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Abstract
This study examined the use of polyvinylphosphonic acid (PVPA), as a potential matrix
metalloproteinase (MMP) inhibitor and how brief cross-linking of demineralized dentin matrix that
did not affected its mechanical properties enhanced the anti-MMP activity of PVPA. The anti-MMP
potential of five PVPA concentrations (100–3,000 μg/mL) was initially screened using a rhMMP-9
colorimetic assay. Demineralized dentin beams were treated with the same five concentrations of
PVPA to collagen and then aged for 30 days in a calcium- and zinc-containing medium. The changes
in modulus of elasticity, loss of dry mass and dissolution of collagen peptides via three-point bending,
precision weighing and hydroxyproline assay, respectively were measured. All tested PVPA
concentrations were highly effective (p<0.05) in inhibiting MMP-9. Aging in the incubation medium
did not significantly alter the modulus of elasticity of the five PVPA-treatment groups. Conversely,
aged dentin beams from the control group exhibited a significant decline in their modulus of elasticity
(p<0.05) over time. Mass loss from dentin beams and the corresponding increase in hydroxyproline
of from the medium in the five PVPA treatment groups were significantly lower than the control
(p<0.05). PVPA is a potent inhibitor of endogenous MMP activities in demineralized dentin. It may
be used as an alternative to chlorhexidine for preventing collagen degradation within hybrid layers
to extend the longevity of resin-dentin bonds.
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1. Introduction
The National Institute of Dental and Craniofacial Research 2009–2013 Strategic Plan on
Biotechnology/Regenerative Medicine/Biomaterials (RFA-DE-10-004) indicated that tooth-

*Corresponding Author: David H. Pashley, DMD, PhD, Department of Oral Biology, School of Dentistry, Medical College of Georgia,
Augusta, Georgia, 30912-1129, USA, TEL: (706) 721-2033, FAX: (706) 721-6252, dpashley@mcg.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Acta Biomater. Author manuscript; available in PMC 2011 October 1.

Published in final edited form as:
Acta Biomater. 2010 October ; 6(10): 4136–4142. doi:10.1016/j.actbio.2010.05.017.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



colored resin restorations have an average replacement time of 5.7 years due to secondary
caries precipitated by failure of resin-dentin bonds [1]. Composite-dentin bonds are challenged
by the harsh environment of the oral cavity. Human in vivo data indicate that dentin bonding
is not as durable [2–4] as when the dentin hybridization concept was first proposed in the 1980s
[5]. Replacement dentistry costs about 5 billion dollars annually in the US alone. Additional
tooth structure must also be sacrificed during replacement of deteriorated fillings. Thus, there
is a compelling need to pursue methods to extend the longevity of resin-based restorations.

Dentin bonding with the use of current bonding technologies requires demineralization of 0.5–
8 μm of the intertubular dentin matrix for infiltration of adhesive resin monomers to achieve
micromechanical retention of resin composites. The acid-etching step in the application of
etch-and-rinse adhesives and the use of self-etch adhesives expose and activate endogenous
dentin matrix metalloproteinases (MMPs) [6–8]. These enzymes are zinc and calcium-
dependent hydrolases that add water across specific peptide linkages in collagen peptides [9]
and result in the progressive loss of collagen fibrils from the hybrid layers [2–4,10,11].
Chlorhexidine prevents proteolytic degradation by commercial and cell-bound bacterial
proteases [12]. More recent studies have shown that the use of chlorhexidine as an inhibitor of
MMP-2, -8 and -9 [13] could prevent the degradation of hybrid layers [2–4,14,15]. As
chlorhexidine binds electrostatically to different substrates [16,17], it may eventually desorb
from a denuded collagen matrix. Ongoing research is currently conducted on identifying
quaternary ammonium methacrylate resin monomers with anti-MMP properties and other anti-
MMP agents that can be chemically cross-linked to dentin collagen as a means of creating
hybrid layers with sustained anti-MMP potential.

Similar to chlorhexidine, PVPA also binds electrostatically to dentin collagen, but may be
trapped in collagen matrices by chemically cross-linking the collagen via the use of 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) within 1–5 min to minimize its desorption from
dentin collagen by ionic competition [18].

It is possible that some of the denuded collagen fibrils at the base of the hybrid layer may be
degraded by exposed acid-activated, dentin matrix-bound MMP-2, -8 and -9 [19–20] over time.
Since preliminary data (Pashley et al., unpublished results) indicated that PVPA possesses anti-
collagenolytic activity against bacterial collagenase, we hypothesized that PVPA may inhibit
both soluble MMPs and the endogenous MMP activity in demineralized dentin. The objective
of the present paper was to examine the potential of PVPA as an inhibitor of endogenous MMP
activity in demineralized dentin. The null hypotheses tested were that PVPA does not inhibit
soluble MMPs, and PVPA has no effect on the endogenous MMP activity of demineralized
dentin matrices.

2. Materials and methods
2.1 Human MMP-9-based anti-MMP screening

This assay employed purified human recombinant MMP-9 (Cat#72009) and the Sensolyte
Generic MMP colorimetric assay kit (Cat#72095) from AnaSpec, Inc. (San Jose, CA, USA)
for screening anti-MMP activity of compounds of interest. Although MMP-9 has been
traditionally classified as a gelatinase, a recent study indicated that similar to MMP-2, MMP-9
is able to cleave native soluble, monomeric forms of type I collagen at both 37°C and 25°C
along the three-quarter/one-quarter locus of the collagen molecule [21]. The assay involves
incubating a constant concentration of rhMMP-9 with a proprietary chromogenic substrate.
The latter is a thiopeptolide that is cleaved by the MMPs and collagenases to release a sulfhydryl
group. The sulfhydryl group reacts with 5,5’-dithiobis(2-nitrobenzoic acid) to produce the
colored reaction product 2-nitro-5-thiobenzoic acid which can be detected at 412 nm.
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Polyvinylphosphonic acid (Sigma-Aldrich) was used without further purification and dissolved
in deionized water to achieve the designated concentrations (100, 200, 500, 1,000 and 3,000
μg/mL).

The thiopeptolide substrate solution was diluted to 0.2 mM with the supplied assay buffer in
a 1:50 volume ratio. The 92-kDa rhMMP-9 was activated with 10 μg/mL of trypsin at 37ºC
for 2 h immediately before the experiment to generate its 68-kDa active form. The trypsin was
then inactivated with trypsin inhibitor. The assay was performed in a 96-well plate using five
replicate wells for each experimental and control variable. Each well in the experimental groups
(i.e. the 5 PVPA concentrations) contained 2 μL of rhMMP-9 (19.6 ng/well), 10 μL of the
potential MMP inhibitor and 50 μL of the thiopeptolide substrate solution (additional buffer
added to achieve a total of 100 μL for each well). As this resulted in a 10-fold dilution of the
potential anti-MMP agent, the five PVPA solutions were prepared to 10 times their designated
concentrations.

The control groups consisted of: 1) a positive control containing rhMMP-9 only without the
potential anti-MMP agent, 2) an inhibitor control containing rhMMP-9 and 10 μL of 20 μM
GM6001, a known MMP inhibitor supplied in the assay kit, 3) a test compound control
containing assay buffer and the potential anti-MMP agent, and 4) a substrate control containing
assay buffer. Additional assay buffer was added to bring the total volume of all control wells
to 50μL prior to adding 50 μL of the thiopeptolide substrate solution to obtain the 100 μL
volume.

The reagents were mixed completely by shaking the plate gently for 30 sec and then read
kinetically every 10 min for 60 min and absorbance was measured at 412 nm using a 96-well
plate reader (Synergy HT, BioTek Instruments, Inc., Winooski, VT, USA).

Background absorbance was determined using the mean absorbance readings from the
“substrate control” wells and subtracted from the readings of other wells containing the
thiopeptolide substrate. The potencies of MMP-9 inhibition by the proprietary MMP inhibitor
GM6001 (“inhibitor control”), the five PVPA concentrations and 0.3 M EDC were expressed
as percentages of the adjusted absorbance of the “positive control”, which was taken to be
100% inhibition. The data were statistically analyzed to examine the effect of PVPA
concentrations and the EDC cross-linking agent on MMP-9 inhibition. As the normality and
homoscedasticity assumptions of the data appeared to be valid, % inhibition in the six groups
was analyzed using one-way ANOVA on ranks and Tukey multiple comparison tests at α =
0.05.

2.2 Preparation of demineralized dentin beams
Thirty extracted human third molars were obtained with patient (18–22 yr old) informed
consent under a protocol approved by the Human Assurance Committee of the Medical College
of Georgia. Ninety percent of the teeth had completely formed roots. None of the teeth were
carious. Half were impacted and half were erupted. The teeth were stored at 4ºC in 0.9% NaCl
supplemented with 0.02% sodium azide to prevent bacterial growth and used within three
months after extraction. For each tooth, the enamel and superficial dentin were removed by
horizontal sectioning at 1 mm below the deepest central fissure using a diamond-coated copper
disk (Isomet saw, Buehler Ltd., Lake Bluff, IL, USA) under water cooling. A 1 mm thick dentin
disk consisting of mid-coronal dentin was prepared from each tooth. Two 5 x 2 x 1 mm dentin
beams were sectioned from each of the middle of disk under water cooling to obtain sixty
beams.

Prior to demineralization, a dimple was made at the end of one of the two 5 x 2 mm surfaces
to allow for repeated measurements to be performed on the same surface. The beams were
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submerged in 10% phosphoric acid for 18 h at 25 °C to completely demineralize the dentin.
Absence of residual minerals was confirmed using digital radiography. The initial modulus of
elasticity of each demineralized dentin beam was determined using three-point flexure (see
below). The beams were distributed to six groups (five experimental groups and one control;
N = 10) so that the mean initial elastic modulus of each group was similar in all groups.

2.3 PVPA trapping by cross-linking and incubation of dentin beams
Five solutions were freshly prepared by dissolving 200, 400, 1,000, 2,000 and 6,000 μg/mL of
PVPA in deionized water. Prior to cross-linking, a 0.6 M solution of EDC, a cross-linking
agent, was added in a 1:1 volume ratio to the respective PVPA solution to yield a final PVPA
concentration of 100, 200, 500, 1,000 and 3,000 μg/mL of PVPA and 0.3 M EDC in the
respective solution. The demineralized dentin beams from the five experimental groups were
immersed in the respective EDC-containing solutions for 5 min at ambient temperature. Each
beam was removed, rinsed with deionized water for 30 sec and placed in individually labeled
propylene tubes with threaded caps containing 1 mL of an incubation medium. The latter
consisted of 5 mM HEPES, 2.5 mM CaCl2, 0.05 mM ZnCl2, 0.3 mM NaN3 adjusted to pH 7.4
with 1 N HCl. The control group consisted of demineralized dentin beams that were immersed
in 0.3 M EDC only for 5 min; those beams were rinsed with deionized water for 30 sec and
aged similarly in the incubation medium. The tubes were placed in a shaking water bath and
agitated at 37°C and 60 cycles/min for 30 days.

2.4 Indirect evaluation of endogenous MMP activity in demineralized dentin
2.4.1. Loss of modulus of elasticity—Each demineralized dentin beam was placed on a
miniature three-point flexure device with a 2.5 mm separation between supports. Using a 1N
load cell (Transducer Techniques, Temecula, CA, USA) mounted on a Vitrodyne universal
testing machine (Model V1000, John Chatillon & Sons, Greensboro, NC, USA). The beams
were loaded to a 10% strain at a displacement rate of 0.5 mm/min while immersed in deionized
water. After maximum displacement, the load was returned immediately to 0% stress within
15 s without further holding to prevent creep of the demineralized collagen matrix [22–23].
The rationale for using a 10% strain was based on a pilot study showing that such a strain value
did not create permanent plastic deformation of the demineralized dentin beam (i.e. the load-
displacement curve remained linear throughout the flexing procedure) [24]. After initial testing,
each beam was returned to its designated polypropylene tube containing the original incubation
medium. After 30 days of incubation, the beams were rinsed free of salts for 10 min with
running deionized water, and retested with three-point flexure by loading them to 10% strain.

Stress-strain curves were prepared from the load-displacement data. The modulus of elasticity
(E; in MPa) of each specimen was calculated as the slope of the linear stress-strain curve using
the formula: E = mL3/4bh3, where “m” is the slope of the linear load-displacement curve (N/
mm), “L” is the span length (2.5 mm), “b” is the width of the test specimen (2.0 ± 0.1 mm)
and “h” is the beam thickness (1.0 ± 0.05 mm). As this equation is based on beams whose
length is many times longer than their thickness, the absolute values of our apparent moduli
of elasticity are only approximate. However, they can detect differences in the stiffness among
control versus experimental groups.

The data were analyzed using a two-factor repeated measures analysis of variance to examine
the effects of PVPA concentrations (i.e. control - no PVPA, 100, 200, 500, 1,000 and 3,000
μg/mL PVPA) and the repeated factor storage time (i.e. baseline vs 30 days) and the interaction
of these two factors on the modulus of elasticity. As the normality and homoscedasticity
assumptions of the data appeared to be violated, the data were expressed as least square means
and the common standard error of the least square means prior to the analysis. Least square
means are the expected values of group or subgroup means for a balanced design involving
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the group variables with all covariates at their common mean values. Pair-wise multiple
comparisons were performed using the Tukey test. Statistical significance was set at α = 0.05.

2.4.2. Loss of dry mass over time—After the baseline modulus of elasticity
measurements, the beams were transferred to individually labeled polypropylene tubes and
placed in a sealed plastic box containing anhydrous calcium sulfate (Drierite, W.A. Hammond
Drierite Company, Xenio, OH, USA). With the vial cap off, each beam was desiccated to a
constant weight within 8 h. The initial dry mass was measured to the nearest 0.001 mg using
an analytical balance (XP6 Microbalance, Mettler Toledo, Hightstown, NJ, USA). After dry
mass measurement, each dried and shrunken dentin beam was placed in its corresponding
polypropylene tube containing the original aqueous incubation medium. This completely
rehydrated the dried beam, reversibly recovered its original dimensional volume [25–26] and
restored the beam from a shrunken state to its original unstrained relaxed state. After 30 days
of incubation, determination of the dry mass of each beam was repeated under the same
conditions following evaluation of its modulus of elasticity. As the normality and
homoscedasticity assumptions of the data were violated, the loss of dry mass over time in the
six groups was evaluated using Kruskal-Wallis one-way ANOVA on ranks and Dunn’s
multiple comparison tests at α = 0.05.

2.4.3. Analysis of incubation media for dissolved collagen peptides—When dentin
matrix-bound MMPs were incubated in calcium- and zinc-containing incubation medium [9],
the activated forms of the enzymes slowly digested the demineralized collagen matrix, with
the solubilized peptide fragments accumulating in the aging medium over the 30-day period
[27]. At the end of incubation period, 400 μL of the medium was collected from each vial and
transferred to an individually labeled ampule. The medium was diluted with an equal volume
of 12 N HCl to give a final concentration of 6 N HCl. Ampules were sealed using an ampule
sealer (Ampulmatic, Biosciences Inc, PA, USA). The sealed ampules were hydrolyzed at 120
°C in an oil bath for 18 h. After hydrolysis, the ampules were opened and placed in a large
glass desiccator containing anhydrous calcium sulfate and trays of sodium hydroxide pellets
to trap the HCl vapor that was released as the hydrolyzate evaporated to dryness in a mild
vacuum. After drying, the hydroxyproline content of the hydrolyzate was analyzed using a
spectrophotometer (Model UV-A180, Shimadzu, Tokyo, Japan) at 558 nm [28]. The amount
of hydroxyproline (μg/mL) was determined from a pre-established calibration curve derived
from a linear regression equation of the absorbance of hydroxyproline against known
concentrations of hydroxyproline in those standards. The resulting amount of hydroxyproline
was used to estimate the percent of solubilized collagen fragments in the aged medium. This
procedure was based on the assumption that 90% of the dry mass of the demineralized dentin
beams consisted of type I collagen [29] and that the dentin collagen contains 9.6 mass% of
hydroxyproline [30]. For each specimen, the dissolved collagen from the demineralized dentin
beam was expressed as μg of hydroxyproline/mg of the dry mass of the baseline demineralized
dentin. As the normality and homoscedasticity assumptions of the data were violated, the
amounts of dissolved collagen from the demineralized dentin beams in the six groups were
evaluated using Kruskal-Wallis one-way ANOVA on ranks and Dunn’s multiple comparison
tests at α = 0.05.

3. Results
Results of the MMP-9-based anti-MMP screening assay are represented in Figure 1. The
relative percentage of rhMMP-9 inhibition by the proprietary GM6001 inhibitor control was
82.1±6.3%. The relative percentages of rhMMP-9 inhibition by PVPA were 77.2±1.4%, 81.5
±4.7%, 83.1±3.1%, 89.5±3.4%, and 91.6±15.1% for 100, 200, 500, 1,000 and 3,000 μg/mL
PVPA, respectively. The difference among the six groups were statistically significant (p =
0.041). Inhibition of MMP-9 by 100 μg/mL PVPA was significantly lower than 3,000 μg/mL
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PVPA (p < 0.05) but was not significantly different from the inhibitor control and the other
three PVPA groups. There was no statistically significant difference in the anti-MMP potential
of 200, 500, 1,000 and 3,000 μg/mL PVPA (p > 0.05).

The initial elastic moduli (E) and the changes in elastic moduli of the demineralized dentin
beams after 30 days of incubation are shown in Figure 2. The initial modulus of elasticity of
the demineralized dentin beams were low and were in the range of 2.01 ± 0.54 MPa (data from
the six groups pooled together). Two-way repeated measures ANOVA revealed that the effect
of the factor “PVPA concentrations” had no significant effect on the modulus of elasticity of
those beams (p = 0.390). That is, cross-linking PVPA to demineralize dentin with EDC for 5
min did not result in a further increase in its modulus of elasticity. Conversely, the repeated
factor “storage time” had a highly significant effect on the modulus of elasticity (p = 0.003).
Moreover, the effect of different levels of “PVPA concentrations” was dependent on the level
of “storage time”, as there was a highly significant interaction between those two factors (p <
0.001). Multiple comparison tests indicated that there was no difference in the modulus of
elasticity of the pre-incubated beams (p > 0.05). After incubation in the respective medium,
beams from the control group exhibited decline in their modulus of elasticity that was
significantly different from all the five PVPA treatment groups (p < 0.05). There were no
differences among the different PVPA-containing groups at the 30-day period (p > 0.05). When
the initial and 30-day moduli of elasticity were compared for each of the six experimental and
control groups, a significant decline in the modulus of elasticity was only observed in the
control group (p < 0.05).

Loss of dry mass from the demineralized dentin beams over time was depicted in Figure 3.
The control group showed a large decrease in dry mass (28.1%) while the decreases in dry
mass in the experimental PVPA cross-linked groups were in the range of 9–10%. A highly
significant difference was identified among the groups (p < 0.001). Multiple comparison tests
further indicated that loss of dry mass from the control group was significantly higher than
each of the experimental group (p < 0.05). The losses of dry mass from the experimental groups
were not significantly different from one another (p>0.05).

A similar trend was observed when the incubation medium was hydrolyzed to release all amino
acids from the dissolved collagen peptides, as revealed by the hydroxyproline assay (Figure
4). The control group released 34 μg of hydroxyproline/mg dry mass of the collagen matrix.
All groups that were cross-linked with PVPA released between 4.3–5.3 μg of hydroxyproline/
mg dry mass of the collagen matrix. The results were statistically significant (p = 0.003).
Dunn’s multiple comparison tests further identified that the hydroxyproline content in the
control group was significantly higher than all PVPA-treatment experimental groups (p < 0.05),
which were not significantly different from one another.

4. Discussion
As the anti-MMP potentials of the five different PVPA concentrations were either similar to
or higher than the GM6001 inhibitor control, we have to reject the first null hypothesis that
PVPA does not inhibit soluble MMP-9. The results of this part of the study indicated that PVPA
is a relatively potent inhibitor of MMP-9 even in the lowest concentration (i.e. 200 μg/mL).
Polyvinylphosphonic acid is similar to the class of bisphosphonate drugs in that the –C-O-P
ester group in phosphoric acid are replaced by the –C-P phosphonate group. Matrix
metalloproteinases are calcium- and zinc-dependent endopeptidases [9]. Bisphosphonate drugs
are effective MMP inhibitors, the actions of which were thought to be mediated via the
chelation of calcium [31] and zinc cations [31]. Unlike bisphosphonates which contains two
phosphonate groups covalently linked to a central carbon atom, PVPA is a long chain polymer
containing multiple phosphonate groups, each separated by a methylene group in the molecule
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backbone. Polyvinylphosphonic acid is a very effective chelator of divalent cations such as
Zn2+, particularly at pH values higher than 3, at which its first ionization was completed [32].
Although its binding with Ca2+ was not investigated in that study, its binding capacities with
other divalent ions were in the range of 60–113 mg metal per gram of polymer. The
polychelatogenic property of PVPA probably accounts for its potent anti-MMP property.

The rationale for using EDC as a cross-linking agent to increase the uptake of PVPA [18] is
based on the molecular sieving characteristics of insoluble type I collagen matrices. The
packing density of collagen microfibrils is such that the matrices limit the size of molecules
that can penetrate into its internal water compartment [33]. Molecules smaller than 40 kDa are
completely excluded, while those smaller than 6 kDa freely diffuse to all water compartments
of collagen fibrils [33]. The average molecular size of PVPA reported by the manufacturer is
listed as 24 kDa but is really a mixture of PVPA polymers that include some that are smaller
and larger than 24 kDa [34]. The smaller polymers can enter the water compartments of
collagen matrices. By then cross-linking collagen with EDC, a zero-length cross-linking agent,
we can increase the sieving properties of collagen and trap PVPA with the matrix. The evidence
supporting this hypothesis is published in Gu et al. [18]. In that study, desorption of PVPA
from the collagen matrix by 0.13 M and 0.5 M NaCl was reduced when the matrices were
cross-linked with EDC, when compared to electrostatic binding of PVPA to the collagen
matrix. For the latter, PVPA was completely desorbed from the collagen matrix after 24 h.
Although cross-linking of collagen with EDC for 1 min only was not as effective to cross-
linking of PVPA for 5 min, the extent of desorption PVPA from cross-linked collagen following
a 5-min application of EDC was similar to a 4–24 h application of the cross-linking agent
[18]. Conventionally, carbodiimides are used to cross-link collagen molecules by activating
the carboxylic acid groups of glutamic or aspartic acid residues to react with amine groups of
another chain, forming amide bonds [35]. As a member of the zero-length class of cross-linkers,
EDC does not remain in the chemical bond but is released as a substituted urea molecule
[36]. However, cross-linking of collagen matrix by EDC to cause increases in its stiffness
requires 4–6 h and the presence of N-hydroxysuccinimide to be effective [35–38]. Moreover,
the thiopeptolide employed in the MMP assay has the structure Ac-Pro-Leu-Gly-SCH[CH2CH
(CH3)2]CO-Leu-Gly-OC2H5 [39], which does not contain free carboxylic acid groups to enable
intramolecular cross-links to be developed.

The 5 min cross-linking technique was not intended to improve the mechanical properties of
the collagen matrix via improved cross-linking of the collagen fibrils, a process that requires
4–6 h. The hypothesis that this particular use of the EDC cross-linking agent did not result in
appreciable cross-linking of the collagen matrix was further confirmed by the similar modulus
of elasticity measured from demineralized collagen beams in the five PVPA experimental
groups before they were treated with the PVPA solutions for 5 min, and after they were aged
in the incubation buffer for 30 days. Improvements in the mechanical properties and resistance
to collagenase degradation of collagen-based biomaterials have been reported with prolonged
EDC treatment in the presence of N-hydroxysuccinimide [37,40]. Treatment of demineralized
dentin beams with alternative cross-linking agents such as glutaraldehyde and grape seed
extract for 4 h resulted in the increase in their modulus of elasticity from 4.8–6.2 MPa to 34.9–
242.5 MPa [41]. In the present study, the modulus of elasticity of demineralized dentin beams
immersed in 0.3 M EDC only (control) dropped significantly after aging in the calcium- and
zinc-containing incubation medium for 30 days. The decrease in dry mass of the aged control
beams and the hydroxyproline content of the aged control supernatant were also significantly
higher than the corresponding values in the five experimental PVPA groups. Thus, it is unlikely
that the very short period of EDC-mediated cross-linking of PVPA to demineralized dentin
could have resulted in appreciable cross-linking more than the peripheral collagen matrix.
Conversely, the modulus of elasticity of the demineralized collagen beams in the five PVPA
experimental groups neither increase nor decrease after aging in the incubation medium. On
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one hand, this indicated that EDC cross-linked demineralize dentin did not stiffen the collagen
matrix further. One the other hand, the combined results of the stable modulus of elasticity and
the significantly lower loss of dry mass and dissolution of the collagen matrix in the five
experimental PVPA groups suggested that those results were attributed to the effect of PVPA
on inhibiting the endogenous MMP activity of demineralized dentin matrices. Thus, the second
null hypothesis that PVPA has no effect on the endogenous MMP activity of demineralized
dentin matrices has to be rejected.

Even if there were indeed minor increases in collagen cross-linking in the presence of EDC,
scission of the collagen molecules at their three-quarter/one-quarter locations could have only
resulted in segregated but interlocked cross-linked fragments that were incapable of conferring
additional resistance to bending moments [38]. The ability of the PVPA in preventing the
degradation of collagen fibrils is a far more important attribute than increasing the cross-links
in demineralized dentin collagen, which, already is highly cross-linked [42]. The durability of
resin-dentin bonds requires stable collagen fibrils within the hybrid layer.

It is interesting that the lower anti-MMP-9 inhibition efficacy seen in the 100 μg/ml PVPA
group was not reflected in the indirect assays of functional MMP activities of the demineralized
dentin beams. This leads us to speculate that EDC per se may have some inherent anti-MMP
potential. Cross-linking agents can inhibit MMPs by altering their tertiary protein structure
such as inactivating or masking some of the functional domains that are critical for their
enzymatic activities. Although the application of cross-linking agents such as glutaraldehyde
(24 h) and diphenylphosphorylazide (24 h) completely abolished endogenous MMP-9 and
MMP-2 activities in bovine and porcine pericardium, treatment with EDC in the presence of
N-hydroxysuccinimide (4 h) was less effective in inhibiting endogenous MMP-9 and MMP-2
activities [43]. Thus, it would be interesting to examine the potential of EDC in inhibiting
dentin matrix-bound MMPs in a future study design that involves the use of different molar
concentrations of EDC. If indeed a short period of EDC application (i.e. less than 5 min) to a
demineralized dentin matrix can inhibit matrix-bound MMPs by cross-linking their protein
structures and inactivating their catalytic sites, this may represent a completely new concept
and a supplementary strategy to the currently suggested use of MMP inhibitors, which can only
inhibit certain types of MMPs. Apart from endogenous MMPs, other host proteases such as
cysteine cathepsins are present in sound and carious dentin [44]. These host proteases also
contribute to the degradation of demineralized dentin but may not be effectively inhibited by
currently employed MMP inhibitors.

Young teeth are known to contain higher MMP-2 activities [45] than are found in older teeth.
This was recently confirmed by Tersariol et al. [44], who also reported that the cysteine
cathepsin activity in young teeth was higher than in older teeth. The use of young teeth in the
current study is justified because most of the replacement resin-composite restorations are done
in young patients. The higher protease activity in young teeth makes them more at risk for
degradation following dentin bonding procedures and during caries progression.

5. Conclusions
Within the limits of the present study, it may be concluded that PVPA is a potent inhibitor of
endogenous MMP activities in demineralized dentin collagen matrices. The use of PVPA
should extend the longevity of resin-dentin bonds, in the manner that chlorhexidine has been
used [2–4,6,14,15] prior to bonding to prevent the degradation of the water-rich, resin-sparse
collagen network at the base of the hybrid layer. As it is possible to trap PVPA in dentin
[18], the use of PVPA as a potential MMP inhibitor in dentin bonding may be more
advantageous than chlorhexidine in that the latter could only be bound electrostatically to the
collagen matrix. Preliminary studies indicated that the microtensile bond strengths of One-Step
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(Bisco, Inc., Schaumburg, IL, USA) and Adper Single Bond Plus (3M ESPE, St. Paul, MN,
USA) to acid-etched dentin were not affected by trapping PVPA in the matrix using EDC-
mediated collagen cross-linking prior to the application of the adhesives (Takahashi et al.,
unpublished results). Further work should be performed to examine whether EDS-induced
cross-linking of dentin collagen can result in the preservation of the long-term integrity of the
hybrid layer, in the manner previously performed with the use of chlorhexidine.
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Fig. 1.
A bar chart comparing the percentage inhibition of rhMMP-9 by the control (GM 6001) and
the potential MMP inhibitors. Values are means and standard deviations. Groups with the same
letters on top of the bars are not statistically different (p > 0.05).
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Fig. 2.
Baseline and 30-day modulus of elasticity of completely demineralized dentin beams cross-
linked with different PVPA concentrations (100 - 3,000 μg/mL) and incubated in a calcium-
and zinc-containing aging medium for 30 days. Specimens without PVPA cross-linking
immersed in same aging medium were used as the control. Data are presented as least square
mean with a common standard error of the least square mean (0.109 MPa). For the baseline
period, groups with the same lower case letter are not statistically significant (p > 0.05). For
the 30-day period, groups with the same upper case letter are not statistically significant (p >
0.05). For each PVPA concentration as well as the control, time-period columns connected by
a solid black bar are not statistically significant from one another (p > 0.05).
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Fig. 3.
Loss of dry mass from completely demineralized dentin beams cross-linked with different
PVPA concentrations (100 - 3,000 μg/mL) and the control after incubation in a calcium- and
zinc-containing aging medium for 30 days. The loss of dry mass from each beam was calculated
as a percentage of the dry mass of that beam at baseline. Groups with the same upper case letter
are not statistically significant (p > 0.05).
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Fig. 4.
Hydroxyproline content derived from the aging medium of the PVPA cross-linked
demineralized dentin beam groups and the control after a 30-day incubation period. For each
specimen, the dissolved collagen from the demineralized dentin beam was expressed as μg of
hydroxyproline/mg of the dry mass of the baseline demineralized dentin. Groups with the same
upper case letter are not statistically significant (p > 0.05).
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