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Abstract: Dental plaque is one type of biofouling on the tooth surface that consists of
a diverse population of microorganisms and extracellular matrix and causes oral diseases and
even systematic diseases. Numerous studies have focused on preventing bacteria and proteins
on tooth surfaces, especially with anti-biofouling coatings. Anti-biofouling coatings can be
stable and sustainable over the long term on the tooth surface in the complex oral environ-
ment. In this review, numerous anti-biofouling coatings on the tooth surface and hydroxya-
patite (as the main component of dental hard tissue) were summarized based on their
mechanisms, which include three major strategies: antiprotein and antibacterial adhesion
through chemical modification, contact killing through the modification of antimicrobial
agents, and antibacterial agent release. The first strategy of coatings can resist the adsorption
of proteins and bacteria. However, these coatings use passive strategies and cannot kill
bacteria. The second strategy can interact with the cell membrane of bacteria to cause
bacterial death. Due to the possibility of delivering a high antibacterial agent concentration
locally, the third strategy is recommended and will be the trend of local drug use in dentistry
in the future.

Keywords: anti-biofouling coating, antibacterial agent, hydroxyapatite, tooth surface,
binding

Introduction

The definition of fouling is the accumulation of undesirable elements on material
surfaces to hinder the normal functions of the material." Biofouling is a dynamic
procedure that concerns a series of complex-forming steps and biological structures,
including living organisms and their by-products (extracellular matrix of polymeric
substances).' Biofouling is a serious problem in many fields, such as biomedical
devices, biosensors, drug delivery, biomedical implants, protective clothing, food
packaging and marine equipment.>* It affects the performance and application of
all host materials. To retain the main function of the host materials, there are
numerous studies targeting anti-biofouling strategies, especially preventing the
bacterial colonization of biomedical surfaces. Since a thin coating can provide an
anti-biofouling surface without affecting the host materials, anti-biofouling coatings
have become a very active and practical field of research and have progressively
replaced the traditional antibiotic tactics.*

In the oral cavity environment, a mass of microbes and proteins are present on
the oral mucosa, tongue surface, dental restorations and tooth surfaces, especially
close to the gingival margin. Microorganisms on the oral mucosa and the tongue
surface are easily removed because epithelial tissue and surface microorganisms
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shed all the time. However, microbial masses, saliva, and
food debris adhering on the tooth surfaces, namely, dental
plaque, are difficult to remove because of the lack of
metabolic shedding for dental hard tissue, especially on
areas that lack self-cleaning functionality. Dental plaque
consists of a diverse population of microorganisms (one
gram of wet plaque contains approximately 2 x 10'" bac-
teria) and an extracellular matrix of polymers (principally
made up of glucans and fructans of microbial origin) from
the host and microbial community.® The formation of
dental plaque on the tooth surface is followed by four
stages: 1) acquired pellicle formation; 2) bacterial initial
adhesion; 3) coaggregation to attached colonizers; and 4)
multiplication, development and detachment of biofilm.®®
Dental plaque as one type of dental biofouling is complex,
and it is also the main etiologic factor that causes oral
diseases, such as dental caries and periodontal diseases.’
At present, studies have confirmed that there is
a relationship between systematic diseases and periodontal
diseases, such as obesity, cardiovascular disease, diabetes,
adverse pregnancy outcomes and Alzheimer’s disease.”
Therefore, there are many ways to prevent dental plaque
buildup, including brushing, flossing, using mouthwash
and professional teeth cleaning; many studies have inves-
tigated methods of cleaning bacteria and protein on teeth

Coatings with

by antibiotics, surfactant agents, fluoride varnishes and
anti-biofouling coatings. Considering that dental plaque
is one kind of biofouling agent, designing an anti-
biofouling coating on the tooth surface has attracted
many researchers in recent years. A durable anti-
biofouling coating on the tooth surface must resist the
masticatory force, dissolution by excessive saliva and
other complex physicochemical factors from the oral
environment, and such a coating represents a great chal-
lenge in the field of the dentistry and biomaterials.

In this review, numerous anti-biofouling coatings on
the tooth surface and hydroxyapatite (HA) (as the main
component of dental hard tissue) were reviewed (Figure
1). They are summarized based on their different
mechanisms, which include three major strategies: anti-
protein and antibacterial adhesion through chemical
modification, contact killing through the modification
of antimicrobial agents, and antibacterial agent release
(Table 1).

Coatings with Antiprotein and
Antibacterial Adhesion Capabilities
Through Chemical Modification

The use of chemical surface modifications as nonspecific
methods for coatings that can resist protein adsorption,

Hydrophilic PEG-based coatings

antiprotein and

antibacterial

Hydrophilic zwitterionic polymers

adhesion Polyelectrolyte multilayers
capabilities through Hydrophobic low-surface energy coatings
chemical Amphiphilic molecule coatings
modification phip 9
Antibiotic or antiseptic coatings
Coati ith Fluoride coatings
i-bi i oatings wi
Anti blofoullng v Metallic compound coatings

coatings on the
tooth surface
and HA

Antibacterial agent-
releasing coatings

Figure | Anti-biofouling coatings on the tooth surface and HA.

contact-killing
capability through
the modification of
antimicrobial agents

Antimicrobial peptide coatings
Polysaccharide-chitosan coatings
Sphingolipid coatings

Polyphenolic compound coatings

CHX-releasing coatings
Silver-releasing coatings

3

Furanone- releasing coatings
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Table | Major Strategies, Categories, Chemicals, Findings and Probable Mechanisms of Anti-Biofouling Coatings
Major Categories Chemicals Findings Probable Mechanisms Ref.
Strategies
Antiprotein Hydrophilic PPi-PEG copolymer PPi-PEG copolymer with high MW | PPi bound with Ca" from HA. I
and PEG-based and high PPi strongly inhibited Hydrophilic PEG repelled salivary
antibacterial coatings saliva protein and S. mutans protein and bacteria close to HA.
adhesion adhesion.
through
chemical P3-PEG coating P3-PEG coating increased the P3 bound to HA. Hydrophilic PEG | 12
modification antifouling activity for S. mutans and | repelled bacteria close to HA.
S. epidermidis.
PEGMA-Phosmer Copolymers containing 40—60% Phosmer bound with Ca®* from HA. | 13
copolymer PEGMA segments most strongly PEGMA as hydrophilic brush
inhibited S. epidermidis adhesion. inhibited bacterial adhesion.
Hydrophilic MPC-ran-MOEP Copolymer containing 50% MPC MOEP monomer bound with Ca** | 14
zwitterionic showed the best performance in from HA. MPC as hydrophilic layer
polymers preventing BSA adsorption and inhibited protein adsorption. They
mouse fibroblasts cell and S. mutans | were synthesized by free radical
adhesion. polymerization.
PC-/SB-/CB-methacrylic Zwitterionized HA surfaces Methacrylic monomer bound with 15
copolymers showed decreased protein Ca*" from HA, while PC, SB and
adsorption, no S. mutans adhesion CB as hydrophilic groups inhibited
after 6 h and the lowest level of protein adsorption. They were
bacterial adhesion after 24 h. copolymerized by free radical
polymerization.
PEIl-g-SBMA PEIl-g-SBMA protected HA discs PEIl was the backbone, SBMA 16
from BSA adsorption and bound with Ca®* of HA, and the
Stenotrophomonas maltophilia and hydrophilicity of PEl-g-SBMA
S. mutans attachment. protected HA from protein and
bacterial attachment.
Polyelectrolyte | (I) PAA-G75; Gantrez/PAA-G75-coated HA Alternately depositing oppositely 17
multilayers (2) Gantrez/PAA-G75 possessed significant antibacterial charged polyelectrolytes on the HA
activity than PAA-G75/Gantrez- surface improved hydrophilicity and
coated HA. softness and resulted in
antiadhesive properties.
Hydrophobic Slippery liquid-infused SLIPS enamel surface prevented the | Trichlorosilane residual groups in 18
low-surface porous surface (SLIPS) adsorption of mucin and S. mutans | heptadecafluoro-1,1,2,2-tetra-
energy coatings by in vitro and animal studies. hydrodecyltrichlorosilane reacted
with the hydroxyl groups of HA,
while the polyfluoroalkyl tail showed
hydrophobicity in the distant end of
enamel surface.
Amphiphilic MI12P5, M6P5, P-MI2P5, AMs with a higher degree of AMs had a sugar backbone, 19
molecule (AM) | P-MéP5, P-T12P5, and branching and hydrophobicity hydrophobic arms, a PEG tail, and
coatings P-T6P5 displayed the greatest adsorption, a carboxylate or phosphate anchor.
retention, and antibacterial PEG inhibited bacterial adhesion, and
adhesion. the carboxylate and phosphate
anchors bound with Ca®" of HA.
(Continued)
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Table | (Continued).

Major Categories Chemicals Findings Probable Mechanisms Ref.
Strategies

Contact killing | Antibiotic or Chlorhexidine (CHX) CHX is a cationic antimicrobial that | CHX adsorbed onto HA by the 20
through the antiseptic can inhibit gram-positive, gram- interaction between biguanide
modification of | coatings negative bacteria, and fungi. groups and HA. CHX bound to the
antimicrobial cell membrane of microorganisms.

agents

Triclosan-loaded ALN- Triclosan-loaded ALN-P123 was ALN bound with HA. Triclosan is 21

P123 copolymers able to inhibit the biofilm growth of | a chlorinated diphenyl ether class
S. mutans compared to the of antibacterial compounds.
untreated control. Pluronic increased drug solubility.

Triclosan-loaded DPS- Triclosan-loaded DPS-P123 and DPS and PPi bound with HA. PPi 22

P123; Triclosan-loaded triclosan-loaded PPi-P123 were showed higher efficiency to occupy

PPi-P123 able to inhibit biofilm growth of HA surface binding site than DPS.

S. mutans. PPi showed slightly
higher affinity capacity with HA
than DPS.2
Fluoride NaF Fluoride treatment (2300 ppm) for | The inhibition of bacterial acid 23
coatings I-min reduced the acidogenicity, production of fluoride may be
aciduricity, and EPS formation of related to the inhibition of enolase
S. mutans biofilms. and a proton- translocating ATPase,
and the enhancement of
intracellular acidification.
Metallic AgNO; AgNO; was used as a caries Silver ions destructed cell wall 24
compound preventing agent, a cavity sterilizing | structure, denatured cytoplasmic
coatings agent and a dentine desensitizer. enzyme and inhibited microbic
DNA replication.

SDF SDF was applied to prevent and Fluoride and silver released from 25
arrest caries in children and SDF treated tooth surfaces inhibited
adolescents. the metabolic activity (acid

production) of S. mutans cells
Antimicrobial HBP7-KSLW HBP7-KSLWV effectively and stably HBP7 bound with HA. KSLWV is 26
peptide inhibited biofilm formation on the a broad-spectrum antimicrobial
coatings contact interface. peptide.

Extended release of HA pellets were incubated in the eAMP is a broad-spectrum AMP 27

eAMP peptide eAMP. eAMP inhibited and is bound to HA by the
bacterial growth in solution. electrostatic interaction.

Permanent coating of tHA pellets were incubated in the | cAMP covalently bound with HA 27

cAMP peptide cAMP after incubated in surface. Steric hindrance prevented
DMF and SMCC. cAMP inhibited enzymes from reaching the HA
adherence and biofilm formation. surface and biofilm formation.

dAMP dAMP coating showed short-term | After mixing extended release of 27
sterilization and long-term eAMP and permanent coating of
antimicrobial activity of the surface. | cAMP, dAMP combined surface

binding and antimicrobial activity in
a long time.
(Continued)
8966  submit your manuscript International Journal of Nanomedicine 2020:15

Dove



http://www.dovepress.com
http://www.dovepress.com

Dove Zhou et al
Table | (Continued).
Major Categories Chemicals Findings Probable Mechanisms Ref.
Strategies
SKHKGGKHKGGKHKG- | After 5-7 days, the anchor-AMP still | SKHKGGKHKGGKHKG is 28
Tet213 exhibited strong affinity and a surface binding peptide. Tet213 is
antimicrobial activity onto surfaces a broad-spectrum antimicrobial
(titanium, gold, polymethyl peptide.
methacrylate, and HA).
SHABP; SHABP with higher HA-binding IDR-1018 inhibited biofilm 29
MHABP affinity presented higher formation and improved the
antimicrobial activity and stronger | degradation of [(p)ppGpp]. SHABP
biofilm reduction than MHABP and | and MHABP are two HA-binding
IDR-1018. heptapeptides.
SSP-PAMAM-NH, Salivary statherin protein (SSP) was | SSP presented strong adsorption 30
modified into SSP-PAMAM-NH,. onto HA due to DDDEEKC, while
SSP-PAMAM-NH, coated HA disks | PAMAM-NH, possessed effective
sustained stable antibacterial antibacterial activity due to
activity after 4 weeks. peripheral amino groups.
Histatin family: Histatin-5 showed the most The antimicrobial activity was 31-39
Histatin- 1, Histatin-3, anticandidal activity comparing with | initiated through cell wall binding
Histatin-5, P113 histatin-1 and histatin-3. P113 and intracellular targeting. The
showed stronger HA adsorption positively charged amino acid
than histatin-3 and histatin-5. residues (histidine, lysine, and
arginine) bound to HA.
Polysaccharide- | N-carboxymethyl HA beads were treated with low- | The probable mechanisms were 40
chitosan chitosan, molecular-weight chitosan, bacterial surface modification,
coatings Imidazolyl chitosan N-carboxymethyl chitosan and alterations in the expression levels
imidazolyl chitosan showed of bacterial surface ligands, and
a decrease in S. mutans adsorption | chitosan adsorption to host
ranged from 47% to 66%. surfaces.
Chitosan Chitosan with a molecular mass of | Chitosan prevented bacteria 41
5-6 kDa and a degree of adsorption onto S-HA by adsorbing
deacetylation of 50-60% for onto cell surfaces and bridging
maximum inhibition of bacterial together into aggregates.
binding to S-HA.
Water-soluble reduced S. mutans exposed to chitosan There may be an ionic interaction | 42
chitosan exhibited a substantial delay in between cations (amino groups of
growth. The water-soluble reduced | chitosan) and anions (phospholipids
chitosan exhibited a significant and carboxylic acids in the bacterial
antibacterial and plaque reducing cell wall).
action.
Sphingolipid Sphingosine; Compared with untreated HA Sphingolipids bound to HA. The 43
coatings Phytosphingosine (PHS); surface, sphinganine showed the hydrophobic tail of sphinganine
Sphinganine strongest antiadherence ability by prevented its penetration through
1000-fold, and PHS and sphingosine | the hydrophilic extracellular
showed eight- and five-fold polysaccharide matrix of the
antiadherence ability, respectively. biofilm.
(Continued)
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Table | (Continued).

Major Categories Chemicals Findings Probable Mechanisms Ref.
Strategies
Polyphenolic SAP3-TA coating SAP3-TA-coated HA surfaces DDDEEKC bound to HA. TA 44
compound became super-hydrophilic surfaces | destabilized cell membrane,
coatings and resisted to both proteins changed protein-to-lipid ratios in
adhesion and bacterial biofilm the membrane, and inhibited cell
formation. wall synthesis.
Antibacterial CHX-releasing | Sustained-release CHX CHX diacetate mixed with EC and | EC is a hydrophobic polymer; PEG | 45
agent release coatings varnish PEG decreased S. mutans levels and | is a hydrophilic polymer. CHX
was useful in preventing caries bound to HA and the cytoplasmic
lesions. membrane of microorganisms.
Silver-releasing | AgNPs AgNP dentine coatings had AgNPs could attach to the surface | 46
coatings complete bacterial growth of cells causing structural damage,
inhibition and over 95% to lead to cell death. AgNPs bound
bactericidal. AgNPs could provide to the negatively charged PO,>
longer-lasting protection against from HA.
bacteria than AgNOs.
A copolymer containing This block copolymer coating The bisphosphonate group bound 47
bisphosphonate, pyridine revealed a strong antibacterial to HA. Ag nanoparticles
oligomers, and Ag ions ability to L. plantarum after coordinated with the pyridine
immobilization onto the HA oligomers groups to perform
surface. antibacterial properties.
Furanone- PLGA/PBMP encapsulated | PLGA/PBMP encapsulated furanone | PLGA parts were the carrier of 48
releasing furanone C-30 C-30 prevented the growth of furanone C-30 to achieve drug
coatings S. mutans and biofilm formation on | sustaining release and
the HA surface for up to 100 phosphomonoester groups from
h compared to the uncoated PLGA | PBMP bound to Ca*" from HA.
microparticles.

such as PEG and zwitterion, have demonstrated great
antiadhesion properties in vitro and are generally
regarded as the standard approach for antiadhesive coat-
ings. Figure 2 shows the common mechanism schema of
this strategy, which consists of two parts: HA-binding
groups (adsorbing onto HA) and antiprotein and anti-
bacterial adhesion groups (resisting protein and bacteria

adhesion).

Coatings with Contact-Killing Capability
Through the Modification of

Antimicrobial Agents

In these coatings, antimicrobial compounds are anchored
to the material surface. Adhered bacteria are believed to be
killed due to the disruption of their cell membrane by the
attached compounds, which reach across the microbial
membrane.* Figure 3 shows the common mechanism
schema of this strategy, which consists of two parts:

HA-binding groups and antimicrobial compounds (killing
bacteria).

Antibacterial Agent-Releasing Coatings
These copolymer coatings kill both adhered and adjacent
planktonic bacteria by releasing loaded antibacterial com-
pounds over time. The release of incorporated antibacterial
agents is achieved by diffusion into an aqueous medium,
erosion/degradation, or hydrolysis of covalent bonds.'
Compared with contact-killing coatings, antibacterial
agent-releasing coatings offer the possibility of delivering
a high antibacterial agent concentration locally without
exceeding systemic toxicity or eco-toxicity limits. In addi-
tion, they minimize drug resistances and systemic reper-
cussions. Figure 4 shows the common mechanism schema
of this strategy, which consists of three parts: HA-binding
groups, carriers (encapsulating antimicrobial compounds)
and antimicrobial compounds (killing bacteria).
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Figure 2 Common mechanism schema of coatings with antiprotein and antibacterial adhesion capabilities through chemical modification. This type of coatings contains HA-
binding groups (orange balls) and antiprotein and antibacterial adhesion groups (blue ovals). HA-binding groups bind with Ca®" or PO4> from HA, while antiprotein and

antibacterial adhesion groups as brushes resist protein and bacteria.
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Figure 3 Common mechanism schema of coatings with contact-killing capability through the modification of antimicrobial agents. This type of coatings contains HA-binding
groups (orange balls) and antimicrobial compounds (color stripes). HA-binding groups bind with Ca®* or PO,* from HA, while antimicrobial compounds as brushes resist

protein and react with bacteria to induce the death of bacteria.

Anti-Biofouling Coating Strategies
on the Tooth Surface and HA
Antiprotein and Antibacterial Adhesion
Through Chemical Modification
Hydrophilic PEG-Based Coatings

Polyethylene glycol (PEG)-based coatings have been
extensively used to prevent nonspecific protein and cell

adhesion due to their hydrophilic property, large space
repulsion, and excellent biocompatibility. The low value
of interfacial energy between PEG and water leads to the
formation of a highly hydrated layer barrier that hinders
the access of protein molecules."** In addition, PEG
chains can be adhered to substance surfaces based on
their physical or chemical adsorption, covalent attachment,

International Journal of Nanomedicine 2020:15
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Figure 4 Common mechanism schema of antibacterial agent-releasing coatings. This type of coatings contains HA-binding groups (orange balls), carrier (the blue circle), and
antimicrobial compounds (blue balls). HA-binding groups bind with Ca®" or PO4* from HA, while the carrier release antimicrobial compounds reacting with bacteria to

induce the death of bacteria.

and block/graft copolymerization.”? However, their low
surface densities and sensitivity to oxidative damage
might result in the loss of antifouling capabilities for long-
term applications.’®>* Therefore, a number of modified
PEG polymers have been investigated. Many studies have
focused on PEG-based coatings for the tooth surface and
HA surface.*!!' 13

Because of the hydrophilic property of PEG, the affi-
nity of certain polymers to the HA surface was designed
by grafting tooth-binding or HA-binding moieties to PEG.
Chen et al designed a novel oral hygiene drug-free product
pyrophosphate (PPi)-PEG copolymer.'" PPi as a tooth-
binding anchor can rapidly bind to the HA surface.
Copolymers of different molecular weights (MWs) and
PEG building blocks (PEG 2000 or PEG 600) with differ-
ent PPi contents were synthesized. The results showed that
PPi-PEG could effectively bind to HA within two minutes.
The PPi-PEG copolymer with a high MW and high pyr-
ophosphate content showed the best efficacy in inhibiting
salivary protein and Streptococcus mutans (S. mutans)
adhesion. The possible mechanisms were that the PPi
groups of PPi-PEG can effectively occupy the calcium
site of the HA surface instead of the carboxyl groups of

salivary proteins and the neutral hydrophilic layer PEG
polymer on the HA surface could effectively reduce the
hydrophobic interactions of salivary protein and bacteria
with the HA surface.

Bikker et al reported that PEG molecules conjugated
with the HA-binding moiety of salivary agglutinin glyco-
protein (SAG).'? By evaluating peptides covering the
complete consensus sequence of SAG, only the peptide
P3 (DDSWDTNDANVVCRQLGA) was found to bind
significantly to HA. Compared with the uncoated surface
in vitro, the P3 coating itself showed bacterial-repelling
characteristics, which was likely because P3 exhibited
a net-negative charge that potentially repelled the nega-
tively charged bacterial membrane and membrane-
anchored structures, such as lipopolysaccharide and
lipoteichoic acid. In addition, in comparison with the P3
coating, due to covalently linking with the hydrophilic and
the P3-PEG coating

increased the antifouling activity by up to 40% and 30%

bacterial-repellent-moiety PEG,

against S. mutans and Staphylococcus epidermidis,
respectively.

PEG derivatives could also be utilized by free radical
polymerization with HA-binding moieties. Cui et al
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Figure 5 Copolymer containing PEGMA (Blue) and Phosmer (Pink). PEGMA as a hydrophilic polymer brushes in the distant end of HA inhibits bacterial adhesion, while
Phosmer binds with Ca>" from HA. Reproduced with permission from Cui X, Koujima Y, Seto Het al Inhibition of bacterial adhesion on hydroxyapatite model teeth by
surface modification with PEGMA-Phosmer copolymers. ACS Biomater. Sci. Eng. 2016;2(2):205-212."> Copyright 2016, American Chemical Society.

designed copolymers containing polyethylene glycol
methyl ether methacrylate (PEGMA) and ethylene glycol
methacrylate phosphate (Phosmer).'> They interacted via
free radical polymerization with the different feed ratios of
monomers in an aqueous medium. Phosmer bound with
calcium ions (Ca2+) from HA by electrostatic interactions,
covalent bonding and hydrogen bonding, while PEGMA
as a hydrophilic polymer brush in the distant end of HA to
inhibit bacterial adhesion (Figure 5). Eventually, copoly-
mers containing 40—60% PEGMA segments were shown
to be very effective against S. epidermidis adhesion.

Hydrophilic Zwitterionic Polymers

Zwitterionic polymers are super hydrophilic materials
because of the thick hydration layer formed around zwit-
terionic polar groups that can inhibit protein adsorption;
therefore, they are a promising antifouling material.**=>
Zwitterionic structures have an equal amount of positive
and negative domains within a single molecule and remain

1.3 For this reason, zwitterionic

overall electrically neutra
materials have been widely used in the biomedical field,
such as on the HA surface. The classical cations are
quaternized ammonium, and the classical anions are sulfo-
nates, carboxylates, and phosphonates. There are three
typical zwitterionic groups: sulfobetaine methacrylate
(SBMA), carboxybetaine methacrylate (CBMA), and
2-methacryloyloxyethyl phosphorylcholine (MPC)."?
Kang et al synthesized a 2-methacryloyloxyethyl phos-
phorylcholine (MPC) polymer to prevent oral bacterial
adhesion on the tooth surface.'* However, MPC is difficult
to sustain on material surfaces in aqueous media because
of its extreme hydrophilicity. A 2-methacryloyloxyethyl
phosphate (MOEP) monomer had Ca®*-binding moieties

that bound with HA. MOEP was
with MPC by free radical polymerization. The zwitterionic
anti-biofouling coating MPC-ran-MOEP (abbreviated as
PMP) was created to coat the HA surface. After the anti-
biofouling data analysis, the anti-biofouling coating with
50% MPC (PMP50) had the best inhibition effect against
bovine serum albumin (BSA), NIH-3T3 mouse fibroblasts
cell and S. mutans adhesion.

polymerized

Then, this research team generated zwitterionized HA
surfaces by immersing HA in zwitterionic polymer solu-
tions to provide an antibacterial HA surface, and they used
the three monomers phosphorylcholine (PC), sulfobetaine
(SB), and carboxybetaine (CB) to copolymerize with
a methacrylic monomer containing a Ca®*-binding moiety
by the free radical polymerization method.'> The copoly-
mer containing the Ca®-binding moiety and a hydroxyl
group was synthesized as the control. After a water contact
angle analysis and X-ray photoelectron spectroscopy
(XPS) analysis, the zwitterionic functional groups were
stably immobilized on the HA surface. The zwitterionized
HA surface showed significantly decreased protein adsorp-
tion, no S. mutans adhesion after 6 h and the lowest level
of bacterial adhesion after 24 h compared with the control
group.

In addition, Venault and coworkers reported
a zwitterionic sulfobetaine-grafted polyethyleneimine
polymer PEI-g-SBMA.'® Polyethyleneimine (PEI) is the
positively charged polymer backbone and SBMA macro-
monomer is the antifouling side functional group that acts
as a fouling brush. PEI-g-SBMA efficiently coats onto HA
due to the establishment of electrostatic interactions
between the negatively charged SBMA and Ca®" of HA.

Because of the surface positively charged PEI and the
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hydrophilicity of the zwitterionic polymer, PEI-g-SBMA
protected HA discs from positively charged bacteria
(Stenotrophomonas maltophilia) and S. mutans attach-
ment. In addition, PEI-g-SBMA inhibited up to 70% of
bacteria adhesion considering that the rough tooth surface
physically promotes the attachment of proteins and
bacteria.

Polyelectrolyte Multilayers

Polyelectrolyte multilayers (PEMs) is a physisorption
method that was designed for antibacterial applications
via alternately depositing oppositely charged polyelectro-
lytes on a charged surface using ionic cross-linking inter-
action. Highly swollen and hydrated multilayers improved
the polyelectrolytes surface hydrophilicity and softness
and resulted in their good antiadhesive properties. Lee
and coworkers studied the effect of anionic and cationic
polymers to inhibit bacteria attachment on the tooth
75%
functionalized polyallylamine (PAA-G75) and anionic

surface.'”  Cationic  polymer guanidine-
polymers Gantrez and sodium hyaluronate (NaHa) were
chosen because of their potential antibacterial properties.
All polymers showed strong single species adsorption of
polyelectrolytes on HA surfaces. When double layers with
two oppositely charged polymers adsorbed on the HA,
such as adsorption of cationic PAA-G75 polymer followed
by adsorption of the oppositely charged polymer Gantrez,
the coating thickness decreased due to the electrostatic
cross-linking of anionic and cationic polymers. There
was a significant period of rearrangement to form
a stable Gantrez/PAA-G75 layer via electrostatic cross-
linking between anionic and cationic polymers. When
HA surfaces were pretreated with pellicle layer or artificial
saliva layer, the adsorbed amount of PAA-G75 on/into the
pellicle layer was 2 times larger than that absorbed on/into
artificial saliva layer. An electrostatic interaction was
observed between the polymer and saliva and/or oppo-
sitely charged polymers that stabilize the coatings on
HA. These stable coatings as potential antibacterial agents
were used by controlling bacterial accumulation on the
surface. Through the antibacterial activity test of polymers
on the HA surface, the PAA-G75-coated HA surfaces
showed a significantly lower bacterial viability than the
untreated HA, Gantrez-coated HA surfaces and binary
polymer-coated HA disks. The order of surface deposition
for the cationic polymer impacted its antibacterial perfor-
mance, which showed that the Gantrez/PAA-G75-coated
surface possessed significantly more antibacterial activity

than the PAA-G75/Gantrez-coated surface, untreated sur-
face, and Gantrez-coated controls.

Hydrophobic Low-Surface Energy Coatings

Yin and coworkers created a slippery liquid-infused porous
surface (SLIPS) on the enamel surface to prevent dental
plaque.'® After 37% phosphoric acid etching and rinsing
with water, the enamel surface was coated by the hydro-
phobic low-surface energy heptadecafluoro-1,1,2,2-tetra-
hydrodecyltrichlorosilane. After ethyl alcohol washing, the
enamel surface was coated by fluorocarbon lubricants
(Fluorinert FC-70). The SLIPS enamel surface significantly
prevented the adsorption of salivary protein of mucin and
S. mutans by in vitro and animal studies. Acid etching can
generate a rough enamel surface to improve wicking of the
lubricating liquid for the first step of SLIPS. Then, hydro-
phobic low-surface energy heptadecafluoro-1,1,2,2-tetra-
hydrodecyltrichlorosilane was used to match the infiltrated
lubricant. The trichlorosilane residual groups reacted with
the hydroxyl groups of HA, while the polyfluoroalkyl tail
showed hydrophobicity at the distant end of the enamel
surface. In the last step, the lubricant FC-70 was used
because it is immiscible with ambient fluid due to its hydro-
phobicity. Polyfluoroalkyl silane facilitated the infusion of
hydrophobic FC-70 into the rough hydrophilic enamel sur-
face and was very important. Salivary protein and dental
bacteria could not easily adhere to the SLIPS on the enamel
surface.

Amphiphilic Molecule (AM) Coatings

Amphiphilic molecules (AMs) possess both hydrophobic
and hydrophilic blocks. Due to the AMs’ dual nature, the
adherence of proteins or glycoproteins to the substrate sur-
face becomes energetically unfavorable via either hydropho-
bic or hydrophilic interactions to decrease the interactions of
the organism with the surface.> Marine and coworkers cre-
ated multifunctional antiattachment AM coatings on HA
with a sugar backbone, hydrophobic arms, a PEG tail, and
a carboxylate or phosphate anchor.'® In this study, the PEG
tail also acted as a polymer brush to inhibit bacterial attach-
ment, and the carboxylate and phosphate groups were cho-
sen for binding Ca®" with the HA surface. The carboxylates
MI12P5 and M6PS, 2-aminoethylphosphate P-MI12P5,
P-M6P5, P-T12P5 and P-T6P5 were synthesized. After eva-
luation, the adsorption data suggested that P-M12P5 with an
increased hydrophobicity displayed stronger adsorption and
retention than P-M6PS5. After the rinsing step in QCM-D,
65% of P-M12P5 was retained compared to 47% of M12P5.
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The polymers with phosphates had stronger chelating prop-
erties with HA. A comparison of P-M12P5 with P-T12P5
showed that decreasing the degree of branching led to
weaker adsorption and retention. P-M12P5 and M12P5
both demonstrated the highest retention after rinsing and
the highest
Actinomyces viscosus and S. mutans present in the oral

antiattachment efficacy against mixed
cavity. In summary, AMs with a higher degree of branching
and hydrophobicity displayed the greatest adsorption, reten-
tion, and antiattachment. AM polymer pretreatment of
enamel can be an effective preventative measure to address

bacterial adhesion.

Contact Killing Through the Modification

of Antimicrobial Agents

Antibiotic or Antiseptic Coatings

Antibiotics have been locally used in the oral cavity in the
past 50 years. Jarvinen et al studied the effect of chlorhex-
idine (CHX) and six common antibiotics (amoxicillin,
cefuroxime, penicillin, sulfamethoxazole-trimethoprim,
tetracycline, and erythromycin) to S. mutans.*® S. mutans
was susceptible to all common antimicrobial agents, espe-
cially CHX. Many antibiotics have been mixed with HA as
a drug delivery system for bone grafts, such as gentamicin
and vancomycin.>* Ciprofloxacin was observed to adsorb
on HA because of the micro-porous nature of HA, and it
inhibits Staphylococcus aureus, Staphylococcus epidermi-
dis and Escherichia coli.”> CHX is a cationic antimicrobial
that can inhibit a considerable variety of gram-positive and
gram-negative bacteria as well as fungi and has different
formulations, namely, CHX digluconate, CHX dihy-
drochloride and CHX diacetate.’®>” CHX can adsorb
onto HA possibly by the precipitation of insoluble salts,
eg, CHX-H;PO,4 and/or CHX-2HC1, and possibly by the
interaction between the biguanide groups of CHX and
HA 58,59
Furthermore, the antibacterial activity will not be affected
after CHX adsorbs onto the HA surface. CHX binds to

negatively charged regions in the cytoplasmic membrane

negatively charged sites of the surface.

of microorganisms and causes the leakage of intracellular
components.®’

Triclosan is used in the oral cavity because of its broad-
spectrum antimicrobial property, and it is in the chlorinated
diphenyl ether class of antibacterial compounds. However,
poor water solubility and low retention (high initial concen-
tration of triclosan decreased with time) reduced its antibac-
terial effects in the oral cavity. Chen and coworkers designed

a drug delivery system using triclosan-loaded tooth-binding
micelles, which can improve the water solubility of triclosan
and maintain a certain concentration on the tooth surface for
the prevention and treatment of dental caries, and they
successively designed three different micelles from triclo-
(ALN)-pluronic
triclosan-loaded  di-phosphoserine-pluronic

san-loaded  alendronate copolymers,
(DPS-P123)
copolymers, to triclosan-loaded pyrophosphate-pluronic
P123 copolymers (PPi-P123).2'* Pluronic was used as the
hydrophobic core to increase drug solubility. The mineral
binding moieties (ALN, DPS and PPi) conjugated to the two
ends of the pluronic copolymer have a high affinity with HA
to enhance the retention of triclosan on the tooth surface.
Although the ALN moiety shows good binding with HA,
DPS and PPi were better substitutes in terms of safety
because a certain relationship was observed between ALN
and osteonecrosis of the jaw.®' Inspired by the strong HA
affinity of two phosphoserine residues from statherin, DPS
was chosen and conjugated to pluronic.”> DPS binds with
the HA crystal by electrovalent bonds [phosphate ions
(PO,>) of DPS and Ca*' ion of HA] and intermolecular
hydrogen bonds.?* PPi was chosen and tested because of its
high affinity to HA, good biodegradability and wide
application.”>®* Compared with DPS, PPi showed
a slightly higher affinity with HA. The probable reason
was the slightly higher efficiency of PPi for occupying the
HA surface binding site compared with DPS. Because the
binding sites on the HA surface were occupied by these
mineral binding moieties (ALN, PPi or DPS), salivary pro-
teins and oral bacteria could not easily adhere to the

surface.?'??

Fluoride Coatings

Fluoride is a well-studied and widely used agent for the
prevention of dental caries. The suspected mechanisms for
the cariostatic effect include inhibitory effects on biofilm
acid production, disruption of intracellular pH regulation,
inhibition of extracellular polysaccharide production, inhi-
bition of enamel demineralization and enhancement of
remineralization.”**** Sodium fluoride (NaF) is mentioned
more frequently among the fluoride compounds, which
also include tin difluoride (SnF,), sodium monofluoropho-
sphate (Na,POsF), amine fluoride, and acidulated phos-
phate fluoride. Fluoride is integrated into our daily lives
through various fluoride application methods, such as
water fluoridation, toothpaste, mouthwash, fluoride var-
nish, and fluoride gel. Regarding the effects on the cario-
genic bacteria, the effect of a 1-min fluoride treatment with
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concentrations >300 ppm significantly reduced the acido-
genicity, aciduricity, and extracellular polysaccharide for-
mation of 46-hour-old S. mutans biofilms.>> The
mechanisms underlying the inhibition of bacterial acid
production of fluoride may be related to the inhibition of
enolase and a proton-translocating ATPase and the
enhancement of intracellular acidification.”® In addition,
Loskill et al found that the adherence of S. mutans
decreased after HA pellets were immersed in NaF solution
for 5 min.** The suspected mechanisms were the varia-
tions in zeta potential and surface energy of HA by the
fluoride treatment.

Metallic Compound Coatings

Metallic compounds, such as copper, zinc and silver com-
pounds, have been used as antibacterial agents for a long
time. In dentistry, silver compounds are used widely. As
early as the 1840s, silver nitrate (AgNO3z) was used as
a caries prevention agent, a cavity sterilizing agent and
a dentine desensitizer.®® Later, silver was applied with
fluoride, such as silver fluoride (AgF) and silver diamine
fluoride (SDF), to produce a combined anticaries effect.
SDF is a colorless heavy-metal halide coordination com-
plex solution containing silver, fluoride, and ammonia, and
it is applied to prevent and arrest caries in children.®® The
fluoride and silver released from SDF-treated tooth sur-
faces inhibited the metabolic activity (acid production) of
S. mutans cells.” Silver can inhibit bacterial metabolism
by binding to bacterial proteins, inducing protein coagula-
tion, and inactivating enzymes. However, the clinical
application of silver fluoride compounds has been limited
due to the black staining associated with caries lesions.
The mechanism of silver compounds might be linked to its
interaction with dental tissue and its antibacterial ability
for cariogenic bacteria.®* Probable chemical reactions
occurred between silver compounds and the major dental
component HA. For example, AgNO; reacts with HA to
form Ag;PO,4 which might act as a reservoir of PO43 “24 In
addition, the antibacterial effects of silver ions include the
destruction of the cell wall structure; denaturation of cyto-
plasmic enzymes and inhibition of microbic DNA

e 24
replication.

Antimicrobial Peptides Coatings

Numerous natural host-defense peptides, which are also
named antimicrobial peptides (AMPs), belong to the
innate immune system of animals and plants. Due to
their advantages, which include antimicrobial activities

against broad-spectrum gram-negative and gram-positive
bacteria and fungi, high antibacterial efficacy at low con-
centration, low bacterial resistance and cytocompatibility
to mammalian cells, AMPs have attracted much attention
in research and clinical medicine for the prevention of
microorganisms.®® °® Many natural and mimic AMP mole-
cules have been used in the oral cavity to prevent oral
pathogens. To overcome the decreasing concentration of
AMPs from saliva dilution and degradation, the methods
of modifying AMPs as coatings on the tooth surface to
prevent microorganisms were developed.?®°

Huang et al designed a HA-binding antimicrobial pep-
tide (HBAMP) by the bio-conjugate method that contains
a HA-binding part (HBP7, NNHYLPR) and a synthetic
antimicrobial peptide part (KSLW, KKVVFWVKFK).?
KSLW has a broad range of antimicrobial activity. HBP7
was isolated by a bio-panning phage display random hep-
tapeptide library, and it exhibited a specific affinity to the
enamel surface. Laboratory tests showed that the HA-
binding antimicrobial peptide HBP7-KSLW has more
effective and stable antibacterial activity and inhibits bio-
film formation on the contact interface after adhering to
the tooth surface. The electrostatic interaction between
HBP7 and HA plays a critical role in the binding process.
Figure 6 shows the schematic mechanisms of HBAMP.
HBAMP may damage the bacterial cell membrane by
disrupting the lipid bilayer, translocating into the cell
interior, and interacting with intracellular targets, which
results in the regulation of certain genes that control the
growth, transition, and formation of biofilms. HBAMP has
become a promising antimicrobial peptide coating.

Townsend and coworkers designed one dual AMP coat-
ing by two mechanisms: covalent attachment and electro-
static attachment to HA surface.?’ The dual effective coating
achieved stability on the HA surface over 12 months and
inhibited gram-positive and gram-negative bacteria. There
were three treatments in this study. In the first group, HA
pellets were incubated via the electrostatic attachment of the
peptide (5(6)-carboxyfluorescein (5(6)-CF))-RRRRRRGA
LAGRRRRRRGALAGEEEEEEE (eAMP). In the second
group, thiol-functionalized HA (tHA) pellets were incubated
via the covalent attachment of the peptide (cAMP) (5(6)-CF)
—RRRRRRGALAGRRRRRRGALAG after incubating in N,
N-dimethylformamide (DMF) and succinimidyl trans-
4-(maleimidylmethyl) cyclohexane-1-carboxylate (SMCC).
In the third group, tHA pellets were incubated successively in
DMF, SMCC, the cAMP for 12 h, and the eAMP 30 min,
and it was named the dual coating (dAMP). eAMP is
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Figure 6 Schematic mechanisms of HBAMP. The antibacterial activity of HBAMP free in solution and bound on the surface (A). HBAMP bound on the tooth surface (BI)
and free in the saliva (B2). HBAMP may damage the bacterial cell membrane by disrupting the lipid bilayer (D, translocating into the cell interior ), and interacting with
intracellular targets (), which results in the regulation of certain genes that control the growth, transition, and formation of biofilms. Reproduced with permission from
Huang Z, Shi X, Mao Jet al Design of a hydroxyapatite-binding antimicrobial peptide with improved retention and antibacterial efficacy for oral pathogen control. Sci. Rep.

2016;6(1).2Copyright 2016, Springer Nature.

a broad-spectrum AMP designed via sequence matching
from human a- and -defensins, and it was bound to HA by
the electrostatic interaction and inhibited bacterial growth in
solution. cAMP formed a covalent bond with the HA surface
that would not allow the peptide to desorb from the surface.
As cAMP was grafted directly to the surface without linker
spacer units, the HA surface provided a large amount of steric
hindrance to prevent enzymes from reaching the regions and
inhibit the formation of biofilm. However, neither eAMP or
cAMP alone can inhibit both the growth of planktonic bac-
teria and biofilm formation of bacteria. After antimicrobial
efficacy evaluations, the permanent coating of cAMP and
extended release of eAMP were mixed to form dAMP, which
combined surface binding and antimicrobial activity to
achieve short-term sterilization and long-term antimicrobial
activity at the surface.

Based on the antimicrobial activity of the AMP
(KRWWKWWRRC) and the surface binding property of
the peptide (SKHKGGKHKGGKHKG), Chen et al designed
an anchor-AMP that exhibited excellent antimicrobial activ-
ity onto the surface of biomaterials, including titanium, gold,

polymethyl — methacrylate (PMMA) and HA*®
KRWWKWWRRC is a broad-spectrum antimicrobial pep-
tide against gram-negative and gram-positive bacteria and
shows a low immunological reaction, rapid bactericidal rate
and low bacterial resistance.”” SKHKGGKHKGGKHKG
was a surface binding peptide primarily composed of histi-
dine and lysine. This peptide can directly assemble onto
several biomaterials’ surfaces and showed a strong affinity
over a range of pH and salt concentrations.’”® After 5-7 days
incubation in vivo, the anchor-AMP still showed strong
affinity and excellent antimicrobial activity.

Yang and coworkers designed and compared two novel
antimicrobial peptides that contained immunomodulatory pep-
tide and HA-binding parts.”” The immunomodulatory peptide
VRLIVAVRIWRR-NH, (IDR-1018) could inhibit oral biofilm
formation and improve [(p)ppGpp] degradation.”"”> Two HA-
binding heptapeptides were screened by a bio-panning phage
display random heptapeptide library with a specific affinity to
the tooth surface. The peptide IDR-1018 was modified into
CAGHHPLMC-VRLIVAVRIWRR-NH, (SHABP) and
CAQAFGPNC-VRLIVAVRIWRR-NH, (MHABP). After
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effective inhibition tests of bacteria and biofilms, SHABP with
higher HA-binding affinity presented higher antimicrobial
activity and stronger biofilm reduction than MHABP with
medium HA-binding affinity and unmodified peptide 1018.

To resolve bacterial colonization on implanted bioma-
terials, Gou et al studied a salivary statherin protein (SSP)
inspired poly (amidoamine) dendrimer (SSP-PAMAM-
NH,).>* Peptide sequence DDDEEKC of SSP has
a strong ability to adsorb on HA while PAMAM-NH,
possesses effective antibacterial activity due to its numer-
ous peripheral amino groups. Additionally, SSP-PAMAM-
NH,; is a zwitterionic polymer that includes cationic amino
groups and anionic carboxylic groups, and it could form
aggregates by intermolecular electrostatic interactions to
promote its adsorption on HA. After 4 weeks of incuba-
tion, SSP-PAMAM-NH,-coated HA disks still sustained
stable antibacterial activity.

A family of peptides (histatin family) has their own
affinity with HA because this family exists in acquired
enamel pellicles.®® Histatin peptides are salivary cationic
histidine-rich proteins secreted by parotid glands and sub-
mandibular glands, and they have broad-spectrum antimicro-
bial and antifungal properties.’'>® There are three major
members in the histatin family: histatin-1 (38 amino acids;
Mw: 4929 Da), histatin-3 (32 amino acids; Mw: 4063 Da)
and histatin-5 (DSHAKRHHGYKRKFHEKHHSHRGY, 24
amino acids; Mw: 3037 Da).>® Histatin-5 is the main proteo-
lytic product of histatin-3.>> Histatin-5 was reported to have
the most anticandidal activity compared with histatin-1 and
histatin-3.”> The activity of histatin-5 against the fungus
Candida albicans was initiated through cell wall binding
followed by translocation and intracellular targeting.*® In
P-113 (AKRHHGYKRKFH), a 12-amino-acid fragment of
histatin-5, two cationic lysine residues at positions 2 and 10
were reported as important for transport into the cytosol.*
The activity of histatin-5 against the gram-positive bacterium
S. mutans was also through interacting with the peptidogly-
can layer and anionic teichoic acids, and then penetrating the
plasma membrane.*® Yin and coworkers investigated and
compared the HA adsorption characteristics of histatin-1,
recombinant histatin-1 without phosphate, histatin-3, hista-
tin-5 and P113.”* The results showed that histatin-1 presented
higher HA adsorption affinity than recombinant histatin-1
because of the phosphorylated amino acid and the highest
HA adsorption affinity among five peptides. In addition,
P113 showed a higher binding constant of HA adsorption
compared with that of histatin-3 and histatin-5. There were
seven histidine, three lysine and three arginine residues in

histatin-5, which gave histatin-5 its positive charge in neutral
pH environments. Research showed that the strong molecular
interaction between histatin-5 and HA was due to the electro-
static attraction of the histatin-5 positive charge to HA.”>’¢
Molecular dynamics simulations showed that the binding
mechanism between histatin 5 and HA was the negatively
charged amino acid residue Asp, and the positively charged
amino acid residues Lysg, Arg;3, Lys;4 and Lys 157 Because
of the antifungal activity and the affinity ability to HA of
histatin-5, Candida albicans strain colonization was signifi-
cantly inhibited on the histatin-5-coated HA surface, even
after 1440 min.*®

Polysaccharide-Chitosan Coatings

Chitosan is a natural polysaccharide derived from chitin by
N-deacetylation. The glucosamine backbone gives chito-
san a poly-cationic character. Chitosan composite coatings,
such as chitosan-bioactive glass nanoparticles can be
deposited by cathodic electrophoretic deposition and
improve cell adhesion and spreading, degradation proper-
ties, and tissue compatibility.”” *° Chitosan could prevent
organic acid damage on the tooth surface by buffering the
oral pH value, preventing the adhesion of several patho-
gens, and stimulating the ordered regeneration of oral soft
tissues and bone tissues.

Tarsi et al reported the properties of low-molecular-
weight chitosan, N-carboxymethyl chitosan and imidazolyl
chitosan in preventing S. mutans attachment to HA
beads.** When saliva-coated or uncoated HA beads were
treated with any of the chitosans, a decrease in S. mutans
adsorption was observed, and it ranged from 47% to 66%,
and even minor amounts of modified chitosans prevented
S. mutans adsorption to HA. The probable mechanisms of
the antiadherence activity were bacterial surface modifica-
tions, altered expression levels of bacterial surface ligands,
and chitosan adsorption to host surfaces.

Sano et al studied the influence of chitosan on the
adsorption of Streptococcus sobrinus 6715 to saliva-
treated HA (S-HA).*' The chitosan samples with different
molecular masses (0.8—6 kDa) and degrees of deacetyla-
tion (10-95%) were prepared for the study. The inhibition
of adsorption of S. sobrinus 6715 to S-HA correlated
positively with the molecular mass of chitosan, and the
optimal degree of deacetylation was 50-60% for maxi-
mum inhibition of bacterial binding to S-HA. Chitosan
also reduced the magnitude of the zeta potential and sur-
face hydrophobicity of the oral bacteria. An electrostatic
interaction occurred between the positively charged
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chitosan and the negatively charged bacterial cell surface.
When chitosan chains were enough long to bind more than
one cell, bridges between bacterial cells were formed so
that S-HA. As
a polycationic agent, chitosan prevented bacteria adsorp-

bacteria could not adsorb onto
tion onto S-HA by adsorbing onto cell surfaces and brid-

ging together into aggregates. Moreover, increasing
concentrations of chitosan induced a successive decrease
in cell hydrophobicity due to alterations of the bacterial
cell surface hydrophobic expression.

Bae et al studied a newly water-soluble reduced chit-
osan for the prevention of S. mutans on teeth using the
classical 4-day plaque regrowth design in a clinical trial.**
S. mutans exposed to chitosan exhibited a substantial delay
in growth compared with the cells exposed to distilled
water. The water-soluble reduced chitosan exhibited sig-
nificant antibacterial activity and plaque reducing activity.
The probable mechanism for the antimicrobial activity of
chitosan may be an ionic interaction between the cations
(amino groups of chitosan) and the anions (phospholipids

and carboxylic acids in the bacterial cell wall).**"!

Sphingolipid Coatings

Cukkemane et al explored the antiadherence properties on
HA surfaces and the bactericidal activity of sphingolipids,
including and

sphingosine, phytosphingosine (PHS),

sphinganine, as anti-biofouling agents.*> Sphingolipids
occur in human cells, and studies have shown that sphin-
golipids have bactericidal activity (including against gram-
positive and gram-negative bacteria) and candidacidal
activity.**®* In addition, sphingolipids easily adhere to
negatively charged HA surfaces because of their positively

charged groups.®

All of them were effective against
planktonic films and disrupted biofilms of S. mutans.
Compared with an untreated HA surface, sphinganine
showed the strongest antiadherence ability by 1000-fold,
and phytosphingosine and sphingosine showed eight- and
five-fold antiadherence abilities, respectively.*> The prob-
able mechanisms were that the hydrophobic tail of sphin-
ganine prevented its penetration through the hydrophilic
extracellular polysaccharide matrix of the biofilm. The
additional hydroxyl group in PHS may cause additional
hydrogen bond formation with the polysaccharide matrix,
thereby slowing down diffusion through this layer.

Polyphenolic Compound Coatings
Tannic acid (TA) is a hydrosoluble antibacterial polyphe-
nolic substance from fruits and green tea, and it is used

widely in the biomedical field.***® The main antimicrobial
mechanisms of TA and other polyphenols are destabilizing
the cytoplasmic membrane, increasing the permeability of
the cell membrane, changing protein-to-lipid ratios in the
membrane, and inhibiting cell wall synthesis.***":58
Because of TA does not present adsorption with HA,
Yang and coworkers designed an anchor that included
three salivary acquired pellicles (SAPs) and short
sequence DDDEEKC to modify TA (SAP3-TA) by click
reaction to bind with the HA surface.** The first six pep-
tide sequence DpSpSEEK in statherin forms a helical
structure and can closely adsorb on HA.® In addition,
the fragment DDDEEK of the Asp (D)
substituted phosphoserine also showed excellent adsorp-

residue-

tion capacity onto the HA surface.”® Therefore, three
DDDEEKC peptide sequences were used to modify one
TA molecule. After SAP3-TA coating, the HA surfaces
became super-hydrophilic surfaces, which can resist both
protein adhesion and bacterial biofilm formation.

Antibacterial Agent-Releasing Coatings
CHX-Releasing Coatings

There are numerous pharmaceutical applications that inhi-
bit dental biofilms, such as toothpaste, mouthwashes, and
gels. The main disadvantage of these applications is the
low sustainable effect of the antimicrobial agents on the
tooth surface because of salivary rinsing. Sustained-release
varnish (SRV) has been applied in dentistry to decrease

bacteria.”?

cariogenic Steinberg et al designed
a sustained-release CHX varnish that mixed CHX diace-
tate with ethyl cellulose (EC) and polyethylene glycol
(PEG) in 100 mL of absolute 100% ethanol.*> EC is
a biodegradable, biocompatible, hydrophobic and stable
polymer, while PEG is a hydrophilic polymer. When EC
and PEG were blended, they became a channeling agent to
conduct controlled drug release due to their appropriate
physicochemical properties. After the application of the
sustained-release CHX varnish, the duration of the drug
was prolonged in the oral cavity, and it eventually affected
the formation and maturation of the dental plaque biofilm.
Beyth et al conducted a clinical trial on orthodontic
patients by the sustained-release CHX varnish.”® This var-
nish decreased S. mutans levels and was useful in prevent-

ing caries lesions.

Silver-Releasing Coatings
Recently, silver nanoparticles (AgNPs) have been introduced
for infection control in dentistry and the management of oral
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biofilms without a tooth staining problem. AgNP dentine
coatings had a strong antibacterial effect (complete bacterial
growth inhibition and over 95% bactericidal).*® In terms of
antibacterial activity, AgNPs could attach and anchor to the
surface of cells, causing structural changes and damage,
thereby affecting the permeability, causing pits and gaps,
depressing the activity of respiratory chain enzymes, and
finally leading to cell death.”* Moreover, these nanoparticles
can catalyze the production of oxygen radicals that oxidize
essential cell compounds. Then, the active oxygen diffuses
into the surrounding environment to inhibit microbes.
Additionally, AgNPs could provide longer-lasting protection
against bacteria than AgNOs. The possible mechanism might
be the binding affinity between AgNPs and the negatively
charged phosphate groups in HA crystallites, which imparts
greater time for the bacterium-NP interaction.”” In addition,
the shape of AgNPs, such as triangular AgNPs, which con-
tain more reactive planes than traditionally used rods,
spheres, or Ag ions, was reported to affect its functions and
promotes its toxicity to microbes.”® The strong anti-biofilm
activity and the sustainable efficacy suggested that AgNP
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coatings can create a resilient antimicrobial front to protect
teeth from bacterial colonization.

Zhang and coworkers synthesized a new block copoly-
mer containing bisphosphonate, pyridine oligomers, and Ag
ions.*” This polymer’s bisphosphonate group as an anchor
interacted with HA. Ag ions were reduced into Ag nanopar-
ticles by exposure to NaBH,, and then the Ag nanoparticles
coordinated with the pyridine oligomers groups performed
antibacterial properties. Eventually, HA surfaces were mod-
ified with polymer layers of approximate 4 nm and the well-
dispersed Ag nanoparticles of 5—15 nm in diameter. From the
outcomes of the experiment, this block copolymer coating
(with Ag nanoparticles) revealed a strong antibacterial ability
to Lactobacillus plantarum (L. plantarum) after immobiliza-
tion onto the HA surface.

Furanone-Releasing Coatings

Kang et al designed poly (butyl methacrylate-co-
methacryloyloxyethyl phosphate)-coated poly (lactide-co-
glycolide) (PLGA/PBMP) microparticles.*® Poly (lactide-co-

glycolide) (PLGA) parts were chosen as the carrier of
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Figure 7 Schematic representation of PLGA/PBMP microparticles with QS inhibitors for the inhibition of biofilm formation on HA surfaces. Reproduced with permission
from Kang M, Kim S, Kim Het al Calcium-binding polymer-coated poly(lactide- co-glycolide) microparticles for sustained release of quorum sensing inhibitors to prevent
biofilm formation on hydroxyapatite surfaces. ACS Appl.Mater.Inter. 2019;1 I(8):7686."8 Copyright 2019, American Chemical Society.
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furanone C-30 (against antibiotic-resistant bacteria) to
achieve a sufficient sustained release of drug concentrations,
and PBMP contains Ca**-binding phosphomonoester groups
to adhere to HA (Figure 7).'"*'>**97% Fyranone C-30 as
a halogenated furanone antibacterial compound can effec-
tively inhibit bacterial quorum sensing (QS) by interfering
with N-acyl homoserine lactone or luxS signals, which were
used to coordinate bacterial population behavior during
infection and biofilm formation.”>'% In addition, furanones
were often used to encapsulate lactide polymer-based micro-
particles or nanoparticles.'®" The swelling and degradation of
PLGA polymers would induce furanone release from encap-
sulated PLGA/PBMP. PLGA/PBMP-encapsulated furanone
C-30 effectively prevented the growth of S. mutans and
biofilm formation on the HA surface up to 100 h compared
with the uncoated PLGA microparticles. This antibacterial
therapy maintained an effective drug concentration that
inhibited biofilm formation on the material surface to avoid
antibiotic resistance in the long term, which is called QS

inhibitor-based therapy.**?7-192

Conclusions and Future Prospects
We have reviewed the main approaches for developing anti-
biofouling coatings on the tooth surface and HA over the
past decades. There are three main strategies. For those types
of coatings with antiprotein and antibacterial adhesion cap-
abilities through chemical modification, hydrophilic PEG-
based coatings and zwitterionic polymer coatings are the
most commonly used. Although these coatings can resist
the adsorption of proteins and bacteria, microbes cannot be
killed by the passive strategies. Coatings with contact-killing
capability through the modification of antimicrobial agents
can bind with the bacterial cell membrane, penetrate into the
plasma membrane, and translocate and interact with intra-
cellular DNA. However, antibiotic or antiseptic coatings,
fluoride coatings, and metallic compound coatings present
toxicity and side effects. Recently, AMPs are recommended
because of their broad-spectrum antimicrobial activity, low
bacterial resistance, and cytocompatibility. In addition, anti-
bacterial agent-releasing coatings are designed to be carriers
of bactericidal agents, which can be used for prolonged
periods without possible side effects at non-targeted sites
in the body. These controlled drug-releasing coatings will be
the trend of local drug use in future.
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