inoculum for polymicrobial biofilm formation in each well.
Subsequently, the AAA-lid holding the HA-discs with artificial
pellicle formed as described above, was placed on the 24-well
plate, immersing the samples in BCM inoculum, and incubated
for 4h at 37°C under anaerobic conditions allowing initial
attachment to the samples (MI23NK, SCHOLZEN Microbiology
Systems, St. Margrethen, Switzerland). Biofilm was formed and
observed on the hydroxyapatite discs.

Preparation for SEM

For this experiment, 12 samples (4 for each group) were used
for the electron microscopic investigation of initial attachment
and energy dispersive x-ray spectroscopy (EDX). Following
biofilm formation, the samples were removed from the AAA lid
and fixed in 2.5% glutaraldehyde in 0.1 M Serensen buffer (pH
7.2) for 2h. Then the samples were then washed twice with
Serensen buffer and three times in ultrapure water for 15 min
each. Dehydration was achieved via ascending alcohol series
using 30%, 50%, 70%, 80%, 90%, 96%, and 100% (v/v) graded
ethanol, for 20 min each. Finally, the samples were placed in an
exsiccator for drying overnight. All steps were carried out at
room temperature.

Each HA-disc was mounted onto an aluminum stub (25 mm
diameter) using double-sided adhesive carbon discs and
conductive adhesive paste (model Leit-C-Tab and Leit-C-Plast,
manufactured by Baltic Préparation eK., Wetter, Germany).
Then, the discs were sputtered with platinum (BAL-TEC SCD
005, Baltic Préparation e.K, Wetter, Germany).
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Surface visualization (HV-SEM)

All sample surfaces were visualised using scanning electron
microscopy (FEI Quanta 400 FEG, Thermo Fisher Scientific, FEI
Deutschland GmbH, Dreieich, Germany) in high vacuum mode
with secondary electron detector Everhart-Thornley Detector
ETD (accelerating voltage 3 kV, working distance 6-7 mm, Spot
3, ap. 4, tilt 30°). The entire surface was imaged at 50,000x
magnification, after which representative areas were chosen for
examination and imaging.

Surface elemental composition (EDX)

Three CeCl; samples and two samples each for the Control
and CHX groups were further analysed with EDX to examine
the elemental composition of the sample surfaces (EDAX
Octane Elect Detector, APEX v2.5 AMETEK EDAX GmbH,
Unterschleissheim, Germany). For each sample, three to four
randomly chosen areas were analysed. Additional measurements
were made in the CeCl; samples of areas with and without
surface precipitates. The EDX measurements were performed in
10kV, working
distance 10 mm, ap 4, 100 live seconds, amp time 3.84 ps). The
atomic percentages (At%) of the elements C, Ca, Ce, Cl, P, O,
N, Na and Mg were calculated from each sample. The

high vacuum mode (acceleration voltage

horizontal field width for EDX measurements was between
190 pm and 4.83 ym.

Statistical analyses

Data visualisation and statistical analyses were carried out
using Graphpad Prism 10, GraphPad Software, Boston, MA
USA. All data points recorded are shown. Regression analysis
was performed for relative atomic % Ca and relative atomic %
Ce based on 24 independent EDX measurements obtained from
the cerium-treated samples.

Surface visualization (HV-SEM)

-F show the SEM-Micrographs with a cobblestone-
like morphology of the sintered HA sample surfaces.
,B, show both flat net-like and
raised spherical precipitates. These were found on all samples of

In the CeCl; group,

the CeCl; group. The spherical precipitates had a distinctive
spherical core surrounded by spiked projections of 0.1 um.
(A, B) Show that the precipitates were not uniformly distributed
across the sample surface, with some areas being free of
precipitates. None of the samples in the CHX group or in the
control group showed precipitates on their surfaces in (D-F).
Biofilm consisting of both rods and cocci was found on 2
of 4 CHX- treated, and all untreated controls. In (D, E)
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(A) CeCl,

-
d .
(F) Control

(D) CHX

(E) CHX

FIGURE 1

(A) Net-like precipitates on the surface of a CeCls sample. Magnification 15,000x. HFW 18.03 pm (B) net-like and spherical precipitates on the surface
of a CeClz sample. Magnification 25,000%. horizontal field width (HFW) 10.82 pm. Cerium precipitates were found on the surface of all CeCls
samples, confirmed by At%Ce >0 in all EDX analyses. (C) Isolated cocci were found on the surface of one CeCls sample, this was not
representative of the CeCls samples. Some of these cocci showed morphological deformations. Magnification 50,000x. HFW 5.41 um. (D,E) Rods
and cocci on the surface of a sample, treated with CHX. Magnification 30,000x. HFW 9.01 pm. Rods and cocci were found on 2 of 4 CHX
treated samples. (F) Rods and cocci on the surface of a negative control sample (ultrapure water only). Magnification 30,000x. HFW 9.01 pym.
Rods and cocci were found on all negative control samples.

A B c Control
) cecl, (8) CHX (©)
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FIGURE 2
Figures (A—C) show the different elements and their respective relative atomic percentages (At%) measured by EDX for the three groups. Each
individual measurement is shown as a single point. Median is shown as a horizontal bar.

bacteria were found in complex multi-species arrangements

Surface elemental composition (EDX)

sometimes reaching several cells in height. No bacteria were

found on 3 of 4 CeCl; treated samples. Isolated S. mutans
were found on the surface of one CeCl; sample shown in (C).
No rods were found on any of the CeCl; treated samples.
Figure 1F shows rods and cocci on a sample from the
untreated control group.
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Figures 2A-C shows the relative atomic percent (At%) for the

elements carbon, nitrogen, oxygen, sodium, magnesium

the
hydroxyapatite-surfaces treated according to the three groups.
There was little difference in the atomic percentage of the

phosphorus, chlorine and calcium measured on
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elements between the CHX and control group. Samples in the
CeCl; group have more variation in At% of carbon, oxygen,
phosphorus, magnesium and calcium. Cerium and chloride were
found on all samples in the CeCl; group, but not in the CHX or
Control group.

,B show At% of cerium and calcium in the three test
groups and also for CeCl; samples in areas with and without
preciptates (CeCl; PPT and CeCl; no PPT). The CeCl; group
shows a higher At% Ca variation compared to CHX treated and
control group. When comparing the different specimens in the
CeCl; group, it is evident that the samples with precipitates
exhibited the greatest At% Ca variation. The CHX and control
groups showed the least At% Ca variation. The CeCl; group
without precipitates showed more variation in At% Ca than the
CHX but than the
with precipitates.

and control groups, less samples

shows a linear regression for At% Ca to At% Ce for
CeCl; treated samples. The linear fit shows a negative slope

6 40
3 3 30
= 47 2
& S2{® %
k] g
%5 <
K & 10-
0__*_'_'_'_'_ 0 T T T T T
AN
P FLLE P FLLL
o & o O o
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EOSN £ o
I3 0
(A) (B)
FIGURE 3

(A,B) Relative atomic percent (At%) of cerium and calcium in three
different groups, as well as in areas with and without precipitates
(PPT) in the CeCls group. Each individual measurement is shown
as a single point. Median is shown as a horizontal bar

40 R2=0.30
p =0.0053
- 30 s
[&] ]
S
<. 20_;
e
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0 T T 1
0 2 4 6
Rel. At% Ce
FIGURE 4

The negative slope shows a linear regression. Increasing cerium is
associated with lower calcium levels in the cerium-treated samples.
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(R*=0.30, p=0.0053), indicating that increasing cerium is
associated with lower calcium conten. Most of the measured
points show low Ce (<1 At%), with calcium values around 20-
25 At%. A few samples with higher cerium contents (up to
approximately 5 At%) are characterized by lower calcium
contents (12-15 At%). This underscores the trend that cerium
substitution into the hydroxyapatite lattice is accompanied by a
reduction in calcium content.

In the present study, pretreatment of HA-Discs with 50%
CeCl; reduced initial biofilm formation compared to 0.02%
CHX, or ultrapure water (control) treated samples. The 3
species caries model used here contains the cariogenic species S.
odontolytica and S. mutans in addition to A. naeslundii, which
functions as a bridging organism, facilitating co-adhesion and
). This three-
to

structural maturation in early biofilms (29,
has
multispecies biofilm formation (29,

species model been used previously investigate
), although in this case we
specifically investigated 4 h old initial bacterial colonization (32).
The CHX treated and untreated controls show formation of
microcolonies characteristic of initial biofilm formation.

SEM was

morphology, not to generate quantitative data. As is standard in

used for qualitative assessment of surface
SEM-based surface analyses, reproducibility was assessed by
examining multiple independent imaging fields across several
HA discs per condition. Because SEM sample preparation is
destructive, identical technical replicates of the same specimen
are not feasible. SEM micrographs revealed a marked reduction
the CeCl;
characteristic precipitates on all samples in the CeCls group.

in bacterial adhesion on treated discs and
These spherical precipitates have previously been described in
cerium doped hydroxyapatite and on cerium treated human and
bovine enamel and dentin surfaces (19, 23, 33, 34).

CHX was included as an antibacterial control for immediate
surface effects. Even after rinsing, CHX exhibits significant
substantivity on oral surfaces making it suitable for comparison
). Fluoride

on the other hand, was not included as a control in this study

as an antibacterial in initial-attachment assays (35,

because its primary mechanisms of action are enamel
remineralisation, fluorapatite formation and reduction of enamel
solubility, which were not tested here.

EDX analyses confirmed the presence of cerium in all CeCls
treated samples both in the precipitates and in areas free of
precipitates, consistent with previous studies showing similar
precipitations after cerium-salt application on enamel with and
without pellicle or dentin (19, 23, 34). A significant negative
correlation of cerium to calcium was found indicating a true
lattice substitution rather than just surface adsorption.

The trivalent cerium ion and the divalent calcium ion have
nearly identical ionic radii which facilitates substitution into the
hydroxyapatite lattice (18). However, substituting a divalent ion
with a trivalent ion leads to a positive charge imbalance, which

must be compensated within the lattice, typically by permitting
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calcium vacancies, incorporating anions or lattice distortion (37, 38).
Kaur et al. found that replacing Ca>* with the lanthanide Ce*" results
in the replacement of OH™ with O>7, which stabilizes the lattice by
decreasing the distance between ions and lowering the crystal energy
(39). Predoi et al. found trivalent cerium in cerium doped
hydroxyapatite next to tetravalent cerium. Surface property
changes such as shifts in zeta potential or conductivity may
initial  biofilm to Ce

). Physical surface properties play a central

explain reduced attachment doped
hydroxyapatite (33,
role in initial biofilm formation by influencing protein adsorption,
bacterial attachment, and binding of extracellular polymeric
substances (EPS) (

1 min and then rinsed twice using ultrapure water to prevent any

). We exposed samples to CeCl; for just

direct bactericidal effects from residual cerium remaining in the
biofilm media. In contrast, CHX treatment of samples, which were
also rinsed, did not completely prevent bacterial adhesion despite
its known high substantivity and bactericidal properties (17, 41).
Another antimicrobial assay showed that cerium doped
hydroxyapatite inhibited the growth of colony forming units for
all tested strains (33). Also, a suspension of cerium and
hydroxyapatite showed a biocidal effect against E. coli and
C. albicans after 72h incubation (33). S. mutans is a key
acidogenic and aciduric species in cariogenic biofilms. The SEM
observations in our study indicate that initial attachment is
reduced on CeCl; treated surfaces compared to CHX treated or
untreated controls. This aligns with earlier work showing that
initial attachment is essential in S. mutans colonization and
). Our
findings suggest that CeCl; treatment may disrupt S. mutans as

subsequent EPS dependent biofilm maturation (42,

an early colonizer in a multispecies biofilm. Hydrolyzed Ce(IV)
salts have been shown to reduce adhesion of S. mutans biofilm
formation by about 40% but have very little effect on planktonic
growth, indicating that cerium has a specific effect on initial
adhesion rather than a direct bactericidal effect on S. mutans
(44). Similarly, catheter surfaces with a slight positive charge have
been shown to inhibit biofilm formation over 60- and 120-min
growth periods for different microorganisms, compared to
uncharged samples (45). However, Terada et al. showed that an
8-h-old E. coli biofilm had 23 times higher cell density on a
positively charged diethylaminoethyl methacrylate surface than on
a negatively charged sodium styrene sulfonate surface (46). An in
vitro study could show that the cell walls of both Gram-positive
and Gram-negative bacteria have been shown to have a negative
charge (47). In another study, Gottenbos et al. demonstrated that
positively charged surfaces can inhibit the growth of bacteria,
particularly Gram-negative bacteria. Negatively charged surfaces
resulted in slower initial adhesion of bacteria, though they did
not affect the growth of Gram-negative or Gram-positive bacteria
(48). Therefore, the interaction between bacteria and the surface
of cerium-enriched HA could be due to the negatively charged
bacterial wall and the positively charged surface of the HA. This
could explain why the initial biofilm attachment is lower in
cerium-enriched HA than in HA treated with chlorhexidine
(CHX) or water. Kurniawan et al. demonstrated that biofilm
formations show both negative and positive parts (49). A recent
cerium  oxide enhanced the

study found nanoparticles
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antibacterial activity of chlorhexidine (50). Synergy depends
strongly on the specific cerium compound and formulation, these
findings cannot be assumed for the soluble CeCl; used in the
present study. It is important to examine CeCl; separately to
clarify its own surface-related mechanisms during early biofilm
formation. While testing of interactions with other antibacterials
and cariostatics was beyond the scope of the present study, it is a
topic that could be explored in future studies.

In the present study we examined a three-species caries biofilm.
To our knowledge, the effect of CeCl; pretreatment of HA discs has
never been tested using multispecies biofilms. Although CeCl;
application has been shown to result in increased surface
roughness (51, 52) due to the acidic pH and subsequently more
surface artifacts, less bacterial attachment was visible in the
present study. Future studies should investigate whether the
inhibitory effects we found also extend to more complex
microcosm biofilms and in adapted lanthanide-salt containing
formulations with reduced concentrations or adapted pH-values.
We chose a 4-h incubation time in order to examine early
biofilm attachment, but longer culture times are necessary to
effects biofilms.

pretreatment with fluoride exposure in future studies would also

determine on mature Combining CeCl,
more closely mimic clinical situations. Our study provides
qualitative scanning electron microscopy (SEM) data. Further

studies should investigate the quantitative effects on biofilm growth.

Within the limitations of the study, it can be concluded
that CeCl;
the development of precipitates on the surface of HA and appears

treatment before pellicle formation results in

to have potential to inhibit initial biofilm growth compared to
CHX-treated or untreated controls. Further investigations are
needed to identify the mechanisms involved and to test these
effects under conditions closer to the clinical situation.
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in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.
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