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Abstract: An advancement in preventing secondary caries has been the incorporation of quaternary
ammonium containing (QAC) compounds into a composite resin mixture. The permanent positive
charge on the monomers allows for electrostatic-based killing of bacteria. Spontaneous adsorption
of salivary proteins onto restorations dampens the antimicrobial capabilities of QAC compounds.
Protein-repellent monomers can work with QAC restorations to achieve the technology’s full potential.
We discuss the theory behind macromolecular adsorption, direct and indirect characterization methods,
and advances of protein repellent dental materials. The translation of protein adsorption to microbial
colonization is covered, and the concerns and fallbacks of the state-of-the-art protein-resistant
monomers are addressed. Last, we present new and exciting avenues for protein repellent monomer
design that have yet to be explored in dental materials.
Keywords: protein repellent; restorations; zwitterionic polymers; dental materials; antimicrobial;
antifouling

1. Introduction
Tooth decay, also known as dental caries, is one of the most prevalent infections globally that
afflicts both the developed and developing world. It affects young and old at large percentages,
while being a preventable disease. Due to the high incidence of patient affliction, the economic toll is
large in the US, approximately $442 billion [1]. To combat caries, clinicians remove the decayed tissue
and replace with restorative materials. These composite materials consist of a stiff polymeric matrix
(e.g., bisphenol A-glycidyl methacrylate (BisGMA) [2], urethane dimethacrylate [3], or methacryl
polyhedral oligomeric silsesquioxane [4,5]) and inorganic filler components (i.e., amorphous calcium
phosphate nanoparticles [6], borosilicate microparticles [7], and hydroxyapatite [8]). Additional
problems arise from secondary caries, subsequent infections beneath or in the micro-cracks of the
composite [9]. This occurs up to 44% for all adult patients and could be mitigated by antimicrobial
technologies [10].
Integration of polymerizable antimicrobial methacrylates in dental resin offers the benefit of
providing lasting antimicrobial activity, while being chemically stable. Specifically, quaternary
ammonium containing (QAC) monomers have been incorporated into dental resins, to enable
contact-killing of microorganisms. This concept was first introduced in 1993 by Imazato et al. [11].
Briefly, a quaternary ammonium compound, 12-methacryloyloxydodecylpyridinium bromide (MDPB),
was incorporated into a resin, to formulate an antimicrobial composite [12]. Reports have indicated that
QAC compounds destroy bacterial cell membrane integrity and eventually lead to cell death [13–15].
The design of these monomers has been heavily studied to optimize antimicrobial capabilities and
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elucidate the mechanism of bacterial killing [16]. For example, Li and coworkers synthesized QAC
monomers with varying carbon lengths, following the positive quaternary amine, to enhance the
insertion of the dangling monomer into the Streptococcus mutans membrane [17]. Another strategy has
been to investigate monomers with varying degrees of flexibility, for improved incorporation into the
bacterial membrane. The effect of alkyl chain length on antimicrobial properties of monomethacrylate
monomers suggested a rise in antibacterial activity with the increasing alkyl chain [18,19]. However,
the antimicrobial efficacy–structure relationships are not strictly linear. For instance, the longer chain
length of novel adhesive methacrylate dental monomers had a less marked effect on reducing S. mutans
biofilms [20]. Furthermore, when drawing conclusions about chain length, it is important to consider
that antimicrobial functionality is also affected by molecular mass, spacer rigidity, hydrophobicity,
charge density, and charge distribution [21,22]. Since the first Imazato and coworkers’ QAC resin
manuscript, advances have been made in synthesizing QAC monomers with dual functionality, such as
increased shear bond strength [20,23,24] and silane-coupling capabilities [25–27]. Similarly, other
antimicrobial approaches have been studied in dentistry, including metallic nanoparticles with inherent
bactericidal properties [28] and are not discussed in this review.
While previous studies on QAC dental materials are significant, their impact has been dampened
by the reduction in antimicrobial efficacy due to protein adsorption [29]. Salivary proteins form a
thin coating onto the enamel surface, called the pellicle [30]. The pellicle allows for the attachment
of early colonizing bacteria [31]. Many bacterial species possess surface structures (i.e., fimbriae and
fibrils), which facilitate their attachment [32]. In the early stages of biofilm formation, planktonic
bacteria directly attach to surfaces or indirectly bind to other bacteria that have already colonized [33].
Acidic and high-molecular-weight mucin fractions, acidic proline-rich proteins, and a multidomain
glycosylated protein of the salivary pellicle are reported to bind bacteria and adhere to the non-native
surface, to support biofilm attachment at the composite–adhesive–tooth interfaces [34]. The proteins
and pathogens (and their interactions) attributing to failure at the composite–tooth interfaces have been
presented in an elegant review [35]. After attachment, the bacterial cells proliferate, form microcolonies,
and mature. Generally, biofilms can be morphologically heterogeneous 3D structures with the shape
affected by spatiotemporal stress [36]. The 3D biofilm structures can be interspersed with bacteria-free
channels used as diffusion pathways [32]. Dental caries and periodontal disease are a net result of the
cross-talk between pathogenic dental-plaque biofilm and the host-tissue response [36]. While clinical
examination and X-rays are commonly used to diagnose oral disease, advancement of salivary
biomarkers and metaproteomic analyses of the oral microbiota may be exploited for future diagnosis
of opportunistic and infectious disease [37].
To improve the antimicrobial properties of QAC monomers, protein-repellent functionality
should be incorporated to prevent the extent of adsorption that current restorations experience
(Figure 1). To accomplish this, the dental-material community has implemented approaches from the
surface-science and blood-contacting material literature. Much of the recent literature has focused on
2-methacryloyloxyethyl phosphorylcholine (MPC), a commercially available and U.S. Food and Drug
Administration-cleared zwitterionic polymer with well-studied protein-repellent capability.
The objective of this review is to focus on (1) the theoretical and practical considerations of protein
adsorption; (2) methods to quantify protein adsorption; and (3) protein repelling functionality in dental
restoratives and mouthwash technologies. Moreover, we also identify challenges with commonly used
protein repellants and consider the potential of developing novel monomers.
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surface and in the bulk without (or minor) effect on the mechanical properties. In the same vein,
researchers have developed hydrogels with protein-repellent monomers incorporated in the bulk and
surface [48–50]. Last, the QAC monomers have functional groups that inherently adsorb proteins
more readily. Specifically, the charged quaternary amine will participate in electrostatic interactions
with proteins, leading toward adsorption. The long alkyl chain in many QAC monomers will also
aid in hydrophobic–hydrophobic interactions, causing unfavorable adsorption. Therefore, dental
materials require sufficient coverage of protein-repellent monomers to minimize attractive forces
between proteins and QAC monomers.
3. Characterization Methods for Quantifying Protein Adsorption
Several techniques and assays have been developed to study the degree of protein coating on
material surfaces (Figure 2). These methods range in sensitivity and each have trade-offs and should
be considered for studying the adsorption of protein on dental materials. A comprehensive guide to
characterization techniques for protein adsorption can be found in a previous article [51].
The most sensitive techniques (able to detect 1 ng to 1 µg of protein) commonly utilized are SPR
or quartz crystal microbalance (QCM). Both analyze the surface of a small (<5 × 5 mm) substrate
that is functionalized with a protein repellent of interest. Samples are prepared by coating or
chemically functionalizing the surface with the protein repellent of interest. By preparing a thin
sample, the interactions between a protein solution and protein-repellent monomer can be probed. In a
typical SPR detection apparatus, a thin gold-coated slide is coated with the monomer of interest [42,52].
The slide is mounted, glass side down, onto a prism, and the functionalized side is used as part of a
microfluidic channel. A light source with narrow range emission is projected through the prism and
glass slide and reflected off the thin gold layer. A detector collects the angle of the reflected light, which
corresponds to the index of refraction of the functionalized gold layer. When a protein solution flows
onto the functionalized surface, the index of refraction increases, causing the angle of the reflected light
to change. This change can then be used to calculate the mass of protein on the surface of the substrate.
QCM devices implement a piezoelectric functionalized substrate [53–55]. When a current is
applied to the substrate, the material vibrates at a frequency proportional to its mass. The piezoelectric
material surface is coated or chemically bonded with a material of interest, to probe how much protein
adsorbs to the material surface. These substrates are incorporated into microfluidic devices that flow
protein solutions onto the substrate surface and are coupled with real-time sensing. When proteins
adsorb onto the substrate, the frequency at which it vibrates changes. This change in frequency is
converted to the mass of protein adsorbed to the substrate. QCM can be used to yield dynamic
properties of adsorbed proteins, such as revealing changes to the salivary pellicle on hydroxyapatite
surfaces when various detergents are flowed over the substrates [56]. In addition to monitoring protein
adsorption, QCM has been used to probe the formation of biofilms and bacterial death in a clinically
relevant microorganism model [57]. SPR and QCM techniques are useful for protein interactions
with high-density surfaces and are best for studying low adsorption, as they saturate with milligram
quantities of protein.
Dental composite materials exhibit polymerization stress, causing the composite to crack when
curing [3]. These cracks expose the bulk, leaving sites for adsorption without a surface-modified layer.
A more practical method for detection of protein adsorption is through colorimetric analysis of protein
solution surrounding a dental material. Biochemical assays such as the bicinchoninic acid (BCA),
Lowry protein, or Bradford assay utilize reagents that alter their visible-light absorbance upon reacting
with a protein in solution. In this regard, three protocol variations have been widely used by the dental
materials community. A material sample is submerged in a protein solution for a predetermined time.
(1) The material is rinsed with saline solution, to remove non-adsorbed proteins, and the adsorbed
protein is removed by rinsing the material with a sodium dodecyl sulfate (SDS) solution. This SDS
solution is then used in a colorimetric assay [58]. While this method is the most used in the dental
material literature, a comprehensive investigation determined that SDS rinsing does not adequately
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remove adsorbed proteins [59]. This may lead researchers to conclude a protein-repelling capacity that
is inaccurate. (2) In lieu of rinsing the material with SDS to remove the adsorbed protein, the protein
solution and material can be vortexed to remove non-adsorbed proteins, and the protein solution
surrounding the material is analyzed. This method yields quantification of the remaining solution
compared to the initial starting concentration. (3) A small sample of protein solution is placed on a flat,
clear, and polymerized dental resin. After the desired time, the non-adherent protein is removed by
rinsing with saline. The material is then submerged in the reagents of a colorimetric assay, allowing
the adsorbed proteins to react with the assay reagents. The optical density at the assays absorbance
wavelength
is then performed to quantify the adsorbed proteins [60,61].
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reacting with a protein in solution. In this regard, three protocol variations have been widely used by
the dental materials community. A material sample is submerged in a protein solution for a
predetermined time. (1) The material is rinsed with saline solution, to remove non-adsorbed proteins,
and the adsorbed protein is removed by rinsing the material with a sodium dodecyl sulfate (SDS)
solution. This SDS solution is then used in a colorimetric assay [58]. While this method is the most
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force microscopy. to visualize protein adsorption on the surface [63]. Information that could be useful
to researchers include the homogeneity of the adsorption layer, thickness of the adsorption layer,
and force required to break bonds between the material surface and adsorbed proteins.
4. Dental Materials with Protein-Repellent Functionality
MPC is a methacrylate zwitterionic polymer that contains a negatively charged phosphorylcholine
and a positively charged quaternary ammonium head. It is the most investigated molecule for
protein-repelling dental materials [47,64,65]. It blends well into BisGMA/triethylene glycol methacrylate
(TEGMA) and other hydrophilic resins. It was first introduced in the dental material literature by the Xu
group in 2015 as an additive to a 50:50 BisGMA and TEGMA (BT) resin with dimethylaminohexyadecyl
methacrylate (DMAHDM) and barium boroaluminosilicate filler [58]. The authors found that, out
of various compositions investigated, a 3% (wt/wt) MPC and 1.5% (wt/wt) DMAHDM composite
demonstrated nine times less bovine serum albumin (BSA) adsorption (~1 µg/cm2 ), compared to the
commercial control. For this composition, the flexural strength decreased from 100 to 80 MPa and
elastic modulus from 6.7 to 6.5 MPa, compared to the resin without MPC. Oral biofilms, derived from
the saliva of human donors, were cultured on the composites, to assess the antimicrobial capabilities
of the MPC composites, with and without DMAHDM. Compared to the commercial control, a 3%
MPC composite exhibited an order of magnitude lower total microorganisms, while the 3% MPC +
1.5% DMAHDM exhibited a three order of magnitude decrease of total microorganisms. This result
demonstrated that the full potential of QAC resins could be realized with the addition of MPC.
The Xu lab continued their efforts into investigating the capability of MPC in many facets of
materials in dentistry. A subsequent article optimized the addition of MPC into BT resins to identify
a formulation with high protein repellency, without compromising the mechanical properties of the
material [66]. They demonstrated that the flexural strength and elastic modulus suffer with materials
containing 4.5% MPC and above. Specifically, the 4.5% MPC composite exhibited a flexural strength
decrease to ~60 MPa compared to ~85 MPa in the case of the control. Moreover, the elastic modulus
decreased to 5 MPa, compared to 6 MPa, as it was with the control. In a BSA adsorption assay,
the researchers reported that a 3% MPC sample decreased the amount adsorbed by 85%, as compared to
a polymerized BT sample. This same formulation also exhibited eight times fewer total microorganisms
compared to the BT control.
MPC was then incorporated into a dental primer, to establish whether it could be useful as a
restoration [67]. In conjunction with DMAHDM, MPC mixed into a commercial dental bond primer
(3M Scotchbond Multi-Purpose Adhesive and Primer). A 7.5% MPC composite demonstrated less
than 1 µg/cm2 of protein adsorption, nearly 10 times less than the control. The same formulation
had a comparable dentin shear bond strength, at ~27 MPa, compared to the control, at ~33 MPa.
The degree of conversion was minimally impacted in all the formulations tested, indicating that MPC
blends well with conventional dental resins. Last, the 7.5% MPC formulation was the most effective
at reducing the total microbial count, by four orders of magnitude lower than the primer control.
A follow-up investigation with amorphous calcium phosphate nanoparticles as the filler revealed
that the shear bond strength decreased from 30 to 22 MPa [68]. The addition of the particles did
decrease the shear bond strength to 25 from 30 MPa for a filler content of 30%, but did not alter the
protein-repelling effects or antimicrobial efficacy. Even in long-term water aging of 180 days, MPC
composites demonstrated closely similar protein-repelling and antimicrobial efficacy, likely due to the
high degree of conversion [69].
To probe whether MPC inhibited or enhanced the release of calcium and phosphate ions from
ACP particles, a 1:1 mixture of ethoxylated bisphenol A dimethacrylate (EBPADMA) and pyromellitic
dianhydride glycerol dimetrocralte (PMGDM) was used as the resin matrix, abbreviated to EBPM [70].
This resin formulation was found to allow for the release of calcium and phosphorous ions when
used with a ACP particle filler [71]. The combination of resin, MPC, and DMAHDM did not alter the
protein-repelling properties of a 3% MPC formulation. In a four-organism biofilm challenge, a 3% MPC
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+ 3% DMAHDM composite inhibited the colony count of Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans by four orders of magnitude and Prevotella intermedia and Fusobacterium nucleatum
by three orders of magnitude, as compared to the resin alone [70]. The hydrophilicity of MPC caused
more swelling in the composites, leading to a higher release of calcium and phosphorous ions, compared
to the formulation without MPC [72]. By altering the amount of MPC, the amount of ions released
could be tuned [73].
Poly(methyl methacrylate) (PMMA) is a common biomaterial routinely used in dentures and
can be a breeding ground for oral microbes due to the heavy coating of salivary proteins it endures.
MPC was incorporated into a methyl methacrylate monomer mixture and thermally cured. A 3%
MPC formulation was enough to substantially decrease the amount of BSA adsorbed to ~2.0 µg/cm2
compared to bare PMMA (~12 µg/cm2 ) [74]. Computational modeling of surface interactions of MPC
grafted onto PMMA revealed that MPC forms a tight hydration layer and a network of hydrogen
bonding between adjacent MPC chains (in high-density grafting), which inhibits the adsorption of
proteins and the anchoring of bacteria to the material surface [75].
More recently, there has been an effort to understand how QAC composites affect the microbial
composition in biofilm models. MPC in QAC composites were shown to be more effective at decreasing
the microbial growth of a single species biofilm of P. gingivalis [76]. As the microbial diversity increased,
the composite was less effective at decreasing growth. Ultimately, the composite decreased the total
microbe count by three orders of magnitude, compared to the resin control. It is well-documented that
genetic information is shared between microbes in biofilm communities that act as a defense against
chemical agents [77]. These composites also have shown to decrease the S. mutans composition in
biofilms, leaving non-cariogenic species to thrive [78]. A summary of the protein repellent dental
material capabilities discussed can be found in Table 1.
5. Mouthwash Coating Technology
A potential solution to repetitive cariogenic bacterial attachment to dental tissue is through the
use of oral rinses with safe protein-repellent molecules that bind to enamel, root, or dentin surfaces.
Recently, this concept was tested in a small clinical study by evaluating the number of microbes in
dental plaque before and after rinsing with a solution of 5% MPC in saline [79]. Twenty patients had
oral samples collected via gargle immediately after and 5 h after brushing their teeth. Half of the
subjects were given a saline rinse as a control and the other half the MPC treatment. The patients
treated with MPC saw a microbial decrease of 45%, compared to the control, through electric counting
of the patients’ gargle, indicating that protein adsorption was lessened. The number of fusobacteria,
a mediator of bacterial aggregation and plague formation, was inhibited by this treatment. While no
chemical modification of the oral environment was mentioned, a more biologically compatible material
may be necessary for frequent rinses. In a separate study, a self-assembly approach was used to coat
the oral cavity with lysozyme aggregated particles tethered to PEG to repel proteins [53]. Lysozyme
was reduced with tris(2-carboxyethyl)phosphine (TCEP) to induce aggregation. These particles have a
high tendency to physically bond to many material surfaces, including dentin and enamel surfaces.
The particles densely pack at the surface, allowing for the formation of a tight hydration shell around
the outward facing PEG molecules, yielding an effective protein repellent monolayer. The authors
successfully tested their coatings against BSA, concanavalin A, fibronectin, saliva, fetal bovine serum,
milk, egg whites, and various polysaccharides. Importantly, the authors found they can overcome the
potential of esterase degradation by incorporating both positive and negative charges into the PEG
molecules to induce a zwitterion effect and increase protein repellency of esterases. These approaches
are novel and justify further investigations to determine feasibility and effect on the biofilm formation.
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Table 1. Summary of bovine serum albumin (BSA) adsorption values for references in this review.
Protein Repellent
Compound

Bulk Material

Filler

Adsorption
Value (ng/cm2 )

Quantification
Method

Reference

3% MPC (w/w)

25.5% 1:1
BisGMA/TEGDMA

70% Barium
boroaluminosilicate

1240

SDS removal +
BCA Assay

[58]

3% MPC

27% 1:1
BisGMA/TEGDMA

70% Barium
boroaluminosilicate

960

SDS removal +
BCA Assay

[66]

7.5% MPC

75% 1:1 Scotchbond
Multi-Purpose
Primer and Adhesive

15% Amorphous
calcium phosphate

321

SDS removal +
BCA Assay

[68]

3% MPC

25.5% 50:50
BisGMA/TEGDMA

70% Barium
boroaluminosilicate

972 (with
180 days water
aging)

SDS removal +
BCA Assay

[69]

3% MPC

24% 1:1 EBPM

20% Amorphous
calcium phosphate;
50% barium
boroaluminosilicate

1200

SDS removal +
BCA Assay

[70]

3% MPC

44.5% PMGDM,
39.5% EBPADMA,
10% 2-hydroxyethyl
methacrylate, 5%
BisGMA

30% Amorphous
calcium phosphate

416

SDS removal +
BCA Assay

[72]

3% MPC

47.75% Nature
CrylTM liquid

47.75% Nature
CrylTM powder

2150

SDS removal +
BCA Assay

[74]

3% MPC

24% 1:1 EBPM

20% NACP, 50%
barium
boroaluminosilicate

1000

SDS removal +
BCA Assay

[76]

PEG

Self-assembled PEG
lysozyme

N/A

8

QCM

[53]

33% trimethylamine
N-oxide Zwitterionic
Hydrogel

N/A

N/A

3*

SPR

[80]

9%
Poly(carboxybetaine
acrylamide)
Zwitterionic
Hydrogel

N/A

N/A

4.3 *

SPR

[49]

* Adsorption values for human serum, not BSA.

6. Limitations of Existing Technologies
While MPC has gained attention in the dental material literature, it has several shortcomings:
(1) MPC contains an ester group connecting the zwitterionic component and the polymerizable
methacrylate group. It is well-documented that ester bonds can be cleaved by esterases in saliva via
hydrolysis [81]. (2) To achieve low levels of protein adsorption (ng/cm2 ), MPC concentrations ≥ 5%
need to be included into the bulk, which has a detrimental effect on the flexural strength, elastic
modulus, and hardness. (3) Currently, there is a paucity of information regarding the long-term
protein adsorption of dental resins containing MPC [82]. (4) Although, in theory, MPC meets many
design criteria for being the superior protein-repellent candidate, many groups have shown that other
conventional polymers outperform MPC in various experimental models [83–86]. New zwitterionic
polymers are needed to overcome some of the long-term concerns with MPC. In addition, the potential
clinical benefit needs to be confirmed, as MPC may have a deleterious effect on the remineralization
capacity of restoratives (i.e., possible binding of the re-mineralizing calcium ions by MPC).
Recently, a zwitterionic polymer was synthesized by oxidizing an acrylamide monomer with 50%
hydrogen peroxide, resulting in a permanently positive quaternary amine bonded to a permanently
negative oxygen atom [80]. The proximity of the two charged atoms forms a tight hydration layer in an
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aqueous environment, leading to high repellent efficacy (5 ng/cm2 by SPR). The polymer also exhibited
satisfactory cytotoxicity and immunogenicity in a mouse model and should be studied as a candidate
for protein repellency in dental materials. A separate group also synthesized amide-based monoand bi-functional monomers to create hydrogels, which also demonstrated excellent compatibility
in vivo and high protein repellency (4.3 ng/cm2 by SPR) [49,87]. Further investigations are warranted
to determine if these types of molecules can produce dental materials with satisfactory mixing with
resin monomers, mechanical properties, and degree of conversion.
7. Conclusions
Protein-repellent technology has the potential to decrease the global burden of dental caries.
When incorporated into composites alone or with QAC monomers, protein-repellent technology can
inhibit the adsorption of proteins onto dental materials and thus slow the formation of biofilm and
associated oral diseases. Many research groups have contributed to the understanding of protein
adsorption and material design, and it is now time for dental material researchers to make an
impact in the clinical setting. A concerted effort should be placed on understanding the long-term
effect on the oral microflora with protein-repellent restorations, as it is not ideal to remove “good”
bacteria from the oral cavity. New, more design-driven monomers should be explored to enhance the
stability and protein repellency of QAC restorations, to allow for prolonged antimicrobial properties.
Last, the dental material field should unify in using reliable protein-adsorption protocols, to ensure
consistent comparisons across different material platforms.
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