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Abstract 
 

Dental caries, i.e., tooth decay mediated by bacterial activity, is the most 

widespread chronic disease worldwide. With the evolution of bonded esthetic 

restorations, that look and function like natural teeth, it has become almost 

impossible for clinicians to proceed without them to restore carious teeth.  

Nonetheless, durability of esthetic restorations is notably compromised because 

of recurrent caries (RC), the principle cause of failure for esthetic restorations. RC 

mainly results from either waterborne (hydrolytic, acidic, enzymatic) and/or 

bacteria-mediated degradation of hydrophilic adhesives, which are required to 

interact with hydrated dentin at tooth-restoration interfaces. Therefore, 

transforming the hydrophilic interface into a water repellent one and/or 

incorporating a potent antibiofilm agent are potential strategies to resist RC. We 

have developed a novel application of amphipathic anti-microbial peptides 

(AAMPs) on dentin simultaneously used as a 2-tier protective system,  

hydrophobicity modulators and antibiofilm agents to resist RC around restoration 

margins. Cationic short AAMPs have been recently identified as potential 

alternatives to traditional antimicrobial agents and antibiotics due to their ability to 

specifically target the complex and heterogeneous organization of microbial 

communities where the latter are unlikely to develop resistance. We tested a series 

of AAMPs with strong amphipathic properties to assess their structure-function 

relationships. We found that AAMPs secondary structure (high portion of b-sheet), 

antimicrobial potency, and ability of the peptides to form hydrophobic coatings on 

dentin were inter-related. We also determined that AAMPs had preferential 
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adsorption on the mineral phase of dentin, which suggested that peptides arrange 

their cationic and hydrophilic motifs in direct contact with the negatively-charged 

minerals in the hydrophilic dentin. We sought to study the impact of these AAMPs 

coatings on the dental plaque microbial community composition as well as their 

bacterial selectivity. We found that all D-amino acid AAMPs induced a marked shift 

in the plaque community by targeting 3 primary acidogenic colonizers. The 

consequent substantial antibiofilm potency of AAMPs-coated dentin was 

visualized using advanced bioimaging throughout 1 mm-deep dentin-composite 

interfaces. In conclusion, hydrophobic antibiofilm dentin is a versatile new 

approach to fortify the otherwise vulnerable adhesive-based interfaces of bonded 

restorations against the highly prevalent devastating RC. 
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1.1 Adhesive-based Bonded Esthetic Restorations  

1.1.1 Clinical significance  

The last 60 years have witnessed a dramatic change in restorative dentistry 

started with the acid-etch technique to promote the adhesion of the acrylic filling 

materials to enamel surface (Buonocore 1955). In recent years, dentistry has 

benefited from a marked increase in the development of adhesive-based esthetic 

restorations, including ceramic and plastic compounds. Esthetic restorations have 

been developed with the purpose of looking, feeling, and functioning like natural 

teeth in addition to strengthening the remaining tooth structure offering both 

cosmetic and restorative dental treatments (Sadowsky 2006) for the most common 

chronic disease worldwide, dental caries or tooth decay. (FDI World Dental 

Federation 2015; World Health Organization 2012). As a replacement for silver 

amalgam restorations, esthetic restorations are the conservative option typically 

used for cosmetic purposes to improve the appearance of discolored or chipped 

teeth in addition to being used to restore cavitated lesions and repair damaged 

teeth (Polese 2014; Sadowsky 2006). Esthetic restorations are categorized into 

direct and indirect restorations. Direct restorations are placed into a prepared tooth 

cavity immediately and are made of specialized materials such as resin composite 

and glass-ionomer cement-based materials. Indirect restorations involve chairside 

and laboratory customized tooth replacements like inlays, crowns, and veneers 

(Affairs 2003). Bonding agents or adhesives are required to retain both direct and 

indirect esthetic restorations (Sadowsky 2006; Waidyasekera et al. 2009). 

Nonetheless, durability of esthetic restorations is notably compromised because 
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of the eventual incidence of recurrent caries (RC), carious lesions that develop 

subsequent to the restoration, which indeed has been reported to be the principle 

cause of  failure of esthetic restorations (Bernardo et al. 2007; Opdam et al. 2014) 

(Astvaldsdottir et al. 2015; Ferracane 2011). 

1.1.2 Resin Composites 

Resin composites are one of the most versatile and commonly used dental 

esthetic materials. Not only are they used for the common direct restorations but 

also for cores and buildups, inlays, onlays, crowns, provisional restorations, 

endodontic sealers, and root canal posts among other clinical applications. Each 

particular application of resin composites has its specifically designed formulation. 

However, these materials are similar in their four main compositional components: 

polymeric matrix, typically a dimethacrylate; reinforcing fillers, typically made from 

silica and a radiopaque glass; a silane coupling agent for binding the filler to the 

matrix; and chemical additives to initiate and modulate the polymerization reaction 

(Sakaguchi et al. 2018). During polymerization, internal stresses are generated 

and can be transferred to the bonded surfaces leading to failure or debonding 

when the stress exceeds the bond strength at the interface (Boaro et al. 2014; 

Yamamoto et al. 2011). Eventually, if debonding occurs at any time during the 

lifespan of the restoration due to deterioration of the interface integrity, interfacial 

gaps form enabling leakage of oral fluids, bacterial acids or other oral metabolites 

(Cenci et al. 2009). Current developments for resin composites are mainly focused 

on reducing the polymerization shrinkage of the polymeric matrix to overcome the 
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interfacial gap occurrence and its consequences (Boaro et al. 2014; Ferracane 

2011; Yamamoto et al. 2011).  

1.1.3 Adhesion Mechanism to Dentin 

Dentin forms the bulk of mineralized dental tissues. Dentin is a 

heterogenous tissue composed of 40-45% in vol. mineral content, 30-35% in vol. 

organic components (mainly hydrated collagen type I) and around 20-25% in vol. 

water (Goldberg et al. 2011). In addition, the presence of dentinal tubules 

compounds its heterogenicity as the number and diameter of the dentinal tubules 

vary from the outer surface towards the pulp chamber at the core (Goldberg et al. 

2011). Thus, dentin tissue is a very challenging substrate for adhesion compared 

to the relatively homogenous and highly mineralized enamel (>90% mineral) 

(Perdigao 2010). To adhere restorative materials to dental hard tissue, diverse 

types of bonding agents exist which can be classified into etch-and-rinse and self-

etch adhesives based on their bonding mechanism and clinical application 

approach. Although there is a tendency toward simplified application procedures 

using self-etch bonding agents, three-step etch-and-rinse bonding agents have 

been performing best in laboratory and clinical research (Van Meerbeek et al. 

2003). The etch-and-rinse method consists of three main steps: 1. etching the 

tooth using a 30-40% phosphoric acid etchant (dentin conditioning), 2. water rinse, 

and 3. bonding agent application. The etching/conditioning step is required to 

remove the smear layer (organic and hydroxyapatites debris from instrumentation 

during dental cavity preparation), open up the dentinal tubules, and partially 

demineralize the outer layer of dentin to create irregularities for micromechanical 
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retention. However, acid-etching makes the dentin surface super-hydrophilic.  

After etching, the adhesive resin is applied to interlock with the porous dentin and 

penetrate into the open dentinal tubules to adhere and retain the hydrophobic 

restorative composite (Figure 1.1) (Pashley et al. 2011; Van Meerbeek et al. 2003). 

Since the effective bonding depends on the degree of adhesive resin infiltration 

into the hydrophilic etched dentin, the optimal adhesive formulation is very 

challenging as it links substrates with notably different physical-chemical 

properties; i.e., the hydrophilic dentin and the hydrophobic resin composite. 

Although adhesives enhance the marginal adaptation, a perfect marginal seal is 

still not achievable (Campos et al. 2005; Lindberg et al. 2005; Orlowski et al. 2015) 

and  durability of resin-dentin bonds still needs improvements (Pashley et al. 

2011). Theoretically, the use of hydrophobic adhesives would improve the 

durability of resin-dentin bonds contingent on conditioning the dentin in a different 

way to render it less hydrophilic (Sadek et al. 2008) (Sadek et al. 2010).  
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Figure 1.1. Bonding of resin to dentin using an etch-and-rinse technique.. 
Schematics and scanning electron micrographs show the smear layer after 
instrumentation, dentin conditioning (acid-etching) exposing collagen fibers on 
dentin surface, and the adhesive infiltrating the exposed collagen matrix and the 
opened dentinal tubules forming resin tags. Reprinted under fair use guidelines 
from (Perdigao et al. 2013). 
 

1.1.4 Rate of Failure  

Failure of dental restorations is of major concern in dental practice. It 

has been estimated that the replacement of failed restorations constitutes about 

60 percent of all Operative Dentistry work (Mjör et al. 1990) and the placement 

and replacement of restorations is still the most common procedure in general 

dentistry (Sunnegårdh-Grönberg et al. 2009). Disappointingly, dental restorations 

have a limited lifespan and replacement of failed restorations results in larger 

cavities and, eventually, destructing the tooth structure (Brantley et al. 1995). In the 

literature, there is a debate regarding the longevity of bonded esthetic restorations. 
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Some studies reported the longevity of direct resin composite restorations to be as 

short as 4.5-5.7 years (Burke et al. 2001; Forss and Widstrom 2001; NIDCR 

Strategic Plan 2009-2013; Rho et al. 2013; Wilson et al. 1997). Contrary, others 

have concluded that the survival ratio of these restorations was high (Astvaldsdottir 

et al. 2015; Heintze and Rousson 2012), but  the same authors (Astvaldsdottir et 

al. 2015) acknowledged that RC was the main reason for failure with occurrences 

after 3 years or later (Figure 1.2). Opdam et al. also noted that every extra surface 

included in a restoration would increase its failure risk by 30%-40% (Opdam et al. 

2014). Costlier indirect restorations could be expected to lead to a higher clinical 

performance; however, according to Angeletaki et al, the difference in the clinical 

performance of direct versus indirect composite restorations did not reach statistical 

significance (Angeletaki et al. 2016). Likewise, Pallesen & Qvist reported that there 

was no difference in the long-term survival (11 years) of fillings or inlays made from 

the same resin materials (Pallesen and Qvist 2003).  

1.1.5 Causes of Failure  

The two major reasons for failure of composite restorations are RC (Figure 

1.2) and restoration fracture (Bernardo et al. 2007). Sixty percent of all 

replacement restorations in the typical dental practice are due to RC development 

around the restoration margins (Mo et al. 2010). This is attributable to the fact that 

bonded restorations are most vulnerable at the adhesive resin-dentin interface 

(Spencer et al. 2010). Over time, gaps that develop at the interface between the 

restoration and tooth can be filled with food debris and bacterial plaque and start 

recurrent carious lesions.  Moderate to severe leakage has been shown at the 



 8 

cervical margin located in dentin of direct Class II composite restorations (Poskus 

et al. 2004; Santini et al. 2001). Since the tooth structure encircling the restoration 

is mainly dentin, which has increased bond degradation susceptibility (Liu et al. 

2011), there is increased likelihood of failure at the restoration’s margins via water- 

and bacteria-mediated biodegradation. 

 
 
Figure 1.2. Photograph showing recurrent caries. Recurrent caries is tooth 
decay that occurs around or underneath an existing dental restoration. Reprinted 
under fair use guidelines from (Gupta et al. 2006). 
 

1.1.6 Water-mediated Degradation 

It is now well established that biodegradation of the dentin-resin bond at the 

interface is significantly dependent on water sorption (Hashimoto et al. 2011). 

Hydrophilic methacrylate-based adhesive resins are necessary to properly 

infiltrate the fully hydrated demineralized dentin to form the hybrid layer. Etch-and-

rinse hydrophilic adhesives create a hybrid layer that consists of a collagen 

network exposed by etching and embedded in adhesive resin. As such, they act 

as semi-permeable membranes that allow intrinsic and extrinsic water 

interchanges at the  dentin/restoration (d/r) interface (Tay and Pashley 2003). This 

enables penetration of oral fluids, enzymes, bacteria, and acidic bacterial products 

into the crevices between dentin and restorations, which undermine the restoration 
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and lead to recurrent caries lesions and premature failure (Sano 2006). 

Degradation of the hybrid layer has been described as a cascade of events that 

starts with the acid etching of dentin (Sano 2006). Intrinsic water from dentin 

compromises the polymerization of infiltrating resin, making it more prone to 

degradation. When the resin degrades, the resin-infiltrated collagen matrix 

becomes exposed and vulnerable to attack by proteolytic enzymes (Pashley et al. 

2004). Additionally, the adhesives cannot displace the free and loosely bound 

water from the collagen interfibrillar spaces, even though the resin monomers are 

able to encapsulate the collagen fibrils (Kim et al. 2010; Sauro et al. 2009). Thus, 

this intrinsic water that accumulates at the d/r interface results in another internal 

biodegrading mechanism, the so-called nanoleakage (Sano et al. 1995). The 

presence of water promotes hydrolysis and enzymatic attack of the ester bonds in 

methacrylate materials. Also, the hydrolysis of the resin can be catalyzed by acidic 

pH from food, drinks, and/or cariogenic bacteria as well as the release of 

esterases. On extended exposure to oral fluids, the adhesive may therefore 

become sufficiently degraded and/or hydrophilic to provide more access for 

esterases (Spencer et al. 2010). Moreover, deep restorations are more susceptible 

to be degraded  because dentin at the gingival margin has more water content 

than other parts of the tooth, making it a difficult bonding substrate (Pashley 1991). 

Also, phase separation due to excess moisture from the crevicular fluid has been 

shown to result in a weak, porous hybrid layer (Spencer et al. 2004). In addition, 

in vitro and in situ studies have reported that enzymatic attack by the endogenous 

matrix metalloproteinases (MMPs) starts at naked collagen fibrils, that have not 
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been infiltrated by the resin, and results in slow hydrolyzation of collagen fibrils in 

the hybrid layer (Frassetto et al. 2016). Thus, new strategies to protect dentin and 

resins from water and waterborne degrading agents could significantly reduce the 

restoration’s marginal degradation.  

1.1.7 Bacteria-mediated Degradation  

Dental plaque biofilm (PB) is the aggregation and adherence of bacteria on 

tooth surfaces that are embedded within a slimy extracellular matrix composed of 

extracellular polymeric substances (Ge et al. 2008; Takahashi and Nyvad 2008). 

If not removed regularly, the biofilm accumulated around dental restorations can 

colonize marginal gaps at the d/r interface and cause RC; making it necessary to 

replace the restorations. Moreover, bacterial production of organic acids lowers 

the pH of the oral microenvironment, erodes the hydroxyapatite in enamel and 

dentin, and initiates carious lesions (Kidd and Fejerskov 2004; Kopperud et al. 

2012). Esterases secreted by bacteria in the biofilm further hydrolyze the adhesive 

polymer, exposing the soft underlying collagenous dentinal matrix and allowing 

further infiltration by the pathogenic biofilm (Spencer et al. 2014). Besides, the 

attached bacteria multiply and secrete an extracellular matrix resulting in a mature 

multispecies biofilm. Within the latter, bacteria interact physically, metabolically 

and molecularly. This cooperative nature of the PB community provides high 

resistance to antimicrobial agents and host defenses, and enhanced 

pathogenicity. Bacteria in biofilm are 1,000-1,500 times more resistant to 

antibiotics than in their planktonic state due to their complex and heterogeneous 

organization (Parsek and Singh 2003; Socransky and Haffajee 2002). 
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Endogenously, bacteria remaining  in the dental cavity is another problem that is 

pronounced by the increasing predilection toward minimally invasive dentistry. 

Minimally invasive or tissue saving dentistry preserves the intact tooth structure to 

the maximum extent possible (Ericson et al. 2003).  After caries excavation, while 

the outer caries-infected dentin is removed, the inner partially-demineralized 

caries-affected dentin, contaminated with residual bacteria, is left in the dental 

cavity for potential  remineralization (Banerjee 2013; de Almeida Neves et al. 2011; 

Hernandez et al. 2014; Kuboki et al. 1977). Residual bacteria can survive and 

proliferate for more than a year even in the presence of a good interfacial seal 

(Paddick et al. 2005). Therefore, there is an urgent need to implement novel potent 

anti-microbial compounds that can overcome these endogenous and exogenous 

challenges posed by bacterial colonization.  

 

1.2 Antimicrobial Peptides 

Antimicrobial peptides (AMPs), also called host defense peptides, are a 

unique and diverse group of molecules constituting a part of the innate immune 

response in most organisms. AMPs are generally between 12 and 50 amino acids 

linked in a chain by covalent bonds. They usually include two or more positively 

charged residues, provided by arginines and/or lysines, and a large proportion 

(generally >50%) of hydrophobic residues (Papagianni 2003; Sitaram and Nagaraj 

2002) (Yeaman and Yount 2003).  
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1.2.1 AMPs Molecular Structures 

While primary structures of AMPs refer to their linear sequence of amino 

acids, their secondary structures refer to certain regular arrangements by which 

polypeptides fold into more compact shapes in the 3D space and stabilized by 

hydrogen and other secondary bonds. The secondary structures of these peptides 

are divided into regular, α-helices and β-sheets, and irregular, random coil and β-

turns (or beta bends), molecular conformations. The regular conformations 

represent the major internal supportive elements of the peptides. The non-regular 

conformations are segments that either lack regular secondary structure, as for 

random-coils, or cause a change in direction of the peptide chain, as for  β-turns 

(Figure 1.3) (Kaiser and Kezdy 1983). 

 
Figure 1.3. Peptide secondary structures. Regular secondary structures are 
alpha helices and beta strands. Irregular secondary structures are random coil 
and beta turns. Reprinted under fair use guidelines from (Oregon State 
University/http://oregonstate.edu/instruct/bb450/450material/OutlineMaterials/4_5
Proteins.html). 
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1.2.2 L- and D-Peptides 

D- and L-peptides are small sequences of D- and L-amino acids, 

respectively. Every amino acid (except glycine) can occur in L and D forms giving 

the possibility of forming two different enantiomers (stereoisomers) around the 

central alpha carbon atom of the amino acid. Thus, all D-amino acid peptides have 

mirrored structures to all L-amino acid peptides if they share identical sequences 

(Figure 1.4). Besides, stereoisomer side-chains also have the same molecular 

formula and sequence of bonded atoms (constitution), but differ in the three-

dimensional orientations of their atoms in space. Only L- enantiomers are used by 

cells, since ribosomes are specific to  L-amino acids linking. D enantiomers are 

protease resistant as they can’t be recognized, easily digested or degraded by 

bacterial or host proteases. In some cases, D-peptides can have a 

low immunogenic response (Sitaram and Nagaraj 2002) (de la Fuente-Nunez et 

al. 2015). 

 
 

 
 
Figure 1.4. L and D amino acids. All standard α-amino acids, except for glycine, 
can exist in either of two optical isomers. The stereoisomers are mirror image of 
one other; these are called L- and D-amino acids. 
Reprinted under fair use guidelines from (https://www.lifetein.com/Peptide-
Synthesis-D-Amino-Acid.html). 
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1.2.3 AMPs Amphipathicity 

Many AMPs are unstructured in solution but they fold into final 

conformations upon interacting with biological membranes or changes in solution 

pH because of their cationic and amphipathic nature. Amphipathicity is a trait 

whereby peptides contain and arrange hydrophilic amino acid residues along one 

side and hydrophobic amino acid residues along the opposite side of the molecules 

(Yeaman and Yount 2003) (Brogden 2005). This amphipathicity of AMPs allows 

them to partition into the bacterial membrane lipid bilayer. These peptides have a 

variety of antimicrobial activities ranging from membrane permeabilization to 

action on a range of cytoplasmic targets (Hancock and Rozek 2002) (Varkey et al. 

2006). 

1.2.4 Mechanism of Action of AMPs 

AMPs are potent and broad spectrum antimicrobials and so, AMPs are 

potential novel therapeutic agents. They have been demonstrated to kill Gram 

negative and Gram positive bacteria, viruses, and fungi. Unlike conventional 

antibiotics, AMPs appear to be bactericidal instead of  bacteriostatic as they 

usually destabilize biological membranes and form transmembrane channels 

(Reddy et al. 2004). However, the mechanism of action of AMPs to kill microbes 

varies. AMPs usually target cytoplasmic membranes but they may also interfere 

with DNA and protein synthesis, protein folding, and cell wall synthesis (Nguyen et 

al. 2011). The initial contact between AMPs and bacteria is mediated by 

electrostatic attraction as most bacterial surfaces are negatively charged and 
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AMPs possess a net positive charge in physiological fluids (Figure 1.5). Their 

amphipathicity, cationic charge and size allow them to attach to and penetrate into 

membrane bilayers to cause bacterial disruption. Four possible mechanisms for 

bacterial membrane disruption by AMPs have been proposed: ‘barrel-stave’, 

‘carpet’, ‘toroidal-pore’ or ‘disordered toroidal-pore’ (Perrin et al. 2016). Although 

the specifics of each mechanism vary, the membrane permeation occurs via two 

major consecutive steps (1) a critical concentration of peptides at the bacterial 

membrane is required, and (2) the peptides need to be aggregated and organized 

on the bacterial membrane to initiate the permeation pathway. The membrane 

permeation process results in membrane rupture, cytoplasmic leakage, and death 

(Shai 2002). Alternately, AMPs may penetrate into the cell to bind intracellular 

molecules which are vital to cell living, such as inhibition of cell wall synthesis or 

inhibition of DNA, RNA, certain enzymes and protein synthesis enzymes. 

However, in many cases, the exact mechanism of killing is still unknown 

(Scheinpflug et al. 2017).   

 

Figure 1.5. Schematics showing the structural properties and membrane 
targets of AMPs. Reprinted under fair use guidelines from (Locock et al. 2014). 
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1.2.5 AMPs Selectivity 

Selectivity is a very important feature of AMPs as they preferentially interact 

with the bacterial cell compared to the eukaryotic cells. This selective interaction 

enable AMPs to kill bacteria without being significantly toxic to the host cells 

(Matsuzaki 2009). The cationic property of AMPs is the factor that contributes the 

most in governing AMPs selectivity since the surface of the bacterial membranes 

is more negatively charged than mammalian cells (Hancock and Sahl 2006). The 

latter are  zwitterionic, lipid head groups have balanced positive and negative 

charges, which reduces the affinity of AMPs for the initial electrostatic binding 

(Figure 1.5).  Also, the presence of cholesterol makes the mammalian cell 

membranes more rigid than the bacterial membranes. Cholesterols have the ability 

to reduce the activities of AMPs and thus, protect the mammalian cells from AMPs 

attacks (Zasloff 2002). 

1.2.6 Functionality of Short Chain Peptides 

Peptides have been typically divided into two groups: long chain peptides 

(polypeptides), and short chain peptides (oligopeptides). A long chain peptide can 

be formed by hundreds of amino acids with molecular weight over 10 kDa. 

Although there is no definitive maximum number of amino acids a chain can 

include and still be considered a short chain peptide, the minimum number of 

amino acids in short peptides is two. Because of the lengthy size of long chain 

peptides, they have higher instability than their short chain counterparts. The 

lengthy physical structure associated with the high molecular weight allow for 
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different modes of degradation through processes such as; hydrolysis, 

denaturation, self-association, gelation, and aggregation. Thus, the chemical 

instability of long chain peptides makes them challenging molecules for research 

and development towards translational applications. Short chain peptides do not 

experience some of the issues that long chain peptides do because of their shorter 

length and low molecular weight.  Additionally, they can be efficiently synthesized 

which is required to provide consistent and stable data (Atta-ur-Rahman 2018; 

Chaturvedi 2009). 
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1.3 Statement of Purpose: Addressing Critical Needs with a 

Multidisciplinary Approach 

Considering all the aforementioned aspects of the bonded esthetic 

restorations, it is clear that the integrity of the adhesive-based interface is crucial 

for their performance. The breakdown of the vulnerable interface results in RC and 

eventual failure of the restoration. Consequently, two critical needs have arisen to 

resist RC: 1. Resisting all exogenous and endogenous waterborne degradative 

agents including water, acids and enzymes; and 2. Resisting all exogenous and 

endogenous bacteria-mediated degradation (Figure 1.6). 

 

 

Figure 1.6. Schematic representation of the critical needs to address the 
multifactorial interfacial failure of adhesive-based esthetic restorations. 
 
 

Many attempts have been made to address these two needs separately (the 

most relevant previous trials are further detailed in the introduction of the first 

manuscript, Chapter 3); however, neither of the two needs has been completely 

solved yet. This may be attributed to the heterogenicity of the interface 
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components (enamel, dentin, adhesive, and restorative resin composite) as well 

as the multifactorial etiology of this clinical problem. Thus, studying this problem 

from the scope of a single discipline could not stand up to this multifaceted 

challenge. Furthermore, in some studies, the conclusions were far from providing 

a reliable clinical translational technology because of unrepresentative 

experimental models or some suggested solutions for one aspect negatively 

affected the other one. Certainly, comprehensively addressing these critical needs 

is beyond a single scope and field of knowledge.  In this PhD dissertation, I pursued 

multidisciplinary training and gained knowledge in biomaterials, microbiology, 

advanced bioimaging and biomechanics and integrated them with my  clinical 

expertise to design a novel restorative technology tackling both critical needs 

simultaneously. This technology is presented in chapters 3, 4, and 5 of this 

dissertation in the form of three manuscripts that focused on the proof of concept; 

structural and functional analysis; and  translational interpretation, respectively 

(Figure 1.7).  

 

 
 
Figure 1.7.   Schematics for our multidisciplinary approach to address the 
multifactorial interfacial failure of bonded esthetic restorations. 
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Research Hypotheses 
 
1. Coating dentin with AAMPs produces a highly-hydrophobic dentin and reduces 

multispecies plaque biofilm growth compared to non-coated dentin. 

2. AAMPs-treated dentin-composite interface reduces water penetration and  

multispecies plaque biofilm growth along the interface compared to a non-treated 

interface and thus, improving the degradation resistance at the dentin-composite 

interface. 

 
The above hypotheses were tested by three specific aims described below: 
 
 
First Aim (First-tier Protection) 
 
1. Development of AAMPs-coated highly-hydrophobic dentin 

Hypothesis: Coating dentin with AAMPs that have strong amphipathic 

properties produces a highly-hydrophobic dentin that resists water-mediated 

degradation compared to non-coated dentin. 

Aim 1 is addressed in our first manuscript (chapter 3) and the structural-

functional analysis to understand and tailor the properties of AAMPs coatings 

is addressed in our second manuscript (chapter 4). 

 

Second Aim (Second-tier Protection) 
 
2. Development of AAMPs-coated antibiofilm dentin 

Hypothesis: Coating dentin with AAMPs that have antibiofilm potency reduces 

multispecies plaque biofilm growth compared to non-coated dentin. 
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Aim 2 is addressed as a proof of concept in our first manuscript (chapter 3) and 

fully validated, including a translational ex vivo model, in our third manuscript 

(chapter 5). 

 

Third Aim (Degradation Resistance of the Interface) 
 
3. Improving the degradation resistance of the vulnerable dentin-composite 

interface via hydrophobic and antibiofilm AAMPs coatings on dentin 

Hypothesis: Highly-hydrophobic and antibiofilm AAMPs-treated dentin-

composite interface resists different modes of degradation compared to non-

treated interface. 

Aim 3 is presented as follows: the resistance of AAMPs-treated dentin-

composite interface to water-mediated degradation is addressed in our first 

manuscript (chapter 3); the supplementary material of our second manuscript 

(chapter 4); and the resistance of AAMPs-treated dentin-composite interface to 

bacteria-mediated degradation is addressed in our third manuscript (chapter 

5). 
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Chapter 3 

 

 

 

 

Hydrophobic and Antimicrobial Dentin:  
A Peptide-based 2-tier Protective 

System for Dental Resin Composite 
Restorations  

 
This chapter consists of the manuscript under review 

at a journal in the biomaterials field   
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Synopsis 

Dental caries, i.e., tooth decay mediated by bacterial activity, is the most 

widespread chronic disease worldwide. Carious lesions are commonly treated 

using dental resin composite restorations (DCR). However, DCR are prone to 

recurrent caries (RC), i.e., reinfection of the surrounding dental hard tissues. RC 

is mainly a consequence of waterborne and/or biofilm-mediated degradation of the 

tooth-restoration interface through hydrolytic, acidic and/or enzymatic challenges. 

Here we use amphipathic antimicrobial peptides to directly coat dentin to provide 

DCR with a 2-tier protective system, simultaneously exploiting the 

physicochemical and biological properties of these peptides. Our peptide coatings 

modulate dentin’s hydrophobicity, impermeabilize it, and are active against 

multispecies biofilms derived from caries-active individuals. Therefore, the 

coatings hinder water penetration along the otherwise vulnerable dentin-

restoration (d/r) interface, even after in vitro aging, and increase its resistance 

against degradation by water, acids, and saliva. Moreover, they do not weaken the 

DCR mechanically. The peptide-coated highly-hydrophobic dentin is expected to 

notably improve service life of DCR and to enable the development of entirely 

hydrophobic restorative systems. The peptide coatings were also antimicrobial and 

thus, they provide a second tier of protection preventing re-infection of tissues in 

contact with restorations. 
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3.1 Introduction  

Dental caries is a pathologic process caused by bacterial activity that results 

in localized dental cavities. It is the most widespread chronic disease worldwide. 

The World Health Organization has estimated that 5,000 million people suffer from 

dental caries. Nearly 100% of adults and 60–90% of school children have carious 

lesions (World Health Organization 2012) and their treatment consumes 5–10% of 

the healthcare budget in industrialized countries. Thus, preventing and treating 

dental caries constitutes a major global public health challenge (Wold Health 

Organization 2017; World Health Organization 2003).   

 

Filling tooth cavities with direct dental resin composite restorations (DCR) 

is the most popular treatment for restoring the esthetics and function of teeth 

affected by dental caries (Benjamin. 2010).  However, DCR have a limited lifespan, 

which is as short as 4.5 years (Burke et al. 2001; Forss and Widstrom 2001; NIDCR 

Strategic Plan 2009-2013; Rho et al. 2013; Wilson et al. 1997). Every extra surface 

included in a restoration increases the failure risk by 30-40% (Opdam et al. 2014). 

Also, replacement of failed DCR results in progressively larger cavities and, 

ultimately, destruction of the tooth structure (Brantley et al. 1995). Replacement of 

failed restorations constitutes about 50–70% of all operative dentistry work 

(Deligeorgi et al. 2001; Mjör et al. 1990; Murray et al. 2002), which is the most 

common procedure in general dentistry (Sunnegårdh-Grönberg et al. 2009).  
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The two main reasons for DCR failure are recurrent caries (RC) and 

restoration fracture (Bernardo et al. 2007). RC at the margin of an existing 

restoration (Mjor and Toffenetti 2000) is the main cause of failure 3 years or later 

after its placement (Astvaldsdottir et al. 2015). In a typical dental practice, 60% of 

all restoration replacement is due to RC (Mo et al. 2010). Resin-based bonding 

agents are used to adhere the composite filling to the dental tissues (enamel and 

dentin). DCR are most vulnerable at the dentin/restoration (d/r) interface (Spencer 

et al. 2010), where gaps can develop over time (ADA Council on Scientific Affairs 

2003; Waidyasekera et al. 2009). These gaps enable passage of bacteria from the 

oral environment which eventually colonize the exposed dental tissues and initiate 

RC (Ferracane 2011; Kermanshahi et al. 2010). 

  

It has been well established that water sorption significantly degrades the d/r 

interface (Hashimoto et al. 2008; Ito et al. 2005). However, since dentin is hydrated 

and intrinsically moist, manufacturers have incorporated increasing concentration 

of hydrophilic monomers in DCR bonding agents to increase their infiltration into 

dentin (Van Landuyt et al. 2007). The highly hydrophilic adhesive resins can act as 

semi-permeable membranes that allow intrinsic and extrinsic water exchanges at 

the d/r interface (Tay and Pashley 2003). Intrinsic water from dentin compromises 

polymerization of the infiltrating resin, making it more prone to degradation. The 

result of resin degradation is that the previously resin-infiltrated collagen matrix is 

exposed and becomes vulnerable to attack by proteolytic enzymes (Pashley et al. 

2004). Additionally, the adhesives cannot displace the free and loosely bound water 
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from the collagen interfibrillar spaces (Kim et al. 2010; Sauro et al. 2009). Intrinsic 

water that accumulates at the d/r interface results in another internal biodegrading 

mechanism of the DCR, the so-called nanoleakage (Sano et al. 1995). Extrinsically, 

the semipermeable adhesive resin enables penetration of oral fluids, enzymes, and 

acidic bacterial products through the d/r interface, which further undermines the 

restoration and eventually leads to gap formation and RC (Sano 2006). 

 

As mentioned above, biofilm accumulated around DCR can cause RC by 

colonizing the exposed dentin surfaces at the compromised interface, which 

eventually leads to replacement of the DCR. Prior to that, the activity of the bacteria 

can also accelerate degradation of the bulk and interfacial restorative materials, 

and demineralize tooth tissues. The bacterial production of organic acids lowers the 

pH of the oral microenvironment, eroding the hydroxyapatite in enamel and dentin, 

and catalyzing hydrolysis of the adhesive (Spencer et al. 2014). The latter is also 

aided by esterases secreted by the bacteria. The resulting exposure of the soft 

underlying collagenous dentinal matrix allows further infiltration by the pathogenic 

biofilm (Bourbia et al. 2013; Spencer et al. 2014). Thus, incorporating antimicrobial 

agents at the d/r interface might prevent its colonization by biofilm and hinder RC, 

even if the d/r interface fails.  

 

There have been several in vitro attempts to reduce the hydrolytic 

degradation of DCR materials as well as the bacterial burden and bacteria-

mediated biodegradation at the d/r interface. Strategies to minimize the degradative 
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effects of water have included chemical dehydration that renders acid-etched dentin 

less hydrophilic, allowing the use of relatively hydrophobic monomers for the 

adhesive (Sadek et al. 2010). Another approach is to add an unsolvated 

hydrophobic coating to the adhesive layer to decrease the relative concentration of 

retained solvents and unreacted monomers, making it less prone to degradation 

over time (Sezinando et al. 2015). Recently, Cao et al. fabricated a 

superhydrophobic light-cured coating on the surface of DCR to prevent 

microleakage (Cao et al. 2017). This coating was made from photo-crosslinked 

polyurethane (PU) and organic fluoro group-functionalized SiO2 nanoparticles. To 

address bacteria-mediated degradation, antimicrobial monomers, such as 

methacryloyloxydodecylpyridinium bromide (MDPB) , have been incorporated in 

dental resins of DCR (Imazato et al. 1995). Solubilized MDPB penetrates the 

bacterial cell wall and effectively kills the bacteria; however, the bactericidal effect 

of MDPB is reduced after immobilization in the resin matrix (Imazato et al. 1995). 

Alternative cationic antimicrobial molecules have been used. For example, 

cetylpyridinium chloride shows significant bacteriostatic effect against 

Streptoccocus mutans, even after immobilization in the resin matrix (Namba et al. 

2009). However, further studies are needed to examine its antibacterial effect 

against other pathogens in the diverse microbial community of oral biofilms. 

Numerous attempts to incorporate chlorhexidine (CHX) as an antimicrobial agent 

in the restorative procedures have also been made. However, CHX reduces the 

degree of conversion of the resin and, thus, significantly compromises the 

mechanical properties of the adhesive (Cadenaro et al. 2009). In addition, CHX 
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leaches out of the hybrid layers, limiting its long-term effectiveness. Recently, 

Xianju et al. developed a novel adhesive with protein-repelling and antimicrobial 

functions by combining nanoparticles of amorphous calcium phosphate, 

dimethylaminohexadecyl methacrylate  and 2-methacryloyloxyethyl phos-

phorylcholine  (MPC) monomers (Xianju Xie 2017). However, MPC, which is the 

protein-repelling component, is hydrophilic and, consequently, susceptible to 

degradation by at least some of the aforementioned waterborne degradative 

agents. To the best of our knowledge, no studies have yet been conducted to 

address simultaneously and effectively water- and bacteria-mediated degradation 

of d/r interfaces.  

 

Here, we present a 2-tier protective system for DCR consisting of 

amphipathic antimicrobial peptides (AAMPs) used simultaneously as modulators 

of dentin hydrophobicity and anti-biofilm agents at the d/r interface. The ultimate 

goal of this biomolecular technology is to increase the degradation resistance and, 

thus, service life of DCR by delaying, if not preventing altogether, the occurrence 

of RC.  

 

The first tier of protection relies on the selection of strong amphipathic 

peptides to coat dentin. Amphipathic peptides contain hydrophilic and hydrophobic 

amino acid residues that, upon molecular arrangement, can be positioned on 

opposite sides of the molecule. This structural arrangement confers the 

amphipathic properties to the molecule (Brogden 2005). This confers dual 
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hydrophobic and hydrophilic characters to the peptide. We hypothesize that by 

proper organization of the molecules in relation to the dentin surface, the 

amphipathic peptides can produce a highly-hydrophobic dentin surface at the d/r 

interface. We further hypothesize that AAMPs-coated hydrophobic dentin will 

prevent water diffusion along and across the d/r interface, providing protection 

against degradation of dentin and restorative materials mediated by water and 

waterborne  degrading agents.  

 

The second tier of protection relies on the selection of antimicrobial peptides 

to coat dentin. Cationic host defense antimicrobial peptides have received strong 

interest as potentially new antibacterial therapeutics (Bechinger and Gorr 2017), 

representing an alternative to antibiotics to which bacteria have become adaptive 

and resistant (Fjell et al. 2011; Hancock and Sahl 2006). Thousands of 

antimicrobial peptides have been identified and catalogued (Wang et al. 2009) but 

only a few hundreds have shown anti-biofilm activity (Di Luca et al. 2015). A much 

lower number of those have proven effective against pathogenic biofilms related 

to oral diseases, e.g., periodontitis and peri-implantitis. We hypothesize that 

AAMPs-coated dentin will hinder cariogenic biofilm growth at the d/r interface.  

 

Noteworthily, many antimicrobial peptides are also amphipathic to a certain 

degree. This is because their cationic charges and amphipathic conformation allow 

increased interaction with the negatively charged and lipid-rich bacterial 

membranes. These peptides then have access to bacterial membranes and 
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intracellular targets (Bechinger and Gorr 2017). Among the available AAMPs, we 

have selected for this study the 13-aminoacid L-GL13K peptide and its D-

enantiomer, D-GL13K, to coat dentin surface and test the aforementioned 

hypothesis. L-GL13K was derived from a natural sequence of the salivary protein 

BPIFA2 (previously known as Parotid Secretory Protein, PSP) (Abdolhosseini et 

al. 2012; Gorr et al. 2008; Hirt et al. 2018). Both L-GL13K and D-GL13K contain 

31%/54% hydrophilic/phobic residues and have exhibited excellent antibacterial 

activity against planktonic and biofilm bacteria, covering Gram-positive and Gram-

negative representatives (Hirt and Gorr 2013) (Bechinger and Gorr 2017; Hirt et 

al. 2018). We have reported that GL13K immobilized on metallic surfaces through 

covalent attachment forms a highly hydrophobic coating with high anti-biofilm 

activity against oral pathogens and early colonizers of the oral tissues (Chen et al. 

2014; Holmberg et al. 2013). L-GL13K also has a favorable toxicity profile (Chen 

et al. 2014; Hirt and Gorr 2013) with L-GL13K-coated titanium surfaces showing 

no cytotoxic effects on osteoblasts and fibroblasts (Holmberg et al. 2013). 

Meanwhile, the all-D-amino acid version, D-GL13K has been reported to be 

protease-resistant with notable antimicrobial potency against Enterococcus 

faecalis and Streptococcus gordonii (Hirt and Gorr 2013; Hirt et al. 2018). 

 

3.2 Materials and Methods 

3.2.1 Peptide Synthesis  

L-GL13K (GKIIKLKASLKLL-NH2) (Figure 3.1) and D-GL13K (Gkiiklkaslkll-

NH2) peptides were synthesized (purity >98%) by AAPPTec (Louisville, KY, USA) 
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using solid-phase 9-fluorenylmethoxy carbonyl (Fmoc) chemistry and delivered as 

lyophilized trifluoroacetic acid, TFA, salt.  

  
Figure 3.1. Amphipathic antimicrobial peptide, GL13K. Amino-acid sequence 
of the GL13K peptide showing hydrophobic (green) and hydrophilic (red) 
residues, including positively charged amino acids (dark blue). Reported physical 
and chemical properties of GL13K peptide were obtained from the BaAMPs-
Biofilm-active AMPs database 
(http://www.baamps.it/browse?task=peptide.display&ID=106, last access 
September 04, 2018). 
 

3.2.2 Peptide Coatings on Dentin  

Bovine incisors were stored in 0.1% thymol solution at 4 °C before being 

used. Coronal dentin slabs were cut using a diamond saw (IsometTM, Buehler, 

Lake Bluff, IL, USA). Each crown was split through its mid-dentin region resulting 

in two dentin-faced slabs lined by either enamel or the pulp chamber (Cut dentin). 

Then, the dentin slabs were total-etched with 32% phosphoric acid gel 

(Scotchbond™ Universal Etchant, 3M, St. Paul, MN, USA) for 15 s, rinsed with 

water for 10 s, and gently air-dried for 10 s (Etched dentin) (Figure 3.2).   

 

L-GL13K solutions at 1 mg/ml concentration were prepared by re-

suspending the lyophilized peptide powder in Na2Co3 buffer solution (pH = 9.5). 

The dentin slabs were incubated with a thin layer of L-GL13K solution at 37 °C for 

5 min and dried by gentle airstream for 60 s (Single coating) or rinsed with 

G K I I K L K A S L K L L
GL13K Peptide

NH2

Peptide 
Name

Hydrophobicity
[CCS] 

Hydrophobic
Mom [CCS]

Charge at 
pH=7

Isoelectric 
point

Molecular
Weight
[g/mol]

GL13K
GKIIKLKASLKLL

0.677 1.862 3.975 11.278 1423.99
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absolute ethanol  for 10 s (Single coating-EtOH). Dentin slabs with two coatings 

of L-GL13K were obtained by repeating the above procedures on single-coated 

dentin slabs (Double coatings and Double coatings-EtOH).  An alternative 

method for drying the samples was also tested. Peptide double-coated dentin 

samples were rinsed with a series of water solutions with increasing ethanol 

concentration (50%, 70%, 80%, 95% and 100%) for 20 s each (Double coatings-

Prog.EtOH). Control samples were Cut dentin, Etched dentin, and dentin slabs 

treated with Na2CO3 buffer solutions following all of the previously described 

protocols in the absence of L-GL13K. 

 
Figure 3.2. Peptide coatings on dentin. Schematics of the different procedures 
for dentin conditioning/coating with amphipathic peptides. See text for detailed 
description of sample preparation. AAMP: amphipathic antimicrobial peptide; 
EtOH: absolute ethanol solution. 
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3.2.3 Resistance of Peptide-Coatings to Ultrasonication and  Saliva-

mediated Challenges  

Peptide coatings resistance to degradation was determined by ultrasonication and 

exposure to saliva, respectively. Peptide-coated and control dentin samples were 

challenged by ultrasonication (S-30, Sonicor INC, West Babylon, NY, USA) in 

water for 15 min; and by incubation, at  37 °C, in freshly collected saliva on a daily 

basis for three consecutive days. Unstimulated saliva was collected passively for 

around 20 min into a conical glass tube on ice. Eating, drinking, and applying oral 

hygiene procedures were refrained for at least 1 hour prior to saliva collection. 

Samples exposed to the different challenges were dried by gentle airstream for 60 

s before further characterization. 

3.2.4 Hydrophobicity of Peptide-coated Dentin  

Hydrophobicity of L-GL13K-coated and control dentin slabs was determined 

using a contact angle meter (DM-CE1, Kyowa Interface Science, Niiza-City, 

Japan) before and after ultrasonication and saliva-mediated challenges. Dynamic 

water contact angles (WCA) were determined using the sessile-drop method. Two 

µl drops of de-ionized water were dispensed on the tested surfaces and their 

dynamic wetting was tracked for 21 s at a frequency of 1 Hz. We used the FAMAS 

software (Kyowa Interface Science, Niiza-City, Japan) to capture water drop 

images, to detect drop profiles, to measure WCA, and to measure dispensed and 

remaining water volume on the tested surfaces.  
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3.2.5 Impermeability and Acid Resistance of Peptide-coated Dentin  

We determined the impermeability of peptide-coated dentin by assessing 

the penetration of a water-based acidic dye through L-GL13K-coated dentin. We 

compared the impermeability of peptide-coated dentin to control dentin treated by 

Na2CO3 buffer. All surfaces of dentin slabs were painted with two layers of acid 

resistant nail varnish with the exception of the dentin surface that was treated with 

L-GL13K peptides (Double coatings-Prog.EtOH) or control buffer solutions. Then, 

dentin slabs were immersed in cupric sulfate (CuSO4) acidic blue dye (pH=3.4) for 

4 hours. The samples were sectioned longitudinally, faciolingually, or transversely 

and penetration of the blue dye was determined using a Stereo-microscope 

(MVX10, Olympus, Tokyo, Japan). We also assessed the impermeability of L-

GL13K-coated and control dentin slabs after being challenged with saliva. 

 

3.2.6 Impermeability and Fracture Resistance of Peptide-treated Dentin-

composite Discs 

Sample preparation and groups tested 

Roots of bovine teeth were used to prepare restored dentin-composite discs 

(Figure 3.3). After the crowns and apical thirds of each tooth were cut off, the root 

canals were enlarged to 2 mm in diameter, using 1.9-mm diameter fiber post drills 

(RelyX™ Fiber Post, 3M, St. Paul, MN, USA). The outer surface of the roots was 

trimmed down to 5 mm in diameter using a lathe to remove cementum and external 

layers of dentin,. The obtained dentin tubes (5 mm in outer diameter and 2 mm in 

inner diameter) were rinsed and stored in distilled water at 4 °C until the restorative 
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procedures. The radicular dentin tubes were randomly divided into 4 groups (n=7), 

according to the restorative treatments: 

 

- Group C: restored roots using dental resin Composite with bonding agent. 

Dentin was not coated with L-GL13K peptides. Positive control group.  

- Group CWBA: restored roots using dental resin Composite Without 

Bonding Agent. Dentin was not coated with L-GL13K peptides. Negative 

control group. 

- Group C13: restored roots using dental resin Composite with bonding agent 

on L-GL13K-coated dentin. Test group. 

- Group C13WBA: restored roots using dental resin Composite Without 

Bonding Agent on L-GL13K-coated dentin. Test group. 

 

All roots were total-etched as described above. Samples in groups C13 and 

C13WBA were peptide coated following the protocol that produced the most 

hydrophobic dentin (Double coatings-Prog.EtOH). In samples of groups C and 

C13, the bonding agent (Scotchbond™ Universal Adhesive, 3M, St. Paul, MN, 

USA) was scrubbed on the dentin walls for 20 s, dried with gentle air for 5 s, and 

cured for 10 s using a 1200 mW/cm2 led curing unit (EliparÔ S10, 3M, St. Paul, 

MN, USA). All samples were finally restored with Filtek™ Z250 Universal 

Restorative (3M, St. Paul, MN, USA) in 2 mm increments by condensing the 

composite vertically and against the dentin walls with a plastic dental plugger. The 

composite was cured for 20 s. The restored dentin cylinders were sliced using a 
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pre-calibrated template into 2-mm thick dentin-composite discs and were stored in 

distilled water at 4oC until testing. 

 

 
Figure 3.3. Method of preparation of restored dentin discs. The restored discs 
were used for assessing fracture resistance using the diametral compression test 
or permeability at the d/r interface using micro-computed tomography (micro-CT, 
µCT). See text for the detailed description of this method of sample preparation. 
 

Impermeability of Dentin/Composite Interfaces  

Each group contained 1 disc from each of 7 teeth (N=7), so that we 

overcome potential tooth dependency concerns (Armstrong et al. 2017). The discs 

were double painted with a nail polish except for both sides of the composite and 

a 1-mm circumferential perimeter of dentin ensuring complete exposure of the d/r 

interface (Figure 3.3). The specimens were submerged in a radiopaque silver 
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nitrate solution (AgNO3, 50% w/w) for 2 hours in a light protected environment and 

then, thoroughly rinsed.  

 

The volume of dye leakage along d/r interfaces was visualized and 

quantified using X-ray micro-computed tomography (micro-CT) (XT H 225, Nikon 

Metrology Inc., Tokyo, Japan). Samples were piled in stacks of 4 for micro-CT 

scanning (Figure S3.1) inside a transparent tube mounted on a custom made 

TeflonTM ring. This ring is used to securely screw the samples to the sample holder 

inside the micro-CT chamber to avoid sample movement during scanning. Each 

group of 4 stacked discs was scanned with the following parameters: 95 kV, 105 

μA, 720 projections and 4 frames per projection. The 3D spatial reconstructions 

were done with CT Pro 3D (Nikon Metrology, Brighton, MI, USA). The processed 

3D files were visualized with VG Studio MAX 2.1 (Volume Graphics GmbH, 

Heidelberg, Germany). We specified a region of interest around the interfaces to 

quantify the leaked dye exclusively within this region. Also, the leaked dye volume 

along the interface was quantified from top to bottom for comprehensive unbiased 

evaluation. 

 
We assessed the degradation resistance of peptide coatings and its effects 

on the impermeability at peptide-coated d/r interfaces. We aged the restored discs 

for 3 months in water followed by 2,500 thermal cycles (Thermo Neslab EX-7 

circulating bath, Marshall Scientific, Hampton, NH, USA) between 5oC-55oC with 

30 s dwell time and 5 s transfer time.  The aged samples were immersed in the 
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radiopaque dye, scanned, visualized and quantified for volume of leaked dye at d/r 

interfaces.  

 

Fracture Resistance of Restored Discs  

The aforementioned radicular dentin-composite discs (Figure 3.3) were 

tested using diametral compression for investigating their fracture resistance with 

and without L-GL13K coating. Teeth roots were randomly assigned to be restored 

according to the previously described four restorative procedures.  Twenty-two 

discs in each group were prepared for assessing their fracture resistance. The 

diametral compression test was carried out using a Universal Mechanical Test 

Machine (858 Mini Bionix, MTS, Eden Prairie, MN, USA), with the disc located 

between two flat and parallel steel components (Figure  3.6 A). The compression 

load was applied in stroke-control mode at a cross-head speed rate of 0.5 mm/min 

to fracture the samples. The load and displacement time histories were recorded 

during the loading process. Most of the discs deformed linearly with increasing 

load until fracture took place. 

 

3.2.7 Antimicrobial Potency of Peptides and Peptide-coatings  

Peptides and Bacteria tested 

For assessing antimicrobial activity of peptides and peptide coatings we 

used D-GL13K peptides. D-GL13K peptides have demonstrated higher 

antimicrobial activity and lower bacterial resistance than L-GL13K peptides (Hirt et 

al. 2018). Theoretically, D-GL13K has the same charge and amphipathic 
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properties as L-GL13K and thus, the two peptides produced coatings with notably 

similar hydrophobicity (see results section). 

Dental clinical plaque samples were collected from 10 caries active subjects 

following procedures approved by the University of Minnesota Institutional 

Review Board (Study #1403M48865) and used here by courtesy of Dr. Robert S. 

Jones. Plaque was immediately transferred to a 10 ml pre-reduced Brain-Heart 

Infusion medium (BBL Brain Heart Infusion, Becton, Dickinson and Co, Sparks, 

MD, USA) with no exogenous carbohydrates added.   This inoculum was 

transferred to an anaerobic chamber, and initial stocks of the ten subjects were 

made after 24 hours of growth as described elsewhere (Reilly et al. 2014).  

Biomass adherence was measured for each subject using a microtiter 

plate biofilm assay with crystal violet (CV) staining. The plaque sample with the 

highest adherence (data not shown) was selected to assess the antimicrobial 

and antibiofilm potency of peptides and peptide coatings. 

  

Minimal Inhibitory Concentration (MIC) 

Planktonic bacteria were grown anaerobically in modified BHI medium (BHI; 

RM188, HiMedia, West Chester, PA, USA) (Table S3.1) overnight. The bacterial 

suspension was adjusted to optical density, (OD)600 = 0.2±0.01 and then diluted 

1:20. D-GL13K was dissolved in 0.01% acetic acid and added to sterile 96-well 

polypropylene microtiter plates at increasing 2-fold serial dilutions (0-512 μg/ml). 

Modified BHI medium without peptides was used as a control. Plaque bacteria 

were inoculated to a final concentration of 5.0×105 CFU/ml per well. The plates 

were incubated at 37 °C for 24 hours under continuous shaking at 200 rpm. After 
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24 h of peptide treatment, absorbance at 600 nm was measured using a microtiter 

plate reader (Bio-Tek Instruments, Winooski, VT, USA). The MIC was determined 

as the lowest concentration of peptide at which no growth of bacteria was detected 

(de la Fuente-Nunez et al. 2012).  

 

Antibiofilm Potency of D-GL13K in Solution  

Five ml of modified BHI medium was inoculated with bacteria, incubated 

overnight and the final inoculum was adjusted as mentioned above. Sterile 48-well 

non-treated polystyrene plates were used with modified BHI media, without 

peptides, as a control. For testing biofilm inhibition potency of peptides in solution, 

three different D-GL13K concentrations (100 μg/ml, 50 μg/ml, 25 μg/ml; n= 6) were 

added to the plaque suspension at the beginning of biofilm development, incubated 

anaerobically at 37°C for 6 days under shaking. After formation of a 2-day-old 

biofilm, the medium was replaced with fresh media without peptides.  The 

remaining biofilm was stained with 0.1% CV and then, evaluated qualitatively using 

an inverted fluorescent microscope (Axiovert 40 CFL, ZEISS, Oberkochen, 

Germany) and a stereo microscope. After dissolving the stained biofilm in 30 % 

acetic acid, the biomass was quantified using a microtiter plate reader at OD 550 

nm. 

 

Antibiofilm Potency of D-GL13K Coatings on Hydroxyapatite Discs 

Hydroxyapatite (HA; Clarkson Chromatography, South Williamsport, PA, 

USA) discs were first autoclaved. Control discs were etched using 32 % 

phosphoric acid gel for 15 s followed by 10 s water-rinse and 10 s air-dry. Peptide-
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coated discs were etched and then, double coatings were applied at a 

concentration of 1 mg/ml followed by air-dry for 60 s. Non-treated 24-well 

polystyrene plates were marked for peptide-coated and control groups (n=12 for 

each group). In each well, the disc was inoculated with 200 µl of the 

aforementioned adjusted inoculum and then 1.8 ml of fresh modified BHI media 

was added. The plate was incubated for 48 h at 37 oC in the anaerobic chamber 

under shaking. Measurements of remaining bioburden and Live/Dead viability 

assay were performed to determine the antibiofilm potency of the peptide-coatings. 

  

Qualitative and Quantitative Analysis of the Remaining Bioburden 

Each HA disc was washed with 1XPBS by immersion once followed by 

rinsing to remove the unattached bacteria. The discs were stained with 0.1 % CV 

solution for 15 min at room temperature. The excess CV satin was washed off 

with Milli-Q® ultrapure water. For quantitative analysis, the stained biofilm was 

solubilized in 30 % acetic acid and measured at OD 550 nm using a microtiter 

plate reader. 

 

Live/Dead Viability Assay  

The HA discs were gently submerged into 0.9% NaCl to remove the 

unattached bacteria. Working solution of fluorescent stains was prepared for 

Live/Dead assessment (L7012, LIVE/DEAD BacLight Bacterial Viability Kit, 

ThermoFisher Scientific, Waltham, MA, USA) by adding 3 μL of SYTO® 9 green 

stain and 3 μl of Propidium iodide red stain to 1 ml of sterilized Milli-Q® ultrapure 

water. 100 μl of staining solution was added very gently so as not to disturb the 
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biofilm. After 20–30 min in light-protected incubation at room temperature, the 

discs were examined using 40x water immersion lens with an upright fluorescence 

microscope (Eclipse E800, Nikon, Tokyo, Japan). 

 

3.2.8 Statistical Analysis 

Statistical analysis was performed using R software, version 3.3.2 (64-bit), 

for statistical computing and graphics (supported by the R Foundation for 

Statistical Computing) (R Core Team 2013). Parametric statistical tests were 

applied after assessing data normality using Q-Q plot. Means and standard 

deviations of WCA as well as quantified biofilm values were calculated and 

analyzed by two-tailed two-sample t-test. α = 0.05 was used as cutoff for 

statistical significance. For leaked dye volume and fracture loads, univariate 

ANOVA and post hoc multiple comparisons were applied to isolate and compare 

the significant results at a 5% significance level.  

 

3.3 Results 

3.3.1 Hydrophobicity of Peptide-coated Dentin  

Results on the wettability of etched dentin coated with GL13K are presented 

in Table 3.1, Figures 3.4 A and Figure 3.4 B. WCA of Cut dentin was 60ᴼ ± 5ᴼ. 

Etched dentin became notably hydrophilic with WCA decreasing to 20ᴼ ± 5ᴼ and 

∆WCA being 25ᴼ over 21 s. All methods of coating dentin with L-GL13K resulted 

in a significant increase in its hydrophobicity and decrease of ∆WCA compared to 

Etched dentin. WCA values for L-GL13K-coated dentin varied from 55ᴼ ± 9ᴼ for 
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Single coating-EtOH to 120ᴼ ± 5ᴼ for highly hydrophobic Double coatings-

Prog.EtOH. Single coating, produced a hydrophobic dentin surface with WCA = 75 

± 11ᴼ. When all other treatment conditions were the same, peptide-coated dentin 

was significantly more hydrophobic than dentin treated with the control buffer 

solutions (with no peptides). In general, using ethanol as a rinsing/drying agent 

after peptide coating decreased values of ∆WCA compared to using water. Single 

and Double coatings of D-GL13K peptides on both bovine and human dentin also 

produced highly hydrophobic dentin surfaces with WCA ranging 95.9 ± 4.9ᴼ - 99.7± 

6.6ᴼ (Table S3.2). 
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Table 3.1. Water contact angles on bovine dentin treated with different conditioning and peptide-coating protocols. 
Columns from left to right; Etch: 32% phosphoric acid etched dentin; EtOH: 100% ethanol rinse; 1Coat: 1st peptide coating; 
2Coat: 2nd peptide coating; H2O: water rinse;  Prog.EtOH: progressive alcohol dehydration (50%, 70%, 80%, 95% and 
100% ethanol); WCA±S.D.: final water contact angle ± standard deviation (n=7); ∆ WCA: average variation of WCA over 
time (21s). Rows, from top to bottom; Cut Dentin: freshly cut coronal dentin; Etched Dentin: dentin etched with 32% 
phosphoric acid; Buffer-1coat- H2O: 1st buffer (Na2CO3) coating followed by water rinse; Buffer-1coat- EtOH: 1st buffer 
(Na2CO3) coating followed by 100% ethanol rinse; Buffer-2coats-2C-Prog.EtoH: 2nd buffer (Na2CO3) coating followed by 
progressive alcohol dehydration (50%, 70%, 80%, 95% and 100%); L-GL13K-1coat-EtOH (Single coating-EtOH): 1st L-
GL13K coating followed by 100% ethanol rinse; L-GL13K-1coat-H2O (Single coating): 1st L-GL13K coating followed by 
water rinse; L-GL13K-2coat-H2O (Double coatings): double L-GL13K coating followed by water rinse; L-GL13K-2coats-
EtOH Priming: double GL13K coating preceded by 100% ethanol priming; GL13K-2coats-1C-EtoH: double GL13K coatings 
separated by 100% ethanol rinse; L-GL13K-2coats-2C-EtoH (Double coatings-EtOH): double L-GL13K coatings followed 
by 100% ethanol rinse; L-GL13K-2coats-2C-PrEtoH (Double coatings-Prog.EtOH): double L-GL13K coatings followed by 
progressive alcohol dehydration (50%, 70%, 80%, 95% and 100%). 

 
 Pre-coating 

(conditioning) 
1st coating 

 2nd coating WCA±S.D. 
[ᴼ] 

∆ WCA 
[ᴼ] Image 

Treatment  Etch EtOH 1coat EtOH 2coat H2O EtOH Prog.EtOH 
Cut Dentin 
         60±5 6 

 
Etched Dentin X        20±9 25  
Buffer-1coat- H2O X  X   X   45±11 20 

 
Buffer-1coat- 
EtOH X  X    X  45±10 5  
Buffer-2coats-2C-
Prog.EtoH X  X  X   X 60±12 18 
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L-GL13K-1coat-
EtOH (Single 
coating-EtOH) 

X  X    X  55±9 5 
 

L-GL13K-1coat-
H2O  
(Single coating) 

X  X   X   75±12 15 

 
L-GL13K-2coat-
H2O  
(Double coatings) 

X  X  X X   70±11 17 

 

L-GL13K-2coats-
EtOH Priming X X X  X    80±8 12 

 

L-GL13K-2coats-
1C-EtoH X  X X X    90±8 8 

 

L-GL13K-2coats-
2C-EtoH (Double 
coatings-EtOH) 

X  X  X  X  100±8 12 

 
L-GL13K-2coats-
2C-PrEtoH 
(Double coatings-
Prog.EtOH) 

X  X  X   X 120±5 4 
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Figure 3.4. Hydrophobic dentin and its impermeability before and after 
chemical, mechanical and saliva-mediated challenges. A) Dynamic water 

contact angles (WCA, average value, n=7) for cut and etched bovine dentin 

(controls) and dentin treated with amphipathic peptides following different 

protocols (see materials and methods section for description of the different dentin 

treatments); B) sessile water drop images and final WCA (average ± standard 

deviation, n=7) on bovine dentin before (cut and etched) and after peptide 

treatments; C) dentin impermeability: copper sulfate acidic dye penetration at the 

superficial and pulp overlaying dentin visualized using transmitted or reflected light 

illumination;  D) sessile water drop images and final WCA (average ± standard 

deviation, n=5) on buffer treated and peptide coated bovine dentin, before and 

after ultrasonication and saliva challenges, E) dentin impermeability after saliva-

mediated challenges: copper sulfate dye penetration through dentin visualized 

using transmitted or reflected light illumination. 

 

L-GL13K coated Control 

L-GL13K coated Control 
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3.3.2 Impermeability of Peptide-coated Dentin and Resistance to 

Ultrasonication, Acid, and Saliva-mediated Challenges 

We evaluated acidic blue dye penetration through dentin on peptide-coated 

and control buffer-treated (with no peptides) dentin samples. The dye thoroughly 

penetrated through the surface into deeper areas of control dentin compared to 

peptide-coated dentin. The dye penetration was hindered in peptide-coated dentin 

superficially and deeply close to the pulp chamber, where dentinal tissue has large 

dentinal tubules (Figure 3.4 C). Dentin hydrophobicity was maintained after L-

GL13K coatings were challenged by ultrasonication in water for 15 min, WCA = 

100ᴼ ± 5ᴼ; and exposure to fresh saliva for three days, WCA = 105ᴼ ± 5ᴼ (Figure 

3.4 D and Table S3.3). Also, peptide-coated dentin maintained its resistance to 

acidic dye penetration (Figure 3.4 E).  

 

3.3.3 Impermeability of the Peptide-treated Dentin/Restoration Interface 

           We quantified the volume of radiopaque dye that leaked through d/r 

interfaces using micro-CT, before and after aging in water for 3 months and 2,500 

thermal cycles (Figure 3.5). Visual evaluation was conducted from the top view 

(Figure 3.5 A), side view (Figure 3.5 B) as well as the 3D rendering (Figure 3.5 C) 

of restored discs. Leaking of the dye was notably hindered in the peptide-coated 

d/r interfaces (C13, C13WBA) compared to control non-coated d/r interfaces (C, 

CWBA). Before aging, the volume of leaked dye through the highly hydrophobic L-

GL13K-coated d/r interfaces was significantly lower than through non-coated d/r 

interfaces for both types of restorations; i.e., restorations with (C vs C13, p-value 
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= 0.0009) and without (C13WBA vs CWBA, p-value = 0.0008) application of 

bonding agent (Figure 3.5 D). Aged L-GL13K-coated d/r interfaces also 

significantly reduced the volume of leaked dye compared to non-coated d/r 

interfaces in both types of restorations with (C vs C13, p-value = 0.02) and without 

(C13WBA vs CWBA, p-value = 0.04) bonding agent (Figure 3.5 E). 

 

   Figure 3.5. (caption on the next page) 
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Figure 3.5. (images on the previous page): Micro-CT analysis of 
impermeability at the dentin-composite interface. (A) Top view and (B) side 

view of representative restored bovine dentin discs for each tested group showing 

silver nitrate (AgNO3) dye leakage (converted to yellow for easier visualization); 

(C) one representative stack of four restored dentin discs for each tested group 

showing the 3D rendering of the dye that leaked through dentin/composite 

interfaces and reconstruction of the micro-CT scans for one representative CWBA 

whole stack (last column). Quantification of the penetrated AgNO3 volume along 

dentin-composite interface (n=7) before (D) and (E) after aging by water storage 

and thermal cycling. C: (restored roots using composite with bonding agent; C13: 

restored roots using composite with bonding agent on L-GL13K-coated dentin; 

C13WBA: restored roots using composite without bonding agent on L-GL13K-

coated dentin; CWBA: restored roots using composite without bonding agent. Ends 

of horizontal bars connect groups with statistically significant different silver nitrate 

penetration volume (*, p-value < 0.05). Circles denote moderate outliers. 

 

3.3.4 Fracture Resistance of Peptide-treated Dentin-Composite Discs 

We assessed the fracture resistance of restored dentin discs with and 

without L-GL13K coatings using the diametral compression test (Figure 3.6). 

Fracture loads for restored discs with and without bonding agents were not 

significantly different between peptide-coated and non-coated discs (C vs C13, p-

value = 0.91 and CWBA vs C13WBA, p-value =0 .81) (Figure 3.6 B). L-GL13K-

peptide coated restorations with bonding agent, C13 had the highest fracture loads 

(427 N ± 72 N) of all restored disc groups. Notably, restorations prepared without 

bonding agent did not significantly reduce fracture loads for the discs with 

hydrophobic peptide coated dentin (C13 vs C13WBA, p-value = 0.21) but 

significantly reduced fracture loads for the discs without peptide coatings (C vs 

CWBA, p-value = 0.04). 



 
 
 

51 

 

Figure 3.6. Fracture resistance of restored dentin discs. A) Diametral 

compression test setting; B) boxplots of fracture loads of the restored dentin discs 

prepared with different treatments (n=22). C: restored roots using composite with 

bonding agent; C13: restored roots using composite with bonding agent on L-

GL13K-coated dentin; C13WBA: restored roots using composite without bonding 

agent on L-GL13K-coated dentin; CWBA: restored roots using composite without 

bonding agent. Ends of horizontal bars connect groups with statistically significant 

different fracture loads (*, p-value < 0.05). Circles denote moderate outliers.  

 

3.3.5 Antibiofilm Potency of Peptides and Peptide Coatings 

We assessed the MICs of D-GL13K against dental plaque samples from 

caries active individuals by measuring the absorbance at 600 nm after 24 hours of 

peptide treatment. Consistently, D-GL13K inhibited the bacterial growth down to a 

concentration of 1 μg/ml. We also assessed the antibiofilm potency of D-GL13K 

against the multispecies biofilm grown on microtiter plates (Figure 3.7 A). The 

results showed that the solution of 25 μg/ml D-GL13K significantly reduced plaque 

biofilm bio-volume (n=16, p-value = 0.004) by near 4-fold after 144 hours of 

treatment (Figures 3.7 A and B). The reduction of the remaining bioburden 

between test and control groups was also statistically significant after peptide 

immobilization, 1mg/ml D-GL13K, on HA discs (D-GL13K-coated HA discs) (n=6, 
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p-value=0.014) (Figure 3.7 C).  Likewise, live and dead viability assay showed 

notable differences between D-GL13K-coated discs and controls (Figure 3.7 D). 

The images showed that most of biofilm cells on control discs were alive (green) 

whereas most of cells were dead (red) on D-GL13K-coated discs (Figure 3.7 D). 

 

Figure 3.7. Antibiofilm potency of D-GL13K against multispecies biofilm 
derived from dental plaque. A) Stereomicroscope image of 6-day-old plaque 

biofilm covering the microtiter plate and stained with crystal violet dye without 

(bottom) or with (top) 25 mg/ml peptide treatment. B) Quantification of biofilm 

biovolume shown in A), C) Qualitative and quantitative assessments of the 

remaining bioburden on HA discs with (right) and without (left) D-GL13K coating, 

D) Merged live (green) and dead (red) viability assay images of 48-hour 

multispecies biofilm grown on HA discs with (bottom image) and without (top 

image) D-GL13K coating. Merged images showing bacteria stained with both 

SYTO-9 (live bacteria, green) and PI (dead bacteria, red). * denotes statistically 

significant differences (p-value < 0.05) between groups connected by horizontal 

bars. 
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3.4 Discussion 

Dental caries is a highly prevalent infectious disease that is widely treated 

with DCR. DCR currently have limited lifespan, mainly due to the occurrence of 

RC (Astvaldsdottir et al. 2015). Intrinsic and extrinsic water, together with 

waterborne agents such as acids and enzymes, degrade materials at the d/r 

interface leading to formation of interfacial microgaps (Spencer et al. 2010). Once 

the microgaps form, bacteria can colonize and form a biofilm at the d/r interface 

and eventually re-infect the dentinal tissues. Other investigators have attempted 

to improve the performance of DCR by either preventing their degradation or 

providing them with antimicrobial properties, but strategies that confer 

simultaneous protection against both material degradation and bacterial 

reinfection have not been explored to date. We hypothesized that coating/priming 

dentin with amphipathic and antimicrobial molecules, such as AAMPs, would 

provide the d/r interface with a 2-tier protective system; i.e., it hinders water 

penetration and, thus, waterborne degradation and confers antibacterial potency 

to the coated tissue. Here, we successfully developed hydrophobic dentin coatings 

made of an AAMP, L- and D-GL13K. We also proved the antibacterial properties 

of the D-GL13K coatings against multispecies biofilms. 

3.4.1 1st Tier of Protection: Hydrophobic and Impermeable L-GL13K-coated 

Dentin  

The intrinsic high hydrophilicity of dentin has driven the necessary 

development of hydrophilic resin primers/adhesives that properly interact with 

etched dentin to obtain a mechanically sound dentin-DCR bonding. However, the 
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water affinity of these resins leads to fast degradation of the materials forming the 

d/r bonding interface. Thus, we need to develop methods to obtain hydrophobic 

dentin surfaces that would hinder this degradation and will enable the use of 

hydrophobic restorative resins. 

 

Etching is required in DCR procedures for enhancing resin infiltration into 

the network of partially-demineralized collagen fibers to form the so-called hybrid 

layer. After etching, we assessed that dentin was highly hydrophilic (Figure 3.4 A 

and B, Table 3.1) as dentin contains water and the structure of the etched dentin 

is highly porous with high surface area. We recorded high DWCA for etched dentin 

due to both its affinity for water and water absorption into the nano- and 

microporous structure of the etched partially-demineralized dentin.  

 

All GL13K coating protocols that we applied on etched dentin produced 

hydrophobic dentin surfaces (Table 3.1, Table S3.2). GL13K peptides are cationic, 

amphipathic, and fold to secondary structures with increasingly ordered 

conformations in solutions with increasing pH (Bechinger and Gorr 2017). The 

cationic polar groups in a GL13K molecule are free amines located in four lysines 

distributed along the amino acid sequence and an additional amine in the N-

terminus of the peptide. These groups have high affinity for the hydrophilic/polar 

and negatively-charged etched dentin (Weerkamp et al. 1988). The strong 

interaction of the amine groups with dentin can favor the stable amphipathic 

conformation of the molecules by organizing and exposing non-charged apolar 
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amino acids at the dentin/air interface; i.e., away from the polar and charged dentin 

surface. We have previously shown transformation of GL13K from unordered to b-

sheet and a-helix conformations when the peptides interacted with an analogous 

substrate; i.e., negatively-charged bacterial model membranes (Bechinger and 

Gorr 2017). Here, the end result of these cooperative polar and electrostatic 

interactions between dentin and GL13K peptides was the formation of a stable 

hydrophobic coating on etched dentin. Additionally, DWCA for GL13K-coated 

dentin were significantly smaller than for etched dentin. This suggested that GL13K 

peptides were thoroughly and homogeneously distributed on dentin so that the 

peptides not only imparted hydrophobicity to the tissue but also hindered 

penetration of water through the dentin surface and into its porous structure. 

 

We tested different protocols for coating dentin with L-GL13K peptides to 

obtain the highest hydrophobicity (Table 3.1). We hypothesized that substituting 

water with absolute ethanol to rinse L-GL13K-coated dentin produces a quicker 

and more efficient dehydration of the tissue that results in higher WCA and lower 

DWCA. Using ethanol instead of water reduced DWCA, but did not increase WCA. 

This was consistent with the collapse and shrinkage of the collagen fibers in 

demineralized dentin upon alcohol rinsing (Osorio et al. 2010) that might have 

reduced dentin porosity and number of L-GL13K molecules exposed at the dentin-

air interface. We applied double coatings to increase the number of peptide 

molecules exposed at the dentin-air interface, which resulted in increasing dentin 

hydrophobicity. Finally, we tested a progressive dehydration rinsing protocol that 
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applied a series of solutions with increasing ethanol concentration. This protocol 

had the purpose of suspending the demineralized L-GL13K-coated collagen matrix 

in its dehydrated fully-extended state (Osorio et al. 2010; Sadek et al. 2010), 

maximizing the peptide-coated tissue exposed at the dentin-air interface. The 

Double coatings-Prog.Et-OH protocol produced the most hydrophobic dentin with 

WCA = 120o ± 5o and DWCA = 4o. The high hydrophobicity was a result of 

combining the peptides with an extended collagen matrix as this high 

hydrophobicity was not obtained in control groups exposed to the buffer solution 

with no peptides and rinsed using the same progressive dehydration protocol, 

WCA=60o ± 12 and DWCA = 18o.  Although applying a double 5 min coating with 

progressive dehydration alcohol rinse is not clinically feasible, it provided a 

reference for the maximum dentin hydrophobicity displayed with L-GL13K 

peptides. Notably, a single 5 min L-GL13K coating with water rinse also produced 

a hydrophobic dentin with WCA = 75 ± 5o and DWCA = 15o. Further, we produced 

highly hydrophobic bovine and human dentin with a single 1 min coating of D-

GL13K, the all D-amino acid enantiomer of L-GL13K, WCA ~ 100o and DWCA = 

5o (Table S3.2). We have recently demonstrated that D-GL13K not only has a 

higher antimicrobial potency than L-GL13K but also has a higher propensity to 

transform into ordered supramolecular structures (Ye et al. 2018) . The differences 

in the molecular structure between L-GL13K and D-GL13K that affect 

transformation and activity of these peptides are still to be discerned, but the use 

of D-GL13K peptides might ease the translation of this innovative dentin priming 

protocol to the clinical scenario. 
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Hydrophobic dentin was impermeable to acidic dye penetration (Figure 3.4 

C). This is relevant because dental caries progression is catalyzed by acidogenic 

bacteria. The acids produced by these bacteria demineralize dental hard tissues 

and degrade restorative resins (Kidd and Fejerskov 2004). The L-GL13K-coated 

dentin was significantly impermeable on dentin adjacent to both enamel and the 

pulp chamber, i.e., irrespective of the diameter of the dentinal tubules. It is worth 

noting that dentin tubules are wider in bovine teeth than in human teeth (Lopes et 

al. 2009). The impermeability of L-GL13K-coated dentin might also be of relevance 

to prevent elution of irritant monomers to the pulp chamber, which can provoke 

severe post-operative sensitivity with potential irreversible pulpitis (Costa et al. 

1999; Hanks et al. 1991; Ratanasathien et al. 1995). This is one of the main 

limitations to treat deep cavities with DCR. 

 

Hydrophobicity of L-GL13K-coated dentin was preserved after being 

challenged by ultrasonication (Figure 3.1 B, and Table S3.3). This indicated that 

the peptides remained adsorbed to the surface of dentin after the mechanical 

challenge. Hydrophobicity and impermeability of L-GL13K-coated dentin was also 

preserved after successive cycles of exposure to fresh saliva (Figure 3.1 A and E, 

and Table S3.3). Unfiltered fresh human saliva is a digestive hydrolytic media with 

biodegrading components, including proteolytic enzymes, such as esterases and 

bacterial byproducts that compromise the d/r interface (Kermanshahi et al. 2010). 

Our results support that hydrophobic dentin hindered interactions of waterborne 
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degradative agents at the d/r interface. The water-repellent property of the 

hydrophobic surface is its main feature for providing this protective mechanism 

against biodegradation. 

 

3.4.2 2nd Tier of Protection: Antimicrobial D-GL13K Coatings 

Inhibiting biofilm formation at the d/r interface is a major strategy to prevent 

RC around the margins of DCR. We verified the antimicrobial and antibiofilm 

activity of D-GL13K peptide and coatings made of these peptides against clinically-

relevant bacterial communities. 

 

The diversity of the oral microflora is high with more than 700 identified 

species (Dewhirst et al. 2010; Human Oral Microbiome Database 2016). 

Management of this diversity to prevent oral infectious diseases is challenging. We 

assessed that D-GL13K had very low MIC = 1 μg/ml against planktonic oral 

multispecies communities derived from active-caries individuals. However, 

bacteria primarily form biofilms when grow on surfaces or at air-liquid interfaces 

(Costerton et al. 1999);(O'Toole et al. 2000);(Kostakioti et al. 2013). The transition 

from a planktonic to a biofilm structure provides enhanced resistance to the 

bacterial community against antimicrobials and host defense mechanisms (de la 

Fuente-Nunez et al. 2013)  (O'Toole et al. 2000; Van Acker et al. 2014). 

Consequently, we focused on testing the anti-biofilm potency of D-GL13K against 

multispecies biofilms, a clinically-relevant challenge for DCR. Our results strongly 

supported the potency of D-GL13K against multispecies biofilms. Growth of 6-day-
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old biofilms was significantly inhibited when we treated them with 25 μg/ml D-

GL13K solutions (Figure 3.7 A and B).  

 

However, potent antimicrobials lose most, if not all, their bactericidal and 

antibiofilm activity when they are immobilized or exposed at the material/air 

interface. This is because the amount of molecules available for interacting with 

bacteria can be notably reduced. Moreover, the substantivity of the molecules can 

be compromised due to their limited mobility or specific conformation/orientation 

(Imazato et al. 1995). We demonstrated that D-GL13K peptides immobilized on 

etched HA discs retained potent antibiofilm activity as the remaining bioburden 

was significantly reduced when compared to non-coated control discs (Figure 3.7 

C). Moreover, most of the biofilm on the peptide-coated discs was composed of 

dead bacteria (Figure 3.7 D). These results confirmed our previous findings where 

coatings of immobilized L-GL13K on titanium surfaces were notably effective 

against single-species Gram-positive and Gram-negative bacterial biofilms 

(Holmberg et al. 2013) (Chen et al. 2014).  Here, as in the case of titanium, our 

peptide solution had pH=9.5, which is higher than the point of zero charge of HA, 

6.8-8.5 (Bell et al. 1973) but lower than the isoelectric point of the peptide, 11.2 

(Figure 3.1). Thus, electrostatic attraction between D-GL13K molecules and the 

HA surface is expected as HA surface was negatively charged and D-GL13K 

peptides were positively charged. The molecule-surface physical attraction 

promoted thorough recruitment of peptides to the surface as well as their strong 



 
 
 

60 

retention on it (Sevilla et al. 2017), which favored the antibiofilm potency of the D-

GL13K coatings.  

 

3.4.3 L-GL13K-treated Dentin/Restoration Interfaces 

In a clinical setting, the use of L-GL13K coatings on dentin should be 

complemented with the use of restorative components of a DCR; i.e., bonding 

agent, and resin composite. Here, we utilized restored radicular dentin discs 

(Figure 3.3) to test our new technology under clinical simulative conditions for d/r 

interface impermeability, resistance to degradation and fracture resistance of the 

restoration. We previously validated these radicular dentin-composite discs as a 

DCR model for assessing microleakage along the d/r interface (Carrera et al. 2015) 

and bond strength of the restoration (Carrera et al. 2016). We adapted these 

methods to test our hypotheses here. The diametral compression test on these 

discs can be used to assess interfacial strength of the restoration with zero 

premature failure, simple testing procedures, a consistent failure mode, and 

reduced variation in the measurements with respect to the more traditional shear 

and tensile bond strength tests (Carrera et al. 2016).  

 

We determined that L-GL13K coatings on dentin significantly resisted 

penetration of the radiopaque AgNO3 dye along the d/r interfaces of the restored 

discs with and without an adhesive layer, and after aging (Figure 3.5). We used a 

universal adhesive with pH = 2.7 (Perdigao and Swift 2015), but its acidity did not 

interfere with or notably degrade the peptide layer. The impermeability of the d/r 
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interface in DCR without adhesive layer is a remarkable property of our 

hydrophobic dentin that suggests a thorough and homogeneous coverage of 

peptide molecules on the dentin surface. We aged the restored dentin discs via 

water storage and thermocycling by adapting recommendations from the Academy 

of Dental Materials (ADM) (Armstrong et al. 2017). Thermocycling  is a commonly 

used aging method  (Aguilar et al. 2002) (Dos Santos et al. 2005) (Yang et al. 

2005) as it simulates the thermal changes in the oral cavity resulted from eating, 

drinking, and breathing (Gale and Darvell 1999). Three months of storage in water 

is considered a mid-term aging period and ADM recommends a minimum of 

10,000 thermal cycles, which others have correlated to 1 year of clinical function 

(Gale and Darvell 1999); however, our dentin samples didn’t have the peripheral 

enamel seal, which provides a crucial protection for improving the resin-dentin 

bond durability (Gamborgi et al. 2007; Loguercio et al. 2008). Thus, the aging 

process we applied here by combining 3 month storage in water + 2,500 

thermocycles may have been a demanding in vitro challenge.  The high 

hydrophobicity of the L-GL13K-coating can have a self-protective effect to prevent 

its degradation as the peptide degradation would also be mediated by water and 

waterborne degradative agents.  

 

We also determined that applying a peptide hydrophobic coating on dentin 

did not reduce restored-dentin disc strength (Figure 3.6) compared to restored 

discs without the peptide coating. Indeed, we determined the highest average 

fracture resistance for the L-GL13K-treated discs. This was a somehow 
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unexpected result as interaction of the hydrophilic adhesive with the hydrophobic 

dentin could have not been favored and thus, bond strength at the d/r interface 

could have been reduced. Some components in the formulation of commercial 

adhesives are amphipathic molecules, such as 10-Methacryloyloxydecyl 

dihydrogen phosphate (MDP) in the universal adhesive we used in our 

experiments, which may favor hydrophobic interactions with the L-GL13K coating 

before adhesive curing.  

 

We proved that the application of the restorative materials on L-GL13K-

coated dentin did not notably remove and/or degrade the peptide coating and did 

not reduce DCR fracture resistance. Moreover, aging of the restorations did not 

prevent the peptides from displaying their hydrophobic and protective properties. 

On the one hand, the impermeability of the hydrophobic d/r interface, before and 

after aging, supports our hypothesis that interaction of water and waterborne 

agents with DCR materials can be markedly limited and extended over time, which 

soundly supports the potential of this technology to expand the longevity of DCR. 

On the other hand, developing hydrophobic adhesives to be used in combination 

with our peptide-coated hydrophobic dentin seems to be a promising strategy that 

will not only prevent degradation of the DCR but also obtain mechanically sound 

d/r interfaces.  
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3.5 Conclusions 

We obtained a highly hydrophobic dentin by directly priming/coating dentin 

with an antimicrobial and amphipathic peptide, GL13K. We demonstrated that the 

hydrophobic coating resisted in vitro hydrolytic, mechanical, thermal, acidic, and 

enzymatic modes of degradation. The D-GL13K coatings were also antimicrobial 

and are expected to increase DCR durability with a 2-tier protective system 

consisting of preventing degradation at the d/r interface by waterborne agents and 

preventing re-infection of tissues in contact with restorations. The use of a 

hydrophobic dentin also enables the development of all-component hydrophobic 

restorative systems for long-lasting restorations. Analysis of the distribution pattern 

of peptide coatings, improvement of the recruitment and stability of the molecules 

on dentin, and assessment of other functional properties before and after aging 

protocols should further support the potential translation of this technology to the 

clinical field. 
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Chapter 4 
 

 

 
 
 

 

Structural and Functional Analysis of 
Hydrophobic Dentin Primed with 

Amphipathic Antimicrobial Peptides 
 
 
This chapter consists of the manuscript submitted for publication to a 

journal in the dental research field 
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Synopsis 

The evolution of bonded restorations (BRs) has undergone a great progress 

over several decades. Nonetheless, lifespans of BRs are limited mainly because 

of the eventual incidence of recurrent caries (RC). Over time, water and 

waterborne agents (acids, enzymes) degrade the components of the dentin/BRs 

interface allowing bacterial colonization and dentin re-infection at restoration 

margins. We developed a 2-tier protective technology consisting of priming/coating 

dentin with amphipathic and antimicrobial peptides (AAMPs) to obtain 

hydrophobic/water-repellent and antibiofilm dentin resisting RC around BR. We 

tested a series of AAMPs to assess their structure-function relationships as well 

as the effects of different dentin-conditioning methods on the structural features of 

AAMPs-coated dentin. We found that AAMPs secondary structure (high portion of 

ß-sheet), antimicrobial potency, and ability of the peptides to form a hydrophobic 

coating on dentin were related. We also determined that AAMPs had preferential 

adsorption on the mineral phase of dentin, which suggested that peptides arrange 

their cationic and hydrophilic motifs in direct contact with the negatively-charged 

minerals in the hydrophilic dentin. These results led us to explore different dentin-

conditioning methods that would increase the mineral/collagen ratio and their effect 

on AAMPs immobilization. We innovatively imaged the spatial distribution of the 

AAMPs in relation to the dentinal tubules and collagen network using a minimally 

invasive multimodal imaging technique, multi-photon-second harmonic generation 

(MP-SHG). Using MP-SHG we determined that partial deproteinization of dentin 
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increased the amount of immobilized AAMPs compared to the total-etched dentin 

at the dentin surface and extended deeply around dentinal tubules. Lastly, we 

analyzed the release rate of AAMPs from dentin-coatings in artificial saliva (AS) to 

predict their performance in the clinical setting. In conclusion, priming dentin with 

AAMPs is a versatile new approach to fortify the otherwise vulnerable adhesive-

based interfaces. 

 
4.1 Introduction 

The last 60 years have witnessed a dramatic change in adhesive dentistry 

that promotes more conservative restorative procedures. However, durability of 

the most commonly used adhesive restorations is still notably compromised with 

average lifespan as short as 5 years (Burke et al. 2001; Forss and Widstrom 2001; 

Rho et al. 2013).  The main cause of their failure is recurrent caries (RC) 

(Astvaldsdottir et al. 2015; Bernardo et al. 2007) as adhesive-based bonded 

restorations (BRs) are vulnerable at the adhesive-dentin interface (Spencer et al. 

2010). Adhesion of BRs requires demineralization of dentin and infiltration of the 

exposed collagen matrix by bonding agents. Bonding agents should be hydrophilic 

to strongly interact with the naturally hydrated collagen matrix (Van Landuyt et al. 

2007). However, hydrophilic bonding agents act as semi-permeable membranes 

that allow intrinsic and extrinsic water exchange at the dentin/restoration/oral cavity 

interfaces accelerating degradation of the interface components (Tay and Pashley 

2003). Eventually, bacteria and acidic bacterial byproducts penetrate the 

compromised interfaces leading to RC lesions and premature failure (Sano 2006). 
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RC is responsible for 60-70 % of all replaced restorations and costs 5 billion dollars 

annually in the United States alone (Mjör et al. 1990; Mo et al. 2010; Renne et al. 

2015). 

  

Recently, we have developed a peptide-based 2-tier protective system at 

the dentin/BRs interface that (1) hampers degradative effects of water and 

waterborne agents (acids, enzymes, bacteria); and (2) reduces oral multispecies 

bacterial bioburden. To do so, we primed/coated dentin with an amphipathic and 

antimicrobial peptide (AAMP), GL13K (Moussa et al. 2017). GL13K is a designer 

peptide derived from the salivary protein BPIFA2 (Gorr et al. 2008). Our 2-tier 

protective system is expected to fortify the adhesive-based interfaces in all BRs to 

resist the different etiologies of RC. 

 

Here, we aim to increase the efficiency and versatility of our peptide-based 

treatment for BRs by expanding AAMPs selection, exploring different dentin-

conditioning methods, and unravelling structural relationships between the 

conditioned dentin and the AAMPs. We studied a range of all L- and all D-amino 

acid peptides with strong amphipathic properties as well as a proven record of 

antibiofilm activity against oral biofilms (Table 4.1).  We determined the secondary 

structures, antimicrobial potency, and ability to form a hydrophobic coating on 

dentin of these peptides to identify key structure-function relationships for AAMPs. 

Further, we used advanced multiphoton-second harmonic generation (MP-SHG) 

imaging technology to visualize the immobilization pattern of a representative 
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AAMP coating on dentin. This innovative use of the MP-SHG nonlinear optical 

signals allowed us to determine the structural relationship of the peptides with the 

dentinal tubules and inter-tubular collagenous matrix upon different pre-coating 

conditioning protocols.  Finally, we studied the stability of different AAMP coatings 

by assessing peptide release rates from dentin in artificial saliva (AS) using liquid 

chromatography-mass spectrometry (LC-MS) and matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. 

 

4.2 Materials and Methods 

4.2.1 Peptide Synthesis  

Peptides were synthesized (purity >98%) by AAPPTec (Louisville, KY, 

USA) using solid-phase 9-fluorenylmethoxy carbonyl (Fmoc) chemistry and 

delivered as lyophilized powder. The peptides: L-GL13K, D-GL13K, 1018, DJK2, 

and DJK5 (amphipathic and antimicrobial “AAMPs”); hLf1-11 (control non-

amphipathic); L-GL13K-R, D-GL13K-R (control non-antimicrobial, scrambled 

amino acid versions of L- and D-GL13K, respectively) (Table 4.1); and green 

fluorescent-labelled L-GL13K (5-FAM-GKIIKLKASLKLL-NH2). 
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Table 4.1. Tested peptides and their molecular and functional properties. Upper case letters denote L-amino acids and 
lowercase letters denote the D-amino acids in the sequences of the peptides. Molecular properties obtained from Biofilm-
Active AMPs database http://www.baamps.it/. Water contact angles (WCA) were determined on dentin treated with peptides 
once (Single coating) or twice (Double coatings). WCA±S.D.: average final water contact angle ± standard deviation (n=7). 
Minimal Inhibitory Concentrations (MIC) of the peptides were determined against multispecies oral bacteria (MSOb); 
average values (n=3). Cell viability (cell metabolism via Cell Counting Kit 8) of human dental pulp stem cells (hDPSC) and 
murine embryonic fibroblasts (NIH 3T3) exposed to ×50 initially determined MSOb MICs for 1 day on highly antimicrobial (≤ 
2 μg/mL MIC) AAMPs and control D-GL13K-R (Supplementary Material and Methods). Data are expressed as percentage 
(mean ± S.D.) compared to cells not exposed to AAMPs. ISO 10993-5, which does not provide methods for AAMP 
cytocompatibility testing but is widely used for cytocompatibility testing, suggests at least 70% viability as a guideline value 
(ISO-10993-5 2009) (Chen et al. 2014; de la Fuente-Nunez et al. 2014; de la Fuente-Nunez et al. 2015; Hirt and Gorr 2013; 
Hirt et al. 2018; Nibbering et al. 2001).  

 

Peptides Molecular Properties Functional Properties

Peptide
Name/sequence Reference

Hydro-
phobicity

[CCS]

Hydro-
phobic
Mom
[CCS]

Charge 
at pH=7 

Molecular
Weight
[g/mol] 

No. of  
Amino 
Acids

WCA±S.D.
[ᴼ]

of Peptide-
coated Dentin
Single coating

WCA±S.D.
[ᴼ]

of Peptide-
coated Dentin

Double coatings

MIC
Against 
MSOb

[µg/ml]

Cell Viability  (%) 
1 Day

hDPSC NIH 3T3

L-GL13K
GKIIKLKASLKLL-NH2 Hirt and Gorr 2013 0.677 1.862 3.975 1423.99 13 87±10 93±5 8 - -

D-GL13K
Gkiiklkaslkll-NH2 Hirt et al. 2018 0.677 ND 3.975 1423.99 13 96±5 92±8 1 88±6 89±6

1018
VRLIVAVRIWRR-NH2 de la Fuente-Nunez et al. 2014 0.667 2.167 3.976 1535.99 12 92±4 95±5 2 42±11 91±5

DJK2
vfwrrirvwvir-NH2 de la Fuente-Nunez et al. 2015 1.592 2.796 3.976 1685.02 12 88±10 91±9 1 77±11 60±6

DJK5
vqwrairvrvir-NH2 de la Fuente-Nunez et al. 2015 -0.642 1.947 3.976 1550.97 12 90±9 92±5 2 52±10 29±7

hLf1-11
GRRRRSVOWCA Nibbering et al. 2001 -3.845 0.457 3.995 1373.73 11 52±14 66±13 > 512 - -

L-GL13K-R
IGIKLLKSKLKAL-NH2 Chen et al. 2014 0.677 3.1 3.975 1423.99 13 46±12 47±11 > 512 - -

D-GL13K-R
IGikllksklkal-NH2 Unpublished 0.677 ND 3.975 1423.99 13 52±14 58±16 >512 96±6 97±6
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4.2.2 Dentin Conditioning 

Bovine and human dentin slabs were prepared. Incisors teeth were stored 

in 0.1% thymol solution at 4 °C before being used. Crowns were cut off using a 

diamond saw (IsometTM, Buehler, Lake Bluff, IL, USA). Then, each crown was split 

through its mid-dentin regions resulting in two dentin-faced slabs. The dentin slabs 

were either total-etched with 32% phosphoric acid gel (Scotchbond™ Universal 

Etchant, 3M, St. Paul, MN, USA) for 15 s, rinsed with water for 10 s, and gently 

air-dried for 10 s (Etched dentin) or etched with 32% phosphoric acid gel for 7 s, 

rinsed with water for 10 s, deproteinized with 2.5% or 5% or 8% NaOCl for 2 

minutes with agitation, rinsed with water for 10 s, and gently air-dried for 10 s 

(Deproteinized dentin) (Figure S4.1). The differently-conditioned dentin slabs were 

examined with a table-top Scanning Electron Microscope (SEM; TM3000, Hitachi, 

Tokyo, Japan). Elemental composition of Etched and Deproteinized dentin slabs 

was determined by Energy Dispersive X-Ray Spectroscopy (EDS; Quanta 2.0, 

Bruker, Bremen, Germany). 

 

4.2.3 Peptide Coatings on Dentin  

Peptide solutions (1mg/ml) were prepared by re-suspending lyophilized 

peptide powder in Na2CO3 buffer solutions at pH 9.5 and 10.0 for GL13K 

enantiomers and all other peptides, respectively. Peptide coatings were obtained 

on dentin by incubating dentin slabs with a thin layer of peptide solution at 37 °C 

for 60 s and dried with gentle airstream for 60 s (Single coating) or duplicating 

peptide coating conditions (Double coatings).  
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Water contact angles (WCA) were measured on peptide-coated dentin 

slabs using a contact angle meter (DM-CE1, Kyowa Interface Science, Niiza-City, 

Japan). Minimal inhibitory concentration (MIC) was assessed for all peptides 

against multispecies oral bacteria (MSOb) of dental plaque samples derived from 

caries active patients and used by courtesy of Dr. Robert Jones (University of 

Minnesota Institutional Review Board, #1403M48865) as described elsewhere 

(Moussa et al. 2018). MIC was determined as the lowest concentration of peptide 

at which no growth of MSOb communities was detected (Table 4.1). See details of 

WCA and MIC assessments in the supplementary ‘Materials and Methods’. 

 

4.2.4 Molecular Structure of Peptides in Solution 

Circular Dichorism (CD) spectra of all peptides were measured using a J-

815 (Jasco, Easton, MD, USA) CD spectrometer immediately after preparing 

peptide solutions (1 mM) in 0.2 M Na2CO3 buffer. Two-hundred μl of each solution 

was dispensed into a 1 mm path-length cuvette. CD signal was collected for 190-

260 nm wavelengths with data pitch=1.0 nm, scanning speed=50 nm/min and 

response time=2 s. Three CD scans were averaged and corrected by subtracting 

their corresponding buffer spectrum (Ye et al. 2018). Estimations for the different 

secondary structure contents were obtained from further analysis of CD spectra 

using BeStSel (Beta Structure Selection) method (http://bestsel.elte.hu/) as 

described elsewhere (Ye et al. 2018). 
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4.2.5 Visualization of L-GL13K Peptide Coatings on Dentin 

Green fluorescent L-GL13K coatings on dentin were obtained following the 

same protocols described above and visualized using an upright fluorescence 

microscope (Eclipse E800, Nikon, Tokyo, Japan). For the MP-SHG imaging, the 

dentin samples were ground to 0.18 mm and polished with 320, 600, and 1200 

silica-grit papers using a polishing machine (Ecomet 3, Buehler, IL, USA). Samples 

were then ultrasonicated in a water bath for 5 min, dried and coated with 

fluorescently labeled GL13K as previously described. MP-SHG images were 

acquired in a MP upright microscope equipped with an A1R laser scan head (Nikon 

FN1, Tokyo, Japan).  Excitation of the samples was performed with a Spectra-

Physics 15W Mai Tai DeepSee tunable IR laser tuned to 870 nm. Non-descanned 

highly sensitive GaAsP detectors were used to allow visualization of multiple 

fluorophores located deep within the specimen. The IR laser was operated in 

pulsed mode and was focused onto the sample using a 25x NA1.1 water-

immersion objective with a 2mm working distance suitable for deep imaging. The 

SHG signal was collected in the epi (reflected) direction through a 400-450 nm 

filter and in the forward propagated direction (trans) though a 425-475 nm emission 

filter. MP excitation green fluorescence was also collected in the epi and trans 

directions using a 470-550 nm emission filter. The samples were scanned in 

512x512 pixel frames (0.14x0.14 µm pixel size) and 50 µm of dentin thickness was 

sampled with a 0.4 µm step size in Z. Images were compiled and analyzed with 

NIS Elements software (Nikon, Tokyo, Japan). 
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4.2.6 Mass Spectrometry Analysis 

The amount of AAMPs released from peptide-coated bovine Etched dentin 

(Single coating) was tested after 24h and 7d of incubation in AS (Fusayama/Meyer 

cellulose free AS, 1700-0301, Pickering Laboratories, Mountain View, CA, USA) 

at 37°C under continuous shaking. Peptide-coated dentin slabs were cut into 

8x10x2mm and coated with antimicrobial peptides (DJK2, DGL13K, 1018), 3 slabs 

per group. Dentin slabs without peptide coatings were used as controls. The AS 

was prepared at pH=6.8 and mixed with 0.5% chloramine T to stop the bacterial 

growth during the experiment. Each dentin slab was immersed in 1.5 ml of AS. 

After 24 h of incubation, 1 ml of the saliva, which had been exposed to the slabs, 

was collected. The samples were tested by LC/MS-MS, and replaced by another 

1 ml of fresh saliva to keep the longitudinal tracking of any released peptides. After 

7d, another 1 ml was collected for testing.  

LC-MS: AAMPs standards and eluted peptides from AAMPs-coated dentin were 

desalted by C18 ZipTip® (Millipore, Billerica MA), or C18 SepPak® (Waters, Milford 

MA).  Elution was into 40% acetonitrile, 0.1% formic acid.  Eluted samples were 

dried under nitrogen gas and re-dissolved in 2% acetonitrile, 0.1% formic acid at 1 

mg/ml concentration prior to loading onto the LC-MS (SCIEX QTRAP5500, AB 

SCIEX, Framingham, MA, USA).  The further particulars of LC-MS analysis are 

detailed in supplementary Materials and Methods. 

MALDI-TOF: 50 pmol of peptide (0.5 µl of 0.1 mM) was added to either 10 µl of 

desalted 24 h control dentin elution or 10 µl l of AS. One µl 10% formic acid was 

added and the mixture was desalted by C18 ZipTip® (Millipore, Billerica MA). 
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Elution was into 10 µl 40% acetonitrile, 0.1% formic acid. One ul of eluted sample 

was spotted on a Bruker MALDI-TOF plate, along with 1 µl of CCA (a-cyano-4-

hydroxycinnamic acid). For the samples labeled "mix", 0.5 µl of eluted sample was 

mixed with 0.5 µl of eluted control dentin sample, and 1 µl of CCA. After drying, 

the spotted samples were analyzed on a MALDI-TOF mass spectrometer (Autoflex 

Speed, Bruker Daltonics, Billerica, MA  USA). 

 
 

4.3 Results 

4.3.1 Antimicrobial Activity of Peptides  

We assessed MICs of all peptide candidates against dental plaque MSOb 

samples derived from caries active individuals. D-enantiomeric (D-GL13K, DJK2, 

and DJK5) and 1018 peptides inhibited bacterial growth down to concentrations of 

1-2 μg/ml. L-GL13K also showed high potency against MSOb with MIC=8 μg/ml. 

The two scrambled versions of GL13K and hLf1-11 peptides did not show 

antimicrobial effect up to 512 μg/ml (Table 4.1). 

 

4.3.2 Hydrophobicity of Peptide-coated Dentin 

We investigated the wettability of etched dentin coated with different 

peptides following a short 1 min coating protocol (Table 4.1 and Figures S4.1A and 

S4.2). Etched dentin was highly hydrophilic with WCA = 20ᴼ±5ᴼ (Moussa et al. 

2017). All peptide coatings increased dentin hydrophobicity, but those peptides 

with low MIC produced highly hydrophobic coatings (87ᴼ±10ᴼ £ WCA £  96ᴼ±5ᴼ) 



 
 
 

75 

compared to peptides with no detected antimicrobial activity (46ᴼ±12ᴼ £  WCA £  

52ᴼ±14ᴼ). Also, the hydrophobicity of peptide-coated dentin was not notably 

affected by applying several peptide coatings (Table 4.1 and Figure S4.2).  

4.3.3 Cytotoxicity of Peptides  

  The scrambled peptide representative, D-GL13K-R, showed the most 

cytocompatible behavior followed by DGL13K,  DJK2, and 1018 respectively 

(Table 4.1). DJK5 showed a marked cytotoxic behavior after 3 days for both tested 

cell lines (Table S4.2). 

4.3.4 Molecular Structure of Peptides in Solution 

We determined the molecular conformation of peptides in solution by CD 

analysis (Figure 4.1 and Figure S4.2). Peptides with high potency against MSOb 

(MIC<8mg/ml), which also formed high hydrophobic coatings on dentin 

(WCA>87ᴼ), had molecular configurations that contained higher portions of beta-

sheet and lower portions of random-coil conformation compared to non-

antimicrobial peptides (Table 4.1, Figure 4.1, and Figure S4.2).  

4.3.5 Immobilization Pattern of L-GL13K Peptide on Dentin 

We studied the pattern of peptides immobilization on Etched dentin by 

visualizing fluorescent-labeled L-GL13K coatings. We visualized preferential 

immobilization of the peptides around the dentinal tubules (Figure 4.2 A). The 

fluorescent peptide signals were also very intense on the enamel rim of the dentin 

slab (Figure 4.2 A)
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Figure 4.1. (caption on the next page) 
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Figure 4.1. (images on the previous page): Molecular structural 
conformations of tested peptides. CD spectra (A) and estimation of secondary 
structure (α-helix, β-sheet, β-turn, and random coil) contents (B and C) of peptides 
buffer solutions. Data is plotted as a function of secondary structure conformation 
(B) or type of peptide (C). Content values were averaged from estimations by three 
different methods, SELCON, CDSSTR, and CONTIN/LL. Dashed vertical lines in 
(B) separate antimicrobial peptides (AMPs) and non-antimicrobial peptides (Non-
AMPs) for each secondary structure according to MIC values in Table 1. 

 

4.3.6 Pre-coating Dentin Conditioning 

 
Motivated by the preferential immobilization of peptides on mineral-rich 

phase of dentin, we investigated the effects of different pre-coating dentin 

conditioning protocols on dentin mineral content as well as on hydrophobicity of 

peptide-coated dentin. SEM micrographs and EDS analysis revealed that the 

NaOCl-Deproteinized dentin had enlarged tubules and higher Ca and P content 

compared to H3PO4-Etched dentin (Figure 4.2 B and 4.2 C). The higher the 

concentration of NaOCl in the conditioning solution, the wider the diameter of the 

dentinal tubules and the higher the mineral content. Dentin coated with L-GL13K 

peptides after deproteinization with the highest NaOCl concentration, 8.25%, was 

not hydrophobic (WCA= 30.2ᴼ±12ᴼ). However, using 5% NaOCl resulted in 

peptide coatings as hydrophobic (WCA= 90ᴼ±8ᴼ) as those obtained on Etched 

dentin (Figure 4.2 B and Table S4.4
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Figure 4.2. Dentin conditioning and L-GL13K peptide coatings. A)The immobilization pattern of fluorescently-labelled 
GL13K on dentin. Upper panel shows the preferential adsorption of peptides on the highly mineralized peritubular dentin 
taking the dentinal tubules configuration. Lower panel shows extensive adsorption of peptides on the enamel rim of the 
dentin sample. B) SEM images of dentin after different pre-coating conditioning treatments. Inserts show a representative 
image and average water contact angles ± standard deviation (WCA) after L-GL13K coatings on dentin with the 
corresponding conditioning treatment. C) EDS analysis of the SEM images shown in B).
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4.3.7 Spatial Distribution of GL13K in Relation to Collagen Matrix in Dentin 

We used MP-SHG to visualize the 3D spatial distribution of fluorescent-labeled L-

GL13K peptides on dentin, specifically in relation to surface-layer and intertubular 

collagen. The MP 2D images of Etched dentin, without peptide coating, showed dim auto-

fluorescent green signals localized at the mineral-rich peritubular dentin and a well-

defined blue SHG signal at the inter-tubular collagen regions (Figure 4.3 A-upper panel 

and Video S4.1). MP-SHG images for L-GL13K coated dentin after total etch showed that 

the signal from the peptides was not only emitted from the tubules outline at the dentin 

surface, as shown in (Figure 4.2 A), but also from much deeper zones along the extension 

of the dentinal tubules  (Figure 4.3 A-lower panel, Figure S4.3 and Video S4.2). 

Deproteinized dentin showed the strongest peptide-associated MP green fluorescent 

signals around the dentinal tubules, indicating the increased recruitment of fluorescent-

labelled peptides on peri-tubular dentin (Figure 4.3 A-middle panel, Figure 4.3 B and 

Videos S4.3 and S4.4). The 3D reconstruction models of peptide coatings on 

Deproteinized dentin showed an even distribution of immobilized peptides throughout the 

dentin surface with the formation of a 5 µm peptide layer in depth wherein there is collagen 

disappearance across the surface (Figure 4.3 B, Figure 4.3 C, and Video S4.4) . Further, 

fluorescent-peptides were visualized extending deeply into dentin, exceeding 30 µm in 

depth (Figure 4.3 B and Videos S4.3 and S4.4).  
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Figure 4.3. Multiphoton-second harmonic generation (MP-SHG) images of 
fluorescent-labelled L-GL13K coatings and its relation to the dentinal tubules and 
inter-tubular collagen. A) 2D MP-SHG images showing the MP fluorescence signal (left 
column), the SHG signal (middle column), and the merged MP-SHG signals (right column), for 
Etched dentin (top row), 5% NaOCl Deproteinized dentin with L-GL13K coating (middle row), and 
Etched dentin with L-GL13K coating  (bottom row). B) 3D models of Deproteinized dentin with L-
GL13K coating showing even distribution of the peptides covering the dentin surface (left-middle 
panel in solid parentheses), and its extended signal inside the dentinal tubules, up to 30 
micrometers in depth (top and middle-right panels in dotted parentheses). The top row shows the 
merged MP-SHG signal, the middle row shows the MP excited fluorescence signal, and the 
bottom row shows the SHG signal, exclusively emitted from the collagen network. Arrows in 
middle and bottom-middle column panels show the absence of collagen signal in the peptide-rich 
zone at the Deproteinized dentin surface layer. C) XYZ slices of MP-SHG merged images. The 
left panel shows the L-GL13K coated Etched dentin in XY at 5 micrometers depth from the dentin 
surface as well as XZ and YZ views through 30 micrometers in depth. The right panel shows the 
same views for L-GL13K coated Deproteinized dentin. 
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4.3.8 Release of Peptide-based Coatings 

Peptides DGL13K, DJK2 and 1018 were subjected to incubation in AS, purified on 

C18 Zip-tip® and subjected to LCMS. Limits of detection (LOD) were determined for each 

peptide using dilution in the load buffer. Peaks representing multiple product ions eluted 

simultaneously. The most intense product ion with  6x intensity above background was 

used to determine the LOD (Figure 4.4, Figure S4.5). To determine if any peptide was 

released, AS obtained from incubated AAMPs-coated dentin was subjected to C18 Zip-

tip® or Sep-Pak® followed by LCMS. The results showed no detectable release of any 

targeted peptide from the dentin (Figure 4.4 A, middle and bottom rows).  These results 

could be explained by competition for peptide binding to the C18 resin by the dentin, or 

dentin suppression of the MS signal.  To determine if this was the case, the peptides were 

added to AS that was incubated with untreated dentin and then subjected to C18 desalting 

and LCMS. Results (not shown) demonstrate that levels greater than the LOD could not 

been seen with LCMS. This suggests that the dentin interfered with peptide binding to 

C18 or as signal suppression of MS. In order to assess peptide release from dentin, 

MALDI-TOF was pursued. Using MALDI-TOF the peptide was also not detected in the 

AS incubated with dentin and bound peptide (Figure 4.4 B, middle row). Unlike the LCMS, 

MALDI-TOF detected peptide added to AS and dentin (Figure 4.4 B, bottom row). These 

results demonstrate that the release from dentin of the peptides during incubation in AS 

is below 50 pmol/ml, suggesting stable binding of the peptides to dentin. 
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Figure 4.4. (caption on the next page) 
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Figure 4.4. (caption on the next page) 
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Figure 4.4. (images on the previous two pages): Peptide release from 
AAMPs-coated dentin in artificial saliva. A) LC-MS data of AAMPs (top row) 

and their release from dentin coatings in AS after 24 h (middle row) and 7 days 

(bottom row) of incubation at physiological body temperature. The detection of the 

peptides is based on fragment ion intensity and their retention times in minutes. 

The chromatograms of peptides are presented in columns; DJK2, DGL13K, and 

1018 from left to right. The data represents the following precursor/product ions: 

422>524 (DJK2), 475>590 (DGL13K), 512>499 (1018). Intensity is measured in 

counts per second (CPS). B) MALDI-TOF data showing peptide signals in desalted 

AS (top row-saliva), released peptides from dentin coatings (middle row-dentin 

elution) and peptide signals in a mixture of saliva-incubated peptides with 24h 

control dentin elution (bottom row-mix). The detection of the peptides is based on 

their mass/charge (m/z). M/z  values for singly charged ions (MH
+
) for DJK2, 

DGL13K and 1018 are 1685, 1424, and 1536 respectively. Please note the 

required change in the Y-axis scale to show the difference in intensity of the 

signals-all samples received 2000 laser shots. AAMPs: amphipathic antimicrobial 

peptides; AS: artificial saliva; LC-MS: liquid chromatography-mass spectrometry; 

MALDI-TOF: matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry. 

 

 4.4  Discussion 

Motivated by the need of increasing the lifespan on BRs, we developed a 

2-tier protective technology to fortify the adhesive-based interfaces (Moussa et al. 

2017; Moussa et al. 2018). Our technology consists of coating/priming dentin with 

AAMPs to develop a hydrophobic and antibiofilm dentin. The hydrophobicity and 

antibiofilm properties of AAMPs-coated dentin will resist water and waterborne 

agents to degrade the components of d/BRs interface and protect the later from 

becoming colonized by bacteria and so, resist recurrent caries. Here, we have 

selected a series of AAMPs and control peptides to expand our initial development 

with L-GL13K peptide. We studied commonalities and differences in structure-

function relationships of these AAMPs as well as the effects of different dentin-

conditioning methods on the structural features of AAMP-coated dentin. 
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4.4.1 Structure-function Relationship of AAMPs 

Peptides were selected based on predefined criteria: amphipathic, cationic, 

low molecular weight, and antibiofilm potency (except for controls) (Table 4.1). We 

selected all L- and all D-amino acid peptides to explore potential differences 

between the more biologically potent and protease resistant D-peptides (de la 

Fuente-Nunez et al. 2015) versus the more biocompatible and cheaper L-peptides. 

We included control peptides that are amphipathic but not antimicrobial, L-GL13K-

R and D-GL13K-R, and antimicrobial but with weak amphipathic properties, hLf1-

11. 

We found that molecular peptide conformation, antimicrobial potency, and 

ability of the peptides to form a hydrophobic coating on dentin were related. 

Peptides that were potent against MSOb also produced highly hydrophobic 

coatings and adopted conformations with high contents of b-sheet (>32%) (Figure 

4.1 and Figure S4.2). All control peptides were selected to be negative for only one 

of the two functional properties. Surprisingly, control peptides combined lack of 

both antimicrobial activity and post-coating hydrophobicity and were also 

associated with low contents of b-sheet conformation. Thus, our results suggest 

that the ability of the AAMPs to conform to a high portion of b-sheets is a crucial 

structural feature for our coatings on dentin. 

 

Recently, we have demonstrated that the notable appearance of b-sheet 

conformation in L- and D-GL13K was associated with peptide self-assembly in the 
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form of twisted nano-ribbons (Ye et al. 2018). This only occurred when the peptides 

were in an alkaline buffer (pH>9.4) that neutralized a number of cationic groups of 

the peptides, which in turn triggered their self-assembly by reducing intermolecular 

electrostatic repulsion. However, L-GL13K-R did not form these characteristic self-

assembled supramolecular structures. AAMPs tested here share similar molecular 

characteristics (Table 4.1), which suggested that similar self-assembled structures 

might be found in these AAMPs prepared in similar alkaline buffers. In particular, 

the fact that the peptides were already self-assembled in solution before coating 

dentin might have favored the physical-chemical interactions between the peptides 

and dentin components, as discussed below. Therefore, we found that immobilized 

self-assembled peptides are able to transform hydrophilic dentin tissue into a 

hydrophobic substrate which is central not only for resisting hydrolytic degradation 

but also for fighting bacteria around BRs margins. We have previously 

demonstrated that L-GL13K coatings on dentin (Moussa et al. 2018) and other 

substrates (Holmberg et al. 2013) retained their antimicrobial activity. These 

unraveled structure-function relationships of AAMPs can be valuable for selecting 

and/or designing peptides with anticipated desired properties for our application. 

4.4.2 Immobilization Pattern of L-GL13K Peptide on Dentin 

Peritubular dentin has a significantly higher mineral content than 

intertubular dentin (Goldberg et al. 2011; Xu and Wang 2012). Hydroxyapatite, the 

mineral phase of dentin, has a point of zero charge in the range of pH=4.3-7.6 (Bell 

et al. 1972; Harding et al. 2005) and the theoretical isoelectrical point (pI) of L-

GL13K is >11.0. Therefore, in our solution, at pH=9.5, a preferential electrostatic 



 
 
 

87 

attraction between mineral-rich dentin structures and peptide molecules was 

expected as L-GL13K peptide molecules were positively charged, whereas 

hydroxyapatite minerals were negatively charged. Consequently, we detected an 

increasing amount of peptides adsorbed on the highly mineralized phase of dentin 

rather than on the collagenous one (Figure 4.2 A and Figure 4.5).  The attractive 

role of hydroxyapatite for these 

cationic peptides was 

corroborated by the fact that 

enamel, which contains >90% 

of hydroxyapatite, adsorbed 

the highest amount of peptides 

(Figure 4.2 A lower panel). 

Besides, the hydrophilic part of 

the amphipathic L-GL13K 

should have strong interactions 

with the highly hydrophilic 

Etched dentin. The free amines 

in the L-GL13K sequence (four 

lysines and N-terminus) 

provide both hydrophilic and cationic motifs. The combination of the electrostatic 

and hydrophilic interactions between L-GL13K and Etched dentin could have 

synergistically contributed to the high adsorption of peptides to the dentin surface. 

The self-organization of the AAMPs molecules on dentin could have been 

Peri-tubular Dentin

Collagen Network

Adsorbed 
GL13K

Figure 4.5. Schematics of GL13K adsorption 
pattern on dentin tissue. GL13K peptides adsorbed 

preferentially around dentinal tubules . 
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mediated by these interactions, too. The hydrophilic and hydrophobic amino acids 

of the peptide were positioned on the hydrophilic dentin in contact with and away 

from the tissue, respectively. This would result in the exposure of the hydrophobic 

motifs of the peptide at the dentin-air interface and thus, we obtained a 

hydrophobic coating on dentin (Table 4.1 and Figure S4.2).The similarities in 

physical properties (Table 4.1) and molecular configurations (Figure 1) among the 

AAMPs tested here support that coatings made with D-GL13K, DJK2, DJK5, and 

1018 peptides will have similar structural characteristics to L-GL13K coatings as 

they produced  similar hydrophobic coatings (Table 4.1 and Figure S4.2).  

4.4.3 Effects of Pre-coating Dentin Conditioning 

Super-hydrophobic peptide-coated dentin after acid etching and partial 

deproteinization  

Based on our finding that the cationic amphipathic peptides had strong 

affinity for dentin minerals (Figure 4.2 A), we hypothesized that a mineral-rich 

dentin will enhance peptide recruitment and immobilization and thus, the long-term 

resistance to degradation at the dentin/BRs interface.  

 

Deproteinization; i.e, collagen removal, produces a hydroxyapatite-rich dentin 

surface (Toledano et al. 1999) that is chemically closer to unaltered dentin and 

provides good mechanical retention and long-term stability to the dentin/BRs 

interface (Rocha Gomes Torres et al. 2014). Collagen removal prior to dentin 

bonding procedures has also been proposed (Sauro et al. 2009) because the 

collagen matrix after traditional etching not only collapses but also partially 
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denatures, which make it more susceptible to hydrolysis and enzymatic 

degradation (Hashimoto et al. 2002), (Ikeda et al. 2008). Moreover, dentin 

diffusivity and monomer impregnation into deproteinized dentin increases, which 

enhances bonding to dentin (Nakabayashi 1992). To further resist the long-term 

degradation at the interface, we applied AAMP coatings after a conditioning 

protocol that would produce Deproteinized dentin with increased mineral/collagen 

ratio compared to Etched dentin. The protocol consisted of first, etching dentin for 

a shorter period than the usual clinical etching time; and second, partial removal 

of collagen with diluted NaOCl solutions. 

 

First, the short etching was sufficient to remove the smear layer of cut dentin 

(Figure 2B-left panel). The degree (Scheffel et al. 2012) and depth of the 

demineralized zone in dentin decreases with reducing etching times (Abu-Hanna 

et al. 2004; Perdigão and Lopes 2001). In the meantime, others have proven that 

reduced etching time down to for 5s does not deteriorate the mechanical bond 

strength (Gopalakrishna 2009).  

 

Second, increasing concentrations of NaOCl were successfully used to 

progressively remove the exposed collagen on dentin surface, as the amorphous 

topographical features of dentin decreased and the relative content of Ca and P 

increased (Figure 4.2 B and C). The use of increasing NaOCl concentrations also 

progressively increased the diameter of the dentinal tubules (Figure 4.2 B). Indeed, 

the increase of dentin hydrophilicity, permeability and width of tubular apertures 
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are proven outcomes of NaOCl treatment (Gowda and Das 2012), (Toledano et al. 

1999). Here, dentin coated with L-GL13K after conditioning with 8.25%- or 2.5% 

NaOCl were not hydrophobic (Figure 4.2 B-right panel and Table S4.4). However, 

dentin coated with L-GL13K after conditioning with 5%-NaOCl was highly 

hydrophobic, WCA=91ᴼ±8ᴼ (Figure 4.2 B-middle panel and Table S4.4). These 

results suggested that the mineral-enriched dentin produced with 5%-NaOCl 

attracted a higher amount of peptides enough to balance its increased wettability 

(more minerals)  compared to Etched dentin and enough to balance its 

permeability (more open dentinal tubules) compared to 8.25% Deprtoinzed dentin. 

 

Thus, we further studied and compared L-GL13K coatings on 5%-NaOCl 

Deproteinized and Etched dentin using MP-SHG imaging. Our goal was to validate 

our hypothesis that the mineral-rich Deproteinized dentin would adsorb more 

peptide molecules than Etched dentin (Figure 4.2 C). Using MP microscopy, we 

were able to visualize our fluorescent-labelled L-GL13K peptides through dentin, 

from its surface to deep regions. This is because MP is based on a pulsed near-

infrared laser that allows the excitation of biological samples to penetration depths 

inaccessible to traditional 1-photon confocal microscopy, up to about one 

millimeter in depth for soft tissues (Diaspro et al. 2006). Additionally, MP differs 

from traditional fluorescence microscopy in that the background signal is strongly 

suppressed, improved signal-to-noise ratio, markedly reduced phototoxicity to the 

focal region, and optical sectioning capability for high-resolution imaging (Terrer et 

al. 2016; Zoumi et al. 2002). Using SHG, we were able to visualize label-free 
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collagen (Campagnola 2011; Campagnola et al. 2001; Campagnola et al. 2002) in 

dentin. This is a particularly valuable tool that depends on the multi-photon 

interactions with non-linear materials, such as the chiral molecules in fibrillar 

collagen (Campagnola et al. 2001; E. Georgiou 2000). Combined MP-SHG has 

been used to obtain complementary information for thin biological tissue sections 

(Campagnola et al. 2002) but not yet for thick hard tissue specimens. However, 

we successfully combined MP-SHG techniques to simultaneously acquire images 

of fluorescent-labelled peptides and unlabeled collagen and merge them 

(Helmchen and Denk 2005; Marti-Bonmati et al. 2010) to obtain 3D models of the 

peptide-coated dentin (Figure 4.3). To our knowledge, this is the first time MP-SHG 

is used to visualize the distributional pattern of biomolecules on the dentinal hard 

tissue, noninvasively and spatially localized.   

 

We validated our hypothesis as the results showed Deproteinized dentin 

coated with markedly higher amounts of peptides than Etched dentin (Figure 4.3 

and Videos S4.2, S4.3, and S4.4), both on dentin surface and around dentinal 

tubules to deeper depths. Characteristically, the peptide signals were restricted 

around the dentinal tubules, where the mineral content is higher, leaving the 

intertubular collagen almost free from peptides (Figure 4.3 A). On Deproteinized 

dentin, the SHG images showed a homogenous ~5 µm peptide layer on top of 

dentin that had lost most of its surface collagen  (Figure 4.3 B and Videos S4.3), 

which verified that mineral-rich Deproteinized dentin favored recruitment and 

immobilization of peptides (Figure 4.3 C).  The immobilized peptides were also 
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clearly detected deeply on the dentinal tubules, exceeding 30 µm in depth (Figure 

4.3 B-right column and Video S4.4). This implies that the peptide coatings 

extended way beyond the thickness of the hybrid layer; the weakest link at the 

interface (Spencer et al. 2010).  

 

We evaluated the impermeability of dentin/BRs interface coated with L-

GL13K peptides on Etched dentin or on 5%-NaOCl Deproteinized dentin using 

micro-Computed Tomography as described in the supplementary ‘Materials and 

Methods’. All peptide coatings provided impermeable properties to the dentin/BR 

interface as they significantly reduced dye leakage along the interfaces compared 

to non-coated samples, before and after being aged in water and thermocycling 

(Figure S4.4). However, peptide coatings on Deproteinized dentin had less 

dispersion of the dye penetration values than coatings on Etched dentin. This more 

consistent performance might be attributed to the increased amount of immobilized 

peptides on Deproteinized dentin.  

 

4.4.4 Release of Peptide-based Coatings 

We evaluated the stability of AAMP coatings on dentin. We tested the three 

peptides that best combined the ability of forming a hydrophobic coating with 

antimicrobial activity; i.e., 1018, D-GL13K and DJK2. We were unable to detect 

peptide release from dentin in AS by either LC-MS or MALDI-TOF analysis for any 

of the three peptides (Figure 4.4).  It is possible that the release of peptides was 

below the limits of detection or the presence of dentin adducts contributed to 
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peptide signal suppression in LC-MS.   However, our results with MALDI-TOF after 

mixing peptides with dentin extracts indicated that the presence of dentin does not 

completely suppress the ionization of the peptides (Figure 4.4 B).  The AS does 

not mimic the enzymatic degradation of human saliva but we could not use the 

latter because of the complexity of its proteome. However, we have previously 

shown that the physical properties of the AAMP coatings were not significantly 

altered after exposure to human saliva- and acid-mediated challenges (Moussa et 

al. 2017), and the retention of antimicrobial activity (Moussa et al. 2018) suggests 

that all or active portions of the peptide remain bound to the dentin, supporting the 

MS results. The aforementioned strong electrostatic and hydrophilic interactions 

between the polar cationic amino acids in all AAMPs tested here and the 

hydrophilic negatively-charged minerals of dentin may also explain the robust 

attachment of peptides to dentin. Furthermore, the high hydrophobicity of the 

peptide coatings can be a self-protecting mechanism against water and 

waterborne degrading agents, such as saliva. 
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Chapter 5 
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Synopsis 

Dental composites are increasingly popular as esthetic and conservative 

restorative materials. Nonetheless, the highly prevalent recurrent caries (RC) 

along the tooth-composite interfaces is the primary reason for their failure and 

clinical replacement. Many studies have reported over the years that composites 

accumulate thicker biofilm at which the caries process is initiated, predominantly 

at the vulnerable dentin/restoration interface.  We present a treatment to coat 

dentin with antibiofilm and cytocompatible peptides to resist RC exploiting the 

strong antibiofilm properties of amphipathic antimicrobial peptides (AAMPs). 

Antimicrobial peptides (AMPs) are potential alternatives to traditional antimicrobial 

agents and antibiotics due to their ability to specifically target the complex and 

heterogeneous organization of microbial communities. However, unlike 

approaches that focused on using AMPs in aqueous solutions for short term 

activity, we present our anti-biofilm dentin model using a long-acting hydrophobic 

coating at the tooth-composite interface. Further, we sought to study the impact of 

these AMPs coatings on the dental plaque microbial community composition as 

well as their bacterial selectivity. We found that all D-amino acids AAMPs induced 

a marked shift in the plaque community by reducing the number of different 

bacterial taxa and changing their relative abundance. We found that they targeted 

three primary acidogenic colonizers, including the most common taxa around 

Class II composite restorations. The primary colonizers have a central role in 

biofilm succession and their acidogenic nature accelerates the demineralization 

process and initiation of carious lesions. We investigated the translational potential 
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of our antibiofilm dentin using non-liner multiphoton (MP) advanced bioimaging to 

visualize biofilms along simulated ex-vivo dentin-composite failed interfaces. MP 

is a powerful imaging technique based on a pulsed near-infrared laser allowing the 

excitation of biological samples to penetration depths inaccessible to 1-photon 

confocal microscopy. MP technology enabled us to monitor the significant 

antibiofilm potency of AAMPs-coated dentin on plaque biofilms alongside the 

interface, up to 1 mm in depth.  

 

5.1 Introduction 

 
Dentistry has benefited from the marked increase in the development of 

esthetic composite restorations. Composite restorations offer both cosmetic and 

restorative treatments (Ferracane 2011) for the most prevalent chronic disease 

globally, dental caries (World Health Organization 2012). However, the durability 

of composite restorations is notably compromised because of recurrent carious 

lesions that develop subsequent to the restoration’s margins after 3 years or later 

(Astvaldsdottir et al. 2015). Recurrent caries (RC) has been identified as the 

primary reason for failure and replacement of composite restorations (Ferracane 

2011). This is attributable to the fact that composite restorations are most 

vulnerable at the adhesive-dentin interface (Spencer et al. 2010) with increased 

likelihood of failure through water, waterborne agents, and bacteria-mediated 

biodegradation.  
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Several attempts have been made to address the causative factors of 

interface degradation. Focusing on the antimicrobial aspect, antimicrobial 

monomers such as methacryloyloxydodecylpyridinium bromide (MDPB) had been 

incorporated in dental resins; however, the bactericidal activity of MDPB was 

reduced after immobilization in the resin matrix (Imazato et al. 1995). Alternative 

cationic antimicrobial molecules, cetylpyridinium chloride, have been used as they 

possess significant bacteriostatic activity against Streptoccocus mutans, even after 

immobilization in the resin matrix (Namba et al. 2009). Nonetheless, further studies 

are needed to examine its efficacy against other pathogens in the diverse oral 

microbial community. Besides, numerous attempts had also been pursued to 

incorporate chlorhexidine (CHX) as an antimicrobial agent in the restorative 

procedures. Nonetheless, CHX significantly compromised the mechanical 

properties of adhesives and leached out of the hybrid layer (Cadenaro et al. 2009).  

 

Here, we present the antibiofilm peptide-coated dentin to resist RC exploiting 

the amphipathic, antibiofilm, and cytocompatible properties of selected amphipathic 

antimicrobial peptides (AAMPs). This is a continuation of our previously introduced 

peptide-coated hydrophobic dentin to resist hydrolytic-based degradation at the 

dentin-composite (d/c) interface (Moussa et al. Submitted-a) (Moussa et al. 

2017).This dual-defensive system is expected to increase the longevity of 

composite restorations by resisting the multifactorial etiology of recurrent caries.  
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Our approach is based on using cationic AAMPs because of their ability to 

target the complex and heterogeneous biofilms where the bacteria are unlikely to 

develop resistance; a key advantage over conventional antibiotics (de la Fuente-

Nunez et al. 2015; Leung et al. 2005). Several recent research trials have focused 

on antimicrobial peptides (AMPs) in aqueous solution to transiently target 

planktonic bacteria and/or biofilms (de la Fuente-Nunez et al. 2015; Wang et al. 

2015; Wiradharma et al. 2011). However, to the best of our knowledge, no studies 

have considered the potential development of long-acting AMPs coatings by 

directly immobilizing antibiofilm agents on dental tissues.  

 

In this work, we present selected AAMPs that combine high-hydrophobicity 

upon dentin coating, potent antibiofilm activity against dental plaque biofilm (PB), 

and cytocompatibility. We sought to study the impact of these selected AAMPs 

coatings on the PB microbial community as well as their bacterial selectivity using 

metagenomic next generation sequencing. The resultant effect of AAMPs coatings 

on PB is innovatively presented utilizing nonlinear multiphoton (MP) advanced bio-

imaging. We display 3D rendering of the PB response to AAMPs coatings along a 

simulated ex-vivo failed interface, up to 1-mm in depth. 

 

5.2 Material and Methods 

5.2.1 Peptide Synthesis  

Peptides were synthesized (purity >98%) by AAPPTec (Louisville, KY, 

USA) using solid-phase 9-fluorenylmethoxy carbonyl (Fmoc) chemistry and 
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delivered as lyophilized powder. The peptides: L-GL13K, D-GL13K, 1018, DJK2, 

DJK5, and hLf1-11 (AMPs); L-GL13K-R, D-GL13K-R (control non-AMPs); and 

green fluorescent-labelled L-GL13K (5-FAM-GKIIKLKASLKLL-NH2) (Table 

S5.1).  

5.2.2 Minimum Inhibitory Concentration (MIC) 

Dental plaque samples from 10 caries active patients were collected by Dr. 

Robert S. Jones, University of Minnesota (Institutional Review Board 

#1403M48865). Planktonic bacteria were grown overnight anaerobically in 

modified BHI medium (BHI; RM188, HiMedia, West Chester, PA, USA) (Table 

S5.2). The bacterial suspension was adjusted to optical density (OD)600 = 0.2±0.01 

and then diluted 1:20. D-GL13K was dissolved in 0.01% acetic acid and added to 

sterile 96-well polypropylene microtiter plates at decreasing 2-fold serial dilutions 

(0-512 μg/ml). Media without peptides were used as controls. Plaque bacteria were 

inoculated to a final concentration of 5.0×10
5
 CFU/ml per well. The plates were 

incubated at 37 °C for 24 hours under continuous shaking at 200 rpm. After 24 h 

of peptide treatment, absorbance at 600 nm was measured using a microtiter plate 

reader (Bio-Tek Instruments, Winooski, VT, USA). The MIC was determined as the 

lowest concentration of peptide at which no growth of bacteria was detected. The 

biomass adherence of the 10 plaque samples was previously assessed by Dr. 

Robert S. Jones’ lab. The plaque sample that formed the highest adherent biofilm; 

i.e., #311 (data not shown), was used to test MICs for all our peptide candidates, 

following the same aforementioned protocol.  
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5.2.3 Plaque Biofilms on Peptide-coated Hydroxyapatite Discs 

Hydroxyapatite (HA) discs (9.65 mm diameter by 1.52 mm thickness; 

Clarkson Chromatography Products, Williamsport, PA, USA) were sterilized by 

autoclaving to be used as PB substrates. Both sides of each disc were etched by 

32% phosphoric acid gel (Scotchbond™ Universal Etchant, 3M, St. Paul, MN, 

USA) for 15 s followed by 10 s water-rinse and 10 s air-dry. The discs were coated, 

incubated with a thin layer of peptide solution at 37 °C for 1 min, by 1 mg/ml of 

either D-GL13K or 1018 or DJK2 followed by 60 s air-dry. The control discs were 

etched, but were not coated with peptides. Each disc was inoculated with 200 µL 

of the aforementioned adjusted inoculum then 1.8 ml of the fresh media was 

added. The discs were incubated in an anaerobic chamber at 37°C under shaking 

200 rpm for 48 h. The supernatant in each well was gently pipetted out and discs 

were rinsed with 0.9 % NaCl twice to remove the unattached bacteria.  

5.2.4 Live/Dead Viability Assay 

Working solution of fluorescent stains (L7012, LIVE/DEAD BacLight 

Bacterial Viability Kit, ThermoFisher Scientific, Waltham, MA, USA) was prepared 

by adding 3 μl of SYTO® 9 (live cell stain) and 3 μl of Propidium iodide (PI, dead 

cell stain) to 1 ml of sterilized Milli-Q® ultrapure water. 100 μl of staining solution 

was added onto the HA disc. The discs were covered and incubated for 20–30 

minutes at room temperature, protected from light. The stained discs were 

examined by upright fluorescent microscopy using a 40x water immersion lens 

(Eclipse E800, Nikon, Tokyo, Japan). The excitation/emission maxima for SYTO 9 

and PI were 480/500 nm and 490/635 nm, respectively. The peptide coatings were 
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challenged by ultrasonication in a water bath for 45 min or by immersion in 30% 

acetic acid (pH=2.4) for 45 min. Then, the discs were transferred to well plates to 

regrow the biofilm for additional 5 and 15 days using the same aforementioned 

protocol. The regrown biofilms were re-assessed using the same Live/Dead assay. 

5.2.5 Colony-forming Unit (CFU) Count 

Biofilms were detached with a magnetostrictive ultrasonic scaler (Cavitron
®
 

Select SPS ultrasonic scaler type Gen-124, Dentsply, York, PA, USA) at medium 

power without water irrigation. 1.5 ml of cold 0.9 % NaCl was added to10 ml glass 

vials contacting the discs. The openings of the vials were sealed with a plastic 

paraffin film (Parafilms
®  

AquaPhoenix Scientific Inc. Hanover, PA, USA)  around 

the shaft of the ultrasonic insert (Slimline
®
–FSI-SLI 10S- Dentsply, York, PA, USA). 

The insert’s tip was immersed in the solution and positioned just above and parallel 

to the disc surface. The samples were sonicated in non-contact mode for 90 s 

each. The whole process was done on ice to compensate for the high temperature 

generated during sonication and thus, cells maintained their vitality. The bacterial 

cells were collected after additional ultrasonication in water bath for 10 minutes 

and quick vortexing. One ml was assigned for DNA extraction and 0.1 ml for CFU. 

The discs were examined to check for any undetached remaining biofilm. For CFU, 

serial dilutions were prepared, 10
1
 through 10

5-
10

6
 in quadruplicates for each 

sample to be cultured on Brucella Agar Plates with Hemin and Vitamin K ( 

Teknova, Cat. No B0155, Hollister, CA, USA). The plates were incubated in 

anaerobic conditions for 24 h and CFU count was calculated. Live/dead viability 

assay was conducted on HA discs after biofilm detachment to assess the 
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detachment efficiency using narrow ultrasonic tips for highly porous substrates, 

such as etched HA compared to conventional biofilm detachment methods.  

5.2.6 Propidium Monoazide Treatment (PMA)  

PMA treatment was conducted for selective detection of viable bacteria. 

Prior to DNA extraction, the collected 1ml of bacterial cells was sub-divided into 

0.5ml with PMA and the other 0.5ml without PMA treatment for each sample for 

fulfilling a pairs-matched statistical design (Figure S5.1). PMA was added to the 

assigned samples for a final concentration of 50 um. The samples were incubated 

in the dark for 10 minutes on a shaker at room temp. The samples were exposed 

to a PMA-Lite LED photolysis device light  (Biotium, Fremont, CA, USA ) to cross 

link PMA to DNA for 15 minutes. Cells were pelleted by centrifuging at 5000x g for 

10 minutes in preparation for genomic DNA extraction. 

5.2.7 DNA Isolation Protocol  

Genomic DNA was extracted from all samples; i.e., PMA and non-PMA 

treated bacteria. The protocol amended from Epicentre MasterPure
TM 

DNA 

Purification Kit and Epicentre MasterPure
TM 

Gram Positive DNA Purification Kit 

was followed. (http://homings.forsyth.org/DNA%20Isolation%20Protocol.pdf) 

5.2.8 16s rRNA Next Generation Sequencing  

Quantitative polymerase chain reaction (qPCR) was conducted and the 

target copy number threshold was set at 167,000 molecules/μl. 16S library was 

prepared for the samples with sequencing on 300PE MiSeq (Illumina
®
, San Diego, 

CA, USA) sequencing run (~1-2M total reads) for V3V4 amplicon. 
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5.2.9 Biofilm Imaging along the d/c Interface 

The interfacial gap preparation 

Roots of bovine teeth were used to prepare restored d/c discs (Figure 5.1). 

After the crowns and apical thirds of each tooth were cut off, the root canals were 

enlarged to 2 mm in diameter, using 1.9-mm diameter fiber post drills (RelyX™ 

Fiber Post, 3M, St. Paul, MN, USA). The outer surface of the roots was trimmed 

down to 5 mm in diameter using a lathe to remove cementum and external layers 

of dentin. The obtained dentin tubes (5 mm in outer diameter and 2 mm in inner 

diameter) were water rinsed and stored in 0.5 chloramine T solution at 4 °C until 

the restorative procedures were performed. The radicular dentin tubes were total-

etched for 15 s, water rinsed, air-dried for 10 s each, and filled with dental resin 

composite (Filtek™ Z250 Universal Restorative 3M, St. Paul, MN, USA) without 

adhesive. We introduced an artificial interfacial gap to simulate a failed restored 

interface; we adapted the method by Khvostenko et al. 2015. Clear matrix strips 

(4" x 3/8" x 0.002") (Patterson
® 

 Mylar
® 

 Matrix Strips, Patterson Dental, Dental 

Supply, St. Paul, MN, USA) were introduced in the dentin cylinders, against the 

dentin wall, before composite application. After curing, the matrix strips were pulled 

out leaving gap of around 400 µm in thickness along the interface.  Then, the 

restored dentin cylinders were sliced using a pre-calibrated template into 2-mm 

thick d/c discs (Figure 5.1). The restored discs were inoculated as before and 

incubated in the anaerobic chamber at 37°C under 200 rpm shaking for 9 days and 
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18 days. Media were refreshed twice a week. The discs were stained using 

live/dead viability assay using the aforementioned protocol. 

 

Figure 5.1. Schematics for the preparation of a simulated tooth-composite 
failed interface. A reproducible artificial gap was introduced along the d/c 

interface of the restored discs . This model was used to assess the biofilm 

succession along the interface with and without D-GL13K treatment using multi-

photon advanced bio-imaging. See text for the detailed description of preparation 

of samples.  

 

MP imaging 

MP images were acquired in a MP upright microscope equipped with an 

A1R laser scan head (Nikon FN1, Tokyo, Japan).  Excitation of the samples was 

performed with a Spectra-Physics 15W Mai Tai DeepSee tunable IR laser tuned 

to 870 nm. Non-descanned highly sensitive GaAsP detectors were used to allow 

visualization of multiple fluorophores located deep within the specimen. The IR 
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laser was operated in pulsed mode and was focused onto the sample using a 25x 

NA1.1 water-immersion objective with a 2mm working distance suitable for deep 

imaging. MP excitation fluorescence was  

collected in the epi direction in the green (470-550) and orange-red (570-640) 

channels. The filters used were 425/50, 510/80, and 605/70. The samples were 

scanned in 512x512 pixel frames (0.14x0.14 µm pixel size) using resonant scanner 

with a 1 µm step size in Z. Correction for the Z-intensity was activated at 10-12 

points/1 mm. Prior Z Drive was selected to control the objective lens movements 

at a deeper level, up to 2 mm depth, during Z-stack recording. Images were 

compiled and analyzed with NIS Elements software (Version 4.11.0, Nikon, Tokyo, 

Japan). 

Dead cells quantification 

The proportion of dead cells was calculated as: proportion of dead cells = 

(total volume of dead cells / total volume of dead+live cells given no cells could be 

green (live) and red (dead) at the same time. The quantification was done through 

the standard colocalization analysis using the Fiji image processing package 

based on ImageJ software (National Institutes of Health, Bethesda, MD, USA).  

 

5.2.10 Statistical Analysis 

Statistical analysis was performed using R software, version 3.3.2 (64-bit), 

for statistical computing and graphics (supported by the R Foundation for 

Statistical Computing) (R Core Team 2013). Means and standard deviations of 

MICs, CFUs, and percentages of live and dead cell volumes were calculated and 
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analyzed by two-tailed two-sample t-test. α = 0.05 was used as cutoff for statistical 

significance.  

Sequence data processing and analysis 

  Illumina data was processed with cutadapt for removal of adapters, DADA2 

for quality processing and an amplicon sequence variant table (ASV) analysis 

following current suggested practices. Primers where removed with FilterandTrim, 

paired reads were merged with mergePairs, Bimeras where removed in with 

removeBimeraDenovo, and Silva version 132 was used for taxonomy 

identification. Sequences with a length < 251 and > 255 were removed as well as 

sequences with a total read count across all samples equal to 1. Further analysis 

of the ASV table was performed in R with the vegan, reshape2, ggplot2, grid, 

gridExtra, plyr, dplyr packages. Adonis, Analysis of variance and TukeyHSD for 

multiple comparisons were used on treatment variables and alpha diversity 

statistics Shannon, simpson and inverse simpson (Callahan et al. 2016; Martin 

2011). 

 
5.3 Results 

5.3.1 MIC of AAMPs against PBs 

MICs of D-GL13K against the cultures of all 10 PB samples were in the 

range 1-4 μg/ml  showing the broad antimicrobial potency of this peptide (Figure 

5.2 A). The sample #311 showed the highest attachment  behavior (Figure 5.2 B) 

compared to the other 9 samples as identified by Dr. Jones lab (data not shown). 

Still, D-GL13K significantly inhibited #311” PB (around 4-fold) at a concentration 
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as low as 25 μg/ml (Moussa et al. Submitted-a) (Figure 5.2 B). Cultures of the 

highly adherent #311 sample was chosen to challenge the rest of peptide 

candidates. The all D-amino acid peptides (D-GL13K, DJK2, and DJK5) and 1018 

peptide showed the lowest MICs values (MIC = 1-2 μg/ml) followed by L-GL13K 

(MIC = 8 μg/ml). The scrambled amino acid versions of GL13K, L-GL13K-R and 

D-GL13K-R, and hLf1-11 peptides did not show inhibitory effect up to 512 μg/ml  

(Figure 5.2 C).

 
 

Figure 5.2. Antimicrobial effect of peptide candidates on dental plaque 
communities and their cytotoxicity. A) The minimum inhibitory concentrations 

(MICs) of D-GL13K against 10 different supragingival plaque samples collected 

from caries active individuals. Bars show average ± standard deviation (n=3). B) 

The 6-day-old highly adherent plaque biofilm of “311” sample (top panels). Bottom 

panels are treated with 25µg/ml D-GL13K (Moussa et al. Submitted-a). C) MICs of 

antimicrobial and non-antimicrobial control peptides against “311” plaque sample 

(Moussa et al. Submitted-b). Bars show average ± standard deviation (n=3). D) 

The cytotoxicity profile of the most potent AAMPs (D-GL13K, DJK2, DJK5, and 

1018) and a non-antimicrobial representative peptide (D-GL13K-R) on human 

dental pulp stem cells (hDPSCs) and fibroblasts (NIH 3T3) (Moussa et al. 

Submitted-b). Data are expressed as percentage (mean ± S.D.) compared to cells 

not exposed to AAMPs (n=5). 
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5.3.2 Antibiofilm Efficacy of Potent and Cytocompatible AAMPs Coatings 

DGL13K,  DJK2, and 1018 were the AAMPs that combined antimicrobial 

potency and cytocompatibility (Figure 5.2 C and D) (Moussa et al. Submitted-b). 

Thus, we used them to coat HA discs (Figure S5.2) and assessed the antibiofilm 

efficacy of the peptide coatings. CFUs for 48 h-biofilm detached from AAMPs-

coated HA discs showed a significant reduction of more than 50x compared to 

controls (n=3, p-value=0.03 ) (Figure 5.3 A). An almost complete detachment of 

grown biofilms on HA discs was achieved using the Cavitron© ultrasonicator with 

the Slimline tip© as verified by the live/dead staining of the remaining biofilm. The 

use of the Slimline tip was more efficient to detach the biofilm than the commonly 

used ultrasonication bath (Figure S5.3).  

The live/dead viability assay for control biofilms showed well-organized network 

structures and almost no dead (disrupted) bacterial cells. D-GL13K coatings led to 

uniform and marked bacterial cell death across the HA discs after 48h hours of 

biofilm growth (Figure 5.3 B). The chemically- and mechanically-challenged D-

GL13K-coatings showed a sustained antibiofilm activity against 5-day and 15-day 

regrown biofilms (Figure 5.3 C). 
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Figure 5.3. Antibiofilm effect of AAMPs D-GL13K, DJK2, and 1018 coatings 
on dental plaque biofilms.  A) Cell death measurement by counting colony 

forming units (CFU) of detached biofilms from HA discs coated with DJK2 or 1018 

or D-GL13K. Controls are 32% phosphoric acid-etched HA discs without AAMPs 

coating. B) Merged live (green) and dead (red) viability assay images of 48-hour 

plaque biofilms grown on HA discs with (bottom image) and without (top image) D-

GL13K coatings. C) Live and dead viability assay images of 48-hour, 5-day, and 

15-day-old plaque biofilms grown on HA discs with (bottom image) and without 

(top image) D-GL13K coating. Middle panel shows regrown biofilms after 45 min 

of ultrasonication (mechanically challenged D-GL13K coating). Right panel shows 

regrown biofilms after 45 min immersion in 30% acetic acid (chemically challenged 

D-GL13K coating). Merged images are on the left side and separated live 

(top)/dead(bottom) images are on the right side of each panel.  
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5.3.3 Effects of AAMPs on PB Microbial Community 

Principal Coordinate Analysis (PCoA) was used to show the distance 

between samples graphically in multidimensional space and ordinates data on 

plots to visualize similarities or dissimilarities of data.  PC1 explains the greatest 

amount of variance, PC2 explains the next greatest amount of variance, and PC3 

explains the third greatest amount of variance. There was a marked distinction 

between control samples (clustered in an orange ring) and AAMPs-coated 

samples along the coordinate PC1, which accounted for the largest proportion of 

total variance (Figure 5.4 A). That implies that AAMPs induced a shift in the tested 

microbial community.  

 

Bacterial diversity, which includes richness and evenness, was observed 

for various measures of alpha diversity (diversity within a sample). Richness 

denotes the number of taxa observed in a sample while evenness reflects the 

changes of taxonomic relative abundances (Morris et al. 2014). In this study, the 

taxa are at the genus-level.  

 

Bacterial community richness (Shannon index) showed that all D-amino 

acid AAMPs coatings (D-GL13K and DJK2) significantly reduced the bacterial 

richness compared to controls (p-value=0.02 and 0.002, respectively). Likewise, 

for community evenness (Simpson and InvSimpson indices) as same groups 

showed similar behaviors (Simpson index: p-value=0.02, 0.018; and InvSimpson 

index: p-value=0.01, 0.0049 for DGL13K and DJK2, respectively vs controls). 
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Unlike D-peptides, the L-peptide 1018 showed high bacterial richness and 

relatively even bacterial community approaching controls. 1018 was statistically 

significantly different from DJK2 in Shannon index (p-value= 0.01) (Figure 5.4 B). 

 

We studied the bacterial selectivity in the uneven communities of D-

peptides. We found the breadth of bacterial diversity embraced six genera and was 

dominated by Veillonella and Streptococcus (85% of the total sequences) (Table 

S5.3). Thus, we analyzed the highly abundant taxa separately from the rest. 

Veillonella and Streptococcus were analyzed using the same aforementioned 

diversity indices.  D-GL13K coatings induced a significant reduction in the number 

and relative abundance for both genera combined compared to controls (p-value= 

0.02, 0.01, 0.01 for Shannon, Simpson and InvSimpson respectively). DJK2 

coatings induced similar effects to D-GL13K coatings on the biofilm versus controls 

(p-value= 0.05, 0.08, 0.03 for Shannon, Simpson and InvSimpson respectively).  

All diversity parameters for biofilms grown on 1018 coatings were consistently 

similar to controls but didn’t reach the statistical significant cutoff in the multiple 

comparisons with D-peptides (Figure 5.4 C). We used the analysis of composition 

of microbiomes (ANCOM) index to monitor Veillonella and Streptococcus behavior 

separately for the different groups. ANCOM confirmed that Veillonella was 

specifically targeted by D-peptides and showed the consequential influence on 

Streptococcus profiles (Figure 5.4 D-upper panel). 
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         Figure 5.4. (caption on the next page) 
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Figure 5.4. (images on the previous page): Effect of AAMPs DGL13K, DJK2, 
and 1018 coatings on the dental plaque microbial composition using16s 
ribosomal RNA (rRNA) gene next generation sequencing. A) Principal 

coordinates plots shows the distance and relatedness between taxonomic data of 

tested populations. B) Alpha diversity plots show the genus-level change in 

bacterial richness (number of bacterial taxa) and bacterial evenness (relative 

abundance of bacterial taxa). Shannon index (top panel) is sensitive to bacterial 

richness, Simpson index (middle panel) is sensitive to bacterial evenness, 

InvSimpson (bottom panel) is the inverse of Simpson index diversity estimator. C) 

Alpha diversity plots show the change in bacterial richness and evenness of the 

highly abundant Streptococcus and Veillonella combined. D) Analysis of 

composition of microbiomes (ANCOM) statistical framework shows the bacterial 

selectivity of tested AAMPs for Streptococcus, Veilonella, Actinomyces and 

Gemella.  

 

For the less abundant taxa, ANCOM showed that coatings of D-peptides 

significantly reduced Actinomyces and Gemella (n=6, p-value=0.002 and 0.034, 

respectively) (Figure 5.4 D-lower panel). This finding was confirmed by the 

indicator value (IndVal) index that measures the association between bacterial 

taxa and a site group (Dufrêne and Legendre 1997). Actinomyces and Gemella 

were significantly associated with controls (p-values= 0.001 and 0.004, 

respectively) (data not shown). 

 

5.3.4 Antibiofilm Effects of AAMPs Coatings along d/c Interface 

D-GL13K treated interface significantly increased the percentage of dead 

bacterial cells in PBs grown for 9 days along the interface compared to controls, 

p-value= 0.018 (Figure 5.5 A, Figure S5.4, and Video S5.1 and S5.2). D-GL13K 

coatings maintained their antibiofilm potency for  longer periods as visualized in 

the18-day-old PB along the d/c interface (Figure 5.5 B and C). The whole 

interfacial gap bounded by D-GL13K-coated dentin and composite restoration 
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showed a notable difference in the PB response to the antibiofilm dentin, the 

straight side, and the non-antibiofilm composite, the curved side, of the interface 

(Figure 5.5 C and Video S5.3 and S5.4).  

 

5.4 Discussion  

The caries process is initiated by dental plaque (Manji et al. 1991) that 

encompasses diverse bacteria in the biofilm state. PB is one of the most complex 

biofilm systems in nature (Xiao et al. 2012).  Many studies have reported over the 

years that composites accumulate thick biofilms (Bourbia et al. 2013; Kuper et al. 

2015; Svanberg et al. 1990). PB accumulation on restoration’s surfaces has been 

associated with the development of RC at the vulnerable d/c interface (Delaviz et 

al. 2014) (Spencer et al. 2010). Accordingly, preventing dental plaque succession 

and targeting the microorganisms responsible for RC is an urgent need.  

We present an antibiofilm dentin model exploiting potent and 

cytocompatible AAMPs in a long-acting hydrophobic coating form to resist RC at 

d/c interface. D-GL13K peptide, the first introduced peptide for our approach 

(Moussa et al. 2017; Moussa et al. 2018), exhibited high antimicrobial efficacy 

against dental plaque cultures collected from cariogenic subjects at very low 

concentrations (Figure 5.2 A). However, suspension cultures do not mimic the 

biofilm state that shows increased resistance to antimicrobial agents (Hojo et al. 

2009). Still, D-GL13K successfully inhibited the formation of highly adherent PBs 

by suppressing more than 70% of quantified biofilm biovolume compared to 

controls (Figure 5.2 C). 
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Figure 5.5. (caption on the next page) 
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Figure 5.5. (images on the previous page): Multiphoton fluorescence 3D 
rendering of plaque biofilms along dentin-composite interfacial gaps up to 1 
mm in depth. A) 9-day-old plaque biofilm and B) 18-day-old plaque biofilm along 

D-GL13K treated (left) and control non-peptide treated (right) interfaces. 

Quantified dead cells in A) are average percentage values ± standard deviations. 

C) Zoomed-out images of the 18-day-old plaque biofilm grown at the interfacial 

gap between dentin and composite restorations. Top panel shows the PB 

response to D-GL13K coated dentin and composite restoration, the straight side 

and the tilted side of the interface, respectively. Bottom panel shows a control non-

peptide coated sample. In A) and C), right channels (PI red=dead bacteria); central 

channels (Syto-9 green=live bacteria); left channels (red+green=merged live and 

dead bacteria). 

 

 
Aiming to increase the efficiency and versatility of our AAMPs-based 

treatment for potential applicability, we tested a series of comparable AAMPs. D-

GL13K, DJK2 (D-peptides) and 1018 (L-peptide) formed highly hydrophobic 

coatings on dentin and were the most potent against PBs and showed appropriate 

cytocompatibility (Figure 5.2 C and D and Table S5.1) (Moussa et al. Submitted-

b). 

Some antimicrobials are known to lose their activity after immobilization 

(Imazato et al. 1995); however, we have previously shown that under specific 

conditions of covalent immobilization on metallic substrates, the L-enantiomer of 

D-GL13K retained its activity (Holmberg et al. 2013). Also, we have previously 

proven that these peptides are also immobilized when used to coat dentin as they 

have strong physicochemical affinity for the mineral phase of dentin; i.e., 

hydroxyapatite (Moussa et al. Submitted-b). Thus, we chose HA discs as  

substrates for immobilizing AAMPs where the existence of both L- and D- coatings 

on HA discs was verified by x-ray photoelectron spectroscopy (XPS) (Figure S5.2). 
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D-GL13K coatings, a representative immobilized AAMP on HA discs, effectively 

triggered bacterial cell death in PBs compared to controls (Figure 5.3 B). 

 

To investigate if these potent antimicrobial properties are enduring and 

robust, we challenged D-GL13K coatings mechanically and chemically to trigger 

their detachment and/or degradation. The persistent antimicrobial efficacy was 

obvious after the different challenging modes and for longer periods of time (Figure 

5.3 C). Noteworthy, we previously demonstrated that there was no detectable 

release of these selected AAMPs from their immobilized coatings on dentin using 

two complementary mass spectrometer modalities (Moussa et al. Submitted-b). 

The strong electrostatic and hydrophilic attraction between polar amino acids of 

peptides, including the positively charged ones, and the negatively charged 

hydrophilic etched-HA might explain the robust stability of D-GL13K coatings and 

thus, their sustained antibiofilm efficacy. 

 

Of particular interest, the mechanism of action of these 3 potent AAMPs are 

different. While D-GL13K presumably removes bacterial membrane lipids by 

partial micellization followed by membrane rupture (Balhara et al. 2013), 1018 and 

DJK2 work by preventing the intracellular accumulation of guanosine penta- and 

tetraphosphate ((p)ppGpp), which plays an important role in biofilm development 

(de la Fuente-Nunez et al. 2015). de la Fuente-Nunez et al,  also highlighted that 

although DJK2 and 1018 share the same mechanism of action, the D-enantiomeric 

one is protease resistant and has a broad-spectrum antibiofilm potency up to 10-
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fold compared to 1018, which is susceptible to degradation by either bacterial 

and/or host proteases (de la Fuente-Nunez et al. 2015). These diverse killing 

mechanisms with different potencies led us to study the effect of immobilized 

coatings of D-peptides D-GL3K and DJK2 and the L-peptide 1018 on the dental 

PB microbial community composition.  

 

More than 700 bacterial species have been identified in the oral 

microbiome, of that >50% have not been cultivated (Aas et al. 2005). DNA-based 

techniques, culture-independent molecular methods, have been used to overcome 

this major limitation by identifying bacteria directly from clinical samples avoiding 

the need for in vitro cultivation (Paster and Dewhirst 2009). With the advent of next 

generation sequencing, the analysis of the oral microbiome with high resolution 

has been enabled and has advanced our understanding of such diverse bacterial 

populations (Novais and Thorstenson 2011). Using 16S ribosomal RNA (rRNA) 

gene next generation sequencing, we aimed to study first, the breadth of bacterial 

diversity in the PB; second, the antimicrobial effect of the cytocompatible D- and 

L-AAMPs coatings on PB microbial community composition; and third, the bacterial 

selectivity of the tested AAMPs coatings.  

 

Streptococcus and Veillonella were dominating in our PBs, which indicated 

that the bacterial diversity was relatively limited (Table S5.3). However, these two 

dominant genera have commonly dominated other in-vitro biofilm models (Edlund 

et al. 2013). The carious origin of collected plaques may explain the reduced 
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diversity as the dysbiotic communities tend to be less diverse (Edlund et al. 2013; 

Rudney et al. 2015).  

 

PCoA plots, used to discern strong patterns in datasets, displayed the 

induced taxonomic shift for AAMPs-coated samples. The bacterial taxa associated 

with control samples clustered together and away from their equivalents for 

AAMPs-coated samples (Figure 5.4 A); which was confirmed with diversity 

estimators (Figure 5.4 B). However, by dissecting the diversity components, we 

found D-peptides coatings behaved differently than the L-peptide 1018 coatings; 

especially in their impact on bacterial richness (Shannon index) (Figure 5.4 B-

upper panel).  

 

Likewise, for bacterial relative abundance, D-peptides coatings also 

induced significantly uneven communities compared to controls, which implies a 

notable trend of these peptides to target certain taxa. In contrast, 1018-associated 

biofilms had bacterial equitability similar to that of controls. It is worth to note that 

equitability or evenness is a parameter which indicates the relative abundance of 

various bacterial taxa and it increases as taxa are more evenly distributed 

(Simpson and InvSimpson indices) (Figure 5.4 B-middle and lower panels). Thus, 

the diversity indices inferred that D-peptides not only were more potent but also 

they selectively targeted certain taxa compared to the L-peptide 1018 and controls. 

The boosted resistance of the non-native D-peptides to proteases-induced 

digestion and degradation might be responsible for their robust performance. 
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Consequently, the superior antibiofilm efficacy of D-GL13K and DJK2 found in our 

experiments is explainable and confirmed previously reported similar results (de la 

Fuente-Nunez et al. 2015; Hirt et al. 2018). However, the bacterial selectivity of 

these D-peptides hasn’t been studied yet although it is critical to understand the 

impact of these AAMPs on different commensal and pathogenic bacteria for 

potential applicability. That led us to further study the bacterial selectivity of our 

AAMPs coatings.  

 

Since our PBs were dominated by Streptococcus and Veillonella, we 

conducted the analysis in two increments. The first increment was focused on 

studying the highly abundant taxa using the same diversity indices used for the 

whole plaque community (Figure 5.4 C). The second increment determined the 

less abundant taxa using ANCOM index for comparing the composition of 

microbiomes (Mandal et al. 2015) (Figure 5.4 D) and IndVal index that measures 

the association between bacterial taxa and a site group (Dufrêne and Legendre 

1997). ANCOM and IndVal indices reciprocally confirmed each other. 

 

In the first increment of analysis, while the diversity indices showed a 

consistent decease in richness and relative abundance of Streptococcus and 

Veillonella for D-GL13K and DJK2 compared to controls,1018 didn’t show such a 

similar pattern.  For DJK2 versus controls, the significant differences were not 

attained in Shannon and Simpson indices but InvSimpsion showed that statistical 

significant difference. Since our sample size was relatively small, n=6/group, these 
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difference tendencies between the groups would be more distinguished with larger 

sample size. Worthy of notice, InvSimpsion index for the relative abundance is 

preferred to other alpha-diversity measures as it has some biological interpretation 

that entails the richness aspect as well (Schloss 2011).  

 

By separating Streptococcus from Veillonella, ANCOM index confirmed the 

diversity indices for Veillonella. D-peptides coatings showed a tendency to target 

Veillonella compared to 1018 coatings and controls. Care should be taken when 

comparing the two genera together as when one increases in percent of the 

sample the percent of the other one must decreases since there are just the two 

assessed genera. So, this relation between the two genera may explain the 

consequent increase of Streptococcus for the same groups.  Targeting Veillonella 

could have a strong impact on resisting RC as it is the most common taxa in RC 

biofilms around Class II composite restorations (Mo et al. 2010). Furthermore, it 

has a central role for species succession in developing dental plaque (Periasamy 

and Kolenbrander 2010). Streptococcus is a genus that includes a range of 

pathogenic and commensal bacteria (Marri et al. 2006). Our sequencing resolution 

was at the genus-level, which did not give us access to determine species 

selectivity within this genus. More analyses at the species-level with larger sample 

size is required to detect the precise impact of these peptides on the Streptococcus 

related species/strains.  
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The second increment of the genomic analysis showed that D-GL13K and 

DJK2 groups induced a significant reduction of the less abundant taxa, 

Actinomyces and Gemella, compared to controls and 1018 (Figure 5.4 D-lower 

panel). Notably, both genera are initial colonizers and acidogenic. Acidogenic 

bacteria produce acids as a byproduct of carbohydrate metabolism which results 

in demineralization of calcified tissues and initiation of carious lesions (Kidd and 

Fejerskov 2004; Kopperud et al. 2012).  Also, it is of particular relevance that 

Actinomyces is one of the three dominant genera within the first 4 h of colonization 

of tooth surface (Diaz et al. 2006). Collectively, although these targeted genera 

were relatively less abundant, they can have a strong impact on biofilm succession 

and acid-induced dysbiosis.  

 

We implemented PMA treatments in the biofilm samples for selective 

quantification of viable bacteria.  The treatments were carried out in a pairs-

matched design to identify the PMA effectiveness to selectively suppress dead 

cells. PMA-treated samples clustered differently than non-PMA treated samples 

on PC2 (the second greatest variance) in PCoA plot (Figure S5.5). Apparently, 

PMA treatment had an effect on bactria and consistently showed less dispersed 

behavior compered to non-PMA treated samples. However, all diversity indices did 

not show statistical significant differences between PMA and non-PMA treated 

samples (Figure S5.5). As aforementioned, our relatively small sample size might 

account for the lack of statistical significance. 
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The impact of the previous findings were visualized tangibly by MP 

advanced bioimaging throughout simulated d/c failed-interfaces. MP is a powerful 

nonlinear imaging technique based on a pulsed near-infrared laser allowing the 

excitation of biological samples to penetration depths inaccessible to 1-photon 

confocal microscopy (Diaspro et al. 2006). Additionally, MP differs from traditional 

fluorescence microscopy as the background signal is strongly suppressed, the 

phototoxicity to the focal region is markedly reduced, and the optical sectioning for 

high-resolution imaging is supported (Terrer et al. 2016; Zoumi et al. 2002). We 

chose the MP nonlinear optics to achieve deep imaging which is possible using 

laser-scanning microscopy with nonlinear excitation (Field et al. 2016) and 

implemented it in the highly scattering dentin tissue.  Applying this imaging 

technology has enabled us to monitor the impact of AAMPs-coated dentin on PBs 

along the interfacial gap at d/c interfaces. D-GL13K-coated dentin triggered 

bacterial cell death, 60% dead cells, in PBs grown up to 18 days along the interface 

and extended over 1 mm in depth (Figure 5.5 A and B Video S5.1 and S5.2).  The 

zoomed-out images display the whole interfacial gap with dentin and composite 

boundaries. Interestingly, the antibiofilm potency was obvious on the D-GL13K-

coated dentin side of the gap rather than the uncoated composite side, especially 

the distant part of the tilted composite restoration (Figure 5.5 C and Video S5.3). 

Apparently, the antibiofilm efficacy of these peptide coatings were constrained 

within the coated side of the interface. However, these samples were mounted on 

an orbital shaker that provides a circular shaking motion rather than horizontal 

oscillation. The continuous circulation of the microbial community might have 
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contributed to extend the antibiofilm effect of AAMPs-coatings to the non-

antimicrobial composite side (Figure 5.5 C and Video S5.4).  Likewise was shown 

for D-GL13K-coated HA discs incubated in dental plaque suspension cultures 

under the same aforementioned shaking conditions. Not only D-GL13K-coated HA 

discs killed the bacteria after the co-adhesion, but also it interfered with bacterial 

co-aggregation in the surrounding media; i.e. interfered with the completion of the 

biofilm life-cycle (Figure S5.6). 

 

Even though 18-day-old biofilms do not represent the clinical situation of the 

average 5-year-old composite restorations; the introduced artificial gaps were very 

wide, 400-500 µm, compared to the common interfacial micro-gaps seen in clinics. 

Still, further investigations for longer periods are recommended to validate the 

translation potential of this AAMPs-based approach for resisting RC and thus, 

increasing the longevity of composite restorations.
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Chapter 6 

 
 
 
 
 
 

Conclusions, Impact and Further Studies 
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Conclusions  

In this dissertation, we sought to overcome the existing limitations of current 

adhesive-based bonded restorations. We did so by developing a new AAMPs-

based technology and method to treat/coat dentin. The AAMPs-coated dentin 

developed in this dissertation constitutes the first step for changing the bonded 

esthetic restorations paradigm to increase their lifespans.  

 

Our main conclusions are: 

Proof of concept: 

1.  Cationic short AAMPs were retained on dentin tissue resulting in a significant 

change of the intrinsic  dentin’s hydrophilic surface properties. The combination of 

electrostatic and hydrophilic interactions between cationic and polar motifs of 

AAMPs and the negatively-charged hydrophilic etched dentin could have 

synergistically contributed to the high adsorption of AAMPs to the dentin surface. 

2.  AAMPs coatings remained highly hydrophobic, impermeable, and antimicrobial 

after hydrolytic, thermal, acid-, and human saliva-mediated challenges.  This 

robust performance might be attributed to the highly-hydrophobic nature of these 

coatings, which confers to them a self-protection against degradative agents. 

 

  



 
 
 

127 

Physical, structural, and functional correlations: 
 
1. AAMPs secondary structure (portion of b-sheet), antimicrobial potency, and 

ability of the peptides to form a hydrophobic coating on dentin were directly 

correlated. 

2. Only the peptides with high content of b-sheets (>32%) produced highly 

hydrophobic dentin substrates and triggered multispecies bacterial cell death 

derived from dental plaque. 

4. Adsorbed AAMPs on dentin that formed highly hydrophobic coatings had high 

stability as release of AAMPs exposed to artificial saliva could not be detected by 

two complementary molecular spectroscopic techniques. 

5. AAMPs adsorbed preferentially on the mineralized phase of dentin tissue rather 

than the collagen network. Thus, mineral rich partially-deproteinized dentin 

recruited more AAMPs than etched dentin, the usual conditioning approach in 

dental clinics. 

 

Effect of AAMPs on plaque biofilms: 

1. AAMPs coatings showed antibiofilm efficacy against multispecies plaque 

biofilms and remained effective after mechanical and acid-mediated challenges. 

2. Potent AAMPs, except DJK5, were cytocompatible at ×50 of their corresponding 

MIC; i.e., the lowest concentration that inhibited bacterial growth. 

3. Coatings of all D-amino acids AAMPs induced a marked shift in the plaque 

bacterial community by reducing the number of different bacterial taxa and 

changing their relative abundance. 
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4. Coatings of all D-amino acids AAMPs targeted 3 primary acidogenic colonizers 

(Actinomyces, Gemella, and Veillonella). Notably, this group of bacteria includes 

the most common taxa around Class II composite restorations (Veillonella). 

5. D-GL13K-coated dentin showed a significant antibiofilm potency along 1 mm-

deep dentin-composite interfaces.  

 
Impact: 

 

This novel technology, consisting of treating/coating dentin with AAMPs, is 

expected to enhance the long-term performance and longevity of adhesive-based 

bonded restorations by resisting all waterborne and bacteria-mediated degradative 

agents and therefore, the consequent RC development around restoration’s 

margins.  RC is the primary reason for failure and replacement of composite 

restorations and responsible for 60 % (at least) of all replacement restorations with 

a cost of 5 billion dollars annually in the United States alone. This technology is 

also expected to lessen the patients’ morbidity linked to failed restorations and 

repeated replacements, improve their quality of life by restoring their dental health, 

and reduce the associated health care costs.  

 
Limitations and Further Studies  

 
The application of our AAMPs-based technology can be expanded beyond 

its use in the composite restorations studied here. In fact, our approach could be 

applied to the entire family of adhesive-based restorations, such as indirect 

esthetic restorations, bonded amalgam, bonded gold, and bonded posts for 

potential endodontic applications.  
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The development of the highly hydrophobic AAMPs-coated dentin enables 

the development of all-component hydrophobic direct restorative systems, which 

would produce a restorative solution notably less susceptible to degradation over 

time. Hydrophobic adhesive formulation have already been developed and tested; 

however, the intrinsic hydrophilic nature of dentin was an obstacle for the profound 

impregnation of those adhesives which limits the quality of the hybrid layer and 

extension of resin tags.  Consequently, the range of hydrophobicity of the adhesives 

has been limited to date. Now, after our AAMPs treatment of dentin, the interlocking 

of highly-hydrophobic adhesives with the modified highly hydrophobic dentin should 

be substantially favored, which would add additional protection to the otherwise 

vulnerable d/c interfaces. One of limitations of our studies is that we haven’t tested 

different adhesive systems. Although choosing universal adhesives was to match 

different application approaches and varying humidity conditions. However, 

studying different adhesive systems, especially highly hydrophobic formulations, 

would be valuable to optimize this new approach.   

 

 

Other synthetic amphipathic antimicrobials are available and can be used 

for this technology, like the cationic benzalkonium chloride surfactant or other 

similar peptidomimetics, which may be more stable and cheaper alternatives than 

AAMPs for an easier clinical translation. However, it is important to note that the 

mechanical testing of the interface bonding is important to validate the applied 

candidates. Testing the durability of the bond strength through assessing the 
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fracture resistance may be valid, but it is not a very specific testing as it was hard 

to discern the exact point of interfacial de-bonding. We are still working on this 

limitation by developing more precise models for detecting the bonding failure 

using acoustic emission and digital image correlation. Further studies for 

optimizing mechanical assessment models are still needed to address this 

limitation. 

 

 

Another limitation is that we haven’t studied the impact of our peptide 

candidates on the oral species. Although we were able to detect AAMPs-targeted 

genera that play a central role in plaque biofilm succession, a whole genome 

sequencing for species-level analysis should be performed to gather a more 

comprehensive knowledge for the effects of the AAMPs on plaque biofilms. The 

taxonomic rank resolution we have here, genus level, contains many 

species/strains in the hierarchy of biological classification, including many 

commensals and pathogens. The whole genome metagenomics will enable a deep 

understanding of the impact of AAMPs and alternative agents on specific 

commensal and pathogenic bacteria and thus, will provide a valuable guidance for 

selecting and/or designing peptides with desired properties for this application. 

 

Finally, molecular dynamics simulations of AAMPs to unravel their killing 

mechanisms have been only developed for AAMPs in solution. To the best of our 

knowledge, models that describe AAMPs structure and activity after immobilization 
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on a substrate are missing. It is unlikely that immobilized peptides can permeate 

the cytoplasmic membrane as they are unable to move freely. This is particularly 

relevant for Gram positive bacteria as they are protected by thick peptidoglycan 

walls. Also, of particular relevance is that we proved that our immobilized AAMPs 

on dentin were not substantially released. In spite of the fact that free movement of 

AAMPs in our coatings was not possible to interact with bacterial membranes, 

AAMPs coatings had high potency against plaque biofilms. Indeed, the antibiofilm 

potency of AAMPs coatings was localized at the surface where the peptides were 

immobilized as the antimicrobial effect was lost only a few microns away from the 

coated dentin. Thus, a thorough analysis of the mechanisms by which immobilized 

AAMPs kill bacteria and prevent biofilm growth is required.  
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Appendices 
 

Appendix 1 
 
 

 
This appendix consists of the supplementary material of the 

manuscript in chapter 3:  

 

 

Hydrophobic and Antimicrobial Dentin: 
A Peptide-based 2-tier Protective 

System for Dental Resin Composite 
Restorations



 
 
 

145 

 
  

 

 

Figure S3.1. Restored dentin-composite discs for micro-CT analysis. A) restored dentin-composite disc model. 
B) micro-CT sample holder with a pile of 4 discs inside a transparent tube that was mounted on a custom made 
TeflonTM ring after immersion in silver nitrate solution for 2 hours, ready to be scanned. C)  Micro-CT image of the 
pile of samples shown in B). Bright spots are areas where silver nitrate had penetrated along the dentin-composite 
interface. 
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Table S3.1. Composition of Modified Brain Heart Infusion (BHI) medium 
(RM188, HiMedia, West Chester, PA, USA). 
 

Chemical    1L  

Brain hart infusion powder 2.5 g/L 
Trypticase peptone 5.0 g/L 
Proteose peptone 10.0 g/L 
Yeast extract 5.0 g/L 
KCl (74.55 g/mol) 33.5 mmol (2.4975 g) 
Hemin 2.5 mg/L 

Menadione  0.999mg/L 
0.2mL of solution 

Urea  60mg/L  
Arginine 1.0 mmol 

 
 
 
Table S3.2. Water contact angles of bovine and human dentin coated with 
D-GL13K peptides. Dentin slabs were total-etched with 32% phosphoric acid gel 
for 15 s, rinsed with water for 10 s, and gently air-dried for 10 s. The first peptide 
coating was applied on dentin by incubating the dentin slabs with a thin layer of 
D-GL13K solution at 37 °C for 1 min and dried by gentle airstream for 60 s 
(Single coating). D-GL13K double-coatings on dentin were applied by duplication 
of peptide coating conditions followed by additional airstream drying for 60 s 
(Double coatings). Thus, the coating protocol followed the same conditions as 
specified in the materials and methods section of the paper for the L-GL13K 
peptide coatings, except that the time of incubation in the peptide solution was 
shorten from 5 min to 1 min. Values are average ± standard deviation. Presented 
values are average final water contact angles ± standard deviation (n=5). 
 

 Water Contact Angle [o] 

 Single Coating Double Coatings 

D-GL13K Coated Bovine 

Dentin 

96.6±4.9 99.7±6.6 

D-GL13K Coated Human 

Dentin 

95.9±4.9 99.1±7.3 
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Table S3.3. Water contact angles on L-GL13K-coated bovine dentin after being challenged by ultrasonication in 
water and immersion in fresh saliva. Columns, from left to right, Etch: 32% phosphoric acid etched dentin; EtOH: 100% 
ethanol rinse; 1Coat: 1st peptide coating; 2Coat: 2nd peptide coating; H2O: water rinse;  Prog.EtOH: progressive alcohol 
dehydration (50%, 70%, 80%, 95% and 100%); WCA±S.D.: average final water contact angle ± standard deviation (n=5); 
∆ WCA: average variation of WCA over time (21s) (n=5). Rows, from top to bottom, Ultrasonicated buffer coating: 
challenged Na2CO3 coating (control) by ultrasonication; Saliva-buffer-coating: challenged Na2CO3 coating (control) by 
incubation in human saliva; Ultrasonicated L-GL13K coating: challenged L-GL13K coating (test) by ultrasonication; Saliva-
GL13K-cotaing: challenged L-GL13K coating (test) by incubation in human saliva. All the samples were coated by (Double 
coatings-Prog.EtOH) protocol: i.e. double L-GL13K coatings followed by progressive alcohol dehydration (50%, 70%, 
80%, 95% and 100%). Details of the experimental protocol are given in the materials and methods section of the paper. 
 

 Challenged L-GL13K Coatings 
Treatment  Etch EtOH 1coat EtOH 2coat H2O EtOH Prog.EtOH WCA±S.D. 

[ᴼ] 
∆ WCA 

[ᴼ] 
Image 

Ultrasonicated buffer 
coating 

X  X  X   X 60±8 25 
 

Saliva-buffer-coating X  X  X   X 60±9 20 
 

Ultrasonicated GL13K 
coating 

X  X  X   X 100±5 5 

 
Saliva-GL13K-coating X  X  X   X 105±5 5 
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Appendix 2 
 

 
This appendix consists of the supplementary material of the 
manuscript in chapter 4:  
 
 

Structural and Functional Analysis of 
Hydrophobic Dentin Primed with 

Amphipathic Antimicrobial Peptides 
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Materials and Methods 
 
Hydrophobicity of Peptide-coated Dentin 

 

Hydrophobicity of dentin slabs coated with different peptide candidates was 

determined using a contact angle meter (DM-CE1, Kyowa Interface Science, Niiza-

City, Japan). Dynamic water contact angles (WCA) were determined using the 

sessile-drop method. Two µl drops of de-ionized water were dispensed on the 

tested surfaces and their dynamic wetting was tracked for 21 s at a frequency of 1 

Hz. We used the FAMAS software (Kyowa Interface Science, Niiza-City, Japan) to 

capture water drop images, to detect drop profiles, and to measure WCA.  

 

Minimal Inhibitory Concentration (MIC) 
 

Planktonic bacteria were grown anaerobically in modified BHI medium (BHI; 

RM188, HiMedia, West Chester, PA, USA) (Table S4.1) overnight. The bacterial 

suspension was adjusted to optical density, (OD)600 = 0.2±0.01 and then diluted 

1:20. The peptide candidates were dissolved in 0.01% acetic acid and added to 

sterile 96-well polypropylene microtiter plates at decreasing 2-fold serial dilutions 

(0-512 μg/ml). Modified BHI medium without peptides was used as a control. 

Plaque bacteria were inoculated to a final concentration of 5.0×105 CFU/ml per 

well. The plates were incubated at 37 °C for 24 hours under continuous shaking at 

200 rpm. After 24 h of peptide treatment, absorbance at 600 nm was measured 

using a microtiter plate reader (Bio-Tek Instruments, Winooski, VT, USA). 
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Table S4.1. Composition of Modified Brain Heart Infusion (BHI) medium 

(RM188, HiMedia, West Chester, PA, USA).  

            

 
 

Cytocompatibility 
 

Murine embryonic fibroblasts (NIH 3T3; CRL-1658, ATCC, Manassas, VA, 

USA) and human dental pulp stem cells isolated from third molars (hDPSC; 

courtesy of Prof. Kim Mansky, University of Minnesota) were cultured in DMEM 

(11995-065, Thermo-Fisher, Waltham, MA, USA) and α-MEM (12561-056, 

Thermo-Fisher, Waltham, MA, USA), respectively, supplemented with 1 vol% 

penicillin/streptomycin (15140122, Thermo-Fisher, Waltham, MA, USA), and 10 

vol% fetal bovine serum (10091148, Thermo Fisher, Waltham, MA, USA). Medium 

was routinely changed every two days as the cells grew at 37◦C in a humidified, 

5% CO2 atmosphere before cytocompatibility testing described below. 

Cells were seeded (passages 3-5 for hDPSC and 7-10 for NIH 3T3) at 

5×103 cells per well in a 96 well-plate and cultured for 24 hours. After this initial 

period, AAMPs were added at a final concentration of ×50 initially determined 

MSOb MICs. Lyophilized AAMPs were dissolved in 0.01% acetic acid, sonicated 

for 1 minute, and immediately dissolved in fresh cell culture medium at 1:20 

Chemical    1L  
Brain hart infusion powder 2.5 g/L 
Trypticase peptone 5.0 g/L 
Proteose peptone 10.0 g/L 
Yeast extract 5.0 g/L 
KCl (74.55 g/mol) 33.5 mmol (2.4975 g) 
Hemin 2.5 mg/L 
Menadione  0.999mg/L 

0.2mL of solution 
Urea  60mg/L  
Arginine 1.0 mmol 
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AAMPs/acetic acid:medium. After 24 hours of incubation in this AAMPs-laden 

medium, cellular metabolism was measured with Cell Counting Kit 8 (CCK8, 

Dojindo Molecular Technologies, Osaka, Japan). Wells were washed thrice in 

phosphate buffered saline (10010023, Thermo-Fisher, Waltham, MA, USA) and 

CCK8 solution added at a 1:10 dilution in medium. Absorbance was read on a 

platereader (Synergy, BioTek, Winooski, VT, USA) following 2.75 hours of 

incubation and background values subtracted. This timepoint is denoted as Day 1. 

The following day, AAMPs/medium solutions were refreshed. After 24 hours in this 

refreshed medium, cellular metabolism was measured in a similar manner and 

denoted as Day 3. Separate wells were used for Day 1 and Day 3 measurements. 

Data are expressed as mean (standard deviation) viability, which is percent of 

optical density for each AAMPs-laden group compared to an identical control group 

grown without AAMPs. We performed these experiments with 5 technical	

replicates and repeated the experiment 3 times, each with a separate 

cryopreserved vial of cells (Table S4.2).  
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Table S4.2. The cytotoxicity of AAMPs on hDPSCs and fibroblasts. Cell 
viability (cell metabolism via Cell Counting Kit 8) of human dental pulp stem cells 
(hDPSC) and murine embryonic fibroblasts (NIH 3T3) exposed to ×50 initially 
determined MSOB MICs for 1 and 3 days. Data are expressed as percentage 
(mean ± S.D.) compared to cells not exposed to AAMPs. ISO 10993-5, which does 
not provide methods for AAMP cytocompatibility testing but is widely used for 
cytocompatibility testing, suggests at least 70% viability as a guideline value (ISO-
10993-5 2009). 
 

 

Peptides 

 

Concentration 

Tested (μg/mL) 

Cell Viability (%) 

1 Day  

Cell Viability (%) 

1 Day 

hDPSC NIH 

T3T 

hDPSC NIH T3T 

D-GL13K 200 88±6 89±6 62±22 67±4 

1018 50 42±11 91±5 16±3 61±13 

DJK2 50 77±11 60±6 44±4 48±8 

DJK5 50 52±10 29±7 3±0.5 9±5 

D-GL13K-R 200 96±6 97±6 84±6 92±5 

 

Impermeability of Peptide-treated Dentin/Composite Interfaces 

Sample preparation and groups tested 

Roots of bovine teeth were used to prepare restored dentin-composite 

discs. After the crowns and apical thirds of each tooth were cut off, the root canals 

were enlarged to 2 mm in diameter using 1.9-mm diameter fiber post drills 

(RelyX™ Fiber Post, 3M, St. Paul, MN, USA). The outer surface of the roots was 

trimmed down to 5 mm in diameter using a lathe to remove cementum and external 

layers of dentin. The obtained dentin tubes (5 mm in outer diameter and 2 mm in 

inner diameter) were rinsed and stored in distilled water at 4 °C until the restorative 

procedures. The radicular dentin tubes were randomly divided into 5 groups (n=7), 

according to the following restorative treatments: 
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- Group C: restored roots using dental Composite with bonding agent. Dentin 

was not coated with peptides. “Positive control group-Etched dentin”. 

- Group CWBA: restored roots using dental Composite Without Bonding 

Agent. Dentin was not coated with peptides. “Negative control group-

Etched dentin”. 

- Group C13: restored roots using dental Composite with bonding agent on  

L-GL13K-coated dentin. “Test group-Etched dentin”. 

- Group C13CL: restored roots using dental Composite with bonding agent 

on L-GL13K-coated dentin after 5%-NaOCl deproteinization. “Test group-

Deproteinized dentin”. 

- Group C13WBA: restored roots using dental Composite Without Bonding 

Agent on L-GL13K-coated dentin. “Test group-Etched dentin”. 

 

All roots, except those in C13CL group, were total-etched with 32% 

phosphoric acid gel (Scotchbond™ Universal Etchant, 3M, St. Paul, MN, USA) for 

15 s, rinsed with water for 10 s, and gently air-dried for 10 s (Etched dentin). 

C13CL samples were etched for 7 s, rinsed with water for 10 s, deproteinized with 

5% NaOCl for 2 minutes with agitation, rinsed with water for 10 s, and gently air-

dried for 10 s (Deproteinized dentin) (Figure S4.1).  Samples in groups C13, 

C13WBA, and C13Cl were L-GL13K coated. In samples of groups C, C13, and 

C13Cl the bonding agent (Scotchbond™ Universal Adhesive, 3M, St. Paul, MN, 

USA) was scrubbed on the dentin walls for 20 s, dried with gentle air for 5 s, and 

cured for 10 s using a 1200 mW/cm2 LED curing unit (EliparÔ S10, 3M, St. Paul, 
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MN, USA). All samples were finally restored with Filtek™ Z250 Universal 

Restorative (3M, St. Paul, MN, USA) in 2 mm increments by condensing the 

composite vertically and against the dentin walls with a plastic dental plugger. The 

composite was cured for 20 s. The restored dentin cylinders were sliced using a 

pre-calibrated template into 2-mm thick dentin-composite discs and were stored in 

distilled water at 4oC until testing. One disc from each root was selected to obtain 

7 tooth-independent discs per group to overcome potential tooth dependency 

concerns. The discs were double painted with a nail polish except for both sides 

of the composite filling and a 1-mm circumferential perimeter of dentin ensuring 

complete exposure of the dentin/composite interface. The specimens were 

submerged in a radiopaque silver nitrate solution (AgNO3, 50% w/w) for 2 hours in 

a light protected environment and then thoroughly rinsed.  

 

The volume of dye leakage along dentin/composite interfaces was 

visualized and quantified using X-ray micro-computed tomography (micro-CT) (XT 

H 225, Nikon Metrology Inc., Tokyo, Japan). Samples were piled in stacks of 4 for 

micro-CT scanning  inside a transparent tube mounted on a custom made TeflonTM 

ring. This ring was used to securely screw the samples to the sample holder inside 

the micro-CT chamber to avoid sample movement during scanning. Each group of 

4 stacked discs was scanned with the following parameters: 95 kV, 105 μA, 720 

projections and 4 frames per projection. The 3D spatial reconstructions were done 

with CT Pro 3D (Nikon Metrology, Brighton, MI, USA). The processed 3D files were 

visualized with VG Studio MAX 2.1 (Volume Graphics GmbH, Heidelberg, 
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Germany). We specified a region of interest around the interfaces to quantify the 

leaked dye exclusively within this region. Also, the leaked dye volume along the 

interface was quantified from top to bottom for comprehensive unbiased 

evaluation. 

 

We assessed the degradation resistance of peptide coatings and its effects 

on the impermeability at peptide-coated dentin/composite interfaces. We aged the 

restored discs for 3 months in water followed by 2,500 thermal cycles (Thermo 

Neslab EX-7 circulating bath, Marshall Scientific, Hampton, NH, USA) between 

5oC-55oC with 30 s dwell time and 5 s transfer time.   

 

The samples before and after aging were immersed in the radiopaque 

dye, scanned, visualized and quantified for volume of leaked dye at the 

interfaces (Figure S4.4).  Statistical analysis was performed using R software, 

version 3.3.2 (64-bit), for statistical computing and graphics (supported by the R 

Foundation for Statistical Computing). Parametric statistical tests were applied 

after assessing data normality using a Q-Q plot. Univariate ANOVA and post hoc 

multiple comparisons were applied to isolate and compare the significant results 

at a 5% significance level.  
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Release of Peptide-based Dentin-coatings using LC-MS 

Electrospray mass spectrometry specifications 

Samples for selected reaction monitoring (SRM) analysis were subjected to 

injection using a manual injection loop with an analytical Eksigent HALO fused-

core C18 2.7 μm, 0.3 × 100 mm column connected to the Applied Biosystems 

(SCIEX) 5500 ion trap fit with a turbo V electrospray source fitted for micro-flow.  

The samples were subjected to a gradient of 18 minutes with an Agilent 1100 

micro-flow HPLC.  The samples were subjected to the following gradient at a flow 

rate of 8 µl/minute:  0-12 minutes a gradient from 2% B to 40% B; 12-13 minutes 

a gradient to 98% B; 13-15 minutes at 98% B; 15-16 minutes a gradient to 2% B; 

16-18 minutes at 2% B, (Buffer A: Water, 0.1% formic acid; Buffer B: high-

performance liquid chromatography grade acetonitrile (Fisher Scientific, Pittsburg, 

PA, USA), 0.1% formic acid). Precursor/product ions monitored are listed in Table 

S4.2. These were established using the instrument optimization mode with direct 

injection of synthetic peptides. The entrance potential (EP) was 10 V with a 

collision cell exit potential (CXP) of 18.0. The data were analyzed using Analyst® 

software (SCIEX, Framingham, MA, USA).  
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Table S4.3. MS parameters and MRM precursor/product ions for AAMPs. 
 

AAMP target 
m/z 
precursor 
(Da) 

m/z 
product 
(Da) 

Time 
(msec) 

DP 
(Volts) 

CE 
(Volts) 

D-
GL13K.GKIIKLKASLKLL[Ami].+3y11+2.light 475.341 619.95 50 65.8 23.4 

D-GL13K.GKIIKLKASLKLL[Ami].+3b3.light 475.341 299.208 50 65.8 23.4 
D-
GL13K.GKIIKLKASLKLL[Ami].+3b9+2.light 475.341 470.321 50 65.8 23.4 
D-
GL13K.GKIIKLKASLKLL[Ami].+3b11+2.light 475.341 590.911 50 65.8 23.4 
D-
GL13K.GKIIKLKASLKLL[Ami].+3b12+2.light 475.341 647.453 50 65.8 23.4 

DGL_Y5_NH 475.341 555.4 50 65 30 
1018.VRLIVAVRIWRR[Ami].+3y8+2.light 512.676 527.841 50 68.5 25.5 
1018.VRLIVAVRIWRR[Ami].+3b3.light 512.676 369.261 50 68.5 25.5 
1018.VRLIVAVRIWRR[Ami].+3b4.light 512.676 482.345 50 68.5 25.5 
1018.VRLIVAVRIWRR[Ami].+3b6.light 512.676 652.45 50 68.5 25.5 
1018_Y3_NH 512.676 499 50 65 30 
1018_Y10_NH 512.676 632 50 65 30 
1018_Y6_NH 384.759 434 50 65 30 
1018_Y7_NH 384.759 470 50 65 30 
1018_Y11_NH 384.759 519 50 65 30 
DJK2.VFWRRIRVWVIR[Ami].+3y5.light 562.351 671.435 50 72.1 28.2 
DJK2.VFWRRIRVWVIR[Ami].+4y5.light 422.015 671.435 50 61.9 20.5 
DJK2.VFWRRIRVWVIR[Ami].+4y4.light 422.015 572.367 50 61.9 20.5 
DJK2.VFWRRIRVWVIR[Ami].+4y3.light 422.015 386.287 50 61.9 20.5 
DJK2.VFWRRIRVWVIR[Ami].+4y2.light 422.015 287.219 50 61.9 20.5 
DJK2.VFWRRIRVWVIR[Ami].+4y4+2.light 422.015 286.687 50 61.9 20.5 
DJK2_Y11_NH 422 524 50 62 30 
DP: Declustering Potential, CE: Collision Energy 
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Results 
 

 
 
Figure S4.1. Schematics of the different procedures for dentin conditioning 
and coating with amphipathic antimicrobial peptides (AAMPs).  
A) AAMPs coatings on Etched dentin; B) AAMPs coatings on Deproteinized dentin. 
See main text for detailed description of sample preparation. 
 
 
 
Figure S4.2. (images on next page): The intercorrelation of the minimal 
inhibitory concentration (MICs), the water contact angle (WCA), and the 
circular dichroism (CD) spectra of all tested peptides. The MICs represents 
the lowest concentration of each peptide at which no growth of multispecies oral 
bacterial (MSOB) was detected. The WCAs graphs show the mean changes in 
dentin wettability after Single coating and Double coatings for each peptide. The 
CD graphs show the ellipticities of secondary structures (α-helix, β-sheet, β-turn, 
and unordered random coil) contents for each peptide. WCA values are average ± 
standard deviation in degrees “°”. t0= initial WCA and t21= final WCA. 
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Figure S4.2. (caption on previous page) 
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Table S4.4. Final water contact angles of bovine and human dentin coated 
with L- and D-GL13K peptides. Bovine and human dentin slabs were total-etched 
with 32% phosphoric acid gel for 7 s, rinsed with water for 10 s, deproteinized with 
2.5% or 5% or 8% NaOCl for 2 minutes with continuous agitation, rinsed with water 
for 10 seconds, and gently air-dried for 10 s. The peptide coating was applied on 
dentin by incubating the dentin slabs with a thin layer of L-GL13K or D-GL13K 
solution at 37 °C for 5 min or 1 min respectively, and dried by gentle air stream for 
60 s. Values are average ± standard deviation (n=5).  

 
 
 

 
 
Figure S4.3. Multiphoton-second harmonic generation (MP-SHG) 3D images 
showing the fluorescently labelled L-GL13K and its relation to the dentinal 
tubules and inter-tubular collagen of Etched dentin. The top row shows the 
merged MP-SHG signals, the middle row shows the MP excited green 
fluorescence signal (L-GL13K peptide), and the bottom row shows the SHG blue 
signal emitted exclusively from the collagen network of dentin.

Water Contact Angle [o]
8% NaOCl 5% NaOCl 2.5% NaOCl

L-GL13K Coated Bovine Dentin 30.2±12 90.9±7.8 56.9±6.3

D-GL13K Coated Bovine Dentin D-GL13K Coated Human Dentin
95.2±5.9 98.5±4
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Video S4.1: Multiphoton-second harmonic generation (MP-SHG) 3D video 
showing the SHG signal from the unlabeled dentin collagenous phase and 
the autofluorescence of dentin minerals of Etched dentin.  The top left panel 
shows the merged MP-SHG signals, the bottom panel shows the MP excited green 
fluorescence signals (autofluorescence), and the top right panel shows the SHG 
blue signals emitted exclusively from the collagen network.  
 

 
 
Video S4.2: Multiphoton-second harmonic generation (MP-SHG) 3D video 
showing the fluorescently labelled L-GL13K and its relation to dentinal 
tubules and collagen network of Etched dentin. The top left panel shows the 
merged MP-SHG signals, the bottom panel shows the MP excited green 
fluorescence signals (L-GL13K peptide), and the top right panel shows the SHG 
blue signals emitted exclusively from the collagen network.  



 
 
 

163 

 

 
Video S4.3: Multiphoton-second harmonic generation (MP-SHG) 3D video 
showing the fluorescently labelled L-GL13K and its relation to dentinal 
tubules and collagen network of 5%-NaOCl Deproteinized dentin. The top left 
panel shows the merged MP-SHG signals, the bottom panel shows the MP excited 
green fluorescence signals (L-GL13K peptide), and the top right panel shows the 
SHG blue signals emitted exclusively from the collagen network.  
 
 

 
 
Video S4.4: Z-Stacks (zenithal view) of multiphoton-second harmonic 
generation (MP-SHG) merged images showing the dentin autofluorescence 
or fluorescently labelled L-GL13K (green) in relation to the collagen network 
(blue). The left panel shows the Z-stack images of acid etched dentin (control), the 
middle panel shows the Z-stack of L-GL13K coated Etched dentin, and the right 
panel shows the Z-stack of L-GL13K coated Deproteinized dentin.  

10 µm10 µm

Acid etched dentin GL13K coated dentin after acid etching GL13K coated dentin after reduced acid 
etching + 5% NaOCl deproteinization
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Figure S4.4. Micro-CT analysis of impermeability at the dentin/composite 
interface. Quantification of the penetrated AgNO3 volume along dentin/composite 
interface (n=7) before (A) and after (B) aging by water storage for 3 months and 
thermal cycling for 2500 cycles. Roots of bovine teeth were used to prepare 
restored dentin-composite discs as fully described in this supplementary ‘Materials 
and Methods’. Ends of horizontal bars connect groups with statistically significant 
different silver nitrate penetration volume (*, p-value < 0.05). Circles denote 
outliers. The tan-colored boxplots are significantly different from the yellow-colored 
boxplots. The peptide treated groups, C13 and C13CL, showed a significant 
reduction of the leaked dye along the interface before and after aging. C13CL 
showed the most reproducible consistent impermeability at the dentin/restoration 
interface after being aged.  
C: restored roots using composite with bonding agent after acid etching; C13: 
restored roots using composite with bonding agent on GL13K-coated dentin after 
acid etching; C13CL: restored roots using composite with bonding agent on 
GL13K-coated dentin after 5%-NaOCl deproteinization; C13WBA: restored roots 
using composite after acid etching without bonding agent on GL13K-coated dentin; 
CWBA: restored roots using composite after acid etching without bonding agent 
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Figure S4.5. LC-MS limits of detection of AAMPs . The detection of the peptides 
is based on fragment ion intensity and their retention times in minutes. The 
chromatograms of peptides are DJK2, D-GL13K, and 1018 from top to bottom, 
with limit of detection 2.5 ng, 1 ng, and 1 pg, respectively. The data represents the 
following precursor/product ions: 422>524 (DJK2), 475>590 (DGL13K), 512>499 
(1018). Intensity is measured in counts per second (cps). LC-MS: liquid 
chromatography-mass spectroscopy; AAMPs: amphipathic antimicrobial peptides. 
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Appendix 3 
 
 
 
 
This appendix consists of the supplementary material of the 
manuscript in chapter 5:  
 
 

Antibiofilm Peptide-coated Dentin 
Hinders Plaque Biofilm at the Interface 

with Composite Restoration
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Table S5.1. Tested peptides and their molecular and functional properties. Upper case letters denote L-amino acids 
and lowercase letters denote the D-amino acids in the sequences of the peptides. Molecular properties obtained from 
Biofilm-Active AMPs database http://www.baamps.it/. Water contact angles (WCA) were determined on dentin treated with 
peptides once (Single coating) or twice (Double coatings). WCA±S.D.: average final water contact angle ± standard 
deviation (n=7). Minimal Inhibitory Concentrations (MIC) of the peptides were determined against plaque cultures (PC); 
average values (n=3). Cell viability (cell metabolism via Cell Counting Kit 8) of human dental pulp stem cells (hDPSC) and 
murine embryonic fibroblasts (NIH 3T3) exposed to ×50 initially determined MICs for 1 day on highly antimicrobial (≤ 2 
μg/mL MIC) AAMPs and control D-GL13K-R. Data are expressed as percentage (mean ± S.D.) compared to cells not 
exposed to AAMPs (Moussa et al. Submitted-b). 

 

Peptides Molecular Properties Functional Properties

Peptide
Name/sequence Reference

Hydro-
phobicity

[CCS]

Hydro-
phobic
Mom
[CCS]

Charge 
at pH=7 

Molecular
Weight
[g/mol] 

No. of  
Amino 
Acids

WCA±S.D.
[ᴼ]

of Peptide-
coated Dentin
Single coating

WCA±S.D.
[ᴼ]

of Peptide-
coated Dentin

Double coatings

MIC
Against 
MSOb

[µg/ml]

Cell Viability  (%) 
1 Day

hDPSC NIH 3T3

L-GL13K
GKIIKLKASLKLL-NH2 Hirt and Gorr 2013 0.677 1.862 3.975 1423.99 13 87±10 93±5 8 - -

D-GL13K
Gkiiklkaslkll-NH2 Hirt et al. 2018 0.677 ND 3.975 1423.99 13 96±5 92±8 1 88±6 89±6

1018
VRLIVAVRIWRR-NH2 de la Fuente-Nunez et al. 2014 0.667 2.167 3.976 1535.99 12 92±4 95±5 2 42±11 91±5

DJK2
vfwrrirvwvir-NH2 de la Fuente-Nunez et al. 2015 1.592 2.796 3.976 1685.02 12 88±10 91±9 1 77±11 60±6

DJK5
vqwrairvrvir-NH2 de la Fuente-Nunez et al. 2015 -0.642 1.947 3.976 1550.97 12 90±9 92±5 2 52±10 29±7

hLf1-11
GRRRRSVOWCA Nibbering et al. 2001 -3.845 0.457 3.995 1373.73 11 52±14 66±13 > 512 - -

L-GL13K-R
IGIKLLKSKLKAL-NH2 Chen et al. 2014 0.677 3.1 3.975 1423.99 13 46±12 47±11 > 512 - -

D-GL13K-R
IGikllksklkal-NH2 Unpublished 0.677 ND 3.975 1423.99 13 52±14 58±16 >512 96±6 97±6
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Table S5.2. Composition of Modified Brain Heart Infusion (BHI) medium 
(RM188, HiMedia, West Chester, PA, USA). 
 

 
 

 
Figure S5.1. Experimental design diagram for the genomic DNA analysis of 
plaque biofilms grown on AAMPs-coated HA discs for 48 hours.  Plaque 
samples were collected from caries-active subjects. The controls are etched-HA 
discs with 32% phosphoric acid gel. The tested groups are etched and 1mg/ml 
AMPs-coated HA discs. AMPs are DGL13K, DJK2 (D-enantiomeric peptides); and 
1018 (L-enantiomeric peptide). Each group has 3 replicates which are subdivided 
into PMA treatment and  non-PMA treatment, 3 samples each in pairs-matched 
design. AMPs: antimicrobial peptides; HA: hydroxyapatite.  
 

Chemical    1L  
Brain hart infusion powder 2.5 g/L 
Trypticase peptone 5.0 g/L 
Proteose peptone 10.0 g/L 
Yeast extract 5.0 g/L 
KCl (74.55 g/mol) 33.5 mmol (2.4975 g) 
Hemin 2.5 mg/L 
Menadione  0.999mg/L 

0.2mL of solution 
Urea  60mg/L  
Arginine 1.0 mmol 

 

48-h Plaque Biofilm 
Control

3 replicates each

With PMA 

Without 
PMA

48-h Plaque Biofilm 
D-GL13K

3 replicates each

With PMA 

Without 
PMA

48-h Plaque Biofilm
DJK2

3 replicates each

With PMA

Without
PMA

48-h Plaque Biofilm
1018

3 replicates each

With PMA

Without 
PMA
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Figure S5.2. X-ray photoelectron spectroscopy (XPS) showing the existence 
of peptides on HA discs. Top panel shows the surface atomic composition of 
acid-etched (32% H3PO4) control HA discs. Middle and bottom panels show the 
surface atomic composition of etched HA discs after coating with D-GL13K (D-
peptide representative) and 1018 (L-peptide representative), respectively. The red 
dashed line shows the position of the nitrogen-N1s peak. The appearance of the 
nitrogen peak in peptide-coated HA discs is indicative of the existence of the 
peptides on these discs. HA: Hydroxyapatite. 
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Figure S5.3. Impact of biofilm detachment methods on plaque biofilms grown 
on HA discs.  Merged images of live/dead viability assay for 48h remaining plaque 
biofilms after detachment.  Remaining biofilm after 15 minutes sonication in 
ultrasonic bath (top) or with narrow tip ultrasonic generator (bottom). Details of the 
biofilm detachment method using the ultrasonic tip are in the main text. The mode 
of transmission of the ultrasound energy to the sample could explain the more 
effective detachment of biofilms from the HA disc surfaces using the ultrasonic tip 
compared to the traditional ultrasonic water bath. Using the narrow ultrasonic tip, 
the transmitted energy is delivered all directly to the surface of the discs in the form 
of microstreaming and shock waves minimizing the energy losses. However, using 
an ultrasonic bath, the ultrasound energy in the form of small vacuum bubbles is 
lost when transmitted through both water and glass vial (Mermillod-Blondin et al. 
2001). 
 
 
 
  

50µm 50µm 50µm

50µm 50µm 50µm

Ultrasonic Bath-15 min

Cavitron Generator + Slimline Insert Tip-90sec
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Table S5.3. Detected genera assignments on the taxonomic hierarchy in 
plaque biofilms using 16s rRNA gene next generation sequencing. 
Streptococcus and Veillonella were highly abundant (85% of the total sequences). 
Gram stain is a method of staining used to distinguish and classify bacterial 
species by the chemical and physical properties of their cell walls into two large 
groups (gram-positive and gram-negative). Gram-positive bacteria retain the stain 
because of the peptidoglycan present in their cell wall, and thus are stained violet, 
while the Gram-negative bacteria do not (Holt et al. 1994). 
 
  

 
 
 
 

 
 
Figure S5.4. Quantification of the total volume of dead cells in the 9-day-old 
plaque biofilm at the dentin-composite interface. Proportion of dead cells= total 
volume of dead cells/ total volume of dead+live cells given no cells could be green 
and red at the same time. Presented percentages are averages ± standard 
deviations, n=6. 
 

Phylum Class Genera Gram Stain
Firmicutes Bacilli Streptococcus +ve
Firmicutes Negativicutes Veillonella -ve
Firmicutes Bacilli Gemella +ve/-ve
Firmicutes Bacilli Granulicatella +ve
Actinobacteria Actinobacteria Actinomyces +ve
Proteobacteria Betaproteobacteria Acidovorax -ve 
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85% of the total sequences 
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Video S5.1. Multiphoton fluorescence 3D rendering of 9-day-old plaque 
biofilm along dentin-composite interfaces up to 1 mm in depth (control). 
Right channel (PI red=dead bacteria); central channel (Syto-9 green=live bacteria); 
left channel (red+green=merged live and dead bacteria).  
 

 
 

Video S5.2. Multiphoton fluorescence 3D rendering of 9-day-old plaque 
biofilm along dentin-composite interfaces up to 1 mm in depth (D-GL13-K 
treated). Right channel (PI red=dead bacteria); central channel (Syto-9 green=live 
bacteria); left channel (red+green=merged live and dead bacteria).  

Merged Syto-9 PI 

Merged Syto-9 PI 

Merged Syto-9 PI 
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Video S5.3. Multiphoton fluorescence 3D rendering of the 18-day-old plaque 
biofilm at the interfacial gap between dentin and composite restoration 
(control). Right channel (PI red=dead bacteria); central channel (Syto-9 
green=live bacteria); left channel (red+green=merged live and dead bacteria).  
 

 
 
Video S5.4. Multiphoton fluorescence 3D rendering of the 18-day-old plaque 
biofilm at the interfacial gap between dentin and composite restoration (D-
GL13K-treated). Right channel (PI red=dead bacteria); central channel (Syto-9 
green=live bacteria); left channel (red+green=merged live and dead bacteria).  

Merged Syto-9 PI 
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Figure S5.5. Effect of PMA treatment on dental plaque biofilms detached 
from AAMPs-coated HA discs using16s rRNA gene next generation 
sequencing. Principal coordinates plots shows the distance and relatedness 
between taxonomic data of PMA-treated and non-PMA-treated samples (left 
panel). Alpha diversity plots show the genus-level change in bacterial riches 
(number of bacterial taxa) and bacterial evenness (relative abundance of bacterial 
taxa) with and without PMA treatment. Shannon index (top right panel) is sensitive 
to bacterial richness, Simpson index (middle right panel) is sensitive to bacterial 
evenness, InvSimpson (bottom right panel) is the inverse of Simpson index 
diversity estimator. PMA: propidium monoazide; AAMPs: amphipathic 
antimicrobial peptides; HA: hydroxyapatite; rRNA: ribosomal RNA. 

Alpha Diversity Plots of PMA EffectPrincipal Coordinate Analysis of PMA Effect  
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Figure S5.6. Impact of D-GL13K-coated HA discs on the co-aggregation of 
plaque cultures. Merged images of live/dead viability assay for 48h plaque 
cultures surrounding etched-HA discs without (top) and with D-GL13K coatings 
(bottom). 

50µm

50µm 50µm 50µm 50µm

50µm 50µm50µm

48-hour Plaque Cultures Surrounding Control HA Discs

48-hour Plaque Cultures Surrounding DGL13K-coated HA Discs
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Appendix 4 
 

 
This appendix consists of our published review in the journal 
of Tissue Engineering and Regenerative Medicine: 
 
 

Present and Future of Tissue 
Engineering Scaffolds for Dentin-Pulp 

Complex Regeneration 
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Abstract

More than two thirds of the global population suffers from tooth decay, which results

in cavities with various levels of lesion severity. Clinical interventions to treat tooth

decay range from simple coronal fillings to invasive root canal treatment. Pulp capping

is the only available clinical option to maintain the pulp vitality in deep lesions, but

irreversible pulp inflammation and reinfection are frequent outcomes for this treat-

ment. When affected pulp involvement is beyond repair, the dentist has to perform

endodontic therapy leaving the tooth non‐vital and brittle. On‐going research strate-

gies have failed to overcome the limitations of existing pulp capping materials so that

healthy and progressive regeneration of the injured tissues is attained. Preserving

pulp vitality is crucial for tooth homeostasis and durability, and thus, there is a critical

need for clinical interventions that enable regeneration of the dentin‐pulp complex to

rescue millions of teeth annually. The identification and development of appropriate

biomaterials for dentin‐pulp scaffolds are necessary to optimize clinical approaches

to regenerate these hybrid dental tissues. Likewise, a deep understanding of the inter-

actions between the micro‐environment, growth factors, and progenitor cells will pro-

vide design basis for the most fitting scaffolds for this purpose. In this review, we first

introduce the long‐lasting clinical dental problem of rescuing diseased tooth vitality,

the limitations of current clinical therapies and interventions to restore the damaged

tissues, and the need for new strategies to fully revitalize the tooth. Then, we compre-

hensively report on the characteristics of the main materials of naturally‐derived and

synthetically‐engineered polymers, ceramics, and composite scaffolds as well as their

use in dentin‐pulp complex regeneration strategies. Finally, we present a series of

innovative smart polymeric biomaterials with potential to overcome dentin‐pulp

complex regeneration challenges.

KEYWORDS

dentin‐pulp complex, endondontics, multifunctional scaffolds, natural scaffolds, synthetic scaffolds,

tissue engineering
1 | THE NEED AND CHALLENGE OF
DENTIN‐PULP COMPLEX REGENERATION

Worldwide, approximately 2.43 billion people (36% of the popula-

tion) have dental caries/decay in their permanent teeth and about

620 million children (9% of the population) in their baby teeth
wileyonlinelibrary.com/
(Vos et al., 2012). In the United States, dental caries is the most com-

mon chronic childhood disease. An astounding 92% of Americans ages

20 to 64 have had a cavity as an adult, and almost a quarter of that age

group have untreated tooth decay (NICDR, 2014). Although surface

decay can usually be treated and arrested with a filling, a tooth with

deep decay or one that has been severely injured in an accident or
© 2018 John Wiley & Sons, Ltd.journal/term 1
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2 MOUSSA AND APARICIO
the trauma of recurrent dental work may become unhealthy, inflamed,

or infected. Left untreated, an infection may spread to the surrounding

tissues (W. Zhang & Yelick, 2010).

The currently available treatment scenarios in such serious condi-

tions are either vital pulp therapy, if the pulp is still vital or root canal

treatment if the pulp is irreversibly inflamed. The vital pulp therapy aims

to induce a dentinal bridge formation with scarred tissue to maintain

pulp vitality and function after experiencing reversible pulpal injury.

This mechanism of tissue repair is based on replacing damaged odonto-

blasts by newly regenerated populations of odontoblast‐like cells

derived from pulp stem cells in the healthy portion of the pulp (G. T.

Huang, 2009; Scheller, Krebsbach, & Kohn, 2009). However, pulp cap-

ping in decayed teeth has been considered questionable and thus must

be restricted to a few well‐chosen cases (Bashutski & Wang, 2008).

Successful outcomes for vital pulp therapy are very dependent on

the type and location of the injury, the age of the tooth, and the treat-

ment modality, that is, the capping material and the integrity of the cav-

ity restoration (Tziafas, 2004). In addition, the clinical diagnosis of pulp

vitality is also inaccurate, and there are currently no established

evidence‐based guidelines to help clinicians determine which cases

warrant being treated with this conservative approach (G. T. Huang,

2008). In reality, vital pulp therapy often results in eventual endodontic

therapy as 45% of pulp capping interventions fail after 5 years with

increasing failure rates up to 80% after 10 years (Goldberg et al., 2009).

The American association of endodontists has estimated that 22.3

million endodontic procedures were performed annually (American

Association of Endodontists, 2017, October 23). To date, having a root

canal is the only treatment protocol available to retain a diseased

tooth. It requires total pulp amputation followed by pulp‐space disin-

fection and filling with an artificial rubber‐like material (G. T. Huang,

2008, 2009). Despite reported clinical success, endodontically treated

teeth become devitalized, brittle, and susceptible to postoperative

fracture or other complications, including reinfections (J. Y. Kim

et al., 2010). At 1–5 years, 10–50% of endodontically treated teeth

have been reported to be associated with post‐treatment diseases

due to incomplete removal of contaminated debris (Landys Boren,

Jonasson, & Kvist, 2015). Ten to 20 years after endodontic therapy,

many other clinical complications can occur, including the develop-

ment of periapical lesions due to recontamination of the root canal

(Fristad, Molven, & Halse, 2004). Twenty‐year follow up studies have

also shown that 15% of the subjects developed periapical pathosis and

the extraction percentage reached to 21% based on cumulative teeth

survival curves (Prati, Pirani, Zamparini, Gatto, & Gandolfi, 2018).

Further, the loss of pulp vitality in young permanent teeth terminates

dentin formation, root development, apical closure, and subsequent

tooth maturation. Endodontically treated teeth may also be

undermined if they are not properly restored, making them more vul-

nerable to masticatory forces. Besides, endodontic therapy also often

results in discoloration of the tooth crown, mainly due to staining from

endodontic filling materials (Goto, Ceyhan, & Chu, 2009). Of particular

importance is that the long‐term coronal seal also plays a crucial role

affecting the outcome of root canal treatment as shown in long‐term

and meta‐analysis studies (Eckerbom, Flygare, & Magnusson, 2007;

Gillen et al., 2011; Ng, Mann, & Gulabivala, 2010; Ng, Mann,

Rahbaran, Lewsey, & Gulabivala, 2007).
Thus, there are notable limitations in the current biomaterials‐

based strategies used for pulp capping and dentin regeneration. Some

of the most significant limitations are the severe inflammatory reac-

tions induced by the synthetic capping materials that can cause failure,

the permeability of the newly formed “dentin‐like”/scar bridge that

might enable bacterial recontamination of the tissues with the end

result of secondary pulp inflammation, and the compromised blood

supply in the exposed axial wall that results in tissue necrosis. Besides,

formation of the dentinal bridge can occur within the teeth with irre-

versible inflammation, which requires comprehensive retreatment

(Bergenholtz & Spangberg, 2004; Farges et al., 2015). These limita-

tions mainly derive from the fact that current biomaterials used in

the clinics for healing dentin‐pulp tissues lack specific temporal and

spatial control over biologic signalling required for progenitor cells'

homing and differentiation to eventually fully restore structural and

functional characteristics of the tissue. Moreover, the mechanistic

understanding of the regenerative outcomes attained using current

pulp capping biomaterials is for the most part missing. Finally, current

biomaterials are notably limited to control infection and inflammation

for promoting reparative tissue formation (Schmalz & Smith, 2014).

To remedy these limitations of the current treatment, research in

dentistry has extended its focus to conduct and establish more effec-

tive, reliable, and safer methods than traditional pulp capping thera-

pies by designing new regenerative methods for dental treatment

and specifically for regenerating the dentin‐pulp complex (Murray,

Garcia‐Godoy, & Hargreaves, 2007). Regenerative dentistry repre-

sents an attractive multidisciplinary therapeutic approach that coun-

teracts traditional restorative/surgery techniques and benefits from

recent advances in materials science, stem cell biology, molecular biol-

ogy, and proteomics. A significant contribution of materials sciences to

the field is fundamental to move regenerative dentistry from the lab-

oratory to the clinic (Mitsiadis, Woloszyk, & Jimenez‐Rojo, 2012).

One of the difficulties of developing new treatments is that bio-

materials to be used as scaffolds for tissue regeneration need to have

biocompatibility, interconnected porosity, conductivity for attach-

ment, capability to promote proliferation and differentiation of com-

mitted cells, and the ability to incorporate inductive factors,

appropriate mechanical properties, and biodegradability. A variety of

biomaterials have been developed in labs to fulfil these requirements,

the most important of which is enabling progenitor cell homing and

differentiation by providing inductive cues for controlling tissue regen-

eration spatially and/or temporally (Scheller et al., 2009). Several new

materials have been investigated for this purpose including compo-

nents of the extracellular matrix (ECM), other proteins, polysaccha-

rides, peptides, natural or synthetic polymers, bioceramics, and

recently, various innovative composites. Each material offers a unique

chemistry, composition, structure, and degradation profile as well as

the potential for modification. Thus, the role of the scaffold has

changed from a passive carrier to a bioactive milieu with tailor‐made

properties for regenerating specific tissues.

For dentin‐pulp complex regeneration, researchers should con-

sider tailoring several aspects including revascularization, innervation,

cell‐matrix interactions, growth factor incorporation, controlled bio-

degradation, remineralization, and contamination control (Galler,

D'Souza, Hartgerink, & Schmalz, 2011). This paper reviews the main
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characteristics of materials that are naturally‐derived and

synthetically‐engineered polymers, ceramics, and composite scaffolds,

as well as their use in dentin‐pulp complex regeneration strategies. In

addition, Table 1 provides a comprehensive list of advantages and lim-

itations of these materials. Finally, we highlight a series of innovative

smart composite scaffolds with the potential to overcome dentin‐pulp

complex regeneration challenges.
2 | BIOMATERIALS‐BASED SCAFFOLDS
FOR REGENERATING THE DENTIN‐PULP
COMPLEX

2.1 | Natural and naturally‐derived polymeric
scaffolds

Naturally‐derived polymers, such as polysaccharides and proteins,

including those from the ECM of natural dentinal tissues, are obtained

from natural sources and form hydrogels that might incorporate up to

99% water content. Their ability to swell in water allows them to

exhibit an environment that resembles the highly hydrated state of

natural tissues (Ratner & Bryant, 2004). Even though naturally‐derived

polymers are characterized by having batch‐to‐batch variations and

poor mechanical properties (Yang, Leong, Du, & Chua, 2001), they

are highly biocompatible, readily available, inexpensive, and easy to

fabricate into hydrogels. So they have gained widespread attention

and investigated as scaffolds for the dentin‐pulp complex regeneration

(Ko, Sfeir, & Kumta, 2010; Table 1).

2.1.1 | Polysaccharides

Polysaccharides are polymeric carbohydrate molecules composed of

long chains of monosaccharide units bound together by glycosidic

linkages that on hydrolysis give the constituent monosaccharides or

oligosaccharides. Structurally, they range from linear to highly

branched. Alginate, chitosan, and cellulose are the most commonly

used for dentin‐pulp complex regeneration.

Alginate

Alginate is a polysaccharide derived from brown algae, certain sea-

weeds, or bacteria. It is a linear polysaccharide copolymer of (1,4)‐linked

b‐D‐mannuronic acid (M) and a‐L‐guluronic acid (G) monomers (Drury

& Mooney, 2003), and its structure consists of blocks of M and G

monomers. The composition and arrangement of the M and G mono-

mers determine the structure and the properties of alginate. Alginates

that contain higher percentage of G blocks express higher elastic mod-

ulus and higher solute diffusivity. Alginate gels readily set in the pres-

ence of divalent ions via ionic cross‐linking. Alginate beads are usually

made by calcium ion cross‐linking (Lin & Yeh, 2004). Its mechanical

strength can be improved by increasing calcium content and thus,

cross‐linking density. Stable covalent cross‐linking compared with ionic

cross‐linking offers higher mechanical strengths to alginate hydrogels

(Sakai & Kawakami, 2007). Arginine‐glycine‐aspartic acid (RGD) modi-

fied alginate hydrogel promotes cell adhesion, spreading, proliferation,

and differentiation (Sharma, Srivastava, Grover, & Sharma, 2014).
Alginates are biocompatible, degrade in vivo by enzymolysis, gel under

mild conditions, have low immunogenicity and large diversity (L. Zhang,

Morsi, Wang, Li, & Ramakrishna, 2013). However, they have low

mechanical stiffness and uncontrolled degradation rates in vivo

(Sharma et al., 2014). Alginate has been used in various biomedical

applications, including systems for drug, antibody, and/or growth factor

(GF) delivery (Li et al., 2006) as well as cell encapsulation and seeding

(Gerecht‐Nir, Cohen, Ziskind, & Itskovitz‐Eldor, 2004).

Alginate scaffolds have been used to transplant subcultured human

dental pulp cells (HDPCs) subcutaneously in the backs of nudemice. Six

weeks after implantation, the subcutaneous formation of radio‐opaque

calcified bodies was observed in situ. Expression of type I, type III colla-

gen, and dentin sialoprotein (DSP) in the mineralizing transplants was

detected. Isolated odontoblast‐like cells initiated dentin‐like hard tissue

formation. The study showed that HDPCs in alginate scaffolds actively

differentiated into odontoblast‐like cells and induced calcification that

mimicked dentin (Fujiwara, Kumabe, & Iwai, 2006; Kumabe et al., 2006).

Chitosan

Chitosan is a linear polysaccharide composed of randomly distributed

units of β‐(1‐4)‐linked D‐glucosamine (deacetylated unit) and N‐ace-

tyl‐D‐glucosamine (acetylated unit). Chitosan is derived from chitin,

which is found in the exoskeleton of marine crustaceans such as

shrimps and crabs, as well as insects and the cell walls of fungi (Issa,

Koping‐Hoggard, & Artursson, 2005). Chitosan is soluble at pH lower

than 5.5 and gels at pH ≥ 6 or by interacting with a variety of divalent

and polyvalent anions (Suh &Matthew, 2000). Chitosan is known to be

biocompatible, biodegradable, antimicrobial, and osteoinductive. It has

the ability to bind to GFs, glycosaminoglycans, and DNA and can be

easily processed into membranes, gels, nanofibres, beads, scaffolds,

and sponges (Tanase et al., 2013). Chitosan can prevent the absorption

of needed vitamins and minerals and could be dangerous to those who

are allergic to shellfish. Drug delivery (Hejazi & Amiji, 2003), GF encap-

sulation (S. E. Kim et al., 2003), and gene delivery (Roy, Mao, Huang, &

Leong, 1999) are examples of its uses in biomedical applications.

Reports on the use of chitosan as scaffold to support pulp cell

growth and differentiation are controversial. On the one hand, N. R.

Kim et al. investigated the growth and differentiation of HDPCs on a

variety of natural scaffolds, including two types of collagen, gelatin,

and chitosan. They concluded that chitosan did not properly support

HDPCs growth compared with collagen and gelatin (N. R. Kim, Lee,

Chung, & Yang, 2009). On the other hand, Feng et al. showed that a

granular three‐dimensional (3D) chitosan scaffolds obtained by

freeze‐drying, support neural differentiation of dental pulp stem cells

(DPSCs) due to their good conductivity and suitability for nerve cell

attachment, survival, and differentiation (Feng et al., 2014).

Cellulose

Cellulose and its derivatives are the most abundant naturally‐occurring

polysaccharide found in nature. It has glucose‐based repeat units con-

nected by b‐1,4‐glucosidic linkages. Cellulose is an important struc-

tural component of the primary cell wall of green plants, many forms

of algae and the oomycetes. Some species of bacteria secrete it to

form biofilms (Esposito et al., 2005). Cellulose is biodegradable in

nature by microbial or fungal enzymes that can break down the
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glucosidic linkages; however, biodegradation is limited or absent in

animals and humans owing to the lack of those enzymes (Helenius

et al., 2006). Cellulose has high water‐holding capacity, high crystallin-

ity, fine fibre network, ease of moldability, biocompatibility, and high

tensile strength (Svensson et al., 2005). The main concern for using

cellulose in biomedical applications revolves around its undesirable

immunoresponse. Cellulose derivatives have been used in gel base,

bioadhesives, controlling the release of drugs, tissue regeneration,

and treatment of oedema (Svensson et al., 2005).

There have been no attempts to date to differentiate pulpal cells

or generate pulp/dentin tissues using scaffolds made of cellulose

solely; however, Chen et al. conducted a study using hybrid

chitosan/carboxymethyl cellulose (CMC) scaffolds. The results of this

study will be presented in the composite scaffolds section.
2.1.2 | Extracellular matrix

The ECM is a complex structural entity surrounding and supporting

cells that are found within mammalian tissues. The ECM is com-

posed of three major classes of biomolecules: (a) structural proteins

(collagen and elastin); (b) specialized proteins (for example, fibrillin,

fibronectin, and laminin); and (c) glycosaminoglycans (GAGs; for

example, hyaluronic acid [HA];) (Kular, Basu, & Sharma, 2014).

The ECM not only provides structural support to the tissue but

also provides a dynamic environment that can be selectively

degraded and remodelled via (bio)chemical signals to direct cellular

responses. ECM‐derived proteins and peptides are biological mate-

rials that can be easily manipulated for constructing various types

of polymeric and composite scaffolds. Promoting the controlled

release of the incorporated GFs into these scaffolds is one of their

primary advantages; however, scaffolds made of ECM molecules

are difficult to process and sterilize and have considerable batch

variations (Galler et al., 2011).

Hyaluronic acid

Scaffolds made of HA, one of the glycosaminoglycans present in the

ECM of connective tissues, have excellent potential for tissue regener-

ation applications. HA is an unbranched polysaccharide of repeating

disaccharides consisting of D‐glucuronic acid and N‐acetyl‐D‐

glucosamine (Ouasti et al., 2011). HA hydrogels have been widely

investigated for applications in tissue regeneration, but their applica-

tion in dental pulp regeneration is limited (Inuyama et al., 2010).

HA hydrogels are injectable, biocompatible, and have low immu-

nogenic potential (Ouasti et al., 2011), but they have poor mechanical

strength and rapid in vivo degradation rates (Jia et al., 2006). In any

case, HA and its derivatives are known to have excellent potential

for tissue engineering because they can be chemically and structurally

modified for various applications.

Inuyama et al. (2010) studied the effects of sponges made of HA

or collagen on odontoblasts from the KN‐3 line in vitro, as well as on

amputated dental pulps of rat molars in vivo. In vitro, cells adhered to

the stable structures of both HA and collagen sponges. In vivo, the

dentin defect treated with HA showed a cell‐rich reorganizing tissue

compared with collagen (Inuyama et al., 2010).
Collagen

Collagen is the most abundant component in extracellular matrices. It

has many applications in tissue engineering, drug delivery, and recon-

structive surgery in orthopaedics and dentistry. Collagen sponges have

low cytotoxicity, and they enhance osteoblast differentiation under

suitable conditions (Chevallay, Abdul‐Malak, & Herbage, 2000; Silver

& Pins, 1992). Collagen type I is frequently extracted and used as scaf-

folds in tissue engineering. Allogeneic collagen, such as bovine colla-

gen, has excellent biocompatibility and bioactivity (Prescott et al.,

2008) and low immunogenicity in humans (Sumita et al., 2006), even

though its biological origin could be a concern (DeLustro, Dasch,

Keefe, & Ellingsworth, 1990). The intrinsic mechanical properties of

collagen have been proved to be sufficient for dental pulp regenera-

tion (Lee & Mooney, 2001), and they can be further enhanced by

forming hybrid scaffolds in combination with calcium phosphate

ceramics (Lluch, Fernandez, Ferrer, & Pradas, 2009).

Sumita et al. compared the performance of collagen and

polyglycolic acid (PGA) 3D scaffolds for tooth‐tissue engineering. Col-

lagen sponge scaffolds enhanced tooth production compared with

PGA fibre meshes in vivo (Sumita et al., 2006). Also, Prescott et al.

investigated the role of stem cells, scaffold, and GFs in the organiza-

tion and differentiation of DPSCs in a simulated furcal perforation site

in a mouse model. Combining DPSCs, a collagen scaffold, and dentin

matrix protein 1 (DMP1) showed an organized newly derived pulp tis-

sue (Prescott et al., 2008).

Gelatin

Gelatin is a mixture of peptides and proteins produced by partial

hydrolysis of collagen extracted from the skin, bones, and connective

tissues of animals. Its chemical composition is closely similar to that

of its parent collagen (Hoque, Nuge, & Yeow, 2015), and it is com-

monly used as a biological substrate for cell cultures and as a drug

delivery vehicle (Hoque et al., 2015). Gelatin is biocompatible and bio-

degradable, exhibits low antigenicity, does not produce harmful by‐

products upon enzymatic degradation, and available at low cost. With

motifs' incorporation, such as RGD peptides, gelatin can modulate cell

adhesion and provide multiple accessible functional groups for (bio)

chemical modification (Hoque et al., 2015). The mechanical properties

of gelatin gels are very sensitive to temperature variation and time

(Sachlos & Czernuszka, 2003).

Ishimatsu et al. examined the effects of controlled release of dif-

ferent dosages of fibroblast GF‐2 (FGF‐2) from gelatin hydrogels on

regeneration of the dentin‐pulp complex. They concluded that the

dosage of released FGF‐2 had an influence on the structure of the cal-

cified tissue regenerated in dentin defects as the use of the loaded

gelatin hydrogels enabled the regeneration of calcified tissues that

appeared to be osteodentin (Ishimatsu et al., 2009).
2.1.3 | Proteins and peptides

Proteins such as fibrin and silk, that is, other than the structural com-

ponents of extracellular matrices, have potential applications in tissue

engineering due to their compositional versatility, availability and

excellent biocompatible and biodegradable properties (Wanpeng
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Cao, 1996; Werkmeister & Ramshaw, 2012). However, their applica-

tion for the regeneration of the dentin‐pulp complex has been scarce.

Peptides are short amino acid sequences of proteins known to

have specific biological activities. They can be synthetically

manufactured by solid‐peptide synthesis. This enables the easy cus-

tomization of their biological, physical, and chemical properties as

new modified peptides, inspired in natural sequences, can be designed

and engineered (Collier & Segura, 2011; Williams, 2011). The potential

application of peptide‐modified molecules that self‐assemble into

fibrillary structures has been already explored for regenerating the

dentin‐pulp complex.

Fibrin

Fibrin is a natural biomaterial produced by polymerizing the plasma pro-

tein fibrinogen by the enzymatic activity of thrombin. It is advantageous

compared with most of synthetic polymers and collagen gels when bio-

compatibility, cost, cell adhesion, and immune response are concerns.

Fibrin has no undesirable immunogenic reactions when obtained from

autologous sources. Moreover, fibrin hydrogels are injectable, repro-

ducible, and can be moulded to specific 3D shapes (Jockenhoevel

et al., 2001). Mechanical properties of fibrin scaffolds have been nota-

bly improved when combined with polyurethane, polyethylene,

hyaluronic acid, or calcium phosphate ceramics (Lee & Kurisawa,

2013). Physical characteristics, cell invasion, and survival characteristics

of fibrin scaffolds can be adjusted by manipulating the fibrinogen/

thrombin concentration. Increasing fibrinogen content increases stiff-

ness but reduces porosity (Linnes, Ratner, & Giachelli, 2007).

Platelet‐rich plasma (PRP) therapy is an emerging technology in

sports medicine, and it has been used since the mid‐1990s in dental

and oral surgery. Recently, the patient‐derived fibrin (PRF) scaffold

(based on PRP technology) operates as an autologous and biodegrad-

able delivery system. PRP/PRF used along with collagen membranes

was extensively applied for regeneration of periodontal ligament and

alveolar bone as a part of guided tissue regeneration procedures in

periodontics and oral surgery. PRP therapy was shown to be a suc-

cessful promoter in the healing process (Ficek, Kaminski, Wach,

Cholewinski, & Cieszczyk, 2011; Khodakaram‐Tafti, Mehrabani, &

Shaterzadeh‐Yazdi, 2017). PRP and its associated formulations have

yet to show promise in dental pulp regeneration, though. Fibrin has

low mechanical stiffness and undergoes rapid shrinkage and degrada-

tion; nonetheless, shrinkage can be reduced by fixing agents, like poly‐

L‐lysine and degradation rate can be controlled by fibril cross‐linking

or by use of enzyme inhibitors (Jockenhoevel et al., 2001). Yang

et al. evaluated fibrin glue mixed with PRF as a scaffold seeded with

dental bud cells for tooth regeneration. PRF is rich in cytokines and

GFs, especially platelet‐derived GF (PDGF) and tissue GF‐β (TGF‐β)

that have relevant roles in angiogenesis and hard tissue regeneration,

respectively. Dental bud cells cultured on the PRF/PRP scaffold regen-

erated a complete tooth with enamel, dentin, cementum, pulp, blood

vessels, and periodontal ligament (Yang et al., 2012).

Silk protein

Silk is a natural protein that forms fibres, which can be woven into tex-

tiles. Silk from the silkworm has been used as biomedical suture mate-

rial for centuries. Recently, its use in medicine has expanded for
designing scaffolds to be used in hard tissue and ligament engineering

(Vepari & Kaplan, 2007). The protein fibre of silk is composed of

fibroin and sericin and is produced by certain insect larvae to form

cocoons (J. Zhang et al., 2012). Fibroin is the structural centre of silk,

and sericin is the sticky material surrounding it. Silk proteins can be

coupled via carbodiimide chemistry to peptides such as RGD (H. J.

Kim et al., 2008). Silk proteins have unique mechanical properties as

well as a diversity of side chain chemistries that enable conjugation

of growth and adhesion factors (Altman et al., 2003). Silk has high

strength, robust flexibility, mechanical toughness, and slow degrada-

tion rates (Wang et al., 2008). It is biodegradable, biocompatible,

non‐immunogenic, and supports cell attachment and proliferation

(Sharma et al., 2014). Moreover, it can be prepared in a range of

material configurations, including films, hydrogels, and microspheres

(J. Zhang et al., 2012).

Xu et al. tested four silk protein scaffolds with or without RGD

peptide having different pore diameters, ranging from 250 to

550 mm. These scaffolds were seeded with rat tooth bud cells and

implanted into rat hosts. After 20 weeks, all harvested scaffolds

showed regeneration of mineralized tissues. Thus, silk scaffolds facili-

tated the regeneration of mineralized osteodentin with specified sizes

and shapes (Xu et al., 2008). W. Zhang et al. characterized 4‐day post-

natal rat tooth bud cells grown on hexafluoro‐2‐propanol (HFIP) silk

scaffolds. These silk scaffolds not only supported osteodentin forma-

tion but also guided its size and shape and supported soft dental pulp

formation (W. Zhang, Ahluwalia, Literman, Kaplan, & Yelick, 2011).

Self‐assembling peptides

Scaffolds made of peptide‐based molecules specifically designed to

self‐assemble in nanofibres are novel synthetic matrices for tissue engi-

neering. They are promising candidates because of their ease of synthe-

sis, chemical diversity, and potential for tailoring a broad range of

relevant properties for tissue engineering applications (Hartgerink,

Beniash, & Stupp, 2002). Self‐assembling peptides, as an example of

smart customizable matrices, have been applied in biomedical nano-

technology, cell culturing, and tissue engineering for both soft and min-

eralized dental tissues (Rubert Perez et al., 2015; Sargeant, Aparicio,

Goldberger, Cui, & Stupp, 2012). They are formed by 15 to 25 amino

acids, undergo self‐assembly, and entrap water, forming nano‐fibrous

hydrogels (Palmer & Stupp, 2008). These hydrogel systems are biocom-

patible and trigger cellular responses. The peptides can be designed to

guide cellular responses via interaction with attached cell adhesion

motifs, incorporated enzyme‐cleavable sites and/or suitable GFs. The

design of the peptide sequence might allow control over material stiff-

ness, mineral nucleation, antibacterial activity, and biodegradability

(Rubert Perez et al., 2015). However, peptides, which are manufactured

by solid‐peptide synthesis, are expensive materials, and they have com-

plex design parameters (Gelain, Bottai, Vescovi, & Zhang, 2006).

Galler et al. encapsulated two dental stem cell lines with peptide‐

amphiphile (PA) hydrogel scaffolds. Cell‐matrix interactions were cus-

tomized by incorporating RGD and an enzyme‐cleavable site. Stem cells

from human exfoliated deciduous teeth (SHED) and DPSC were cul-

tured in PA hydrogels for 4 weeks. Although SHED showed high prolif-

eration rates, collagen production and soft tissue formation, DPSC

exhibited an osteoblast‐like phenotype with expressed osteoblast

http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Fiber
http://en.wikipedia.org/wiki/Weaving
http://en.wikipedia.org/wiki/Textile
http://en.wikipedia.org/wiki/Textile
http://en.wikipedia.org/wiki/Fibroin


8 MOUSSA AND APARICIO
marker genes and deposited minerals (Galler et al., 2008). Galler et al.

also investigated the incorporation of a heparin binding motif in the

self‐assembled peptide nanofibre scaffold to mediate the activity of dif-

ferent GFs in encapsulated DPSC. In a murine model, the subcutane-

ously transplanted hydrogel within dentin cylinders resulted in

formation of a vascularized connective tissue similar to dental pulp

(Galler, Hartgerink, Cavender, Schmalz, & D'Souza, 2012).

2.2 | Synthetically‐engineered polymeric and
ceramic scaffolds

2.2.1 | Synthetic polymeric scaffolds

Polylactic acid (PLA), polyglycolic acid (PGA), and polylactide‐co‐

glycolide (PLGA) are synthetic polyester polymers. They have been

used in various biomedical applications like engineering microvessels

(Nör et al., 2001) fixation and repair processes for tendons and liga-

ments and biodegradable scaffolds for hard and soft tissue engineer-

ing (Bohl, Shon, Rutherford, & Mooney, 1998). They have many

desirable properties such as biocompatibility, biodegradability, mild

inflammatory response, cheap, and reproducible. Additionally, their

mechanical properties, viscosity, porosity, degradation, and release

rates of incorporated biomolecules can be tailored. Thereby, great

design flexibility is offered by adjusting some parameters of the poly-

mers like copolymer ratio, molecular weight, and crystallinity.

On degradation, both PLA and PGA produce lactic acid and

glycolic acid, respectively, which are naturally removed through meta-

bolic pathways and eventually excreted through urine (Athanasiou,

Niederauer, & Agrawal, 1996; Taylor, Daniels, Andriano, & Heller,

1994). However, they are synthetic polymers and so they lack the bio-

chemical information that is physiologically intrinsic to biopolymers

that compose the ECM. Also, local accumulation of acidic degradation

products in tissues is still a concern (Ulery, Nair, & Laurencin, 2011).

PLGA is a copolymer with similar desirable physical and mechanical

properties. The degradation rate of PLGA copolymers can be adjusted

by tuning the proportions of lactic and glycolic acid monomers.

Scaffolds made of all these polymers have shown to be conducive

for seeding of stem cells like SHED, DPSCs, and dental pulp fibroblasts.

On these scaffolds, stem cells have shown differentiation into

odontoblast‐like cells and endothelial cells generating tissues similar to

dental pulp and dentin. The configuration of the scaffold matrix pore

size and distribution, powdered or fibre mesh, and so forth, also had a

significant effect on the type of generated tissue (Tonomura et al.,

2010). There are many studies that have been conducted using syn-

thetic polyester polymers to engineer different dental tissues (Table 1).

Mooney et al. have described a technique to engineer new pulp‐like tis-

sues utilizing cultured cells and synthetic extracellular matrices. Fibro-

blasts were seeded onto synthetic matrices fabricated from PGA

fibres, approximately 15 microns in diameter. The pulp‐derived fibro-

blasts adhered to the fibres, proliferated, and formed a new tissue over

60 days in culture with a cellularity similar to that of native pulp

(Mooney, Powell, Piana, & Rutherford, 1996). Bohl et al. compared three

different synthetic matrices, scaffolds fabricated fromPGA fibres, a type

I collagen hydrogel, and alginate to discern the most suitable matrix for

dental pulp tissue engineering. Culturing cells on PGA resulted in a very
high cell density with a significant collagen deposition. No cell prolifera-

tion was observed on alginate, and the growth of cells in collagen gels

was moderate after 45 days (Bohl et al., 1998). Buurma et al. tried autol-

ogous tissue grafting for oral tissues restoration by attaching disaggre-

gated autologous cells to natural or synthetic polymeric scaffolds.

They reported that human dental pulp and gingival fibroblasts (HPF

and HGF) adhered to PGA scaffolds and survived when implanted sub-

cutaneously in mice. The transplanted cells secreted type I collagen and

cellular fibronectin (Buurma, Gu, & Rutherford, 1999). Cordeiro et al.

investigated the formation of vascularized soft connective pulp‐like tis-

sue and new tubular dentin when SHED were seeded in PLA scaffolds,

incorporated in tooth slices and then subcutaneously transplanted into

nude mice. They observed that the resulting tissue showed architecture

and cellularity closely resembling those of a physiologic dental pulp

(Cordeiro et al., 2008). El‐Backly et al. regenerated dentin/pulp‐like tis-

sue using a DPSC/PLGA scaffold. Cells were isolated from rabbit teeth

and seeded onto scaffolds prepared from 50/50 PLGA polymers and

transplanted subcutaneously in rabbits. After 12 days, DPSC showed

high proliferative and clonogenic capacities. Formation of osteodentin‐

like structures as well as tubular bilayered structures of vertically aligned

parallel tubules resembling tubular‐like dentin were also observed

(El‐Backly, Massoud, El‐Badry, Sherif, & Marei, 2008). Sakai et al. dif-

ferentiated SHED cells into functional odontoblasts and endothelium.

SHED cells were seeded in tooth slice/PLA scaffolds and implanted

subcutaneously into mice. SHED differentiated into functional odon-

toblasts that generated tubular dentin (Sakai et al., 2010). Haung

et al. tested the possibility of regenerating vascularized human dental

pulp in emptied root canal spaces using a stem/progenitor cell‐

mediated approach with human root fragments. Stem/progenitor cells

from apical papilla and human DPSC (hDPSC) were isolated, seeded

onto PLGA scaffolds, inserted into the tooth fragments, and

transplanted into mice. The results showed that the root canal space

was filled entirely by a pulp‐like tissue with well‐established

vascularity. In addition, a continuous layer of dentin‐like tissue was

deposited onto the root canal wall (G. T. Huang et al., 2010).

2.2.2 | Bioactive ceramic scaffolds

Calcium phosphate ceramics, bioactive glasses, and glass ceramics con-

stitute a group of materials that have long been used in different com-

positions, structures, and configurations to heal and regenerate bone

defects in orthopaedics, maxillofacial, and craniofacial applications.

These ceramics are bioactive because, once implanted, they mediate

on their surface the formation of a layer of biologically equivalent

hydroxyapatite (HAP), that is, the calcium phosphate mineral that con-

stitutes human hard tissues (Wanpeng Cao, 1996). Thus, cells that

interact with the HAP‐coated ceramic in vivo will differentiate and pro-

duce hard tissues (Neo et al., 1992). The mechanism by which the HAP

layer is formed on the surface of bioactive materials was first described

by Larry L. Hench for bioactive glasses (Hench, 1998). These glasses are

based on silicon oxide and incorporate different ions as network mod-

ifiers (see section for more details). A rapid exchange of sodium and cal-

cium ions from the glass surface with protons from the biological fluids

starts the process and, as a result of it, the pH of the fluid increases. The

more alkaline environment induces breaking of the Si―O―Si bonds in
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the glass and silanol groups form at the glass‐fluid interface. Then,

abundant silanol groups condense and polymerized in a silica gel layer.

Calcium and phosphate groups penetrate this silica‐rich layer forming a

calcium and phosphate oxide‐rich film on top of the silica‐rich layer. The

calcium phosphate film grows by incorporating more calcium and phos-

phate ions from the surrounding fluids initially forming an amorphous

calcium phosphate layer on top of the bioactive glass. Finally, this layer

crystallizes and forms a carbonated HAP layer (Hench, 1998). All

bioceramics, such as HAP, other calcium phosphates, and calcium sili-

cates, are also bioactive following similar, although not identical, ionic

interchanges and mechanism of apatite formation than the one origi-

nally described for bioactive glasses (Mas‐Moruno et al., 2013). In any

case, the release of dissolution products, such as calcium phosphate

and silicate ions from the glass ceramic, is playing an important role in

forming the surface apatite layer and enhancing the osteoblastic activ-

ity of the material (Jones, 2013). Scaffolds made of bioactive ceramics

still require specific modifications to obtain structures with the desired

permeability, controlled dissolution rate, and specific surface character-

istics to enhance cellular activity and eventually, regeneration of human

hard tissues (Yuan et al., 2011).

Calcium phosphates (CaP)

CaP materials, that is, HAP, tricalcium phosphate (TCP), and biphasic

calcium phosphate (HAP/TCP), have been widely tested for bone

regeneration. 3D CaP porous granules have been successfully used in

dental tissue engineering as they provide favourable 3D substrate con-

ditions for hDPSC growth and odontogenic differentiation (Nam, Won,

Kim, & Kim, 2011). Because of the biochemical similarity to mineralized

tissues, CaP have good properties of resorption, biocompatibility, low

immunogenicity, osteoconductivity, and bone bonding to surrounding

tissues (L. Zhang et al., 2013). They are brittle, which constitutes their

main drawback that limits their application in high load‐bearing areas

(Yuan et al., 2011). Addition of SiO2 and ZnO dopants to pureTCP scaf-

folds increased the mechanical strength of the bioceramic as well as the

cellular proliferation on it (Fielding, Bandyopadhyay, & Bose, 2012).

Tonomura et al. used porous HAP/beta‐TCP (b‐TCP), powdered

HAP/b‐TCP, and PGA fibremesh as scaffolds to transplant cultured por-

cine dental pulp‐derived cells into the backs of nudemice. After 6weeks,

newly‐formed hard tissue was observed in all transplants. When porous

HAP/b‐TCPwas used, dentin‐like hard tissue was observed on the inner

wall with minimum cell inclusions and odontoblast‐like cells were

aligned adjacent to the hard tissue. When HAP/b‐TCP powders or

PGA were used, bone‐like hard tissues showed cell inclusions and cell

alignment was not observed. Hard tissue from the HAP/b‐TCP block

groupwas positive for dentinmarkers, type I collagen, osteonectin, bone

sialoprotein, and dentin sialoprotein (DSP; Tonomura et al., 2010). Nam

et al. studied the effects of 3D CaP porous granules on the growth and

odontogenic differentiation of hDPSCs. Differentiation behaviour on

the 3D granules was confirmed by the increased alkaline phosphatase

activity, up‐regulation of dentin sialophosphoprotein (DSPP) and dentin

matrix protein 1 (DMP1; Nam et al., 2011).

Bioactive glasses and glass ceramics

Bioactive glasses and glass ceramics are based on combinations of SiO2,

Na2O, CaO, P2O5, MgO, Fe2O3, and other oxides. They are bioactive as
described above and can offer good crystallization conditions (Kokubo,

1991; Sepulveda, 2002). Glass ceramics usually have between 30% and

90% crystallinity, which can result in zero porosity, high strength, high

toughness, translucency or opacity, resorbability, and biocompatibility.

They have been commonly used in dentistry as veneers, crowns, and

bridges as well as other biomedical applications, including hard tissue

implants and bone tissue engineering scaffolds (Misra et al., 2010).

The use of bioactive glasses and glass ceramics as scaffolds in tissue

regeneration is limited because of difficulty of shaping, poor mechanical

strength, brittleness, slow degradation rate, and high density.

El‐Gendy et al. studied human dental pulp stromal cells (HDPStCs)

cultured under basal or osteogenic conditions either in monolayers or

on 3D bioactive glass scaffolds in vitro. Cell‐scaffold constructs were

also implanted intraperitoneally in nude mice. Osteoinductive condi-

tions enhanced HDPStCs expression of osteogenic gene markers com-

pared with basal conditions. Cultured HDPStCs on 3D scaffolds

promoted osteogenic gene expression compared with monolayer cul-

ture under both basal and osteogenic conditions. In vivo, implantation

of the HDPStCs 3D bioactive glass constructs showed evidence of

sporadic woven bone‐like spicules and calcified tissue. (El‐Gendy,

Yang, Newby, Boccaccini, & Kirkham, 2013).
2.3 | Composite scaffolds

The development of advanced biomaterials finds more opportunities

by combining biomaterials in the form of biopolymers and bioceramics,

either synthetic or natural (Pérez, Won, Knowles, & Kim, 2013). Each

individual material has its own characteristic advantages and disadvan-

tages, but composite materials, or hybrids, often show an excellent

balance between the strengths and weaknesses of their individual

components providing overall improved properties (Liu & Ma, 2004).

For example, polymers that lack adequate stiffness can be combined

with stiffer materials like ceramics to overcome their inherent weak

point and make them suitable for dental tissue regeneration. At the

same time, polymers fabrication is much easier compared with ceramic

scaffolds, which are brittle with less versatile porous structures. Also,

resorption products of CaP minerals are suitable neutralizers for acidic

degradation products of polymers, thereby reducing the associated

inflammation. Likewise, polymers that lack bioactive properties to

induce proliferation and differentiation of stem cells into bone or den-

tin osteogenic cells can be modified with bioactive ceramics and

glasses (Ko et al., 2010). Although there are many successful

composite/hybrid materials applied in the biomedical field, those that

have been explored to regenerate dental tissues are still limited.

Hybrids and composites made of cellulose–alginate, cellulose–

agarose, cellulose–chitosan, chitosan–alginate, and chitosan–agarose

have been tested as scaffolds for regeneration of different tissues. H.

Chen et al. tested scaffolds made of a polyelectrolyte complex (PEC)

of chitosan and CMC. The addition of CMC to chitosan decreases the

pore diameter and increases internal porosity of the scaffold, which

reinforces it and facilities cell nutrition. Pulp cells cultured in these

PEC scaffolds showed improved adhesion, spreading, cell capacity,

and 3D configurations compared with pure chitosan scaffolds. Also,

the expression of osteonectin and DSPP were increased. Thus, the
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scaffold made of the chitosan/CMC complex was a promising substrate

for pulp tissue engineering (H. Chen & Fan, 2013).

Ravindran et al. have developed a 3D multilayered co‐culture sys-

tem. They used type I collagen and chitosan blends that were seeded

with DPSC and HAT‐7 dental epithelial cells to assess epithelial—mes-

enchymal interactions. This layered macroscale scaffold had a biomi-

metic structure with tuneable mechanical characteristics that

supported the motility of the two cell types in all directions

(Ravindran, Song, & George, 2010).

Highly porous polymer/ceramic composite scaffolds appear to be

a promising substrate for tissue engineering due to its excellent

mechanical properties and bioactivity. Zheng et al. tested four differ-

ent types of 3D scaffolds for tooth‐tissue regeneration, including

PLGA and three other composites scaffolds that contained 50 wt%

of PLGA combined with three different CAPs: HAP, TCP, and calcium

carbonate hydroxyapatite (CDHA), respectively. Among all tested

groups, PLGA/TCP maximized the differentiation of hDPSCs and den-

tin formation (Zheng et al., 2011).

Danilovic et al. evaluated the effects of PRP in combination with

HAP as a pulp capping material. The histological analysis revealed that

the healing process was characterized by dentin bridge formation, with

maintaining morphology and functional integrity of dental pulp. The

inflammatory reaction was scored as mild to moderate suggesting the

good biocompatibility of these combined materials (Danilovic, Petrović,

Marković, & Aleksic, 2008).An analogous approach consisting of com-

posites scaffolds made of calcium silicate ceramics in combination with

biodegradable polymers has been recently explored. Chiu et al. investi-

gated the suitability of mineral trioxide aggregate/PCL (MTA/PCL)

hybrid 3D scaffolds as amicro‐environment for the osteogenic differen-

tiation of HDPCs. They showed that the MTA/PCL scaffold had high

porosity (70%) and uniform macropores with compressive strength of

4.5 MPa. This scaffold promoted adhesion, proliferation, and differenti-

ation of HDPCs. Thus, this 3D‐printed MTA/PCL porous composite

exhibited excellent physical and chemical properties for enhanced oste-

ogenesis differentiation (Chiu, Fang, Hsu, Lin, & Shie, 2017). Similarly,

Ho et al., studied the physicochemical properties and in vitro

odontogenic potential of 3D printed Biodentine/PCL composite scaf-

folds. Their results showed that not only did the composite scaffolds

support the proliferation and differentiation of HDPCs but also they

exhibited a good apatite‐forming ability (Ho, Fang, Wang, Huang, &

Shie, 2018). Gandolfi et al. extended this approach by introducing an

extra CaP phase in the composite scaffolds and produced highly porous

PLA‐based scaffolds doped with calcium silicate and dicalcium phos-

phate dihydrate using thermally induced phase separation. These scaf-

folds showed biocompatibility, biointeractivity, balanced degradation

by deposition/nucleation of apatite, and suitable porosity for proper cell

colonization (Gandolfi et al., 2018).
3 | NEW SCAFFOLDS TO ADDRESS
EXISTING CHALLENGES

Recently, Galler et al. reported for the first time a comparison of nat-

ural versus synthetic hydrogel scaffolds, with or without functional-

ized modifications, for in vitro and in vivo dental pulp tissue
engineering (Galler et al., 2017). The natural scaffolds were made of

collagen or fibrin and compared with two groups of synthetic scaf-

folds, that is, PEG‐based scaffolds with and without cell adhesion

motif and enzyme‐cleavable site and two different self‐assembling

peptides. The use of natural materials, particularly fibrin, led to higher

viability of dental pulp stem cells and pulp‐like tissue formation com-

pared with all synthetic materials. Thus, fibrin appeared to be the most

promising scaffold material for dental pulp tissue engineering among

the tested hydrogel scaffolds in spite of that fibrin scaffolds did not

have the highest control over the material properties and were not

functionalized with specific bioactive motifs. However, fibrin pos-

sesses an endogenous capability of growth factor binding and slow

release (Spicer & Mikos, 2010). This effect might have contributed to

the favourable results for pulp‐like tissue formation for this material

in combination with dentin‐derived proteins. These results question

the appropriateness of past strategies for developing scaffolds made

of synthetic molecules for dentin‐pulp regeneration. At the same time,

they provide a guide for further designs of scaffolds with increasing

biomimetic features and diverse stimuli that both ECM and signalling

proteins provide in vivo. Thus, smarter scaffolds designed for simulat-

ing the required biofunctional properties with spatial and temporal

control are needed.

The current focus is on designing biomaterials that replicate the

remodelling dynamics of the extra cellular environment via enabling

specific cell–cell and cell‐scaffold interactions. The three strategies

we highlight here to overcome the current limitations in scaffolds'

designs for enhancing dentin‐pulp complex regeneration are (a) incor-

porating new internal modulation factors, such as customization of

scaffolds' physical properties; (b) incorporation of external modulation

factors, such as controlled delivery of multiple bioactive agents; and (c)

conjugating stimuli responsive components (Figure 1). Following, we

are presenting a series of innovative biomaterial‐based approaches

that have been already explored for regenerating different tissues,

and we highlight them as viable alternatives for dentin‐pulp complex

regeneration.
3.1 | Polymeric microspheres

Polymeric microspheres have been developed as internal modulators

for supporting cell growth and/or delivering drugs and GFs in tissue

engineering applications. W. Huang et al. developed a scaffold by

embedding poly (beta‐hydroxybutyrate‐co‐beta‐hydroxyvalerate)

(PHBV) microspheres into a PLGA matrix to repair bone defects

(W. Huang, Shi, Ren, Du, & Wang, 2010). PHBV is a

polyhydroxyalkanoate‐based polymer which is biodegradable, non-

toxic, and produced naturally by bacteria. PLGA/30%PHBV scaffolds

had 80% porosity, and their mechanical properties can be modulated

as the higher the amount of PHBV microspheres, the higher the com-

pressive strength of the PLGA/PHBV scaffold. Song et al. fabricated

and evaluated scaffolds for a sustained‐release of proteins. The scaf-

fold was chitosan‐based embedded with PLGA microspheres to main-

tain the long‐term stability of nutrients' concentration within the

scaffolds. In this design, the polymer microspheres were loaded with

bovine serum albumin (BSA) to study the protein release pattern from



FIGURE 1 Strategies for developing new smart tissue engineering scaffolds for dentine‐pulp complex regeneration (The authors would like to
thank the “Pérez et al., 2013” for permission to reuse this figure). See text for details regarding each of the three main strategies. ECM: extra‐
cellular matrix; GFs: growth factors; SAP: self‐assembled peptide [Colour figure can be viewed at wileyonlinelibrary.com]
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the PLGA‐shelled structure. Then, the BSA‐loaded PGA microspheres

were mixed with a chitosan solution to create the scaffolds (Song

et al., 2013). The BSA release was sustained and cumulative with little

initial burst. Liu et al. reported nano‐fibrous hollow microspheres (NF‐

HMS) self‐assembled from star‐shaped poly (l‐lactic acid) (SS‐PLLA)

and linear (PLLA) as an injectable cell carrier for cartilage regeneration.

NF‐HMS nanofibres have an average diameter of 160 nm, which is in

the same scale of collagen fibres. Because the high porosity (often

>90%) is desired for scaffolds to provide sufficient space for cell

growth and ECM deposition, the open and hollow structure of these

scaffolds contributed to achieve a porosity as high as 96.7%. This facil-

itated cell seeding, proliferation, and tissue regeneration. NF‐HMS

efficiently accommodated cells and promoted cartilage regeneration

by increasing both quantity and quality of regenerated cartilage, com-

pared with control microspheres (Liu, Jin, & Ma, 2011).
Potential application in regenerative dentistry

Controlled release of GFs from dentin appears to be an important

mechanism of defence against injuries. Factors such as TGF‐β, bone

morphogenetic proteins (BMPs), PDGF, FGF, and vascular endothelial

GF (VEGF) are incorporated into the dentin matrix during

dentinogenesis and are retained there as “quarantined” molecules.

When these molecules are re‐released, they are bioactive and induc-

tive of DPSCs recruitment, their differentiation and the secretion of

mineralizable matrices (Casagrande, Cordeiro, Nor, & Nor, 2011). The

concept of incorporating different forms of microspheres either to

simulate the nano‐fibrous architecture of ECM or to enable a higher

load of GFs and slow down their release, which abrogates the initial

burst phase, is a promising tool to be applied for dental tissue regen-

eration. This concept could be a clinically optimal solution to repair
tissue defects with complex shapes if the cell carrier is injectable, as

it is the case of NF‐HMS.
3.2 | Interpenetrating polymer networks (IPNs)

Although protein‐based gels, such as those made of fibrin, have been

investigated as scaffolds for tissue engineering, their biomedical appli-

cation has been limited because of their poor mechanical properties,

particularly for conditions that require shape stability or bear signifi-

cant load. To overcome this issue, IPN hydrogels that are made of mix-

tures of proteins with other polymers have been developed. The IPN

hydrogels are composed of two polymers with different storage mod-

uli, which allows for distinctive mechanical response to different

mechanical stimuli. Lee and Kurisawa developed a novel IPN hydrogel

composed of fibrin and hyaluronic acid‐tyramine (HA‐Tyr). Cell prolif-

eration and capillary formation occurred in IPN hydrogels were higher

than on control fibrin scaffolds. In these IPN scaffolds, when the fibrin

network in the gels was completely degraded and contracted upon

interaction with cells, the shape of the IPN hydrogels was preserved

due to the structural support provided by the non‐degraded HA‐Tyr

network (Lee & Kurisawa, 2013).
Potential application in regenerative dentistry

Restoring the dentino‐pulpal defect is a longstanding problem in

restorative dentistry. There are many limitations of dental biomaterials

used to induce reactionary dentin to seal the exposed pulp chamber or

those used as scaffolds for dentin‐pulp complex regeneration. Eventu-

ally, the reparative or the regenerative process might not be com-

pleted successfully. Based on the internal modulation concept, it

http://wileyonlinelibrary.com
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could be a promising solution to introduce a bifunctional scaffold to

the dental field; a stable defect filler coronally and a dentinogenesis

promoter pulpally.
3.3 | Polyelectrolyte coated polymeric scaffolds

Shah et al. explored a bone regeneration strategy using a polyelectro-

lyte multilayer coating on PLGA using the layer‐by‐layer technique.

The coating was made of alternating layers of BMP‐2 and PDGF‐BB.

This promoted elution of GFs over adjusted time scales to regenerate

bone tissues by endogenous cells. Also, this approach offered simulta-

neous delivering of multiple GFs to the site of the wound based on

electrostatic interactions between the polymer multilayers and GF.

The number of layers and type of molecules that composed the coat-

ing can be easily customized and enables a cell‐free regenerative ther-

apy. Mature and mechanically‐sound local bone bridged the defect as

early as 2 weeks after implantation. (Shah et al., 2014).

Potential application in regenerative dentistry

The hybrid dental tissues of endodontium are complex and engineer-

ing these tissues presents many unique design challenges. In addition,

multiple GFs are involved to trigger the regenerative cascade including
FIGURE 2 Alginate/collagen hydrogel customized to promote stem cell se
(a) Alginate serves as structural modulator to prevent the adhesive and fib
ions), alginate is removed and collagen fibres are generated forming an ad
before and after switching. (d) Spectroscopy measuring collagen fibre chara
complete collagen network formation until chelation and washout (The auth
this figure) [Colour figure can be viewed at wileyonlinelibrary.com]
progenitor cells recruiting factors, odontoblast and angiogenesis dif-

ferentiating factors, and ultimately mineral nucleation factors. Such

an approach could be of prime value to deliver a diverse pull of GFs

in a sequentially‐controlled process and over physiologically meaning-

ful periods providing a new design for external modulation of tissue

regeneration. Besides, a synthetic and cell‐free approach for precise

dental tissue repair has higher potential to be more rapidly translated

to the clinical arena than cell‐based tissue engineering approaches.
3.4 | Cell adhesive‐nonadhesive scaffolds

Hydrogel systems can direct cell performance by providing cell‐

adhesive or nonadhesive micro‐environments. Hydrogels made of

ECM molecules, such as collagen, have fibrous microstructures and

are suitable for cell adhesion, growth, and migration. This characteristic

is unlike alginate hydrogels, which are nonadhesive and prevent migra-

tion. Dixon et al. developed an alginate/collagen hydrogel customized

to promote stem cell self‐renewal with a micro‐environmental switch

to direct differentiation. These hydrogels could be “switched”; that is,

the alginate component can be ionically de‐cross‐linked and efficiently

removed. The switching of the hydrogel‐based material enabled the

removal of the cell self‐renewal component (alginate) and switching to
lf‐renewal with a micro‐environmental switch to direct differentiation.
rous network created by collagen. Upon switching (chelation of Ca2+
hesive micro‐environment. (c) Quantitation of alginate and collagen
cter during cross‐linking and switching of hydrogels. Alginate prevents
ors would like to thank the “Dixon et al., 2014” for permission to reuse

http://wileyonlinelibrary.com
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a micro‐environment that promoted differentiation (collagen; Figure 2).

Adjusting the timing of this switch can preferentially direct the stem

cells differentiation. For instance, ectoderm requires early differentia-

tion (early switch), whereas mesoderm/endoderm requires late differ-

entiation (late switch; Dixon et al., 2014).

Potential application in regenerative dentistry

This strategy addresses the role of the micro‐environment, provided

by the scaffold, on fate choices of stem cells. It demonstrates that

the micro‐environment can be controlled over time and thus tailored

to control different cell responses representing a model of stimuli

responsive and internally modulated scaffolds. As dentin and dental

pulp are formed from ectomesenchyme, which is derived from ecto-

derm, “early switch” of this hybrid scaffold could promote the differ-

entiation of cells with odontoblastic lineage that enhances the

regeneration of affected tissues.
3.5 | Spatially‐controlled stimuli‐responsive scaffolds

Xu et al. (2015) have developed a novel ECM‐mimicking hydrogel scaf-

fold for human induced pluripotent stem cells derived mesenchymal

stem cells (hiPS‐MSCs) differentiation into fibroblasts. The hydrogel
FIGURE 3 Schematic diagram of preparation of PFP‐C nanocomposites an
was added on the top of a PCL mesh. (2) UV light exposure to crosslink PF.
seeded on the composite. (5) Fibrogenesis process synergetically promoted
Poly(ethylene glycol)‐Fibrinogen; PCL: Poly(ε‐caprolactone); PFP: integrate
tissue growth factor; PFP‐C: the CTGF loaded fiber/hydrogel composite; (hiPS
cells. (The authors would like to thank the “Xu et al., 2015” for permission to

FIGURE 4 Electrospun fibrillar scaffolds made of elastin‐like recombinan
conjugated antimicrobial GL13K peptides before (a) and after (b) intrafibril
had a fibrinogen backbone with polyethylene glycol (PEG) diacrylate

(DA) UV‐crosslinkable groups. These two components were infiltrated

into electrospun PCL fibres togetherwith connectiveTGF (CTGF). Upon

exposure to UV light, cross‐linking between PEG and the fibrogenic

component is initiated (Figure 3). This novel scaffold with biomimetic

nanostructures was thus capable to supply spatial allocation of stem

cells as well as anchorage and storage of GFs to direct stem cells differ-

entiation. Thus, a combination of the three main strategies presented in

(Figure 1) were included in this work (Xu et al., 2015).

Potential application in regenerative dentistry

The combination of PCL as a nanostructured biocompatible polymer,

fibrinogen which can biochemically interact with damaged tissues, in

addition to the appropriate GF for reparative dentinogenesis could

represent a promising injectable and spatially controlled scaffold for

progenitor dental pulp stem cells commitment and differentiation into

dentino‐pulpal tissues.
3.6 | Multifunctional recombinant polymer scaffolds

We have recently presented a new biomimetic scaffold made of elastin‐

like recombinant polymeric electrospun nanofibres that incorporate a
d their fibrogenic capacity on hiPS‐MSCs. (1) A PF solution with CTGF
(3) A free‐standing PFP‐C composite was formed. (4) hiPS‐MSCs were
by the adhesive motif on PFP and the signalling induction of CTGF. PF:
d PCL fibers and PF hydrogel into one 3D scaffold; CTGF: connective
‐MSCs): human induced pluripotent stem cells derived mesenchymal stem
reuse this figure) [Colour figure can be viewed at wileyonlinelibrary.com]

t polymers. Scaffolds with a statherin‐derived peptide sequence and
lar mineralization

http://wileyonlinelibrary.com
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statherin‐derived peptide (St‐ELR) with ability to induce intrafibrillar

biomineralization (Lan, Li, Heo, Aksan, & Aparicio, 2015; Figure 4). In

doing so, we modulated the rigidity of the scaffold as well as introduced

biochemical signalling with the incorporation of HAP after biominerali-

zation. The versatility in the sequence design and post‐modification of

these recombinant polymers allowed us to conjugate a short antimicro-

bial peptide, GL13K, to provide anti‐infection properties to the scaffold

(X. Chen, Hirt, Li, Gorr, & Aparicio, 2014). The study indicated that bio-

mimetic mineralized ELR scaffolds supported the proliferation and

odontogenic differentiation of hDPSCs (Lan, Li, Rodriguez‐Cabello, &

Aparicio, 2017). The peptide functionalized st‐ELR membrane exerted

antimicrobial ability against Streptococcus mutans and Streptococcus

gordonii bacteria.

Potential application in regenerative dentistry

Our research has initially shed light on the tailored design of recombi-

nant multifunctional polymers for regenerating dentin tissue. This

recapitulates structure, physical, and chemical properties of ECMs in

mineralized tissues. In addition, this research provides a new approach

to modify the scaffold with diverse bioactive molecules to obtain

multiple functions, while maintaining good interaction with native

tissues.
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