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Introduction

The mouth is one of the most complex environments in nature, 

where a myriad of biological interactions and physicochemical 

events occur between biomolecules and microorganisms with 

biotic or abiotic surfaces. It harbors a complex composition of 

host-derived biomolecules (e.g., salivary proteins), solid and 

soft tissue surfaces (e.g., teeth and gingival/mucosal tissues), 

and a diverse microbiota. In particular, a suitable environment 

exists for bacterial adhesion and biofilm development on non-

shedding natural or introduced surfaces and interfaces, such as 

enamel, restorative materials, dentures, and dental implants 

(Song et al. 2015).

Essentially, oral microbes are constantly interacting with 

saliva-coated (or pellicle) surfaces where microorganisms 

known as early colonizers can bind avidly and then coadhere 

with other species (Nobbs et al. 2009). Depending on the host 

diet, immune response, and other systemic factors, this initial 

colonizing community can transition from a healthy to highly 

pathogenic state. For instance, frequent consumption of dietary 

sugars promotes the development of virulent biofilms where 

highly acidogenic microbiota is enmeshed in a diffusion-limiting 

biofilm matrix that cause dental caries (Bowen and Koo 2011).

The knowledge about bacteria-surface interactions is evolv-

ing, which can provide valuable insights in regard to bacterial 

adhesion and biofilm formation (Anselme et al. 2010; Belas 

2014). Bacteria can respond to oral surface characteristics, 

such as energy, charge, composition, stiffness, and hydrophobicity, 

which can modulate their adhesion and further development 

into biofilms (Anselme et al. 2010; Belas 2014; Kolewe et al. 

2015; Song et al. 2015; Teschler et al. 2015). Biological fluids 

such as saliva also affect these physicochemical properties. 

This enhanced understanding has provided valuable insights 

on how to predict and/or control the bacterial growth on solid 

surfaces, which can also guide rational development of a new 

generation of antibacterial and antibiofilm materials.

From a technological perspective, rapid advances in 

nanoscale engineering provide opportunities to develop new 

nanomaterials against virulent biofilms. By designing the 

nanoelement (NE; Fig. 1A), it is possible to generate func-

tional structures that emerge as sophisticated superatom/NE 

building blocks for biomaterials engineering (Thanh et al. 

2014; Kovalenko et al. 2015; Boles et al. 2016). In the field of 

chemistry/material sciences, the physicochemical properties of 

these NEs are governed by 6 critical parameters: size, shape, 
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Abstract

Recent advances in nanotechnology provide unparalleled flexibility to control the composition, size, shape, surface chemistry, and 

functionality of materials. Currently available engineering approaches allow precise synthesis of nanocompounds (e.g., nanoparticles, 

nanostructures, nanocrystals) with both top-down and bottom-up design principles at the submicron level. In this context, these 

“nanoelements” (NEs) or “nanosized building blocks” can 1) generate new nanocomposites with antibiofilm properties or 2) be used to 

coat existing surfaces (e.g., teeth) and exogenously introduced surfaces (e.g., restorative or implant materials) for prevention of bacterial 

adhesion and biofilm formation. Furthermore, functionalized NEs 3) can be conceived as nanoparticles to carry and selectively release 

antimicrobial agents after attachment or within oral biofilms, resulting in their disruption. The latter mechanism includes “smart release” 

of agents when triggered by pathogenic microenvironments (e.g., acidic pH or low oxygen levels) for localized and controlled drug 

delivery to simultaneously kill bacteria and dismantle the biofilm matrix. Here we discuss inorganic, metallic, polymeric, and carbon-based 

NEs for their outstanding chemical flexibility, stability, and antibiofilm properties manifested when converted into bioactive materials, 

assembled on-site or delivered at biofilm-surface interfaces. Details are provided on the emerging concept of the rational design of NEs 

and recent technological breakthroughs for the development of a new generation of nanocoatings or functional nanoparticles for biofilm 

control in the oral cavity.
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surface chemistry, flexibility/rigidity, architecture, and ele-

mental composition (Tomalia and Khanna 2016). By specifi-

cally tuning these parameters, NEs can display biological 

properties, such as antifouling or antibacterial activities (Fig. 1).

The resulting bioactive NEs can be used in multiple 

approaches in dentistry. New dental materials can be designed 

by incorporating NEs (e.g., nanocomposites; Table) to impair 

bacterial adhesion and/or promote their killing. Furthermore, 

NEs can be used as coating materials (nanocoatings; Table) to 

protect exogenously introduced or existing dental surfaces 

(Fig. 1B). Finally, functional NEs can be conceived for 

improved attachment, penetration, and retention to dismantle 

established biofilms (Fig. 2A). For example, nanoparticle drug 

carriers can be designed to release antibiofilm agents when 

triggered by pathogenic microenvironments for localized and 

controlled drug delivery. NEs can be also developed to degrade 

the biofilm matrix to efficiently kill the embedded pathogens. 

Thus, a rational design of NEs can be performed to achieve 

specific or combined antiadhesion and antibiofilm properties. 

Excellent in-depth reviews on nanotechnology applied to den-

tistry (“nanodentistry”), antimicrobial nanocomposites (e.g., 

resin composites, adhesives, cements), bacteria-dental surface 

interactions, and nanotoxicology have been recently published 

(Allaker and Memarzadeh 2014; Besinis et al. 2015; Padovani 

et al. 2015; Song et al. 2015). We thus focus on the emerging 

concept of using functional NEs that could lead to new nano-

coatings with antibiofilm properties (Fig. 1B), as well as 

nanoparticles with improved retention and bioactivity for bio-

film prevention or disruption (e.g., “smart release” and biomi-

metic properties; Fig. 2A). Specifically, we discuss the 

potential use of promising NEs based on metals (e.g., silver 

nanoparticles [AgNPs], gold nanoparticles [AuNPs]), poly-

mers (e.g., chitosan, PLGA, DMAEMA), oxides (e.g., zinc, 

iron, titanium, phosphates), and carbon (e.g., graphene).

Using NEs for Modifications  

of Surfaces and Interfaces

Modern surface design has been largely conceived through 

top-down methods such as lithography (e.g., photolithogra-

phy, electron beam lithography), imprinting, anodization, 

plasma treatment, thermal vacuum evaporation, melting, 

Figure 1. Schematics indicating (A) possible parameters involved in the production of multifunctional nanoelements (NEs) and (B) the mechanisms 
for generating antibacterial/antibiofilm nanocoatings from NE surface attachment and assembling, which can be directed by several chemical bonds 
(e.g., hydrogen), through numerous interactions (e.g., electrostatic, hydrophobic), via specific sites (biologically inspired), and through incorporation in 
matrices. The resulting assembly features that influence the antibacterial properties are represented in panel B.
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etching, molding, and others (Balasundaram et al. 2015; 

López-Píriz et al. 2015; Thiel et al. 2015; Gilabert-Porres et al. 

2016). In contrast, emerging bottom-up procedures using NEs 

as the building blocks for surface design have been gaining 

increased attention in biomaterials engineering (Jo et al. 2014; 

Horev et al. 2015; Zeng et al. 2016). The control of morphol-

ogy (i.e., shape and size), structure (i.e., composition, poros-

ity, density), and function (e.g., antibacterial, anticancer) is 

now performed at length scales from a few to hundreds of 

nanometers (Fig. 1A; Doane and Burda 2012; Thanh et al. 

2014; Tonga et al. 2014; Kovalenko et al. 2015). In addition, 

with the establishment of surface chemistry, NE surface 

attachment and assembling can be directed by specific chemi-

cal bonds (e.g., hydrogen) and interactions (e.g., covalent, 

electrostatic, hydrophobic, pi stacking), some even biologi-

cally driven (Fig. 1B, Table; Borges et al. 2014; Taglietti et al. 

2014). Successful strategies for surface attachment and immo-

bilization of molecules and macromolecules, especially pro-

teins (Lee et al. 2014; Zhu and Jun Loh 2015), are now being 

applied for on-site surface assembling of NEs and for generat-

ing surface coatings.

Antibacterial surfaces with silver (Marsich et al. 2013; 

Borges et al. 2014; Jia et al. 2016) and polymeric (Horev et al. 

2015) nanostructures are recent examples of such functional 

surface design. In particular, a precise manipulation of chitosan 

layering was recently performed to generate controlled surface 

patterns containing AgNPs (Shuai et al. 2013). Furthermore, 

bottom-up surface assemblies through use of NEs can be 

Table. Description of Terms.

Nanoelement A specific matter with size in the range of 10−7 to 10−9 m with determined stoichiometries, which can display new 
properties by tuning 6 critical nanoscale design parameters: size, shape, surface chemistry, flexibility/rigidity, 
architecture, and elemental composition.

Nanocomposite Solid materials composed of multiple-phase domains, with at least 1 at the nanometric scale. In dentistry, 
nanocomposites are employed mainly as restorative materials.

Nanocoating A coating material that contains specific chemical and physical characteristics at nanoscale. It is engineered at the 
nanometric scale (10−9 m) in regard to the composition, morphology, and structure.

Surface chemical interactions Noncovalent interactions manifested between a small entity (e.g., molecule, nanoparticle) and a surface. This 
phenomenon involves interactions (e.g., electrostatic, van der Waals, hydrophobic, and site specific—such as 
enzyme-substrate), which are responsible for providing stability for nanocoatings.

Surface functionalization Chemical or physical modification of a surface performed to modify material properties, such as stability, reactivity, 
biocompatibility, and biological activity.

Figure 2. Nanoelements (NEs) can be conceived with biophysicochemical properties that allow (A) specific assembling at the biofilm-tooth interface, 
improved biofilm penetration, and sustained/enhanced release or activation of antimicrobial agents in response to microenvironmental changes caused 
by biofilms (e.g., acidic pH, hypoxia, or pathogen-derived products such as exopolysaccharide). (B) Multiple sites that can be targeted by NEs in the 
oral cavity for generating antibacterial/antibiofilm action.
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combined with top-down surface processing. This approach has 

been recently applied for the surface design of metallic implants, 

mainly titanium (Fig. 3; Liu et al. 2014; Balasundaram et al. 

2015; Jia et al. 2016; Tian et al. 2016). A recent study showed 

that a surface modification with biocompatible polydimethyl-

siloxane, combined with pentafluorophenyl methacrylate coat-

ing (top-down), allows an efficient deposition of AgNPs 

(bottom-up; Gilabert-Porres et al. 2016). The resulting nanoen-

gineered surface showed multifunctional properties, such as 

antifouling, combined with antibacterial properties, thus reduc-

ing the adhesion and viability of gram-positive (Staphylococcus 

aureus) and gram-negative (Pseudomonas aeruginosa) bacte-

ria, without apparent cytotoxicity (i.e., against African green 

monkey kidney fibroblast-like cells; COS-7).

NE attachment is usually induced by noncovalent bonds, 

especially with electrostatic (i.e., +/– charge combination) and 

other interactions (e.g., hydrogen bonds, hydrophobic, host-

guest chemistry; Marsich et al. 2013; Alghamdi et al. 2014; 

Borges et al. 2014; Horev et al. 2015; Jia et al. 2016). In some 

cases, an NE-surface attachment through covalent bonds can 

provide more resilient assemblies  for preventing deterioration 

and undesired detachment of NEs (Mokkaphan et al. 2014). 

However, the surface attachment can also be driven through 

site-specific interactions through use of biomolecules such as 

proteins and enzymes, providing a highly specific interaction 

(e.g., enzyme-substrate) and thus allowing a precise control of 

their surface-assembling process (Fig. 1B; Hu et al. 2015).

Besides tuning the intrinsic NE bioactivity (e.g., antiadhe-

sion, antibiofilm), alterations in the surface charge, surface 

energy, stiffness, and topography resulting from their attach-

ment may have a key role on the adhesion of cells and microbes 

(Mahmoudi et al. 2011). In general, bacteria adhere to a lesser 

extent on negatively charged (Song et al. 2015), soft (Kolewe  

et al. 2015), superhydrophobic (Zhang et al. 2013), and smooth 

(Anselme et al. 2010) surfaces. For example, less biofilm can 

be formed on hydrophobic surfaces, while the surface topogra-

phy and physical feature can affect the dimensional aspects  

of the biofilm developed, including its size, shape, and 

3-dimensional architecture (Rzhepishevska et al. 2013; Song  

et al. 2015).

Figure 3. Conjugation of bottom-up and top-down approaches for engineering antimicrobial surfaces on metallic implants. (A) Process for assembling 
silver nanoparticles (AgNPs) on micronanoporous TiO2 formed on titanium (Ti) substrates. The process associates the top-down micro-arc oxidation 
(MOA) technique for generating the micronanoporous TiO2 (by oxidation) and a substrate immersion into an AgNO3 solution (dip coating). The 
formation of the AgNP coating (through the Ag+ reduction) was favored by the presence of adsorbed polydopamine (PD) films on TiO2. Scanning 
electron microscopy of the resulting coatings (B, C) at different magnification and (D) from a cross section (white arrows indicate AgNPs; red 
arrowheads indicate the TiO2 nanopore film thickness). The inset in panel b contains the elemental map from energy-dispersive x-ray spectroscopy: 
Ag (red), O (green), C (green), N (yellow), and Ti (blue). (E) A scheme displaying the trap-killing contribution to the biofilm control, induced by the 
presence of nanopores (topography effect) associated with the presence of AgNPs (Ag+ releasing effect). Adapted from Jia et al. (2016) with the 
permission of Elsevier. This figure is available in color online.
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NE Coatings on Dental Surfaces to 

Prevent Biofilm Formation

In the oral cavity, the antiadhesion properties of the biomaterial 

surface can be useful for preventing the attachment of several 

harmful microorganisms, including cariogenic and periodonto-

pathogenic bacteria as well as opportunistic fungi (e.g., 

Candida albicans; Xiao et al. 2012; Hwang et al. 2015). In this 

sense, zinc oxide nanoparticles have been successfully assem-

bled on the surface as coatings with antiadhesion properties. 

Zinc oxide–modified surfaces reduced viable bacteria (e.g.,  

S. aureus and streptococci) without cytotoxic effect on osteo-

blasts and human mesenchymal cells (Abdulkareem et al. 

2015). When the zinc oxide nanoparticle coatings were applied 

to titanium anodized surfaces, another interesting effect was 

observed: the coating disrupted the expression of Streptococcus 

mutans adhesion genes (Liu et al. 2014). Nevertheless, it is 

noteworthy that preventing bacterial adhesion altogether in the 

complex oral environment is extremely challenging—particu-

larly due to presence of saliva and other host-derived compo-

nents as well as a complex microbiota—and yet to be achieved 

clinically (Song et al. 2015).

Although AgNPs have been described extensively as an 

antibacterial nanoparticle/material, their use as building blocks 

for surface modification have recently emerged as a promising 

approach. For instance, AgNPs exhibited both high antiadhe-

sion and antibacterial actions against S. mutans when they 

were coated on the surface of BisGMA/TEGDMA methacrylic 

resins (Ionescu et al. 2015). After being coated on the surface, 

the attached AgNPs can induce death of bacteria either through 

cell membrane–nanoparticle interactions or through secondary 

effects induced by long-term released AgNPs or Ag
+ ions, by 

the production of reactive oxygen species, by alteration of the 

membrane integrity, and by protein-site specific interactions 

that could prevent DNA replication (de Lima et al. 2012; 

Padovani et al. 2015).

In terms of the Ag+ release as a major mechanism for anti-

microbial action of AgNPs, the local chemical microenviron-

ment in which they are exposed can influence their biological 

action. AgNPs act against microbes through nonspecific bind-

ing of Ag+ to moieties in several biomolecules (e.g., DNA, 

cofactors), thus altering a variety of biochemical pathways (Le 

Ouay and Stellacci 2015). Besides the intrinsic AgNP features 

(e.g., size, morphology), recent studies indicate that the pH and 

composition of the medium alter the AgNP dissolution (Le 

Ouay and Stellacci 2015). Since the concentration of dissolved 

O
2
 has a direct implication on the AgNP dissolution via the Ag0 

oxidation, a low (or absence of) antimicrobial activity has been 

reported in anaerobic conditions (Loza et al. 2014).

When deposited on nanoporous silica surfaces formed on 

titanium substrates (Ti6Al4V alloy), AgNPs induced antiadhe-

sion action against Aggregatibacter actinomycetemcomitans 

(Massa et al. 2014). A 2-step bottom-up approach was used for 

generating the coatings. AgNPs were first dispersed in a solu-

tion of silicon monomers (tetraethyl orthosilicate) and pore 

structure–directing agents (Pluronic P123 and polyethylene 

glycol), and then Ti substrates were immersed into it. The 

resulting surface-engineered Ti surface containing AgNPs and 

silica nanotubes reduced by more than half the amount of bio-

film formed on the surface. The formation of AgNP coatings 

along with silica layers is a promising approach for biomaterial 

functionalization, as it can provide a physical and chemically 

stable coating.

Similar efficiency of AgNP surface coating was achieved 

on a hydroxyapatite-modified surface with different patterns, 

including net-plate (SHAC), oriented nanorod arrays (RHAC), 

and oriented nanoplate arrays (PHAC; Tian et al. 2016). The 

surfaces exhibited antibacterial activity against S. aureus and 

Escherichia coli (significantly superior than titanium surfaces) 

and induced no cytotoxic effect toward human bone marrow 

stromal cells.

Inorganic NEs based on hexametaphosphate associated 

with chlorhexidine also displayed antibacterial effects when 

coating pure grade II titanium. Coatings were obtained by 

immersing the substrates for 30 s into hexametaphosphate sus-

pensions. The antimicrobial efficacy of the coated surfaces 

appears to be associated with long-term release of chlorhexi-

dine (>99 d; measured in vitro), which was capable of inhibit-

ing the growth of Streptococcus gordonii, an early colonizer 

(Wood et al. 2015).

NE coatings for dental applications can also benefit from 

advances on graphene oxide (GO), which has been shown to 

have antiadhesion and antibacterial properties (Zeng et al. 

2016). The mechanism in which GO induces antimicrobial 

effects are not yet fully understood, although the size of the GO 

sheet appears to play an important role (Perreault et al. 2015). 

Recently, graphene-wrapped silver nanowires were introduced 

as promising coatings for dentures (Zhao et al. 2016). Silver 

nanowire coatings on flexible and transparent plastic films 

made of ethylene vinyl acetate and polyethylene terephthalate 

resulted in high antimicrobial activity against both gram-nega-

tive (E. coli) and gram-positive bacteria (S. aureus), as well as 

against fungi (C. albicans).

In antimicrobial coatings, the killing effect may occur 

essentially by physicochemical interactions at the microbe-

coating interface (Perreault et al. 2015; Zeng et al. 2016) or by 

the release of antimicrobial ions/agents (Massa et al. 2014; Jo 

et al. 2014; Jia et al. 2016). Therefore, relevant parameters that 

influence the nanoparticle decomposition/dissolution must be 

considered (Le Ouay and Stellacci 2015), since these processes 

alter the bioactive agent release. Once the parameters are 

established, the antimicrobial efficiency on the coatings can be 

quantitatively compared. Furthermore, because NE coatings 

are assembled in very small-length scales (nanometers), there 

is little influence on the mechanical properties of the bulk upon 

which they are assembled (e.g., hardness, strength, flexibility) 

and thereby exert limited action against mechanically induced 

failures (Spencer et al. 2014). However, antimicrobial coatings 

may help prevent interface (e.g., adhesive) failure from the del-

eterious effects of biofilms. Importantly, multiple or specific 

sites can be targeted by NEs in the oral cavity for generating 

coatings in situ. Enamel, dentin, and dental materials can be 
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coated depending on the NE composition, capping, and ligands 

present on these oral surfaces for antifouling or antibiofilm 

activity (Fig. 2B).

NEs in the Oral Cavity for Biofilm 

Inhibition

Even if bacteria adhere, there are promising antibacterial 

approaches to prevent further growth and biofilm initiation 

through NE-based assemblies that target bacteria or biofilm 

components. The bioactivity can be “programmed” through 

physicochemical mechanisms (i.e., cell membrane rupture, 

charge interaction, blockage of membrane channels) and bio-

chemical mechanisms (i.e., enzyme inhibition, prevention of 

DNA replication; Padovani et al. 2015) or toward the biofilm 

matrix by disrupting exopolysaccharide (EPS) synthesis (Koo 

et al. 2013). NEs with long-term cargo-releasing properties of 

bioactives (antimicrobials or enzyme inhibitors) can be used in 

combination with remineralizing agents such as fluoride to 

reduce biofilm accumulation while helping to control caries 

development.

Surface attachment in situ can be attained with the use of 

mouthwashes and dentifrices containing NEs. The efficiency 

of this approach was explored in a recent clinical study by 

using formulations with AgNPs (Santos et al. 2014). In this 

particular case, a formulation containing chitosan-stabilized 

AgNPs suspended in a fluoride solution was able to arrest cari-

ous lesions in children when topically applied as drops on the 

decayed teeth (4 µg of AgNPs on each tooth). The effect was 

observed even after 12 mo of the application, thus suggesting a 

long-term therapeutic effect. However, the role of the protein-

aceous pellicle layer on the NE binding properties and its 

retention or stability at tooth-biofilm interface needs further 

investigation (Besinis et al. 2015; Song et al. 2015).

In addition, AuNPs can bind avidly to pathogens C. albi-

cans and P. aeruginosa, forming AuNP assemblies on the 

microbial surface, which in turn prevent the biofilm formation 

(Yu et al. 2016). Interestingly, AuNPs did not have significant 

killing effects against the microbes, suggesting distinctive anti-

biofilm mechanisms. Furthermore, these surface-associated 

nanoparticles activated immune response–related genes in 

dental pulp stem cells. The possibility of using multifunctional 

nanoparticles on bacterial surfaces or within biofilms opens 

promising avenues for controlling microbial accumulation and 

expression of virulence while activating stem cells critical for 

tissue regeneration.

NEs with Microenvironment-Triggered 

and Biomimetic Properties for Biofilm 

Disruption

Improvements in retention and bioactivity of NEs can be 

achieved by tuning their specific physicochemical interactions 

with surface and interfaces. Furthermore, advanced designing 

of NEs can include multifunctionality for 1) enhanced accumu-

lation at the biofilm-tooth interface, 2) improved biofilm 

penetration, and 3) sustained/enhanced release or activation of 

antimicrobial agents (Fig. 2A). For example, the presence of 

EPS-rich matrix and acidic conditions found in caries-causing 

biofilms provide unique opportunities to exploit the micro-

chemical environment for customizing NE targeting and drug 

delivery. With these properties, NEs can deliver precise 

amounts that are effective against bacteria but harmless against 

oral cells and mucosal tissues without causing enamel altera-

tions/staining. Recently, functional polymeric nanostructures 

(PNs) were developed capable of binding to tooth pellicle and 

EPS matrix with enhanced drug release when triggered by 

acidic pH (Horev et al. 2015). By tuning the PNs outer corona 

surface, they displayed outstanding affinities to the negatively 

charged pellicle and EPS surfaces (Fig. 4). Owing to hydro-

phobic cores, nanoparticles can load nonpolar antibacterial 

drugs such as farnesol (~22 wt%) in aqueous solution. With 

this specific polymer conjugation, the nanoparticles undergo 

core destabilization at acidic pH, thus releasing drugs in a pH-

responsive manner, resulting in a “smart drug-releasing” 

mechanism, triggered by the acidification of the biofilm micro-

environment, a hallmark of pathogenic (cariogenic) condition. 

These polymeric nanocarriers were able to enhance the antib-

iofilm activity of farnesol (at 0.3 mg·mL
−1) and reduce caries 

development in vivo (by up to 20-fold vs. free farnesol) fol-

lowing 1-min topical treatment twice daily.

Similarly, nanocarriers were designed with mixed-shell 

polymeric micelles, where the shell was composed of PEG 

conjugated with a pH-responsive element (i.e., poly[β-amino 

Figure 4. Scheme depicting (A) the self-assembly of p(DMAEMA)-
b-p(DMAEMA-co-BMA-co-PAA) diblock copolymers that results in 
cationic polymeric nanoelements of around 21 nm (each block with 
~20 kDa). The polymer conjugation and its subsequent physicochemical 
features results in nanoelements with antagonist microchemical features: 
positively charged hydrophilic surface and hydrophobic core, in which 
hydrophobic antibacterial agent (e.g., farnesol) was incorporated.  
(B) Assemblies could be formed from the nanoelement affinity to the 
dental pellicle and exopolysaccharide (EPS) matrix (multisite affinity). 
Microchemical environment changes toward an acidic pH (found in 
cariogenic biofilms) trigger rapid farnesol release and bacterial death 
within biofilms. Adapted from Horev et al. (2015) with the permission 
of the American Chemical Society. The polymeric nanostructure and 
biofilm diagrams were designed by Michael Osadciw, University of 
Rochester.
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ester]; Liu et al. 2016). In the acidic microenvironment found 

in staphylococcal biofilms (pH 5), the protonation of the NE 

surface due to the presence of poly(β-amino ester) increases its 

penetration and further accumulation at the bacterial cell–

medium interface. Only with the enzymatic degradation of the 

nanocarrier is the antibacterial agent released (i.e., triclosan), 

thus resulting in a selective drug delivery mechanism (Fig. 5). 

Bactericidal action for this system against S. aureus biofilms 

was observed at 133 µg·mL−1 of NEs (triclosan at 40 µg·mL−1). 

Furthermore, PNs have been produced to enhance binding of 

antibiotics to negatively charged bacterial cell (e.g., S. aureus 

and E. coli), from the pH-triggered protonation of NEs (pH < 

6.5; Radovic-Moreno et al. 2012).

Recently, biomimetic iron oxide nanoparticles with enzyme-

like (catalytic) activity have been shown to prevent dental car-

ies in vivo (Gao et al. 2016). Nanoparticles containing Fe
3
O

4
 

(with peroxidase-like activity) were developed to catalyze 

hydrogen peroxide (H
2
O

2
), a commonly used antiseptic agent, 

in a pH-dependent manner (high catalytic activity at low pH 

vs. no activity at neutral pH). At acidic conditions, the nanopar-

ticles can generate free radicals from H
2
O

2
 in situ that simulta-

neously degrade the biofilm matrix and kill the embedded 

bacteria with exceptional efficacy (>5-log reduction of cell 

viability). Daily topical treatments of iron oxide NP/H
2
O

2
 

combination (500 µg·mL−1 of Fe
3
O

4
 followed by 1% H

2
O

2
) 

effectively reduces the initiation and severity of dental caries 

(preventing cavitation) while sparing normal tissues in vivo 

(Gao et al. 2016). Because iron oxide activation of H
2
O

2
 is trig-

gered only in acidic (pathologic) conditions, it prevents catalytic 

reaction at physiologic (neutral) pH and unmitigated free radi-

cal production, thereby providing a biocompatible treatment.

Another promising biomimetic approach against microbial 

infections comprises the use of NEs for transporting and releasing 

nitric oxide (NO) and its molecular donors. NO acts toward the 

formation of oxidative/nitrosative reactive species that interact 

with microbial proteins, DNA, and metabolic enzymes, thus 

resulting in antimicrobial effects. However, there remain chal-

lenges related to the NO storage and release to attain effective 

concentrations for bioactivity. This limitation was recently 

addressed by the exogenous administration of NO through 

molecular vehicles based on NEs. In this context, sub–200 nm 

silica nanoparticles co-condensed with aminosilanes that had their 

secondary amine moieties converted into N-diazeniumdiolate 

NO donors (NONOates) exhibited antibacterial effects on peri-

odontopathogens Aggregatibacter actinomycetemcomitans 

and Porphyromonas gingivalis at pH 7.4 (with silica nanopar-

ticles at 8 mg·mL
−1). NO release occurs via decomposition of 

NONOate moiety in the presence of protons (H
3
O+). Thus, at 

lower pH (6.4), an antibacterial effect was observed against  

S. mutans (Backlund et al. 2015). A similar approach was taken 

against S. mutans by using PNs based on generation 1 

poly(amidoamine) dendrimers with the surface modified with 

alkyl epoxides of varied chain lengths, from propyl to dodecyl 

(Backlund et al. 2016). Antimicrobial activity against S. mutans 

biofilms was observed at pH 6.4 due to NO release and den-

drimer-bacterium membrane interactions.

The presence of a complex oral microbiota, where com-

mensals coexist with potential pathogens, provides a signifi-

cant challenge to develop antimicrobial NEs against a particular 

species or a specific group of microorganisms. Specificity can 

be achieved by, for example, adding species-specific antibod-

ies or peptides in the outer corona of the nanoparticle (Monopoli 

et al. 2011; Forier et al. 2014), although higher costs and addi-

tional chemistry could be limiting factors. Furthermore, aspects 

related to the penetrability of NEs in existing oral biofilms and 

their affinity to the oral surfaces should be accounted, since 

these factors affect both antibacterial efficacy and cytotoxicity. 

In this context, the key factor may not be to target specific 

bacteria but rather to trigger antimicrobial activity in response 

to pathogenic microenvironments (e.g., acidic pH, hypoxia, or 

pathogen-derived products such as EPS). Thus, the biological 

effects of NE can be tuned to specifically target the biofilm 

microenvironment to kill the resident bacteria, degrade the 

matrix, and thereby eradicate the pathogenic niche.

Conclusion and Perspectives

Recent technological breakthroughs and emerging concepts in 

physics, chemistry, and material science/engineering are pro-

viding unlimited resources to design a new generation of func-

tional NEs for precise biofilm control in the oral cavity. 

Enhanced stability of nanocoatings on dental surfaces may 

arise from a rational selection of chemical and physical inter-

actions (e.g., formation of covalent bonds, electrostatic and 

hydrophobic interactions), to overcome the coating deteriora-

tion and dissolution. A myriad of available NEs should be 

selected per the coating properties as well as the enhanced 

mechanochemical stability on the surface.

Figure 5. Schematics showing the mechanisms of action of the 
mixed-shell polymeric micelles (MSPMs) composed of poly(ethylene 
glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) conjugated with a 
pH-responsive element (i.e., poly[β-amino ester]) localized at the 
nanoelement shell. The nonencapsulated antibacterial agent triclosan  
(A) and the single-shell polymeric micelles (SSPMs; without the 
poly[β-amino ester]) incorporated with the antibacterial agent (B) can 
penetrate the biofilm, but the latter achieve deeper layers of the biofilm. 
MSPMs, however, (C) can specifically target the bacteria cell wall and 
liberate the antibacterial agent at its vicinity due to a pH-triggered 
mechanism (D), thus increasing the efficiency. Adapted from Liu et al. 
(2016) with the permission of the American Chemical Society.
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Furthermore, the physicochemical characteristics of the NE 

(e.g., size, shape, surface charge) can be finely tuned to allow 

enhanced penetration in oral biofilms formed on dental sur-

faces, for both acting directly on bacteria and disrupting the 

matrix. For example, different biocompatible polymers can be 

used, with variable chain lengths and through different meth-

ods of conjugation and condensation for fabrication of PNs 

that can reach deeper layers of the biofilm structure while facil-

itating formulation development. With the evolution of organic 

and inorganic chemistry, the molecular mechanisms for cargo 

release from NEs as well as for drug activation can be pro-

grammed (Horev et al. 2015). These “sensing” or “triggering” 

mechanisms of functional NEs for rapid drug release or activa-

tion in situ could be designed to respond not only to environ-

mental pH or oxygen level changes but also to bacterial- or 

host-derived factors associated with disease.

Despite remarkable advancements and development of new 

nanotechnologies, there remain major challenges in regard to 

the efficiency and stability of nanoengineered coatings or par-

ticles, mostly due to the complex nature of the oral cavity. In 

the mouth, all the available surfaces are coated by a salivary 

pellicle composed of host and bacterially derived biomolecules 

while being subjected to mechanical-hydrodynamic forces. 

Other variables, such as diet and complex oral microbiota, 

directly influence bacterial adhesion and biofilm development. 

Once the biofilm is established, the resident microorganisms 

display remarkable strategies to overcome antibacterial agents 

and develop drug resistance. Furthermore, the bacteria are 

embedded in a protective matrix with diffusion-limiting prop-

erties that confer viscoelasticity, making them highly adherent 

and difficult to remove from surfaces. Therefore, these biologi-

cal factors must be taken into consideration when designing 

NE properties. Importantly, further development of NE-based 

formulations for clinical use will require in-depth efficacy, tox-

icity, and cost/benefit studies using appropriate in vivo models, 

which remain sparse in the current literature.

A practical issue of how NE coatings can be replenished as 

they eventually wear off from dental surfaces remains to be 

determined. Furthermore, the exact molecular/chemical inter-

actions at the tooth/pellicle-biofilm interface are unclear. 

Nevertheless, the highly customizable NE chemistry provides 

endless possibilities to retain and release bioactive agents where 

and when they are most needed for an exciting path toward pre-

cision medicine to promote oral health. A multidisciplinary 

effort would ensure that NEs are low cost and use simple yet 

high-yield synthetic chemistry that is biocompatible and effica-

cious. The concerted actions with chemists, engineers, and oral 

biologists, combined with toxicology and safety studies, will 

help clinicians to evaluate the efficacy of these new nanotech-

nologies in clinical trials and pave the way for effective anti-

fouling/antibiofilm approaches in the field of dental medicine.
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