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INTRODUCTION 

STATEMENT OF THE PROBLEM 

Nearly half of general dentists no longer place amalgam restorations, 

making resin composites the most frequently placed direct restorations. Resin 

composites have lower clinical durability than amalgam restorations; this poorer 

performance results in more restoration failures and replacements in the lifetime 

of a tooth (Simecek et al., 2009). One factor responsible for higher replacement 

rates for resin composites is the decreasing bond quality over time that has 

plagued resin-dentin bonding (Hebling et al., 2005; Brackett et al., 2009). 

Electron microscopic evaluation reveals degradation of the hybrid layer (the 

tooth-restoration interface) and of subjacent, incompletely resin-infiltrated 

demineralized dentin (Hashimoto et al., 2003). Host-derived matrix 

metalloproteinases (MMPs) are partly responsible for this degradation (Pashley 

et al., 2004 ). 

MMPs are zinc-dependent enzymes, and chelators may be used to inhibit 

or deactivate their cleavage of collagen (Santos et al., 2004). Ethylenediamine 

tetraacetic acid (EDTA) is a chelating agent commonly used in endodontics for 

smear layer removal. The ability of EDTA to inhibit or inactivate MMPs 

sufficiently to protect the hybrid layer of resin-dentin bonds has yet to be studied. 

If an additional clinical step using a common root canal irrigant can increase 
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longevity of adhesive resin-bonded restorations by decreasing MMP-mediated 

hybrid-layer degradation, both patients and dentists would benefit, saving time 

and money. 



REVIEW OF RELATED LITERATURE 

INTRODUCTION 

Adhesive dentistry has changed the way people value their teeth. Even 

those individuals with significant restorative needs expect to achieve an esthetic 

smile. This expectation is made possible, in part, by the use of resin-bonded 

restorations. While resin-enamel bonds allow for predictable long-term retention 

of veneers, sealants, and shallow restorations, resin-dentin bonding is less 

reliable (Berry and Osborne, 1989). Initial in vitro bond strengths are similar in 

dentin and enamel, but the durability and clinical longevity of resin-dentin bonds 

is far less. Degradation of resin-dentin bonds is attributed to water sorption into 

hydrophilic resins and to collagen hydrolysis and loss of bond strength due to 

intrinsic activity of specific dentin proteases (Mazzoni et al., 2007). Inhibition of 

this proteolytic activity could help minimize bond degradation and enhance 

restoration longevity. 

DENTIN STRUCTURE 

Dentin is a biologic composite of apatite (Ca5(P04h(OH)) crystals in a 

collagen matrix. Formation of this substance begins in the tooth cusp tips in 

utero and continues along the periphery of the pulp space until the tooth or the 

organism dies, albeit at a much slower rate after tooth eruption. Dentin is 
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anisotropic; its structure and mechanical properties vary along the coronal-apical 

axis as well as radially from the dentin-pulp junction to the dentin-enamel and 

dentin-cementum junctions (Marshall et al., 1997). As dentin is formed, protein 

matrix-secreting odontoblasts maintain cytoplasmic processes that form dentinal 

tubules. These tubules are small in diameter (ca. <1 11m) and widely spaced at 

the dentine-enamel junction (DEJ) and cementa-enamel junction (CEJ), and are 

larger (ca. 2.5 11m) and more tightly packed at the dentin-pulp interface. This 

arrangement is a result of odontoblast layer crowding as the pulp volume shrinks 

over the life of a tooth (Linde and Goldberg, 1993). As a result, approximately 

22% of the dentin surface area at the pulp interface is occupied by tubules, 

compared to only 1% at the DEJ (Pashley, 2002). 

Another contribution to the anisotropy of dentin is the difference between 

intertubular dentin, found between the tubules, and peritubular (or intratubular) 

dentin, lining each tubule. Intertubular dentin is richer in collagen matrix, 

whereas peritubular dentin is more highly mineralized and collagen-deficient, 

which gives it increased microhardness (Marshall et al., 1997). 

MINERAL COMPONENT 

Dentin is approximately 70% {by weight) apatite. Compared with that 

found in enamel, dentin apatite is composed of smaller crystals that are 

carbonate-rich and calcium-deficient, making it more chemically active (Marshall 

et al., 1997). This enhanced activity can result in over-etched dentin when the 

"total-etch" concept is employed. Acid exposure that is appropriate to roughen 
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enamel and allow for resin tag formation may not only remove dentin mineral, but 

may also partially denature and collapse the underlying collagen (Nakab~yashi 

and Pashley, 1998). 

PROTEIN MATRIX 

The protein matrix of dentin is mostly type I collagen. This collagen is 

arranged into fibrils, and it gives dentin resilience and tensile strength. · The 

structure of the fibrils is exceedingly complex. The triple helical structure of 

collagen molecules and the high proportion of glycine (33%) and proline and 

hydroxyproline (25% combined) in the amino acid sequence have been known 

for decades, but the exact higher order packing of these molecules into 

microfibrils and fibrils in tissues is debated (King et al., 1996; Orgel et al., 2006). 

A current model suggests the microfibril is composed of portions of five 

staggered collagen molecules in a right-handed supertwist that interdigitates with 

neighboring microfibrils (Orgel et al., 2006). Cross-links between neighboring 

microfibrils and projections of the N- and C- terminal ends into adjacent 

microfibrils contribute to the strength of the higher-order fibril (Orgel et al., 2006), 

which is the structure characterized by 67 nm crossbanding in transmission 

electron microscopy of demineralized dentin (Pashley et al., 2004). 

In addition to the type I collagen found in dentin, noncollagenous proteins 

are present in small amounts, including dentin phosphophoryn, dentin 

sialoprotein, bone sialoprotein, matrix metalloproteinases (MMPs), and tissue 

inhibitors of MMPs (TIMPs). Specifically, dentin is known to contain MMP-2, 
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MMP-8, and MMP-9 (Mazzoni et al., 2007; Sulkala et al., 2007), and possibly 

TIMP-1 and TIMP-2 (Goldberg et al., 2003). These proteins do not directly affect 

the mechanical properties of intact dentin, but they are important during dentin 

formation (Satoyoshi et al., 2001; Pashley, 2002), and can influence dentin 

structure when uncovered by caries, wear, or dental restorative procedures 

(Hannas et al., 2007). 

DENTIN MECHANICAL PROPERTIES 

ULTIMATE TENSILE STRENGTH 

The tensile strength of mineralized dentin varies significantly depending 

on the orientation of dentin tubules in the test specimen. When measured 

parallel to dentinal tubules, dentin's tensile strength was reported to vary from 

78±1 0 MPa to 58±11 MPa, respectively (Carvalho et al., 2001; Nishitani et al., 

2005). These same studies found the ultimate tensile strength perpendicular to 

the tubules to be 112±8 MPa and 80±13 MPa, respectively. Such variation can 

be partly attributed to changes in tubule density at different distances from the 

pulp. After demineralization in 0.5 M EDTA for 6 days, the ultimate tensile 

strength drops dramatically, to 8 ± 2 MPa and 16 ± 5 MPa, as measured parallel 

and perpendicular to tubules, respectively (Nishitani et al., 2005; Nishitani et al., 

2006). These values represent the strength of the collagen matrix alone, without 

support of the mineral component of dentin. 
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MODULUS OF ELASTICITY 

The flexural modulus of elasticity is measured by a three-point bending 

test. This property is even more affected by demineralization than is tensile 

strength. The flexural modulus of mineralized dentin is approximately 5±1 GPa, 

and that of demineralized dentin is 6±1 MPa, or 0.006 GPa (Grigoratos et al., 

2001; Carrilho et al., 2009). This value is nearly a thousand-fold decrease from 

that of mineralized dentin, which reflects the contribution of apatite to the 

stiffness of dentin. 

DENTIN BONDING 

Dentin bonding involves manipulating two very dissimilar materials, 

hydrophobic resins and water-saturated demineralized dentin, to join in such a 

way as to maintain the morphology and strength of a tooth and to prevent 

penetration of this joint by bacteria and oral fluids. Resin monomers cannot 

chemically bond to the wet, exposed mineral of unmodified dentin because 

intertubular dentin is not porous. This problem is overcome by acid etching of 

dentin, which removes apatite to a depth of a few microns. This removal 

increases the porosity of intertubular dentin and allows resin monomer 

penetration which, once polymerized, creates micromechanical retention and 

forms the hybrid layer (Nakabayashi and Pashley, 1998). 

HYBRID LAYER 

Formation of an ideal hybrid layer presents several challenges. First, 

etching dentin removes hydroxyapatite, leaving only hydrogen bonds between 
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the collagen fibrils and the surrounding water. The demineralized collagen layer 

can collapse if chemically denatured or excessively dried (Nakabayashi and 

Pashley, 1998). Secondly, the size and water solubility of resin monomers limits 

their diffusion into demineralized dentin (Sauro et al., 2010). Therefore, resin 

adhesive formulations include water-soluble ·monomers, like hydroxyethyl 

methacrylate (HEMA), or water-miscible solvents, like ethanol or acetone, to aid 

the diffusion of larger, less soluble monomers (Nakabayashi and Pashley, 1998; 

Becker et al., 2007). Excess water remaining in the hybrid layer results in 

nanoleakage and water-treeing that hastens bond degradation (Tay et ql., 2003; 

Tay and Pashley, 2003). Water-treeing refers to the water-filled dendritic voids 

or tunnels that form in the hybrid and adhesiVe layers after polymerization of 

hydrophilic resins, especially after inadequate solvent evaporation (Tay and 

Pashley, 2003). The phenomenon of hybrid layer degradation is shown in 

Figures 1 and 2. Figure 1 shows a transmission electron micrograph of the resin

dentin interface that had been incubated in aqueous buffer for 12 months. The 

resin composite (C) contains electron dense nanofillers. The adhesive layer (A) 

is electron lucent. The hybrid layer (H) has undergone degradation to the point 

where portions of the hybrid layer are as electron lucent as the adhesive layer. 

The underlying mineralized dentin (D) was too dense to permit resin penetration. 

The MMPs in the underlying dentin are inactive because they, like the collagen to 

which they are bound, are mineralized. 
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Figure 1. Stained transmission electron microscopy (TEM) section of resin-dentin bond 
created with "etch and rinse" type adhesive after 12 months aging in aqueous solution. 'C' 
denotes overlying resin composite restoration; 'A' shows adhesive layer; 'H' is the hybrid 
layer, and 'D' labels the underlying mineralized dentin, with collagen fibrils evident by their 
uptake of heavy metal stain. Arrows show degradation of collagen within the hybrid layer. 
The absence of collagen makes these areas more electron-lucent, like the adhesive layer, 
rather than electron dense, like the stained collagen in the mineralized dentin. Image 
courtesy of Dr. F. Tay. 
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Figure 2. TEM section of resin-dentin bond created with "etch and rinse" type adhesive 
after 12 months aging in aqueous solution. This image differs from the previous in that 
silver nitrate staining was used to show areas of water penetration within the hybrid and 
adhesive layers. The silver deposits are evident as the most electron-dense (darkest) 
areas of the image, and shows nanoleakage, penetration of dentinal fluid into the hybrid 
layer, (pointer) and water-trees into the first-applied adhesive layer (arrowhead). 'C' 
denotes overlying resin composite restoration; ~' and ~ "' show the first and second 
adhesive layers, respectively; 'H' is the hybrid layer; 'D'Iabels the underlying mineralized 
dentin, and T' shows a resin-infiltrated dentin tubule. Image courtesy of Dr. F. Tay. 
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Silver nitrate staining of resin-dentin bonds (Figure 2) allows one to 

examine the distribution of water in resin-dentin bonds. If the section in Figure 1 

had been stained with silver nitrate, it would have revealed a similar water-rich 

first layer of resin and a water-poor second layer. Hybrid layers treated with 

collagenase inhibitors such as chlorhexidine (Hebling et al., 2005) do not exhibit 

signs of collagen fibril degradation. When collagen fibrils in hybrid layers 

degenerate, the collagen is replaced by water. This is why there are dense silver 

deposits on either side of the dentinal tubule, where collagen was degraded and 

extracted by water. 

HYBRID LAYER DEGRADATION 

Initially it was unknown why the hybrid layer is susceptible to degradation 

when exposed to aqueous solutions. In vitro resin-dentin bond strengths are 

reduced by one quarter to one half, after twelve months of water exposure, when 

small sticks of resin-dentin are used to accelerate aging (Hashimoto et al., 2003). 

Scanning electron microscope (SEM) analysis reveals changes to collagen fibrils 

of water-soaked specimens. Degradation also occurs without the presence of 

the resin; partially demineralized dentin degrades via its own matrix-bound 

enzymes, while stored in artificial saliva (Pashley et al., 2004). Thus, to establish 

a durable dentin-resin bond, resin monomer must be able to displace water from 

acid-etched dentin to form a suitable hybrid layer, and this hybrid layer must 

resist degradation from its own proteolytic matrix-bound enzymes, MMPs. 
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Matrix metalloproteinases (MMPs) are a group of neutral endopeptidases 

responsible for degradation of extracellular matrix components during pathologic 

and nonpathologlc tissue remodeling. These zinc-dependent enzymes were 

named by the substrate with which they were initially associated, although much 

overlap exists between substrate specificities. For example, MMPs-1, -8, and -

13 are primarily collagenases, while MMPs-2 and -9 are gelatinases (Hannas et 

al., 2007}. In tissues, these enzymes exist as zymogens that must be activated 

by protein cleavage. Activation can be made by other proteins, or by reactive 

oxygen species, heat, or changes in pH (Hannas et al., 2007}. 

MMPS IN DEVELOPMENT AND DISEASE 

MMPs are involved in development of both enamel and dentin. During 

amelogenesis, secretory stage ameloblasts secrete MMP-20, which cleaves 

enamel proteins, making space for mineral crystallization (Lu et al., 2008). Prior 

to dentin mineralization, the secreted dentin matrix is organized and some matrix 

components, including type Ill collagen, are removed. Both active MMP-8 and a 

latent form are secreted by odontoblasts. The latent form is incorporated into 

mineralized dentin. Additionally, MMPs may be involved in peritubular dentin 

formation, which once mineralized, contains very little organic material, but is 

believed to be deposited on a matrix as well (Palosaari et al., 2000). 
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MMP-2 and MMP-9 are implicated in collagen breakdown during the 

caries process (Tjaderhane et al., 1998). Traditionally, it was thought that 

bacterial proteases degrade dentin matrix after acids produced by these same 

bacteria demineralize tooth structure in a caries lesion (Tjaderhane et al., 1998). 

However, there is no evidence to support this. Human MMP-2 and MMP-9 are 

activated by organic acids secreted by bacteria in carious lesions, and can 

degrade dentin collagen as pH returns to physiologic levels (Tjaderhane et al., 

1998). These two MMPs, along with MMP-8, are found in soft dentin carious 

lesions (Tjaderhane et al., 1998). Connective tissue attachment loss during 

periodontal disease is also evidence of MMP activity (Hannas et al., 2007). In 

addition, the presence of MMP-8 can reduce dentin remineralization that has 

been demineralized. Such action is not found with matrix-bound MMPs (Nordbo 

et al., 2003). 

MMPS AND RESIN-DENTIN BONDING 

As previously mentioned, matrix-bound proteolytic enzymes can degrade 

dentin collagen, and MMPs are responsible for this action. Self-etching 

adhesives, whose very purpose is to bond resin to dentin, can activate 

endogenous MMPs, resulting in dentin collagen breakdown (Nishitani et al., 

2006; Tay et al., 2006). The collagenolytic activitiy of powdered dentin is 

increased 15-fold by activation of its MMPs (Tay et al., 2006). To create a 

durable resin-dentin bond, this activity must be inhibited. 



14 

MMP INHIBITION 

As proteins, MMPs are denatured by heat, strong acid or base, or by 

organic solvents. However, in the oral cavity, such conditions cannot be 

maintained without adverse effects on tissues. Biologically-safe tetracycline and 

tetracycline derivatives have shown anti-MMP activity although they can undergo 

oxidation reactions to colored products (Hannas et al., 2007). As previously 

noted, MMPs are zinc-dependent. Removal of the zinc cofactor is another way 

to stop their proteolytic capacity. This approach was used to develop an anti

cancer treatment via inhibition of MMPs of metastatic cancers, which have yet to 

demonstrate clinical success (Farkas et al., 2004; Puerta et al., 2006), 

Fortunately, several materials already in clinical use have anti-MMP 

activity. Both 2% chlorhexidine and 17% EDTA reduce collagenolytic activity in 

acid-etched dentin powder in vitro (Tay et al., 2006) by chelating calcium or Zinc 

ions (Gendron et al., 1999). Chlorhexidine was shown to be an effective MMP 

inhibitor for six-month and twelve-month in vivo clinical trials of coronal resin 

restorations (Hebling et al., 2005; Brackett et al., 2009). Zinc-oxide eugenol 

cement inhibits proteolytic activity of MMP-2 and MMP-9 in pulpal explants 

(Santos et al., 2004). The same research group that tested zinc-oxide cements 

found greater inhibition of purified MMP-2 and MMP-9 by buffer conditioned with 

zinc-containing amalgam than zinc-free amalgam (Souza et al:, 2001 ). 

Previously, they had demonstrated inhibition of purified MMP-2 in zymogen and 

active forms by zinc sulfate, whose effect was much greater than copper, tin, or 
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mercury sulfates (de Souza et al., 2000). Thus, both depravation and excess 

zinc are possible MMP inhibition strategies. 

CHELATING AGENTS 

The word chelation comes from the Greek word for claw (Lamas and 

Hussein, 2006). This term is appropriate in that it describes the configuration of 

the stable complex formed between the chelator, an organic molecule, and a 

metal ion [see Figure 3, (Shaddack, 2005)]. The chelator's multiple pairs of free 

electrons approximate the target ion from different directions and are thus 

responsible for its high affinity (Hulsmann et al., 2003; Lamas and Hussein, 

2006). Several groups of chelating compounds have been described, including 

the polyaminopolycarboxylic acids, which includes ethylenediaminetetraacetic 

acid (EDTA), and dimercaprol derivatives, such as the World War II chemical 
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Figure 3. Structure of EDTA chelate 
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warfare treatment British anti-Lewisite (Bianusa et al., 2005). The latter has such 

an objectional odor as to be precluded from clinical use. 

PHENANTHROUNE 

The divalent cation chelator 1,1 0-phenanthroline has varied uses in MMP 

research [see Figure 4. (Mizoch, 2006)]. This chelator blocks the morphological 

transfonnation of a fungal pathogen, Scedosporium apiospermum, and was 

found significantly more effective than 10 mmoi/L EDTA (Silva et al., 2009). A 

seemingly paradoxical use is described in dental research. Phenanthroline was 

used to reactivate MMPs that were inhibited by zinc oxide cements. This 

phenomenon occurs at phenanthroline concentrations below 2.0 mmoi/L. Above 

that concentration, phenanthroline chelates zinc from the MMPs, thereby 

inactivating them (Santos et al., 2004). Another study found MMP inhibition by 

phenanthroline at concentrations above 0.5 mmoi/L (Souza et al., 2001). In both 

of these studies, phenanthroline at lower concentrations improved MMP activity, 

possibly by chelating excessive zinc ions. The effectiveness of this chelator as 

an inhibitor is therefore very sensitive to its concentration in solution. 

Figure 4. 1, 10-phenanthro/ine 
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EDTA 

EDTA is a chelating agent with many uses in medicine. This compound is 

used in cases of metal poisoning, especially for lead, manganese, or other 

divalent cations (Bianusa et al., 2005). A controversial use of this compound is in 

treatment of coronary artery disease, in which it supposedly removes calcium 

from atherosclerotic plaques (Lamas and Hussein, 2006). In dentistry, at a 

concentration of 17%, this material dissolves the mineralized portion of the smear 

layer. It has been suggested that EDTA can interrupt and ease removal of 

bacterial biofilms (Zehnder, 2006). The principle effect of EDTA on dentin is 

surface softening by calcium ion removal. In endodontic therapy, this removal 

affects the superficial 20-30 )lm in five minutes and is limited to 50 ).lm, even after 

exposure times greater than 24 hours (Hulsmann et al., 2003). 

SUMMARY 

Dentin demineralization via acid etching is the first step in the resin-dentin 

bonding process. While exposure of the collagen-fibril matrix is necessary for 

resin monomer penetration, this process also uncovers and activates MMPs, 

which results slowly in hybrid layer degradation. MMPs, being dependent on zinc 

for their proteolytic function, are susceptible to inhibition by a variety of 

compounds, including divalent metal chelators. EDTA and 1,1 0-phenanthroline 

have shown in vitro efficacy in MMP inhibition. The duration of their 

effectiveness has yet to be explored. 
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PURPOSE 

The purpose of this study was to investigate the effect of zinc chelating 

agents, EDTA and phenanthroline, on dentin MMPs by directly measuring that 

activity and indirectly, by comparison of mechanical properties, dry mass, and 

collagen solubilization of demineralized human dentin before and after treatment, 

over time. Control specimens were exposed to simulated body fluid (SBF) rather 

than to the chelating agents. 

HYPOTHESES 

HYPOTHESIS #1 

Completely demineralized dentin beams will show less MMP activity after 

incubation in EDTA or phenanthroline solutions than the same beams incubated 

in simulated body fluids containing calcium and zinc in short-term (i.e. hours) 

experiments. 

HYPOTHESIS #2 

Completely demineralized dentin beams pretreated with EDTA or 1,10-

phenanthroline and incubated in media containing optimal calcium and zinc ion 

concentrations will show less decrease in flexural elastic modulus, dry mass, and 

solubilized collagen peptides when compared to beams incubated in simulated 

body fluid (SBF) when incubated for 30 days. 
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SPECIFIC AIMS 

SPECIFIC AIM #1 

Determine the effect of short-term storage of dentin beams in dilute EDTA, 1,10 

phenanthroline, and SBF controls on the endogenous matrix-bound MMP activity 

of demineralized dentin beams. 

SPECIFIC AIM #2 

Determine MMP activity of demineralized dentin relative to rhMMP-9 via MMP 

assay. 

SPECIFIC AIM #3 

In long-term (i.e. 30-day) incubation experiments, using beams of completely 

demineralized dentin, compare the effect of pretreating with chelators, to that of 

continuous incubation in chelator solutions to determine if deactivation of MMP 

via zinc chelation is reversible or permanent. 



MATERIALS AND METHODS 

GENERAL OVERVIEW 

The experimental methods used in this research can be divided into two 

categories: 

1. The short-term (hours long) experiments measured MMP activity 

directly via a commercially available generic MMP assay (Sensolyte® 

Colorimetric Generic MMP Assay Kit, Anaspec, San Jose, California) 

2. The long-term (30-day) experiments measured MMP activity indirectly 

by quantifying enzymatic cleavage of dentin collagen matrix. The cleavage of 

collagen was determined by three separate measures: decrease in dry mass, 

change in flexural elastic modulus, and solubilization of cleaved collagen 

fragments. 

20 
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SPECIMEN PREPARATION 

For both sets of experiments, all dentin specimens were prepared by a 

common method. Extracted noncarious human third molars were obtained with 

patients' informed consent per protocol approved by the Human Assurance 

Committee of the Medical College of Georgia. Teeth were stored in saline 

containing 0.02% sodium azide at 4°C to inhibit microbial growth. Disks, 1 mm 

thick, were cut parallel to the cementa-enamel junction, occlusal to the pulp 

horns and apical to the deepest occlusal enamel, using a water-cooled, slow 

speed diamond saw (lsomet, Buehler, Lake Bluff, Illinois). Disks were then cut 

into 2 mm wide beams of 6 mm length (Figure 5). 

----+i jE-

2mm 
Figure 5. Schematic of dentin beam preparation 
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Specimens were returned to storage conditions until all were prepared for 

use. Beams were completely demineralized by tumbling in 10% phosphoric acid 

for 15 hours at 4°C. Digital radiography was used to confirm that this treatment 

results in complete demineralization. 
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The first hypothesis was tested by comparison of MMP activity of dentin 

samples pre-treated with the selected chelators, EDTA and phenanthroline, to 

the activity of dentin samples placed in deionized water or simulated body fluid 

(SBF). For contents of SBF, see Table I. The protocol suggested by the MMP 

assay kit dictates adding diluted MMP enzymes in solution to the proprietary 

assay buffer that is supplemented with the inhibitors of interest. The colorimetric 

substrate is then added and the absorbance at 412 nm is measured by 

spectrophotometry (reference Anaspec instructions). The protocol was modified 

in this investigation to allow testing MMP activity of bulk samples (demineralized 

dentin specimens) as well as investigating multiple exposure times to inhibitors. 

Specifically, the colorimetric substrate solution and assay buffer was prepared to 

the recommended volume in wells of a 96-well plate. A separate plate was 

prepared with wells containing inhibitor solutions, simulated body fluid, and 

deionized water (for diluting the inhibitors). The dentin specimens were first 

placed in the inhibitor or SBF wells for a specified time (for example, 5 or 10 

minutes); then in deionized water to dilute the inhibitors; and finally in the wells 

containing substrate and assay buffer. After several minutes, the dentin 

specimens were removed from the wells and transferred to a clean, non

absorbent surface while the absorbance was read. After the absorbance was 

read, each sample was returned to its well to allow the reaction to continue. The 

need to remove the specimens individually from the plate for each measurement 
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limited the number of specimens per group and groups per experiment that could 

be manipulated. 

Table I. Composition of Simulated Body Fluid CSBFl 
Component Concentration 

4-(2-hydroxyethy/)-1-piperazineethanesu/fonic acid 5mM 
CHEPESl a zwitterionic buffering agent 
CaCI2•2H20 2.5mM 
ZnCI2 0.02 mM 
NaN3 a bacteriostatic agent 0.3mM 

Inhibitor solutions tested were 500 mmol/L EDTA, 10 mmol/L EDTA, 10 

mmol/L 1,1 0-phenanthroline, and as control, simulated body fluid (SBF), 

containing 5 mmol/L calcium and 0.02 mmol/L zinc among other ions at 

physiological concentrations. Exposure times for the selected solutions were 1 , 

2, and 5 minutes for the 500 mM EDTA solution, 5 minutes for the 10 mM EDTA 

solution, and 5, 10, and 20 minutes for the 10mM phenanthroline solution. The 

500 mM EDTA concentration was chosen because it mirrors the 17% solution 

widely used in endodontics for removal of smear layer created during root canal 

therapy. The short treatment times for this concentration were chosen to mimic 

realistic clinical exposure times, and because mineralized dentin exposed to 17% 

EDTA for 10 minutes was shown to cause excessive peritubular and intertubular 

dentin erosion (Calt and Serper, 2002). Phenanthroline has limited solubility in 

aqueous solution (1 :300 parts water), and so could not be prepared at a 

comparable concentration. Therefore, 10 mM concentrations were prepared for 

both inhibitors. The 5-min treatment time provided a standard for both chelators 

and both EDTA concentrations. Ten and twenty minute exposures were included 

for the phenanthroline to determine if longer times allowed for more stable 
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interactions between the chelators and the zinc cations. In addition, a 5 minute, 

10 mM EDTA pretreatment was compared to a group with EDTA added to the 

assay buffer to a concentration of 10 mM. 

For each experiment, five wells were· used for background absorbance 

(substrate and buffer with no beams added); five wells were used per treatment 

group; five wells were used for control (uninhibited) dentin beams, and wells 

were used for additional positive controls, which consisted of 5 and 10 ng 

recombinant human MMP-9 (Calbiochem, EMD Biosciences, Inc., San Diego, 

California). These controls validated the function of the substrate from 

experiment to experiment. A known amount of MMP should reliably produce the 

same absorbance in a given time, more so than the dentin specimens, which 

might vary in MMP content due to uncontrollable patient factors, such as age, 

gender, ethnicity, or genetic tendencies. Pretreatment absorbance at 412 nm 

(the absorbance wavelength of the cleaved MMP colorimetric substrate) was 

measured for all wells using a microplate reader (Synergy HT, BioTek, Winooski, 

Vermont). 

The demineralized beams were cut in half using a new single razor blade, 

so that each sample would be small enough to be completely submersed in the 

1 00 J.!L of substrate and buffer used for each well. The assay plates were 

prepared with 50 J.!L substrate and 50 J.!L assay buffer per treatment well and 

background well. For the rhMMP-9 wells, only 45 J.!L assay buffer was used so 

that the 5 J.!L solution containing 10 ng rhMMP-9 (activated per manufacturer 

instructions) would bring the total volume to 100 J.!L (or 47.5 J.!L assay buffer and 
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2.5 J.!L rhMMP-9 solution for 5 ng wells). The dentin beams were immersed in 

200 J.!L of either inhibitor solution or SBF (control beams) for the chosen 

treatment time. After the specified time elapsed, the beams were transferred to 

200 J.!L of deionized water for 5 minutes to dilute the chelators to ineffective 

concentrations. Similarly, the control beams were rinsed with deionized water for 

5 minutes. The beams were placed in wells containing the proprietary substrate; 

the rhMMP-9 was added to the positive control wells, and a timer was started. 

After five or six minutes, the beams were removed from their wells to a clean, 

nonabsorbent surface, and the absorbance read. The beams were returned to 

their wells as quickly as possible, and the reaction was allowed to continue. This 

technique required a compromise between allowing the beams maximum time in 

the substrate solution and obtaining enough data points early in the reaction so 

the steepest linear portion of the change in absorbance per minute could be well 

characterized. 

In previous experiments, the total activity of all matrix-bound endogenous 

proteases in dentin beams was measured in the control conditions. The total 

activity is thought to represent the sum of the activities of MMP-2, 8, 9, and 

perhaps cathepsins. It can be quantified as a certain absorbance per milligram 

dry weight of matrix per minute. To achieve the second specific aim, determining 

the MMP activity of dentin relative to rhMMP-9, a plot of rhMMP-9 activity was 

created from the absorbance values of the 5 ng and 10 ng rhMMP-9 wells. By 

knowing the absorbance increase per unit time for known quantities of rhMMP-9 
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per min, the total protease activity of the completely demineralized beams can be 

expressed in "rhMMP-9 equivalents." 

DATA ANALYSIS 

Data from the MMP activity assays consisted of absorbance at 412 nm for 

each well at each time point. When plotted over time for the control wells, the 

absorbance increases most rapidly in the first thirty to forty minutes, and the 

slope gradually levels off to a plateau after ninety to one hundred twenty minutes. 

Because MMP inhibition resulted in decreased cleavage of the chromogenic 

substrate, and therefore slower absorbance change, the wells with chelated 

beams did not plateau within two hours, so comparison between the groups was 

accomplished by calculating the change in absorbance per minute for each 

specimen and by comparing that result to the mean of the controls in that 

experiment. Each chelated specimen was expressed as a percent inhibited 

relative to the control mean. Statistical significance between experimental and 

control groups was determined using SigmaStat software (version 3.11, Aspire 

Software Int., Ashburn, Virginia) by one-way ANOVA (analysis of variance) with 

post-hoc tests for comparison of groups with significant differences. Kruskai

Wallis one-way ANOVA on ranks was performed when data failed normality and 

equal variance tests. The pairwise comparisons were via the Holm-Sidak 

method when data passed normality and equal variance tests, and Tukey test 

when normality was violated. The significance level was set in advance at p < 

0.05. 
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To test the second research hypothesis, sixty dentin beams were 

prepared and demineralized as described. After demineralization in 10% 

phosphoric acid for 15 hours and rinsing in deionized water for 6 hours, the 

beams were dried, first by blotting and then by sealing in a polyethylene 

container with anhydrous calcium sulfate (Drierite, Hammond, Xenia, OH) for 

seven days. The dry mass of each beam was measured on an analytical 

balance to the nearest 0.1 mg and each was then placed in a labled polyethylene 

vial with deionized water to rehydrate. Next, the length, width, and thickness of 

each beam were measured under magnification to the nearest 0.01 mm using a 

digital micrometer driven x-y stage (Mitutoyo 164-162, Mitutoyo, Kawasaki, 

Japan). 

The flexural modulus of elasticity was measured for each specimen via a 

three-point bending method (ASTM, 2003). Each beam was placed on a jig with 

a 2.5-mm support span, and a 0.25 N load cell (Transducer Techniques, 

Temecula, CA) connected to a Vitrodyne universal testing machine (Model 

V1 000, John Chatillon & Sons, Greensboro, NC) applying the compressive stress 

midway between supports. The beam, supports, and loading contact were all 

immersed in water to prevent sample drying. The beams were subjected to 13% 
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strain. The flexural modulus was determined by measuring the slope of the 

steepest part of the stress-strain curve per the following equation: 

(1) 

In Equation 1, E is the elastic modulus in MPa, m is the slope of the 

steepest part of the stress-strain curve in N/mm, L is the support span (2.5 mm), 

and b and h are the width and thickness of the specimen (nominally 2 mm and 1 

mm, respectively). This method of flexural modulus testing is most reliable for 

specimen geometry where length of span is 16 times thickness (ASTM, 2003). 

The limitations of tooth size and softness of dentin after demineralization prevent 

the use of ideal dimensional ratios, so modulus data from this study was 

considered valid only for between-group comparison and for change over time 

due to treatment. 

The beams were ranked according to their flexural elastic modulus, and 

then were separated into six groups of ten such that the average modulus in 

each group was within 0.1% of the group mean. Sorting the groups prior to 

treatment allowed for direct comparisons between moduli of the groups after the 

30-day incubation period. 

The six treatments for the 30-day experiment were: 

1. Incubation in simulated body fluid supplemented with 10 mM 

phenanthroline 

2. Incubation in simulated body fluid supplemented with 10 mM EDTA 
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3. Five minute exposure to 500 mM EDTA, followed by five minutes 

rinsing in 300 J.!L deionized water, followed by incubation in simulated 

body fluid 

4. Five minute exposure to 10 mM EDTA, followed by five minutes rinsing 

in 300 J.!L deionized water, followed by incubation in simulated body fluid 

5. Five minute exposure to 10 mM phenanthroline, followed by five 

minutes rinsing in 300 J.!L deionized water, followed by incubation in 

simulated body fluid 

6. Incubation in simulated body fluid only (control) 

Each beam was placed in a labelled polypropylene vial sealed with an 0-

ring protected screw cap and containing 1 mL of the appropriate medium. The 

vials were half-submerged in a 37"C, constantly agitating water bath for 30 days. 

Then the samples were removed from the bath, and the flexural modulus and dry 

mass were measured as before. Additionally, 400 J.IL of the incubation media 

from each vial was analyzed for solubilized collagen peptides first by hydrolyzing 

the media in 6 N hydrochloric acid at 120°C for 18 hours in sealed glass ampules 

immersed in an oil bath. Next, the ampules tops were broken off and the 

ampules were placed in a dessicator containing anhydrous calcium sulfate and a 

tray of sodium hydroxide pellets under low vacuum. Fifty percent isopropanol (1.2 

mL per ampule) was added to the dried hydrolyted collagen residues, followed 

by 0.2 mL 0.56% Chloramine T in acetate-citrate buffer (0.057% sodium acetate 

trihydrate, 0.0375% sodium citrate, 0.0055% citric acid monohydrate, 39.5% 
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isopropanol). After ten minutes, 1 ml of Ehrlich's solution (10 grams of 4-

dimethylaminobenzaldehyde per 11 ml perchloric acid) was added to each 

ampule, which were then incubated at 55°C for 90 minutes. The Chloramine T 

oxidizes the hydroxyproline liberated from the collagen HCI hydrolysis to a 

pyrrole, which then reacts with the Ehrlich's reagent to form a chromophore with 

maximum absorbance at 558 nm. A spectrophotometer (UV-A180, Shimadzu, 

Tokyo, Japan) then measured the hydroxyproline content. According to Jamall et 

al., this method using Chloramine T and Ehrlich's reagent recovers 97% of the 

hydroxyproline (Jamall et al., 1981 ). Hydroxyproline constitutes approximately 

ten percent of collagen mass, or nine percent of the total dry mass (Tezvergii

Mutluay et al., 2010a). Differences in soluble collagen fragments between the 

control incubation and pretreatment-only groups can be used to infer the 

permanence (or lack) of MMP inhibition by zinc chelation. 

DATA ANALYSIS 

Data from the 30-day experiment were expressed as percent change from 

pretreatment values for the modulus and dry mass, and as micrograms 

hydroxyproline per milligram dentin for collagen solubilization data. For each of 

these three measures, statistical significance between experimental and control 

groups were determined using SigmaStat software (version 3.11, Aspire 

Software Int., Ashburn, Virginia) by one-way ANOVA (analysis of variance) with 

post-hoc tests for comparison of groups with significant differences. Kruskai

Wallis one-way ANOVA on ranks was performed when data failed normality and 
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equal variance tests. The pairwise comparisons were via the Holm-Sidak 

method when data passed normality and equal variance tests, and Student

Newman-Keuls test when normality was violated. The significance level was set 

in advance at p < 0.05. 



RESULTS 

MMP ACTIVITY ASSAYS 

The results of the MMP activity assays are shown in Figures 6-8. The 

higher concentration EDTA, 500 mM, displayed statistically significant MMP 

inhibition at exposure times of 1, 2, and 5 minutes (p < 0.001 ). The respective 

percent inhibition, relative to the uninhibited control beams, were 55.1 ± 21.5%, 

72.8 ± 11.7%, and 74.7 ± 19.7%, respectively (Figure 6). One-minute exposure 

was significantly different from two-minute and five-minute exposures, which 

.were not different from each other. For the lower concentration EDTA (Figure 7), 

10 mM, the pretreated specimens were not inhibited to a significant degree (19.6 

± 10.2%). In contrast, the group with 10 mM EDTA in the substrate I assay 

buffer displayed 95.7 ± 6.6% inhibition relative to the control mean; this inhibition 

was statistically significant (p = 0.001 ). Phenanthroline pretreatment significantly 

inhibited (Figure 8) MMP activity of dentin beams in 10 mM concentration at all 

three exposure times (p < 0.001). Relative to the control mean, five-minute 

exposure to 10 mM phenanthroline inhibited MMP activity 53.2 ± 13.8%; ten

minute exposure inhibited MMP activity 51.5 ± 21.0%, and twenty-minute 

exposure inhibited MMP activity 68.1 ± 9.1%. The different exposure times were 

not significantly different from each other. Therefore, the higher MMP inhibition 

32 
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from the longest exposure may not suggest a more stable chelation of the zinc 

from the enzymes' active site 
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Figure 6. A bar chart showing the percentage MMP activity of dentin beams treated with 
500 mM EDTA for the specified times relative to untreated control beams. Values are 
means and standard deviations. Groups with different letters were statistically different 
(p < 0.05). 
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Figure 7. A bar chart showing the percentage MMP activity of untreated control beams 
versus dentin beams treated with 10 mM EDTA for 5 minutes versus the same 
concentration in the substrate assay buffer. Values are means and standard deviations. 
Groups with different letters were statistically different (p < 0.05). 

35 



36 

140 -0 a 0 
';;' 120 
c: 
ra 

E 1oo 
0 .... .... 

80 c: 
0 b 
~ 

b ~ ·;; 60 
"+' u 
ra 
a.. 40 
~ 
~ 
ra 20 
;§. 

0 

control 10mM phen 10mM phen 10mM phen 
ZOmin 10m in Smin 

Figure 8. A bar chart showing the percentage MMP activity of dentin beams treated with 10 
mM phenanthroline for the specified times relative to untreated control beams. Values are 
means and standard deviations. Groups with different letters were statistically different 
(p < 0.05). 
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Specific aim two was to determine a conversion factor for the total MMP 

activity of dentin samples in "MMP-9 equivalents," with nanograms rhMMP-9 as 

the reference value. A plot of the MMP activity for each unchelated dentin 

sample and 5 ng and 10 ng rhMMP-9 references, along with the means of each 

group, is shown in Figure 9. The mean activities (and standard deviations) for 

the dentin, 5 ng rhMMP-9, and 10 ng rhMMP-9 wells were 0.0058 ± 0.00164, 

0.0052 ± 0.00092, and 0.0095 ± 0.00096 change in absorbance per min, 

respectively (Figure 9). The conversion factor for MMP activity of demineralized 

dentin calculated from this protocol is 2.43 ng rhMMP-9 equivalents per milligram 

dry mass of dentin. 

30-DAY EXPERIMENTAL RESULTS 

In contrast to the direct measurement of total MMP activity within the 

dentin samples via the generic MMP assay, the 30-day experiment used indirect 

methods to determine the relative collagenolytic MMP activity within the dentin 

beams. The results of the measurements of change in mass, of change in 

flexural modulus, and of solubilization of matrix collagen are given in Figures 10 -

12 and Table II. The demineralized dentin control beams not exposed to 

chelators prior to or during incubation showed an average decrease in dry mass 

of 16 ± 4% (Figure 1 0) and a decrease in the flexural modulus of elasticity of 26 ± 

6% (Figure 11 ). Analysis of the incubation media from this group for solubilized 

collagen yielded 10.23 ± 1.41 1-!g hydroxyproline (HYP) per mg dry dentin (Figure 

12). By all three tests, the group of dentin beams presoaked for 5 minutes in 10 
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mM phenanthroline was not significantly different. In contrast, the two groups 

presoaked in 500 mM EDTA and 10 mM EDTA prior to incubation showed more 

mass loss, 25 ± 5% for both groups (Figure 1 0), and greater decrease in flexural 

modulus, 56 ± 12% and 53 ± 9%, respectively (Figure 11 and Table II). The 

media from the EDTA pretreatment groups yielded 12.60 ± 1.93 ~g HYP/mg and 

13.24 ± 2.17 ~g HYP/mg (Figure 12). The same two groups were not statistically 

significantly different from each other, but were different from the other four 

groups by all measures. 

The groups with chelators in the SBF media for the duration of the 

incubation behaved quite differently. The group incubated in 10 mM 

phenanthroline in SBF media demonstrated no change in mass or modulus 

(Table II). There was minimal mass loss (4 ± 3%} for the group with 10 mM 

EDTA in the SBF incubation media (Figure 10), which was not different from the 

10 mM phenanthroline in SBF media, but these two groups were different from all 

the groups with plain SBF media. In both flexural modulus testing and soluble 

collagen determination, these groups were different from each other and all other 

groups. The group in" 10 rilM phenanthroline in SBF media yielded 1.35 ± 0.51 

~g HYP/mg in the measure of collagen solubilization (Figure 12}. The group 

incubated in 10 mM EDTA in SBF media showed an increased modulus (62 ± 

19%) and less solubilized collagen (0.89 ± 0.24 ~g HYP/mg). The results of the 

30-day experiments were consistent from measure-to-measure (mass loss, 

modulus decrease, collagen solubilization) within each group. However, the 

statistically significant MMP inhibition demonstrated by chelator pretreatment of 



39 

dentin in the hours-long MMP assay experiments was not supported by the 30-

day experimental results. The pretreated groups performed the same as, or 

worse than, the untreated dentin controls. Only by addition of chelators to the 

zinc- and calcium"containing incubation media was lasting MMP inhibition 

achieved. 
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Figure 9. Plot of MMP activity (maximum change in absorbance per minute) of unchelated 
dentin, 5 ng rhMMP-9, and 10 ng rhMMP-9, as well as the mean for each group; these data 
include all control beam groups. 
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Group Mass loss Modulus Hydroxyproline 
decrease assay 

SBF (control) 16% ±4% c 26%±6%d 10.23 ± 1.41 d 
5 min 10mM 

16%±4%c 29%±12%d 9.76 ± 1.63 d phenanthroline 

5 min 10mM 
25%±5% b 53%±9% c 13.24±2.17c EDTA 

5 min 500mM 
25%±5% b 56%± 12% c 12.60 ± 1.93 c EDTA 

SBF + 10 mM 
2%±3%a 10%±14%b 1.35 ± 0.51 b phenanthroline 

SBF + 10 mM 
4% ±3% a * 62% ± 19% a 0.89 ± 0.24 a EDTA 

Values for mass loss and modulus decrease represent change from 
preincubation values, with the mean and standard deviation given for 

each group. ' * ' des.ignates increased modulus. Values for 
hydroxyproline assay are micrograms hydroxyproline per milligram dry 
dentin. Groups with the same lower case letters were not statistically 

different (p > .05) bythat measure. 
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Figure 10. A bar chart showing change in dry mass of demineralized dentin beams after 
thirty-day incubation in simulated body fluid (SBF). Group SBF + 10mM phen had 10 mM 
phenanthroline in SBF media. The media for group SBF + 10mM EDTA was similarly 
supplemented. The three groups 5 min 500mM EDTA, 5 min 10mM EDTA, and 5 min 10mM 
phen were pretreated with the chelator concentrations for the specified time, then rinsed, 
prior to 30-day incubation in SBF. The values represent group means and error bars show 
standard deviations. Groups with different letters were statistically significantly different 
·(P < 0.001) by one-way ANOVA with post-hoc Holm-Sidak pairwise comparisons. 
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Figure 11. A bar chart showing change in flexural modulus of demineralized dentin beams 
after thirty-day incubation in simulated body fluid (SBF). Group SBF + 10mM phen had 10 
mM phenanthroline in SBF media. The media for group SBF + 10mM EDTA was similarly 
supplemented. The three groups 5 min 500mM EDTA, 5 min 10mM EDTA, and 5 min 10mM 
phen were pretreated with the chelator concentrations for the specified time, then rinsed, 
prior to 30-day incubation in SBF. The values represent group means and error bars show 
standard deviations. Groups with different letters were statistically significantly different 
(P < 0.001) by one-way ANOVA with post-hoc Holm-Sidak method. 
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Figure 12. A bar chart showing results of hydroxyproline assay of media (SBF) following 
30-day incubation of chelated and unchelated demineralized dentin beams. Higher values 
represent greater concentration of collagen fragments and therefore higher MMP activity. 
Group SBF + 10mM phen had 10 mM phenanthroline in SBF media. The media for group 
SBF + 10mM EDTA was similarly supplemented. The three groups 5 min 500mM EDTA, 5 
min 10mM EDTA, and 5 min 10mM phen were pretreated with the chelator concentrations 
for the specified time, then rinsed, prior to 30-day incubation in SBF. The values represent 
group means and error bars show standard deviations. Groups with different letters were 
statistically significantly different (P < 0.05) by one-way ANOVA with post-hoc pairwise 
comparisons by Student-Newman-Keuls method. 



DISCUSSION 

The Sensolyte® MMP assay has been used in previous dental MMP

inhibitor studies (Tezvergii-Mutluay et al., 201 Ob; Tezvergii-Mutluay et al., 2011 ). 

In those studies, only rhMMP was used to screen the inhibitors in various 

concentrations prior to the experiments measuring changes in mass, modulus, 

and collagen solubilization of dentin samples. The current work explored 

whether demineralized dentin matrix could be used as a clinically relevant 

substrate in combination with the colorimetric assay for screening prior to long

term experiments. The results of the MMP assay experiments in this study 

support the first research hypothesis, exposure to the selected chelator solutions 

decreases MMP activity in completely demineralized dentin specimens. Other 

studies have demonstrated that these same agents, EDTA and phenanthroline, 

have proven effective by gelatin zymography in similar (Gendron et al., 1999), or 

lower concentrations (Santos et al., 2004; Mazzoni et al., 2007). The limitation 

inherent in both gelatin zymography and in the MMP assay used in the advised 

protocol is that the inhibiting substance remains in the presence of the purified 

enzyme. Therefore, the transient exposure demonstrated by the clinical 

technique of irrigating a cavity preparation or root canal is not replicated. In 

contrast, the current work used bulk dentin specimens containing matrix-bound 

MMPs to better represent the clinical model, which is dentin surface exposed by 
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cavity preparation or root canal instrumentation. The dental clinical setting and 

the oral environment often present a changing environment as a result of rinsing 

or dentinal fluid exchange in vital teeth cavity preparations or of irrigation in root 

canals of nonvital teeth. 

To better replicate this scenario, this protocol exposed the dentin 

specimens to a higher, but common, concentration of 500 mM (17%) EDTA for a 

period of 1, 2, or 5 minutes. The irrigation/rinsing step was included to dilute the 

chelators to a concentration that would be ineffective should (1) the chelator lose 

association with the cation, or (2) excess cations in solution replace those 

chelated to restore conformation and activity to the enzymes. The following 

calculations illustrate the purpose of the dilution. For the MMP . assay 

experiments, the nominal volume of each specimen is calculated by multiplying 

the length, width, and thickness (3 by 2 by 1 mm = 6 mm3
). For demineralized 

dentin, the volume is 70% water, so for a specimen removed from 500 mM EDTA 
' 

with surface moisture blotted, the residual liquid is 6 mm3 x 0.7 = 4.2 f!L 500 mM 

EDT A. When introduced to the 200 f!L deionized water rinse well for 5 min, this · 

EDTA is diluted by 204.2 f!U 4.2 f!L, or 48.6 times, to 10.3 mM EDTA. This 

concentration is effective in the assay, but because this is the rinse well, further 

dilution occurs when 4.2 f!L of 10.3 mM EDTA is transferred by the dentin beam 

to the substrate well. The substrate well contains 1 00 f!L of substrate solution 

and assay buffer, so the final EDTA concentration is 10.3 mM x 4.2 f!L /104.2 

f!L, or 0.415 mM EDTA, which is too low to inhibit the endogenous MMPs. When 

similar calculations are performed for the larger specimens used in the 30-day 



47 

experiment, the 500 mM EDTA is diluted to 0.12 mM EDTA in the incubation 

media. The MMP inhibition demonstrated after such dilutions suggests that 

either the EDTA remains bound to the matrix or that the chelated zinc is not 

replaced by free zinc in the media. This is one explanation of why a statistically 

significant inhibition demonstrated by MMP assay was not repeated in the 30-day 

experiment. If beams' MMPs had been inhibited under these conditions, it would 

have provided indirect evidence that EDTA remained bound to dentin and could 

not be completely extracted. The 30-day results attest that EDTA does not bind 

to dentin and is easily extracted and diluted by water to ineffective 

concentrations. 

The structure of the dentin protein matrix presents a potential difference 

between this work and those using soluble enzymes. In bulk, demineralized 

dentin, potential inhibitors must diffuse into the matrix to approximate MMPs and 

chelate the zinc cofactor. Reportedly, molecules smaller than 6 kD can freely 

penetrate intrafibrillar spaces, whereas those larger than 40 kD have limited 

ability to penetrate the surface of the collagen (Toroian et al., 2007). MMPs in 

dentin are at least 62 kD, and thus are trapped in intact demineralized dentin 

(Mazzoni et al., 2007; Sulkala et al., 2007). The selected chelators have free 

movement within the matrix due to their small molecular weights: 180 daltons for 

phenanthroline and 292 daltons for EDTA. Additionally, the chromogenic 

substrate used for detection of MMP activity has a molecular weight of 656 

daltons, which means that it, too, can penetrate the samples fully and achieve 

equilibrium concentration rapidly between the fluid within the beams and the 
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surrounding substrate solution (personal communication with Anaspec technical 

support). 

Another implication of the molecular sieving effect of dentin matrix is that 

portions of the collagen microfibrils may be cleaved from the surrounding 

structure but remain trapped within the sample due to a large size, potentially any 

segment greater than 6 kDa, and definitely those greater than 40 kDa. In the 30-

day experiment, these cleaved segments would give no structural support to the 

beam, resulting in decreased flexural modulus, but would not be measured in 

mass loss or collagen solubilization. This assertion is supported by the relatively 

greater loss of modulus than ·mass in the samples pretreated with 10 mM and 

500 mM EDTA, where 25% mass loss for both groups resulted in 53% and 56% 

decrease in modulus, respectively. Similarly, 16% mass loss in the untreated 

dentin beams and 10 mM phenanthroline pretreated beams, after thirty days in 

SBF, was associated with 26% and 29% decrease in modulus. In this way, the 

modulus loss may better represent the total effect of MMPs over 30 days than do 

the other two measures. 

In addition to the molecular sieving effects of the collagen matrix, the 

structural hierarchy of the fibrils limits the exposure of MMP-susceptible cleavage 

sites. MMP-2 and MMP-9, both originally thought to be strict gelatinases, have 

been shown to hydrolyse type I collagen at a point 3/4 of the molecule length 

from the N-terrninal (Bigg et al., 2007). While the appropriate orientation of the 

MMP to the collagen molecule may be readily achievable when both are in 

solution or in gelatin, the fibrillar and microfibrillar architecture of collagen in situ 



49 

impairs this arrangement (Perumal et al., 2008). Therefore, when MMP inhibitors 

are being tested for dental applications, it is more appropriate to use 

demineralized dentin matrix as the substrate with the MMPs in the matrix-bound 

form. 

The increased mass loss of the groups exposed to EDTA prior to 

incubation may be explained by EDTA's ability to extract proteins from 

mineralized tissue (Mazzoni et al., 2007). Perhaps dipping beams in 10 or 500 

mM EDTA extracted some noncollagenous proteins, including matrix-bound 

MMPs from the matrix into the medium. Thus, the collagen matrix was under 

hydrolytic attack by both endogenous matrix-bound MMPs and additional 

solubilized matrix MMPs that could reach peptide bonds that the bound MMPs 

could not - hence the increased mass loss and decreased modulus. 

Another non-collagen protein class that may be extracted during 

demineralization in 10% phosphoric acid or by exposure to EDTA is the tissue 

inhibitors of MMPs (TIMPS). These proteins are named for their role as 

antagonists to MMPs in extracellular matrix remodeling. · However, further 

research has implicated them in other processes, as growth factors, and even in 

the activation of MMP-2 by membrane-type-1 MMP (MT1-MMP), also known as 

MMP-14 (Verstappen and Von den Hoff, 2006). In their inhibitory role, TIMPs 

bind non-covalently to MMPs with a 1:1 stoichiometry by occupying the active 

site cleft of the MMP and can chelate the zinc cation and expel its associated 

water molecule via the N-terminal cysteine residue.(Visse and Nagase, 2003; 

Verstappen and Von den Hoff, 2006). Morphologically, TIMPs have a wedge 
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shape and a mass of 21 to 29 kD (Visse and Nagase, 2003; Verstappen and Von 

den Hoff, 2006), a size that is above the 6 kD of molecules that can penetrate the 

collagen matrix freely but below the 40 kD mass of molecules excluded entirely. 

This suggests TIMPs in dentin would have some freedom of movement within the 

matrix but would not necessarily be removed by EDTA or other acid extraction. 

lmmunolabeling has demonstrated TIMP-1 in sound and carious dentin; its 

localization in tubules near the pulp suggests it may be associated with 

odontoblast processes in response to caries and is not widely distributed in 

sound dentin (Leonardi and Loreto, 2010). Previously, TIMP-1, -2, and -3 had 

been demonstrated by RT-PCR in odontoblasts and in the dental pulp (Palosaari 

et al., 2003). The low level of TIMP expression in dentin, combined with the 

significant evidence of MMP degradation of demineralized dentin in caries and in 

hybrid layers (Tjaderhane et al., 1998; Hebling et al., 2005; Carrilho et al., 2007; 

Brackett et al., 2009), demonstrates that endogenous TIMPs have little effect on 

degradative processes. Application of TIMPs therapeutically in ·caries and 

beneath resin restorations may be ineffective because acids in these 

environments could potentially denature and inactivate their matrix-protective 

effects. 

An unexpected result of this study is the increase in modulus observed in 

the specimens that were incubated in media containing 10 mM EDTA for 30 

days; these specimens did not gain mass. This precludes any possibility of 

mineral crystal deposition from ions in the media. The increased modulus might 

have been due to extraction of matrix-bound lysyl oxidase. This enzyme 
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oxidatively deaminates the &-amino group of the lysine residues to aldehydes that 

can slowly react with adjacent lysyl aldehydes to create interpeptide covalent 

cross-links (Knott and Bailey, 1998; Bomstein, 2003; Miguez et al., 2004}. The 

effect would be similar to the increase in dentin collagen cross-linking associated 

with aging, the measurement of which has been proposed as a means of forensic 

age estimation (Martin-de las Heras et al., 1999). 

To the best of our knowledge, modulus increase due to EDTA exposure 

has not been previously reported. An incidental finding by Carrilho et al. (2009), 

while investigating chlorhexidine as a dentin MMP inhibitor, suggests the same 

effect. In that study, dentin specimens were demineralized in 10% phosphoric 

acid for 12 hours or 500 mM EDTA for six days. Flexural modulus testing was 

performed each week for four weeks after specimens were exposed to artificial 

saliva, similar in composition to the SBF described above, supplemented in 

experimental groups with 2% chlorhexidine. For all groups at all measurements, 

the EDT A-demineralized specimens had higher moduli than those demineralized 

in phosphoric acid (Carrilho et al., 2009). The modulus values reported at 

baseline in that study were 4.5 to 5.5 MPa, compared to 1.6 MPa average for all 

groups at baseline in the current study. Also in that study, TEM was performed 

on some specimens immediately after demineralization to determine if the 

phosphoric acid aggressively denatured the collagen. No significant differences 

were noted ultrastructurally, leading the authors to dismiss phosphoric acid as 

the reason for the decreased modulus compared to EDTA-demineralized 

samples. In the present study, all samples were demineralized the same way, by 
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continuous tumbling in 10% phosphoric acid for 15 hours at 4°C. The modulus 

increase observed (from 1.6 MPa to 2.59 MPa in the SBF with 10 mM EDTA 

group) cannot be ascribed to the demineralization protocol. If the increase in 

modulus is due to crosslinking, this represents another strategy by which the 

effects of MMPs in resin dentin bonds can be minimized. In the current study the 

presumed increase in crosslinks occurred over 30 days, but a few studies have 

already explored this avenue of matrix stabilization by materials that crosslink 

collagen much faster. Tannic acid and 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) are both known crosslinkers that may be used for this effect 

alone or to trap larger molecules within the matrix by means of increased 

crosslinking (Bedran-Russo et al., 2009; Tezvergii-Mutluay et al., 2010b). 

The control dentin beams in the current study lost 16% mass and 26% 

modulus when compared to their pretreatment values. The groups pretreated by 

5-minute submersion in 10 mM phenanthroline showed similar declines. For 

both the 10 mM EDTA and 500 mM EDTA pretreatments, the mass loss was 

25% and the modulus decrease was greater than 50%. Previous studies using 

the same protocol for 30-day measurements have not produced similar losses for 

untreated demineralized dentin beams. Tezvergii-Mutluay et al. (2010b) showed 

a 28.1% dry mass loss for untreated demineralized dentin and although a 

specific number was not published, the modulus decrease for their control 

appeared to be near 40%. Additionally, the hydroxyproline assay performed in 

that study to measure solubilized collagen yielded more than 30 micrograms per 

milligram dry demineralized dentin, in contrast to the 10.2 Jlglmg recovered in the 
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present work. Few differences exist between the methodologies of Tezvergil et 

al. (2010b) and the present study. In their study, demineralization was via 

tumbling in 10% phosphoric acid for 18 hours at 25°C, versus 15 hours at 4 oc for 

the present work. There was also a slight, but possibly significant, difference in 

the incubation media used in the two studies. Tezvergii-Mutluay et al. (2010b) 

used media containing the same calcium concentration but 0.05 mM zinc 

chloride, which is more than twice the 0.02 mM zinc chloride of the SBF in the 

present work. The 0.12 mM residual EDTA in the incubating media of the 500 

mM EDTA pretreatment group would have minimally decreased this further 

because the comparatively high calcium concentration (2.5 mM) would likely 

associate with most of the remaining EDTA molecules. Tezvergii-Mutluay et al. 

(2010a) have explored the effects of aging demineralized dentin beams in 

incubation media with the same concentrations of zinc (0.05 mM) and calcium 

(2.5 mM) versus zinc-free medium,· double zinc (0.1 mM) and calcium-free 

medium (Tezvergii-Mutluay et al., 2010a). They found no difference in modulus 

at thirty days between the zinc-free and complete medium (0.05 mM zinc and 2.5 

mM calcium), but the double zinc medium showed less modulus loss. The mass 

loss in that study at 30 days was 16% for the complete medium, 11% for the 

zinc-free medium, and 9% for the double zinc medium. No chelators or other 

MMP inhibitors were used in that study, so the samples incubated in plain water 

also showed mass loss because of the zinc retained by the matrix bound MMPs 

through the demineralization and aging process. The mass loss was similar to 

the double zinc group (Tezvergii-Mutluay et al., 2010a). Clearly the activity of 
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matrix-bound MMPs in demineralized dentin is sensitive to media concentration 

of zinc and calcium. The concentrations of zinc and calcium used in the present 

work are similar to that found in plasma, but may not represent that found in oral 

fluids or dentinal fluids (Tezvergii-Mutluay et al., 2010a). Regardless, these two 

studies suggest that small variations in these concentrations can affect results 

when measuring MMP activity of demineralized dentin. 

The total MMP activity of dentin determined from the MMP assay was 2.43 

ng rhMMP-9 equivalents per milligram dry weight demineralized dentin, which is 

not in agreement with Mazzoni et al., who found 15.9 ng MMP-2 and 8.4 ng 

MMP-9 per milligram protein by acid extraction and immunoassay (Mazzoni et 

al., 2007). The biggest confounder in determining the activity of the bulk dentin 

specimens using the Sensolyte® assay is that the endogenous dentin MMPs are 

bound to the matrix. The total number of MMP-susceptible cleavage sites in the 

demineralized dentin beam, and more specifically, the number of available 

cleavage sites, is difficult to estimate. One can assume that the colorimetric 

substrate, which moves freely through solution, reaches the active enzymes 

more readily. The relative affinity of the niatrix-bound MMPs for collagen 

cleavage sites versus the colorimetric substrate is also difficult to assess. 

Therefore, the equivalents of rhMMP-9 per milligram demineralized dentin 

determined in this study should be used only for this protocol, and could be used 

to compare radicular versus coronal dentin, older versus younger dentin, primary 

versus permanent dentin, etc. and to determine if individual samples represent 

'outliers' within a group. 



55 

If endogenous MMPs are matrix-bound, they may be tethered to the 

matrix in such a manner that they can only attack their "own" collagen peptides 

and those very close. This may result in relatively rapid initial collagen hydrolysis 

that gradually slows down as susceptible sites become depleted. In our in vitro 

model, the collagen matrix is static, meaning there are no compressive or tensile 

stresses that might move collagen peptides ·closer to the MMPs. Thus, this model 

may underestimate the degree of collagen hydrolysis by endogenous MMPs. 

When compared to therapies aimed at reducing MMPs' effects on tissues 

in other areas of the body, cavity preparations in dentin and root canals represent 

a unique environment. Several characteristics of this environment allow 

materials and treatments placed there to remain sequestered locally, with little 

exchange with the rest of the tissues. Dentin is a mineralized tissue that has no 

turnover, as is known to occur in bone. Once deposited, only pathologic 

processes like caries or resorption can cause its removal, and in neither case is it 

replaced by new dentin. Dentin also has no circulation, and so materials applied 

to cavity preparations must diffuse to the pulp space before they can enter the 

bloodstream and cause systemic effects. In vital teeth, dentinal tubules allow for 

fluid movement outward from the pulp, which has a pressure of 14 em HzO 

(Ciucchi et al., 1995; Vongsavan et al., 2000). During inflammation, the pulp 

pressure increases locally. The outward flowing dentinal fluid would tend to rinse 

applied MMP inhibitors out of the demineralized dentin matrix prior to hybrid layer 

polymerization. The pressure of dentinal fluid is blocked once polymerized resin 

tags occlude resin-infiltrated tubules. In root canals, the pulp tissue has been 
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removed, and so exchange of materials between the canal space and the tissues 

is limited to the narrow apical foramen at the end of each root. Similar to the 

cavity preparation in the vital tooth, MMP inhibitors applied to the dentin walls in 

prepared root canals should remain sequestered, with little chance for dilution in 

tissue fluids. These same characteristics that limit diffusion of MMP inhibitors 

into the body should limit reactivation of inhibited MMPs by free zinc from 

extracellular fluids. Therefore, inhibition of MMPs by EDTA, as demonstrated by 

the 10 mM concentration in assay buffer in the MMP assay and by the same 

concentration in the incubation media in the 30-day tests, should provide lasting 

MMP-inhibitory effect. Conversely, rinsing of a cavity preparation or prepared 

root canal following EDTA application will dilute the chelator and allow 

reactivation of MMPs by available zinc as demonstrated by the pretreatments of 

chelators followed by rinsing and dilution, as in the 10 mM and 500 mM EDTA 

groups incubated in plain SBF. 

Fully demineralized dentin beams were used in the current study so that 

results from the MMP assay could be compared with results from the 30-day 

experiment. The strength of this protocol was that the matrix-bound MMPs were 

analyzed in their native state, rather than removed from the matrix and purified 

prior to inhibition and testing. This also proved a limitation when attempting to 

measure the total MMP activity via the Sensolyte® assay. It was shown that 

procedures that inhibit MMPs in hours-long experiments, such as application and 

rinsing of 500 mM EDTA from demineralized beams, might not correlate to 

significant inhibition in 30-day tests. Therefore, the first hypothesis, that chelator 
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exposure will decrease the MMP activity of demineralized dentin, was 

substantiated, but the second hypothesis, that the resulting MMP inhibition would 

be at least partially sustained, was refuted by the experimental results. Further 

research is needed to determine if the treatments that were successful for 30-

days would also be effective for 12 months or longer. Additionally, the chelators 

should be applied during a clinical bonding simulation in vitro. This would involve 

micro-tensile bond strength testing for resin composite restoration placement 

(Breschi et al., 201 0), or push-out testing in resin-bonded root canal filling 

(Stiegemeier et al., 2010). Should these tests prove favorable for chelator 

inhibition of MMPs, in vivo randomized clinical trials would provide support for 

their widespread use. 
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