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Multilayered Adsorption of Commensal Microflora on Implant
Surfaces: an Unconventional and Innovative Method to
Prevent Bacterial Infections Associated with Biomaterials

Muhammad Imran Rahim,* Katharina Doll, Nico S. Stumpp, Michael Eisenburger,

and Meike Stiesch

Biomaterials may be colonized with infectious biofilms and this frequently
leads to progressive loss of tissue. Bacteria encased within biofilms resist
antibiotics and the host immune system. With life-threatening complications
and the antibiotic resistance crisis, novel therapeutic approaches are essen-
tially required to treat biofilm infections. Commensal microflora—particularly
streptococci—modulate the immune system’s ability to protect from patho-
gens. In imitation of this natural phenomenon, the present study describes a
novel method of applying the commensal, Streptococcus oralis, as a coating
on implants to prevent infectious biofilms. Implants are coated with a simple
thermal process to circumvent sepsis persuaded by live microflora and for a
stable multilayered coating. Titanium discs coated with S. oralis antagonize
the biofilm-making capabilities of single, dual, or multispecies periodontal
pathogens: Porphyromonas gingivalis, Treponema denticola, Veillonella
dispar, and Actinomyces naeslundii—under both static and flow conditions.
The bacterial adhesion force measured with atomic force microscopy (AFM)
reduces on coated titanium suggesting that electrostatic interactions are
mainly responsible for the decrease in maximum adhesion peak. Importantly,
S. oralis coated implants are compatible with human gingival fibroblasts.

S. oralis coating may provide a potent novel approach to prevent potentially

fatal biofilm infections on biomaterials.

1. Introduction

Most dental implants consist of titanium and face constant
interactions with the oral microflora, comprising more than
700 different bacterial species.!! They are therefore under con-
tinuous threat of bacterial invasion.!l Colonization of infec-
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tious bacteria around dental implants
may lead to the formation of biofilms,!
which can cause mucosal inflammation,
which is associated with peri-implant
bone loss and peri-implantitis.! The
ongoing tissue damage and bone resorp-
tion hinder the integration of the implant
into tissue. Moreover, biofilms exhibit
strong antibiotic resistance and are there-
fore impervious to therapy.”! Biofilm for-
mation is a stepwise process starting from
the initial bacterial adhesion, followed by
microcolony formation and finally matu-
ration into extracellular encased mature
biofilms.[®! Initial bacterial adhesion is
the most critical step in biofilm formation
and strategies targeting the inhibition of
bacterial adhesion may be of therapeutic
value.”l Recent progress in understanding
the nature and complexity of biofilms
has led to the development of antibiofilm
strategies. Since antibiotics remain the
“gold standard” therapeutics, local antibi-
otic delivery systems have been applied to
implant surfaces to prevent initial bacte-
rial adhesion.®®! Even though most antibi-
otics resist bacterial attachment simply by killing the bacteria,
they increase the chance that antimicrobial resistance may
develop.’) In addition, antibiotics may kill healthy microflora
and their prolonged intake will result in systemic side effects
in patients.” Moreover, metal ions as antimicrobial agents,
such as cationic compounds, semi or fully synthetic peptides,
or metallic nanoparticles (silver, copper, and zinc) have been
coated on implant surfaces to prevent bacterial biofilms."
These metallic nanoparticles triggered toxic effects at the
implantation site, as well as systemic effects in other organs.[1!
In the context of antifouling coatings, polymeric coatings were
applied on implant materials to resist bacterial adhesion and
issues of severe biofilm formation.!¥] One of the critical strat-
egies involves applying poly(ethylene glycol) (PEG) to fabri-
cate surfaces that resist bacterial adhesion against Escherichia
coli, Staphylococcus epidermidis, Streptococcus sanguinis, and Lac-
tobacillus salivarius.'" However, the fabrication of polymer
coating involves a complicated process and the mechanism of
bacterial resistance is not universal against each bacterial spe-
cies. This ineffectiveness of coating could be mainly due to the
complexity of the mechanisms through which bacteria attach
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to a surface.” Moreover, polymers such as PEG undergo oxi-
dation in media with variable compositions and can be unsuit-
able for long-term use. [ In addition, polymer coatings may
cause possible side effects and complications such as hyper-
sensitivity, secretion of toxic side products, unexpected phar-
macokinetics, antagonism arising from the degradation of
polymer, nonbiodegradability, and prolonged accumulation in
the body.["!

Therefore, recent therapeutic research has concentrated on
the strategy of inhibiting pathogen growth by applying healthy
commensal microflora. Healthy oral microflora—particularly
Streptococcus salivarius and Streptococcus pyogenes—may act as
“probiotics” in the treatment of various infections of the phar-
yngeal mucosa, as they are living microorganisms that promote
health if consumed in specific amounts.'®! A probiotic study
with Streptococcus oralis, Streptococcus uberis, and Streptococcus
rattus found efficacious responses against infectious Prevotella
intermedia.'”! Regular intake of probiotic lactobacilli and bifi-
dobacteria decreased the number of cariogenic and plaque-
forming bacteria.l’% Bacteriocins produced from Streptococcus
salivarius were used to treat plaque (oral biofilm) in children
and were found to be novel antimicrobial agents.?!) The use
of probiotic Bifidobacterium effectively reduced the levels of
carries-associated bacteria in saliva of children.??l Exopolysac-
charide (EPS) extracted from Lactobacillus plantarum effectively
inhibited the formation of biofilms of Staphylococcus aureus,
Listeria monocytogenes, Pseudomonas aeruginosa, and Salmonella
typhymurium.[23]

Not only living commensal microflora, but also heat killed
Lactobacillus species exhibited effective antibacterial properties
against oral pathogens that form biofilms.? Moreover, artifi-
cial biofilms of the probiotic Lactobacillus casei on titanium
increased osseointegration and prevented infections of methi-
cillin-resistant Staphylococcus aureus (MRSA).2’l However, to
the best of our knowledge, there have been no studies on the
use of commensal microflora to prevent implant-associated bio-
film infections. In the present study, we hypothesized that com-
mensal oral streptococci fixed as a stable coating on implant
surfaces might prevent the formation of biofilms of infectious
bacteria. In order to address this question, Streptococcus oralis
was heat-coated on titanium surfaces and the anti-biofilm
properties were tested against diverse periodontal pathogens
under two different environmental conditions. The mechanism
underlying the anti-biofilm activities of S. oralis coatings was
investigated with single-cell force spectroscopy. S. oralis coated
implants were also examined for cytocompatibility with human
gingival fibroblasts.

2. Results

2.1. Immobilization of Commensal S. oralis as a Versatile
Process for Coating Implant Surfaces

As the geometry of (dental) implants is often complex, any
coating procedure must be as versatile as possible. For this
purpose, S. oralis was cultured overnight and immobilized on
titanium surfaces through simple heat coating procedures. In
the first procedure, discs were placed directly on a hot plate
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Figure 1. Schematic representation of coating procedures. Two methods
were pursued to coat S. oralis on titanium implants. A) S. oralis cultures
were added as thin layers (50 UL each) on titanium discs placed directly
on a hot plate adjusted to 75 °C, and a multilayered coating developed.
B) S. oralis cultures were killed at 75 °C, and then titanium was incubated
with these cultures at 37 °C for 5 d resulting in the formation of the
coating.

adjusted to 75 °C and then bacterial cultures were added in
layers (50 pL). The resulting multilayered bacterial adsorp-
tion resulted in the deposition of a stable coat (Figure 1A).
The second procedure was mainly established for heat-sen-
sitive materials. Even though this is not important for dental
implants, this might be necessary, e.g., for shape memory mate-
rials used for cochlear implants. In this procedure, S. oralis cul-
tures were first heat killed at 75 °C and then added to implants,
followed by incubation at 37 °C for 5 d (Figure 1B). This incuba-
tion resulted in slow evaporation, which allowed gradual accu-
mulation of bacteria as coats. In summary, the proposed simple
coating strategies were successful and would most probably be
applicable to any desired geometry.

2.2. Stability Analysis of S. o.-Coated Titanium

To verify the stability of freshly coated titanium implants under
physiological conditions, coated implants were incubated in cell
culture medium for 48 h under standard cell culture conditions.
Before immersion and incubation, the macroscopic appearance
of freshly coated titanium clearly showed the accumulation of
coating (Figure 2 upper part, S. o.-coated). After immersion of
48 h in cell culture medium, the coating resisted direct expo-
sure to the liquid medium and was still visible on the implant
surfaces (Figure 2 upper part, S. o.-coated (48 h)). A detailed
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Figure 2. Macroscopic and CLSM images of uncoated and coated tita-
nium. Upper part: titanium implants without coating (uncoated), after
S. oralis coating (S. o.-coated), and coated implants after 48 h of immer-
sion in cell culture medium (DMEM) (S. o.-coated (48 h)). Lower part:
CLSM images of coated titanium before (S. o.-coated) and after 48 h
of immersion in cell culture medium (S. o.-coated (48 h)). The yellow/
orange color indicates dead bacteria. Macroscopic and CLSM images of
S. oralis coated implants (S.o.-coated), S. oralis coated implants after 5 d
of shaking at 300 rpm (S. o.-coated (5 d)), S. oralis coated implants after
shaking and brushing (S. o.-coated (b)). Coating thickness measured on
S. o.-coated implants, S. o.-coated implants after 5 d of constant shaking
and S. o.-coated implants after 20 times of brushing.***p < 0.0005.

analysis of the coating layer by confocal microscopy further
confirmed that—even after direct exposure to physiological
liquid medium—the densely packed coating layer was clearly
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visible. The thickness of the coat on titanium was similar
before and after 48 h of incubation (Figure 2 lower part, S o.-
coated and S.o-coated (48 h)). The stability testing of the coating
after a constant shaking speed of 300 rpm for five days showed
morphologically visible coating, which was seemingly less thick
than fresh coating (Figure 2, S. o-coated (5d)). Coating subjected
to 20 times of mechanical brushing after 6 h of shaking at a
speed of 300 rpm indicated a weak coating layer still visible on
implant surfaces (Figure 2, S. o.-coated (b)). The microscopic
thickness of coating from the fresh coating (10.37 um * 1.37)
had significantly decreased on implants (4.75 um + 0.70) after
five days of shaking at 300 rpm or brushing (4.5 um + 1.30)
(Figure 2, S.o0.-coated, S.o.-coated (5d) and S.o.-coated (b)). This
experiment confirmed freshly coated implants were initially
stable under static or mobile physiological conditions, which is
an essential prerequisite for further in vivo implantation.

2.3. Coatings Resist the Biofilms of Commensals
and Periodontal Pathogens

To investigate whether S. oralis coatings resist the adhesion of
diverse bacterial species, three different periodontal pathogens
comprising; S. oralis, Veillonella dispar, Porphyromonas gingi-
valis, and Treponema denticola were cultured on S. oralis coated
implants. The capacity of each bacterium to form biofilms
was investigated by LIVE/DEAD staining followed by confocal
microscopy. Uncoated titanium showed high expression of
green fluorescence, which was indicative for viable biofilms
were formed by (Figure 3 left column). There was no accumula-
tion of green fluorescence representative for growth of viable
biofilms around S. o.-coated implants (Figure 3 right column).
Instead, only a yellow/orange layer of densely packed, dead
coated bacteria was visible. According to these results, followed
by S. oralis coating, implants clearly prevented initial coloni-
zation of commensal as well as infectious bacteria and subse-
quent biofilm formation (Figure 3 right column).

Since the coating mass was composed of heat killed strepto-
cocci, it was considered that LIVE/DEAD staining and confocal
microscopy would probably not visualize biofilms adequately.
Therefore, S. o.-coated and uncoated titanium was incubated
with the most infectious biofilm-forming species, P. gingivalis
and T denticola, for 48 h and then observed with scanning
electron microscopy (SEM). Homogenous P. gingivalis biofilm
growth was present on uncoated titanium surfaces (Figure 4
left and Figure S1, Supporting Information white arrows). Few
P. gingivalis cells were visible on the surface of S. o-coated tita-
nium (Figure 4 S. o-coated and Figure S1, Supporting Informa-
tion represented by white arrows). At higher magnifications, few
detectable P. gingivalis could be clearly seen and differentiated
from S. oralis coated implants (Figure 4 and Figure S1, Supporting
Information). T. denticola exhibited huge biofilm formation on
uncoated titanium surfaces (Figure 4 white arrow and Figure S1,
Supporting Information white arrows). S. o.-coated titanium dras-
tically reduced biofilm formation by T. denticola as well (Figure 4
right column and Figure S1, Supporting Information represented
by white arrows). These results confirm the results of confocal
microscopy analyses and demonstrate that S. oralis coats greatly
impair the development of biofilms on titanium.
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Figure 3. S. oralis coated implants antagonize the growth of bacterial bio-
films. Typical CLSM images (top view and cross section) of biofilm growth
on uncoated titanium surfaces, as indicated by green fluorescence of
S. oralis, V. dispar, P. gingivalis, and T. denticola (left side, top to bottom).
S. o.-coated titanium surfaces completely inhibit biofilms from the same
pathogens (right side, top to bottom).

2.4. S. oralis Coated Implants Are Resistant to the Formation
of Multispecies Biofilms

Dental implant infections in clinical situations involve a
consortium of diverse bacterial species, in the presence of
constantly flowing oral saliva. Therefore, layer-wise coated
implants were allowed to interact with multispecies oral
biofilms comprising; S. oralis, V. dispar, Actinomyces naes-
lundii, and P. gingivalis. The experiment was performed in
an oral flow chamber system, that mimicked the flow of oral
saliva. Biofilm formation was then evaluated by LIVE/DEAD
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fluorescence staining and CLSM, whereas the presence of
all species—at least in the control biofilm—was verified
by fluorescence in situ hybridization (FISH). This multi-
species biofilm on uncoated titanium was dominated by
S. oralis (blue), followed by V. dispar (yellow), A. naeslundii
(green), and P. gingivalis (red) (Figure 5 Multispecies bio-
films). The uncoated titanium allowed the formation of mul-
tispecies biofilms and displayed higher surface coverage of
48.05% + 16.71 (Figure 5 uncoated). S. o.-coated implant sur-
faces clearly reduced the formation of multispecies biofilms
and bacterial surface coverage of 2.68% + 0.93 (Figure 5
S. o.-coated). These results exhibit additional valuable aspects
of S. oralis coats, as they inhibit both single and multispecies
bacterial biofilms under flowing conditions.

2.5. An Alternative Method of Coating S. oralis on Titanium
Maintains the Prevention Bacterial Biofilms

To optimize streptococcus coatings for heat-sensitive mate-
rials, a second coating procedure was investigated, that
employed previously heat killed bacteria. In this method,
S. oralis was first killed at 75 °C and then cultured on titanium
discs for 5 d at 37 °C. This method caused slow evaporation
and gradual accumulation of S. oralis on titanium and coating
mass became visible on implant surfaces (Figure 6 right side).
To investigate anti-biofilm properties, coated implants were
likewise incubated with P. gingivalis and T. denticola for 48 h.
Biofilms from P. gingivalis or T. denticola were visible on
uncoated titanium surfaces using LIVE/DEAD staining and
CLSM (Figure 6 left side, top to bottom). S. o.-coated implant
surfaces, in contrast, maintained resistance to P. gingivalis
and T. denticola biofilms. As an additional step in the analysis
of coated implants, both uncoated and S. o.-coated titanium
were subjected to dual-species biofilms comprising mixture of
P. gingivalis and T. denticola (Figure 6 right side, top to
bottom). The coated implants maintained resistance and
inhibited the colonization of even dual-species biofilms. These
findings confirm that streptococcus coatings applied by either
procedure repel the biofilms of infectious bacteria as single or
dual-species.

2.6. Antibiofilm Properties Are Specific for S. oralis Coatings

To investigate whether the biofilm repellent properties were
peculiar to S. oralis, or whether other streptococci could exhibit
similar effects, S. salivarius was coated on titanium discs
through the heat mediation process. To see potential syner-
gistic effects, S. salivarius and S. oralis were mixed and coated
on titanium. The resulting coatings were treated with P. gin-
givalis to form biofilms. After 48 h of incubation, P. gingivalis
biofilms were visible on uncoated titanium samples (Figure
7 uncoated and S2, Supporting Information). As previously
described, S. oralis coatings were resistant and inhibited the
growth of P. gingivalis biofilms (Figure 7 S. o.-coated). In con-
trast, S. salivarius coatings could not resist biofilm formation
by P. gingivalis (Figure 7 S. s.-coated and Figure S2, Supporting
Information). This was most probably due to the fragility of
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Figure 4. Typical SEM images of biofilm growth. Uncoated titanium discs are susceptible to the growth of infectious P. gingivalis and T. denticola bio-
films (left column, top to bottom). S.o0.-coated titanium exhibits strong resistance toward the colonization of infectious biofilms (right column, top to
bottom). White arrows indicate only P. gingivalis and T. denticola grown on uncoated and on S.o.-coated titanium.

this coating—it mainly became detached and only some coated
spots remained. A similar but weaker effect was observed from
mixed coatings of S. oralis and S. salivarius. They also appeared
fragile and some areas were already detached from the sur-
faces (Figure 7 S. 0-S.s.-coated, white arrows). On these empty
surfaces, P. gingivalis biofilms were visible (Figure 7 S. 0.-S.s.-
coated, white arrows). To analyze the effect of S. oralis coatings

Adv. Mater. Interfaces 2021, 8, 2101410 2101410 (5 of 13)

more closely, titanium discs were prepared that were only par-
tially coated. P. gingivalis cultured on these discs clearly dis-
criminated coated from uncoated areas, as only on the latter
could biofilm formation be observed (Figure 7 S. o.-coated and
Figure S2, Supporting Information). These findings indicate
that biofilm repellent properties were specific for the coating
with S. oralis.
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Figure 5. S. o.-coated titanium implants resist multispecies biofilms in a flow chamber system. 3D-reconstruction of LIVE/DEAD stained multispe-
cies biofilm growing on uncoated titanium (uncoated) and S.o.-coated titanium that was resistant to multispecies biofilm (S. o.-coated). Box plots of
bacterial surface coverage quantified from uncoated and S.o.-coated titanium (bacterial surface coverage). FISH staining of multispecies biofilm (mul-
tispecies biofilm) from uncoated implant showing four different bacterial species on the right side as; S. oralis, A. naeslundii, V. dispar, and P. gingivalis.

2.7. Less-Adhesive Properties of S. o-Coated Titanium

These results indicate that S. oralis coats repel biofilms by
reducing adhesion. To investigate this hypothesis, the bacte-
rial adhesion forces of S. oralis and P. gingivalis on S. o-coated
and uncoated titanium surfaces were directly measured by
means of single-cell force spectroscopy. Typical force-dis-
tance curves clearly showed that S. oralis coats reduced the
maximum adhesion force (deepest point of force-distance
curve) compared to uncoated titanium surfaces (Figure 8A).
Quantification revealed that bacterial adhesion forces were
lower on coated titanium surfaces than on uncoated surfaces
(Figure 8B). The same effect could be detected for P. gingi-
valis. Typical force—distance curves showed that the P. gingi-
valis adhesion force was less on S. o.-coated titanium surfaces
than on uncoated titanium controls (Figure 8C). Quantifica-
tion of the results confirmed this difference (Figure 8D).
These results verified that the developed S. oralis coats exhib-
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ited less adhesive properties. It is most probable that condi-
tions for the formation of biofilms are less favorable when the
adhesion forces are lower.

2.8. Coatings Are Nontoxic for Human Gingival Fibroblasts

Before applying the proposed novel coats to humans or ani-
mals, it is obligatory to perform cell culture assays to verify
that they are not toxic. For this purpose, the biocompatibility
of titanium coated with S. oralis was investigated with human
gingival fibroblasts by employing a fluorometric CellTiter-Blue
assay, which measures cellular reduction capacity through
resazurin color change.?’l After 24 h of incubation, cellular
metabolic activities decreased slightly on S. oralis coated tita-
nium compared to uncoated titanium (Figure 9). At later time
points (48 h), cellular metabolic activities in the presence of
S. o.-coated titanium became similar to uncoated titanium
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Figure 6. Typical CLSM images (top view and cross section) of titanium
coated with heat killed microflora to inhibit bacterial biofilms. Uncoated
implant surfaces show the accumulation of green fluorescence represent-
ative for P. gingivalis and T. denticola biofilms as single or dual species
cultures by green fluorescence (left side, top to bottom). S. o.-coated
titanium inhibits the colonization of bacterial biofilms and only shows
the yellow/orange fluorescence of the dead coated bacteria (S. 0.-coated).

(Figure 9). After 72 h of incubation, only a slight difference
in metabolic activities was observed between uncoated and
S. o.-coated implants. As monitored by scanning electron
microscopy, the general morphology of human gingival fibro-
blasts was similar on uncoated and coated titanium (Figure 9
uncoated and S. o.-coated a to c). The cells density was rela-
tively high on uncoated titanium compared to S. o.-coated
implants (Figure 9 uncoated). Coated implant surfaces were
compatible with cells; however, the growth pattern was vari-
able on coated surfaces (Figure 9a—c). Overall, S. oralis coating
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was not toxic and exhibited excellent properties to support the
adhesion of human gingival fibroblasts. Thus, further testing
of S. oralis coated titanium implants can be envisioned for
future clinical application.

3. Discussion

Bacterial biofilms may develop on medical implants, but are
intrinsically resistant to many therapeutic approaches./?’!
The underlying reason for this is that bacteria can adhere
to implant surfaces and form infectious films.l?8] Therefore,
novel therapeutic approaches are required to reduce initial
bacterial adhesion to implant surfaces. The human oral micro-
biome comprises diverse bacterial species—mostly commen-
sals—that protect host tissue from colonization by infectious
pathogens.l?’l Moreover, commensal bacteria support host
immunity against infectious pathogens and maintain home-
ostatic balance with host immune cells.?% After insertion,
healthy dental implants are immediately colonized by com-
mensal bacterial species, including S. oralis, which remains
the initial predominant colonizer.3"! Human gingival epithe-
lial cells (HGEps) challenged with S. oralis biofilm showed
mild transcriptional inflammatory response suggesting that
they can protect tissue.3?l Nevertheless, before medical device
approval for clinical application, in vivo investigation involving
implantation into bones and monitoring of local as well as sys-
temic side effects is a prerequisite. The current study focussed
on the commensal S. oralis as this is a major component of
oral microflora, acts symbiotically with host immunity and is
constantly present around oral implants or natural teeth.l*?!
These findings led us to think that commensal microflora
might be used as an innovative coating on implant surfaces
to circumvent the initial adhesion of infectious biofilms. A
simple repeated thermal process was used to establish a reli-
able multilayered coating of S. oralis on the frequently used
titanium implant material. This method may easily be adapted
to any implant geometry. A major issue with implant coatings
remains their stability, which needs to persist under in vivo
conditions for the required period of time. The novel method
allowed the gradual accumulation of a coating material (micro-
flora), which maintained their mass even after direct exposure
to physiological solutions under static or continuous shaking
conditions. Even though coating thickness had significantly
decreased, the underlying coating layer survived even after
the constant shaking process. In addition, brushing coating
after 6 h of shaking could not wholly remove the coating
from implant surfaces. Such robust coating stability even on
implant surfaces ensures the validity of established coating
methods and prolonged protection from the colonization of
infectious biofilms. These results are promising for further in
vivo applications that demand prolonged stability of coating
during surgical procedures and later inside the host tissue.
Furthermore, this coating was evaluated for a variety of bacteria
as single, dual or complex multispecies biofilms under two dif-
ferent environmental conditions. In a static environment, the
coating resisted the formation of biofilms of S. oralis, V. dispar,
P. gingivalis, and T. denticola. This is of particular interest, as
S. oralis and V. dispar are among the initial colonizers of
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Figure 7. Sole application of S. oralis led to the formation of stable and biofilm repellent coats. Typical CLSM images (top view and cross section) of
P. gingivalis biofilms (green fluorescence) on uncoated, S. oralis coated (S.o.-coated) and S. salivarius coated (S.s.-coated) titanium surfaces, as well as
P. gingivalis grown at the interface of S. oralis coated or uncoated titanium (Partly S.o.-coated), as well as P. gingivalis on implants coated with mixture
of S. salivarius and S. oralis (S.0.-S.s.-coated). The coatings are visible as yellow/orange fluorescence of dead bacteria. White arrows indicate P. gingivalis

biofilm on exposed surfaces of detached coating.
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Figure 8. Antibiofilm properties of S. oralis coats are associated with the
inhibition of bacterial adhesion. Typical force—distance curve showing
A) S. oralis and C) P. gingivalis adhesion forces on S. o.-coated (gray)
and uncoated titanium (black). Box plot of maximum adhesion force
measured for B) S. oralis and D) P. gingivalis on uncoated (empty box) and
S. o.-coated titanium (gray box).
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biofilms formation in the oral cavity and thereby pave the
way for biofilm formation by P. gingivalis and T. denticola.
Both of these bacteria belong to the highly pathogenic “red
complex” that is frequently responsible for the destruc-
tion of soft and hard tissues.® The novel coating proce-
dure therefore seems to be able to inhibit several stages
of the complex development of oral biofilms. To simulate
this complexity even more closely, biofilms were prepared
from multiple species of oral bacteria and their interac-
tions were studied under physiological flow conditions.>’!
Uncoated titanium allowed the establishment of multispe-
cies biofilms and bacterial surface coverage of 48.05 £ 16.71.
Contrary to it, S. oralis coated implants significantly reduced
the adhesion of multispecies biofilms and surface coverage
by 2.68 £ 0.93%. This surface coverage is less than previous
findings reported for silver coating (16.97 + 9.33%) and tita-
nium nanotubes (8%).13% This indicates that coating remained
stable under flowing conditions and decreased the adhesion
of multispecies biofilms. The coating method was optimized
for heat-sensitive materials; the bacteria were first heat killed
and then conditioned as coating on the titanium surfaces. A
stable coat could also be achieved with this approach. Coats
resulting from this procedure likewise exhibited anti-bio-
film properties against P. gingivalis or T. denticola in mono-
and dual species biofilms. In the future, this process would
facilitate the application of coats on heat-sensitive implant
materials, like silicone, biodegradable biopolymers, and mate-
rials of biological origin and with retention of the original
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Figure 9. Biocompatibility of S. oralis coated titanium with human gin-
gival fibroblasts (HGFs). Human gingival fibroblasts were seeded on
S. oralis coated and uncoated titanium samples and metabolic activity
was analyzed after 24, 48, and 72 h. Graph bars show the mean * standard
deviation of gingival fibroblasts viability on uncoated titanium (white
bars) and S. o.-coated titanium (gray bars) at the indicated time points.
Human gingival fibroblasts on uncoated and S. oralis coated titanium
after 72 h of cultivation (S. o.-coated a to c).

anti-biofilm properties.’”] The genus Streptococcus comprises
a wide variety of bacteria. S. salivarius is the first colonizer
of the human oral cavity after birth, establishes immune
homeostasis and regulates host inflammatory responses.®!
A coat of S. salivarius regulates the corrosion of titanium.>"!
Moreover, S. oralis in combination with S. salivarius has been
successfully used to treat acute otitis media.*) Therefore,
S. salivarius in the Salvarius group was coated alone on tita-
nium or in combination with S. oralis, in the Mitis group,
through the direct thermal process. However, when these
coated implants were incubated with P. gingivalis biofilms,
the S. salivarius coats became fragile and unstable and the
development of P. gingivalis biofilms could not be prevented.
The implants coated with the combination of S. salivarius and
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S. oralis were less fragile, but could not completely prevent
the colonization of P. gingivalis biofilms. This suggests that the
coats established from S. oralis alone were stabler and were
better at preventing the development of infectious biofilms.
As all our results indicate that the S. oralis coat inhibited
adhesion, this hypothesis was directly addressed by measuring
the bacterial adhesion forces at the level of a single cell. As this
process is fairly complex, measurements were only performed
for S. oralis and P. gingivalis. Reduced adhesion forces were in
fact observed for both species on S. o.-coated titanium surfaces.
This means that the electrostatic interactions, which are mainly
responsible for the maximum adhesion peak, were reduced on
the S. o.-coated surfaces.*!] Metallic titanium is highly positively
charged in ionic solutions, such as buffer or medium.*! Thus,
we would expect that the negatively charged bacterial mem-
brane would be strongly attracted to metallic titanium. With
the novel coating, this charge is most probably obscured. Even
though S. oralis membranes may be damaged by the thermal
coating process, they may be presumed to retain some negative
charge. Consequently, less adhesion of infectious bacteria was
expected as they are negatively charged. This mechanism could
explain less adhesive properties of dead commensal coating
against infectious biofilms. Although coatings are very stable
and repel biofilms, novel coatings can only be used in vivo if
they are compatible with the host. The coats’ biocompatibility
was initially tested with a basic metabolic assay for mammalian
cells. This study employed human gingival fibroblasts (HGFs)
since these cells are responsible for constant adaptation, regen-
eration, and wound healing.*¥l They effectively seal soft tissue
ability and subsequently are critical in sustaining inflammation
in periodontal diseases.[* Consequently, the healthy bioactivity
of HGFs with S. o.-coated titanium could be of great impor-
tance in forming peri-implant soft tissue seal. It is notable that
human gingival fibroblasts exhibited healthy metabolic activi-
ties when seeded on S. o.-coated titanium surfaces—which sug-
gests that coated implants can significantly promote early adhe-
sion and proliferation of HGFs and that they generate strong
competition against initial bacterial attachment at implant sites.
There is no literature describing the direct growth of human
gingival fibroblasts on implant surfaces coated with commensal
microflora. Interestingly, S. oralis coated implant surfaces
were compatible and allowed an unrestrained proliferation of
human gingival fibroblasts. It indicates that coating was non-
toxic and facilitated the adhesion process of host cells. The
morphology and growth pattern of human gingival fibroblasts
was the same on coated and uncoated implant surfaces. Even
though fibroblasts demonstrated low proliferation on regions
with thick coatings, there was no significant difference in the
morphology of cells. Human gingival fibroblasts are the most
important cells of peri-implant mucosa. ! Good compat-
ibility of human gingival fibroblasts is suggestive for further
compatibility of coated implants with osteoblasts and immune
cells to investigate homeostasis and immunomodulation.
These findings are suggestive that coatings could be reliably
tested in animal models to promote future clinical applica-
tions. The complete surgical procedure for implant placement
in clinics involves several procedures and carries risks for the
removal of implant coating and biofilm infection at the implant
site.l*] Therefore, the stability testing of coated implants after
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placement into bones of animal models is essentially a required
step. If the coating seems fragile to maintain required sta-
bility inside bones, this study has shown stability of coating at
shaking speed of 300 rpm, which suggests the persistence of
coating on abutment within the soft tissue above peri-implant
bone level. The prolonged protection of coated abutment within
periimplant soft tissue is essential since these regions remain
the initial surfaces for the colonization of bacterial biofilms.

4, Conclusion

This study presents an innovative strategy to protect implant
surfaces from infectious biofilms by the oral commensal
S. oralis. A simple thermal process was developed for the accu-
mulation of stable multilayered coating of commensal S. oralis
on titanium surfaces. The coating remained stable and main-
tained thickness against exposure to cell culture medium under
static and mobile conditions. The coated titanium circumvented
the adhesion of diverse bacterial species—either alone or in
combination as multispecies biofilms under both static and flow
conditions. This suggests that novel implant coating has the
potential to prevent life-threatening implant-associated infec-
tions for dental implants and for other organs. Since the coating
from commensal microflora was nontoxic and compatible with
human gingival fibroblasts, future in vivo investigations can be
designed to promote the desired clinical application.

5. Experimental Section

Growth and Cultivation of Bacteria: Streptococcus oralis (ATCC 9811,
American Type Culture Collection, Manassas, USA), Streptococcus
salivarius (DSM 20067, German Collection of Microorganisms and
Cell Cultures, Braunschweig, Germany), Actinomyces naeslundii (DSM
43013), Veillonella dispar (DSM 20735), Porphyromonas gingivalis (DSM
20709), and Treponema denticola (DSM 14 222) were routinely stored as
glycerol stocks at —80 °C. S. oralis and S. salivarius were grown overnight
at 37 °C under aerobic conditions in Tryptone Soy Broth (TSB, Oxoid
Limited, Hampshire, UK), supplemented with 10% yeast extract (Carl
Roth GmbH + Co. KG, Karlsruhe, Germany). A. naeslundii, V. dispar, and
P. gingivalis were cultured for 48 h on fastidious anaerobe agar plates
(LabM, Heywood, UK), supplemented with 5% sheep blood at 37 °C
under anaerobic conditions (80% N, 10% H,, 10% CO,). Small colonies
of A. naeslundii or P. gingivalis were inoculated overnight in Brain Heart
Infusion medium (BHI; Oxoid Limited), supplemented with 10 ug mL™
vitamin K (Carl Roth GmbH + Co. KG) under anaerobic conditions.
T. denticola was cultured at 37 °C under anaerobic conditions in new oral
spirochete medium (NOS, Oxoid Limited) medium for 72 h.[#]

Coating Procedures: Overnight cultures of S. oralis were adjusted to
an optical density at 600 nm of ODgo = 1.5 and centrifuged at 4000 x g
for 15 min. After centrifugation, the supernatant was discarded and the
bacterial pellet was suspended in Milli-Q. The procedure was repeated
and then the suspension was used for coating. In the first coating
method, titanium discs of 12 mm diameter and 3 mm thickness were
placed on a hot plate heated to 75 °C. Each titanium disc was wetted with
50 uL of the bacterial culture, liquid was allowed to evaporate and the
process was repeated until a total bacterial volume of 1 mL (ODggo = 1.5)
was conditioned as a multilayered coating on each surface. During the
coating procedure, the bacterial suspension was regularly vortexed. In
the second coating procedure, S. oralis (ODggo = 1.5) were first heat killed
for 15 min at 75 °C and the titanium discs were then directly incubated
with these heat killed microflora at 37 °C for 5 d (1 mL per disc). For
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S. salivarius coatings, S. salivarius were adjusted to ODgp = 1.5 in
Milli-Q and 50 pL of bacterial culture was added on titanium discs
placed on a hot plate. The process was repeated unless 1 mL of total
bacterial culture was coated on each surface. Coats from mixed S. oralis
and S. salivarius cultures were prepared by mixing 500 uL from each
bacterium (ODggo = 1.5). 50 UL from this mixed culture was added to
titanium discs placed on a hot plate and allowed to evaporate until a
multilayered coat on titanium surface was prepared from 1 mL per disc.

Stability Testing of Coated Implants: S. oralis coated implants
cultured in Dulbecco’s modified Eagle medium (Biochrom AG, Berlin,
Germany), supplemented with 10% fetal bovine serum (PAN-BIOTECH
GmbH, Aidenbach, Germany), 100 U mL™ penicillin, and 100 pg mL™
streptomycin (Biochrom AG, Berlin, Germany) were incubated under
constant shaking at speed of 300 rpm at 37 °C for 5 d. Coated implants
incubated for 6 h in cell culture medium at constant shaking of 300 RPM
at 37° were brushed 20 times (N = 8). These implants were stained with
Syto9 and propidium iodide and imaged macroscopically or by confocal
laser-scanning microscopy (CLSM, Leica TCS SP2, Leica Microsystems,
Mannheim, Germany). Thickness of coating was further measured with
the Imaris (8.2) software package (Bitplane AG, Zurich, Switzerland).
The difference in coating thickness was evaluated by the Mann-Whitney
test. Values of p < 0.05 were considered statistically significant. Statistical
analyses were performed using GraphPad Prism software 8.0 (GraphPad
Prism Software Inc., La Jolla, USA).

In Vitro Biofilm Assays: In vitro biofilm assays were performed on
both coated and uncoated titanium discs (each type in triplicates) by
S. oralis, V. dispar, P. gingivalis, or T. denticola (N = 8). Discs exposed to
S. oralis (ODggo = 0.05 in TSB + 10% yeast extract and 50 X 107 m glucose,
Carl Roth GmbH + Co. KG, Karlsruhe, Germany) were incubated for
48 h at 37 °C in the presence of 5% CO,. Incubations with V. dispar or
P. gingivalis (ODggo = 0.05) cultures were performed in BHI supplemented
with vitamin K at 37 °C under anaerobic conditions. Incubation with
T. denticola (ODgyy = 0.05) was performed in NOS medium at 37 °C
under anaerobic conditions. Incubations with the mixture of P. gingivalis
and T. denticola cultures were prepared with P. gingivalis ODggy = 0.05 in
BHI and T. denticola ODgyy = 0.05 in NOS at 37 °C under anaerobic
conditions. After incubations of 48 h with each species, medium was
removed and samples were washed with phosphate-buffered saline
(PBS, Biochrom GmbH, Berlin, Germany). Samples were fluorescence
stained with LIVE/DEAD BacLight Bacterial Viability Kit (Life Technologies,
Darmstadt, Germany) at 1:1000 in PBS for 15 min at room temperature
according to the manufacturer’s protocol. Stained biofilms were fixed with
2.5% glutardialdehyde (Carl Roth GmbH + Co. KG, Karlsruhe, Germany)
for 15 min at 4 °C. The two fluorescent dyes Syto9 and propidium iodide
were excited at 488 and 552 nm, and emission was detected at 500-552 nm
and 600-700 nm, respectively. All samples were imaged by confocal
laser-scanning microscopy (CLSM, Leica TCS SP2, Leica Microsystems,
Mannheim, Germany). Acquired images were further processed with the
Imaris (8.2) software package (Bitplane AG, Zurich, Switzerland).

Biofilm Cultivation in a Flow Chamber System: Biofilm formation
assays under flow conditions were performed in a previously
developed flow chamber system containing brain heart infusion media
supplemented with 5% sucrose (Carl Roth GmbH + Co. KG) and
10 uL mL™" vitamin K.B% Multispecies biofilms were cultured on coated
and uncoated titanium discs using the Hanoverian oral multispecies
biofilm implant flow chamber (HOBIC) model.®l In brief, S. oralis,
A. naeslundii, V. dispar, and P. gingivalis were grown for 18 h at 37 °C as
individual cultures in BHI/vitamin K under anaerobic conditions (80%
N,, 10% H,, and 10% CO,) and adjusted to an optical density (ODgqp)
of 0.5. Equal volumes from each of the indicated bacteria were mixed
and added to a bioreactor containing 1.8 L BHI/vitamin K at a dilution of
1: 45. Multispecies biofilms were grown for 24 h at a flow rate of
100 pL min™ before being stained using the LIVE/DEAD BacLight
Bacterial Viability Kit as described previously.*¥] Biofilms were imaged
using CLSM and analyzed with the Imaris (8.2) software package as described
above (N =9, 5 images per sample and in total 45 images per surface).

Fluorescence In Situ Hybridization (FISH): After incubation of
S. o.-coated or uncoated titanium with multispecies bacteria in the flow
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chamber system, specimens were fixed with 50% ethanol for 40 min at
a flow rate of 150 uL min~". The samples were subjected to fluorescence
in situ hybridization according to a protocol established previously.*’]
Briefly, samples were first made permeable with 1 g mL™ lysozyme for
30 min at 46 °C, then hybridized with 8 x 10® m of each 16S rRNA probe
in urea-NaCl buffer (Table S1, Supporting Information). Stained implants
were merged in PBS and imaged by CLSM with PMT detectors. The
first sequence was detected with ALEXA Fluor405 using 405 nm laser
at an emission range of 413-477 nm and ALEXA Fluor568 signals with
552 nm laser at an emission range of 576-648 nm. The second sequence
was detected with ALEXA Fluor488 signals with the 488 nm laser at the
emission range of 509-576 nm together with ALEXA Fluor647 signals
using 638 nm laser and an emission range of 648-777 nm. Image
adjustments were performed with Imaris (8.2) software package.

Scanning Electron Microscopy (SEM) Analysis: Samples exposed to
biofilms were additionally observed using an electron microscope
(N = 6). After 48 h of incubation with bacterial cultures, the bacterial
medium was removed and S. o.-coated and uncoated titanium were
washed twice with PBS, fixed in 2.5% glutaraldehyde for 30 min and
washed again with PBS. Samples were dehydrated in ascending series
(25%, 50%, 75%, 90%, and 100%) of ethanol (J. T. Baker, Phillipsburg,
New Jersey, USA) for 5 min in each concentration. Dehydrated samples
were treated in a Blazer CPD 030 Critical Point Dryer (BAL-TECH;
Balzers, Liechtenstein) and then sputter coated with gold in an E5400
SEM Coating System (Polaron, Watford, United Kingdom). Scanning
electron microscopy was performed with a SEM 505 microscope
(Philips, Eindhoven, Netherlands). SEM images were processed with a
custom build SEM Software 4.5.1°%

Bacterial Single Cell Adhesion Force Spectroscopy: Adhesive forces
of S. oralis or P. gingivalis on S. o.-coated or uncoated titanium were
measured with a FlexFPM atomic force microscope (Nanosurf
AG, Liestal, Switzerland) connected to a FluidFM pressure control
system (Cytosurge AG, Zirich, Switzerland) mounted on an inverted
microscope (Lclipse Ti-S, Nikon GmbH, Diisseldorf, Germany),
according to a previously described protocol.P!l Briefly, silicon
cantilevers with a circular 300 nm opening and a theoretical spring
constant of 0.6 N m™' (FluidFM Nanopipette, Cytosurge AG) were used.
Before measurements, cantilevers were filled with degassed and filtered
phosphate-buffered saline (PBS) and their sensitivity was measured.
S. o.-coated or uncoated titanium samples were inserted in a T mm
glass ring placed in 50 mm glass dish (WillCo Wells B. V., Amsterdam,
The Netherlands). Freshly cultivated S. oralis or P. gingivalis were
diluted in filtered phosphate-buffered saline to a final optical density
(ODggo) of 0.005 (approximately 1 x 10 CFU mL™") and then added
into glass dishes. Bacterial cells were captured with the cantilever
for 5 s with 400 mbar of negative pressure and then transferred onto
the specimen to measure single bacterial single cell adhesion force
spectroscopy. Bacteria were allowed to interact with the surface for
5 s with contact force of 0.75 nN and enabled with force feedback and
then retracted with a velocity of 1 um s, Each of the coated or plain
titanium surfaces was subjected to 12 measurements with individual
bacterial cells, each at 16 different positions in total 192 force—distance
curves. From the resulting force—distance curves, maximum adhesion
force was calculated with program Atomic).’4 Data visualization and
statistical analysis were performed with GraphPad Prism software 8.0
(GraphPad Prism Software Inc., La Jolla, USA).

In Vitro Mammalian Cell Culture Assay: The cell toxicity assay was
performed with human gingival fibroblasts (HGFs) by a fluorometric
CellTiter-Blue assay, which measures cellular reduction capacity through
resazurin color change.?! Human gingival fibroblasts were cultured in
Dulbecco’s modified Eagle medium (Biochrom AG, Berlin, Germany),
supplemented with 10% fetal bovine serum (PAN-BIOTECH GmbH,
Aidenbach, Germany), 100 U mL™ penicillin, and 100 ug mL™" streptomycin
(Biochrom AG, Berlin, Germany) in a humidified cell culture incubator at
37 °C in the presence of 5% CO,. Fibroblasts were seeded on S. o.-coated
or uncoated titanium with a cell density of 1 x 10° cells per disc. At 24, 48,
and 72 h after incubation, medium from cells was replaced with CellTiter-
Blue reagent (Promega, Mannheim, Germany) and incubated for 4 h at
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37 °C. CellTiter-Blue reagent was collected from the respective cells and
its fluorescence was measured by a multiwell plate reader (A = 530 nm,
Aem = 590 nm, Synergy 2, BioTek). Relative fluorescence units (RFU) were
measured by the multifunctional microplate reader Tecan Infinite 200 PRO
(IBL International, GmbH, Hamburg, Germany). For direct monitoring
of cellular attachment and morphology, human gingival fibroblasts
were seeded on uncoated and coated implant surfaces at a density of
1 x 10° cells per ml in Dulbecco’s modified Eagle medium (Biochrom
AG, Berlin, Germany), supplemented with 10% fetal bovine serum
(PAN-BIOTECH GmbH, Aidenbach, Germany), 100 U mL™" penicillin,
and 100 pg mL™" streptomycin (Biochrom AG, Berlin, Germany)
(N = 8 per group). The cultured cells were incubated for 72 h at
37 °C in 5% CO,. The loosely adherent cells were removed from
the implant surfaces by washing twice with phosphate-buffered
saline (PBS). Cells in experiment wells were stained with LIVE/
DEAD BaclLight for 30 minutes. Stained cells were fixed with
1.5% glutaraldehyde and imaged with confocal laser scanning microscopy.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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