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a b s t r a c t

During dentin bonding with etch-and-rinse adhesive systems, phosphoric acid etching of mineralized
dentin solubilizes the mineral crystallites and replaces them with bound and unbound water. During
the infiltration phase of dentin bonding, solvated adhesive resin comonomers are supposed to replace
all of the unbound collagen water and polymerize into copolymers. A recently published review sug-
gested that dental monomers are too large to enter and displace water from tightly-packed collagen
molecules. Conversely, recent work from the authors’ laboratory demonstrated that HEMA and
TEGDMA freely equilibrate with water-saturated dentin matrices. However, because adhesive blends
are solvated in organic solvents, those solvents may remove enough free water to allow collagen mole-
cules to come close enough to exclude adhesive monomer permeation. The present study analyzed the
size-exclusion characteristics of dentin collagen, using a gel permeation-like column chromatography
technique, filled with dentin powder instead of Sephadex beads as the stationary phase. The elution vol-
umes of different sized test molecules, including adhesive resin monomers, studied in both water-
saturated dentin, and again in ethanol-dehydrated dentin powder, showed that adhesive resin monomers
can freely diffuse into both hydrated and dehydrated collagen molecules. Under these in vitro conditions,
all free and some of the loosely-bound water seems to have been removed by ethanol. These results val-
idate the concept that adhesive resin monomers can permeate tightly-bound water in ethanol-saturated
collagen molecules during infiltration by etch-and-rinse adhesives.

Statement of Significance

It has been reported that collagen molecules in dentin matrices are packed too close together to allow
permeation of adhesive monomers between them. Resin infiltration, in this view, would be limited to
extrafibrillar spaces. Our work suggests that monomers equilibrate with collagen water in both water
and ethanol-saturated dentin matrices.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The distribution of bound and unbound (free) water in com-
pletely demineralized dentin matrices was found to be about
25 wt% and 75 wt%, respectively [1]. Water that is tightly bound
to dentin matrices should be regarded as structural water. It is
bound so tightly that it does not behave like regular free water
[2]. That is, tightly-bound water cannot be evaporated at atmo-
spheric pressure and body temperature. It cannot diffuse into
water-free but water-miscible solvents like ethanol [1]. Presum-
ably, when adhesive monomers infiltrate into demineralized den-
tin, they diffuse over and around tightly-bound water [1].
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Fortunately, three-quarters of the total water in dentin is unbound
and can be removed by evaporation and/or chemical dehydration
using water-miscible, water-free organic solvents [1].

If only half of the unbound water is removed during the 60–90 s
used bymost dentists to bond resins to dentin, then up to half of the
collagen matrix will remain infiltrated by water rather than resin.
That water is used by the endogenous proteases of dentin to slowly
hydrolyze collagen fibrils, solubilizing insoluble collagen and caus-
ing decreases in resin-dentin bond strength over time [3,4]. The
more free water that can be removed from demineralized dentin,
the more adhesive resin monomers can be taken up by the matrix
during resin infiltration. The key to creation of ideal resin-dentin
bonds is to replace all unbound water with water-free, but water-
miscible solvents like ethanol [5] that can solvate adhesive resin
monomers. The most tightly bound is the first layer that directly
hydrogen bonds to collagen [1]. The second layer is firmly bound
and is covered by the least tightly bound water on the outside of
collagen. When adhesive monomers infiltrate into the matrix, they
can only interact with the outermost, loosely bound water.

In a study on the limitations to resin bonding at the nanometer
scale [6], the authors argued that the packing density of hydrated
collagen molecules in the collagen fibrils of demineralized dentin
is so dense, there is insufficient space for the uptake of adhesive
monomers like 2-hydroxyethyl methacrylate (HEMA) or tri-
ethylene glycol dimethacrylate (TEGDMA). They implied that colla-
gen molecules were covered with bound, structural water that is
necessary for the stability of collagen, and that there was too little
space available between collagen molecules for resin uptake. A
recent 1H NMR report indicated that resin infiltration of ethanol-
rinsed demineralized dentin by EXCITE� (Ivoclar-Vivadent, Schaan,
Lichtenstein, an adhesive containing 50 vol% ethanol) removed free
water but not all bound water [7]. This suggests that solvated
adhesive resin monomers can diffuse down to the nanoscopic level
in collagen fibrils where bound water resides, and that it may
remove some loosely-bound water, but leaves most of the
tightly-bound water in place. Those authors [7] speculated that
bound water holds intermolecular spaces between collagen mole-
cules open for adhesive resin monomer uptake. This suggests that
adhesive resin monomers, especially water-insoluble dimethacry-
lates, may partially permeate between collagen molecules by dif-
fusing over collagen’s most peripheral, loosely bound water that
was partially replaced by ethanol.

To measure the size inclusion or exclusion characteristics of
insoluble type I collagen, Toroian et al. [8] filled 25 � 1.25 cm
diameter columns with mineralized bone powder to conduct gel
permeation-like experiments. In gel-permeation column chro-
matography, a column is filled with hydrated polymeric beads,
where more than half the total water of the column resides inside
the beads, while the rest resides outside the beads. When large
molecules such as albumin are applied, they are too large to enter
the polymer beads, hence they elute from the column quickly in
the first few collected fractions (Fig. 1). Small molecules such as
glucose or phosphate easily penetrate the hydrated beads. Their
elution is delayed because they equilibrate with intrabead free-
water. Since there was little free water in mineralized bone, none
of the small (or large) tracers were delayed in their transit through
the column. They all eluted from the column rapidly in the void
volume. However, when they completely demineralized the bone
powder, large amounts of water (60–70 vol%) replaced the original
mineral volume. Some of that water was bound, but much of it was
unbound. When they applied tracer molecules of increasing size to
columns filled with demineralized bone powder, they found that
large molecules, such as albumin (67 kDa), were too large to per-
meate into ‘‘collagen water” and were eluted quickly.
Intermediate-size molecules like calcitonin (5.7 kDa) were delayed
somewhat in their elution, while small molecules like glucose
(180 Da) and phosphate were even more delayed in their elution,
indicating that they equilibrated with what is presumed to be
unbound collagen water.

That study was repeated on dentin collagen by Takahashi et al.
[9]. Their results were similar to those of Toroian et al. [8], but they
used dentin powder instead of bone powder, and included the den-
tal adhesive resin monomers 2-hydroxyethyl methacrylate
(HEMA) and triethyleneglycol dimethacrylate (TEGDMA) in their
small molecular tracers. The authors showed that water-
saturated, completely demineralized dentin powder equilibrated
with HEMA and TEGDMA, and that both monomers were delayed
in their elution, indicating that those monomers equilibrated with
collagen water. This suggests that there may be sufficient space
between collagen molecules for resin uptake. However, adhesive
resin monomers are solvated in ethanol, not water. When applied
to dentin, these solvents may remove intracollagen free water by
chemical dehydration and allow the collagen molecules to come
closer together, excluding monomer uptake. Thus, the experiments
of Takahashi et al. [9] need to be repeated on columns of deminer-
alized dentin powder that are equilibrated with ethanol, to deter-
mine if dimethacrylates such as TEGDMA or bisphenol A glycidyl
dimethacrylate (BisGMA) can enter the ethanol-solvated volume
of dehydrated dentin matrix collagen, or if they are excluded.
Accordingly, the purpose of the present work was to determine if
TEGDMA and BisGMA, as examples of small, relatively hydrophobic
adhesive dimethacrylate monomers, can equilibrate with ethanol
within collagen molecules in demineralized dentin powder. The
null hypothesis tested was that TEGDMA and BisGMA cannot equi-
librate with ethanol-solvated dentin collagen.
2. Materials and Methods

2.1. Materials

Blue Dextran (2 � 106 Da) was obtained from Sigma/Aldrich (St.
Louis, MO, USA), and was used as an example of a relatively large
water-soluble tracer. HEMA (130 Da), TEGDMA (286 Da) and
BisGMA (512 Da) were obtained from ESSTECH (Essington, PA,
USA).

2.2. Creation of dentin powder

Extracted bovine incisors were obtained from a local abattoir.
Six hundred freshly extracted bovine incisor teeth, which were
stored in 0.9% NaCl containing 0.02% sodium azide at 4 �C to prevent
bacterial growth, were used in the present study. Dentin devoid of
enamel, cementum and pulpal tissues were prepared from those
teeth using dental burs with a high speed hand piece with copious
air–water spray. Using an Isomet saw (Buehler Ltd., Lake Bluff, IL,
USA) under water cooling, the dentin specimens were cut into four
equal-sized fragments. The resulting tooth fragments were dehy-
drated in acetone for 20 min and placed in liquid nitrogen for
15 min. The frozen dentin fragments were then reduced to dentin
powder in a Wiley Mini Mill (Thomas Scientific, Model 3383-L10,
Swedesboro, NJ, USA). The resulting powder was passed through a
series of stacked sieves (Nos. 18, 30, 50, 140; Cole-Palmer, Vernon
Hills, IL, USA). The powder that passed through 300 lm sieves but
was retained on 106 lm sieves, was used to fill the column. The
mineralized dentin powder was kept frozen at �80 �C until use,
to prevent degradation of the collagen component.

2.3. Gel filtration procedures

A 1 � 30 cm glass column was filled with 25 cm3 of mineralized
dentin powder and equilibrated with 20 mM Tris buffer (pH 7.4)



Fig. 1. Schematic of modified size exclusion column chromatography with porous polymer beads replaced with demineralized dentin power. Column filled with
demineralized dentin powder particles separates molecules by size by allowing small molecules to enter the water within the particles, delaying their elution from the
column (modified after Lehninger, Principles of Biochemistry by David L. Nelson and Michael M. Cox, 5th ed., W.H. Freeman and Company, New York, with permission).
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that contained 0.15 M NaCl. That buffer was used to elute the col-
umn at a flow rate of 14.4 mL/h until the final effluent absorbance
at 220 nm was less than 0.1, indicating that all extrafibrillar pro-
tein had been rinsed from the column. Sample volumes were 1.0
(±0.1) mL and were collected in a fraction collector set to change
every 5 min.

Blue dextran (4 mg/mL) and HEMA (0.125 mg/mL) were diluted
in buffer and 500 lL of each tracer were separately put on the top
of the column. A syringe pump (Harvard Apparatus, Holliston, MA,
USA) provided a constant 14.4 mL/h flow of buffer. The eluate from
the column passed into a fraction collector and was collected in
individual tared tubes. The volume of each fraction (1.0 ± 0.1 mL)
was determined by weighing the tubes and dividing by the density
of the buffer (1.001 g/mL). The absorbance of each fraction was
read by a spectrophotometer (Shimadzu Scientific Instruments,
Inc., Columbia, MD, USA) at 620 (Blue Dextran) or 220 (HEMA)
nm. Each tracer was repeated three times and the average absor-
bance was plotted against the total elution volume.

After running the tracers through the buffer-saturated mineral-
ized powder, the column was unpacked and the powder com-
pletely demineralized in 10% phosphoric acid (pH 1.0) for 24 h at
25 �C under stirring. Complete demineralization was tested as fol-
lows: After 24 h of demineralization, the dentin powder was re-
suspended in fresh demineralizing solution (pH 1.0) for 1 h. After
allowing the powder to settle, 1 mL of the supernatant was mixed
with 1 mL of 2.7 wt% monopotassium monohydrogen oxalate. The
absence of white precipitate indicated there was no ionized cal-
cium in the medium. Positive controls were the addition of 1 mL
of 0.2 M CaCl2 with 1 mL of the same half-neutralized oxalic acid
to produce a heavy white precipitate of calcium oxalate.
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The completely demineralized dentin powder was then re-
packed into the column. Extra demineralized powder was added
to compensate for the volume lost during the demineralization
process, in order to keep the original height of the column. Tris buf-
fer (pH 7.4) was pumped through the packed powder for three
days, until elution absorbance fell to below 0.1 at 220 nm.

Tracer samples were dissolved in aqueous buffer (Table 1) and
passed through the buffer-saturated demineralized powder as
described for mineralized dentin. Then, the column was once more
unpacked and the excess buffer removed from the powder using a
sieve (Cole Parmer No. 140) and absorbent paper. The powder was
saturated with 100% ethanol under stirring for 1 h. The excess
ethanol was removed, and the column was re-packed with fresh
100% ethanol and rinsed at flow rate 14.4 mL/h for 24 h to remove
any residual free water. Tracers were dissolved in ethanol (Table 1)
and passed through the ethanol-saturated demineralized column
as previously described.

Because the adhesive resin monomer BisGMA is not soluble in
buffer but is soluble in ethanol, it was added to the ethanol tracers.
Blue Dextran, insoluble in 100% ethanol, was first dissolved in a
small amount of water and then diluted by ethanol to obtain a final
concentration of 0.5 mg/mL in 4% water/96% ethanol. Due to the
high evaporative nature of ethanol, each eluted fraction was
capped immediately after collection. The elution of water or
ethanol-soluble test tracers was spectrophotometrically analyzed
as follows: Blue Dextran, absorbance at 620 nm [9]; TEGDMA,
BisGMA and HEMA, absorbance at 220 nm [9].
2.4. Statistical analysis

Because of the imbalance concerning tracers, dentin condition
(mineralized vs. demineralized) and mobile phase (buffer vs. etha-
nol), it was not possible to subject the data to a two-way analysis
of variance. Therefore, data from elution volumes were submitted
to multiple one-way ANOVA, complemented by Tukey’s test for
pairwise comparisons, or multiple t-tests using SPSS 23.0 (SPSS
Inc., Chicago, IL, USA), at a 95% level of confidence.

One column was used multiple times. That is, the elution vol-
umes of the various tracers were measured in mineralized dentin
powder, then they were measured again in demineralized dentin
equilibrated with aqueous buffer, and then again in demineralized
dentin powder equilibrated with ethanol. Each tracer was mea-
sured three times in the same column except for BisGMA which
is not soluble in aqueous buffer. When a column received an irre-
versible treatment such as being treated with a crosslinking agent,
the tracers are used again three times (n = 3, Table 2) and then the
column was discarded.
Table 1
Tracer concentration (mg/ml) for each mobile phase and their respective wavelength
(nm).

Tracer MW (Da) Dentin powder
(106 lm < particle
size < 300 lm)
Tracer concentration (mg/mL)

Buffer Ethanol

Blue Dextran** 2,000,000 4.0 0.5*

BisGMA 512 Not soluble 0.15
TEGDMA 286 0.07 0.25
HEMA 130 0.125 0.5

Abbreviations: BisGMA: bisphenol A glycidyl dimethacrylate; TEGDMA: triethylene
glycol dimethacrylate; HEMA: 2-hydroxyethyl methacrylate.

* Since Blue Dextran is not soluble in ethanol, this tracer was solubilized in water
and then diluted with ethanol to a final concentration of 4% water/96% ethanol.
** Blue Dextran absorbance was read at 620 nm while all the other tracers were

read at 220 nm.
3. Results

3.1. Size-exclusion characteristics of mineralized bovine dentin powder
using aqueous buffer as the mobile phase

The elution of large (Blue Dextran) and small (HEMA) tracers
from columns of mineralized dentin powder produced elution vol-
umes that were very similar to those reported by Takahashi et al.
[9]. That is, both blue dextran and HEMA eluted at 11.9 ± 0.5 mL
and 12.5 ± 0.2 mL, with no significant difference between the two
groups (t-test; p = 0.113). These values were similar to the void
volume of the column (Table 2, Fig. 2).
3.2. Size-exclusion characteristics of completely demineralized bovine
dentin powder using aqueous buffer as the mobile phase

Application of the large molecule Blue Dextran resulted in an
elution volume of 11.4 ± 0.2 mL, which was not significantly differ-
ent from the mineralized powder Blue Dextran elution value
(p > 0.05; Tukey’s test, Row 1 in Table 2). The elution of HEMA at
18.4 ± 0.4 mL (Table 2, Fig. 3) represented a shift to the right when
compared to the mineralized elution volume. Similar to HEMA, the
small adhesion resin monomer TEGDMA had an elution volume of
18.5 ± 0.02 mL. Elution volumes for Blue Dextran, HEMA and
TEGDMA with the use of buffer as the mobile phase indicated sig-
nificant difference among the three groups (p < 0.001; Column 2 in
Table 2). The elution volumes of HEMA and TEGDMA were not sig-
nificantly different from one another (Tukey’s test, p > 0.05), but
were both significantly higher than that of Blue Dextran (Tukey’s
test, p < 0.05 for both comparisons).
3.3. Size exclusion characteristics of completely demineralized dentin
powder using 96% ethanol as the mobile phase

Because Blue Dextran is not soluble in 100% ethanol, the mobile
phase was replaced with 4% water/96% ethanol. The elution vol-
umes of Blue Dextran and HEMA in ethanol-saturated dentin pow-
der were higher than were seen in water-saturated demineralized
dentin powder (Fig. 3). Specifically, the elution volume of Blue
Dextran was 11.4 ± 0.2 mL and HEMA was 18.4 ± 0.4 mL in
water-saturated dentin, but were 12.8 ± 0.4 mL and 19.3 ± 0.2 mL,
respectively, in ethanol-saturated dentin (Table 2, Fig. 3). The elu-
tion volumes of TEGDMA was 18.5 ± 0.02 mL and 15.9 ± 0.3 mL in
water-saturated vs ethanol-saturated demineralized dentin,
respectively. All of these shifts were significantly different
(p < 0.05). One-way ANOVA of the elution volumes for Blue Dex-
tran, BisGMA, HEMA and TEGDMA with the use of ethanol as the
Table 2
Elution volume (mL) of different tracers diffused through mineralized and deminer-
alized bovine dentin powder.

Tracer MW (Da) Dentin powder (106 lm < particle
size < 300 lm)

Mineralized Demineralized

Buffer Buffer Ethanol

Blue Dextran 2,000,000 11.9 ± 0.5AB.a 11.4 ± 0.2B.b 12.8 ± 0.4A.d

BisGMA 512 Not soluble Not soluble 18.1 ± 0.2b

TEGDMA 286 – 18.5 ± 0.02A.a 15.9 ± 0.3B.c

HEMA 130 12.5 ± 0.2C.a 18.4 ± 0.4B.a 19.3 ± 0.2A.a

Numbers are mean ± standard deviation (n = 3) in milliliters (mL).
Abbreviations: BisGMA: bisphenol A glycidyl dimethacrylate; TEGDMA: triethylene
glycol dimethacrylate; HEMA: 2-hydroxyethyl methacrylate.
Upper case letters represent comparisons in the horizontal lines while lower case
letters represent comparisons in the vertical columns. Means identified with the
same letter are not statistically different (Tukey, p > 0.05).



Fig. 2. Size exclusion characteristics of column of mineralized bovine dentin powder (106 lm < particle size < 300 lm), equilibrated with 20 mM Tris buffer with 0.15 M NaCl
(buffer). When HEMA and Blue Dextran tracers were applied, they both eluted between 11.9 and 12.5 mL, indicating that the mineralized powder contained no water into
which small tracers like HEMA could diffuse.

Fig. 3. Size exclusion characteristics of column of completely demineralized dentin powder (106 lm < particle size < 300 lm), equilibrated with 20 mM Tris buffer with
0.15 M NaCl (buffer) or ethanol. Blue Dextran eluted at 11.4 mL, while HEMA eluted at 18.6 mL. The shift to the right of the HEMA in buffer elution peak from 12.5 mL (Fig. 2)
to 18.6 mL (Fig.3) reflects the increase in collagen water that occurred when the powder was completely demineralized. Blue Dextran in ethanol eluted at 12.8 mL in 96%
ethanol, while HEMA eluted at 19.3 mL, the same elution volume seen in columns equilibrated with aqueous buffer (0.15 M Tris buffer/NaCl).
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mobile phase indicated significant difference among the four
groups (p < 0.001; Column 3 in Table 2). Those elution volumes
were all significantly different from one another, in the order:
HEMA (19.3 ± 0.2 mL) > BisGMA (18.1 ± 0.2 mL) > TEGDMA
(15.9 ± 0.3 mL) > Blue Dextran (12.8 ± 0.4 mL) (Tukey’s test,
p < 0.05 for all comparisons).
4. Discussion

The initial control experiments were done to determine if there
was a measurable volume of water in hydrated mineralized dentin.
Results from Section 3.1 may be interpreted by the fact that colla-
gen in the mineralized dentin matrix is covered by apatite crystal-
lites, and that there is little free water (with the exception of water
in dentinal tubules) available in the stationary phase. Blue Dextran,
with a molecular weight of 2 � 106 Da, was too large to enter any
of the mineralized collagen fibrils in the mineralized dentin pow-
der. It could enter the interstitial spaces between the dentin pow-
der particles. However, HEMA, with a molecular weight of only
130 Da, should be able to diffuse into collagen water, but only if
it was demineralized. It is thought that in the mineralized state,
all collagen water has been displaced by apatite mineral crystal-
lites [10,11]. During mineralization, water provides the aqueous
environment for infiltration of amorphous calcium phosphate pre-
cursors into collagen fibrils to initiate nucleation and growth of
intrafibrillar apatite crystallites within the collagen fibril. As min-
eralization proceeds, the loosely-bound and bulk free water of
the collagen matrix is progressively replaced by the intrafibrillar
crystallites within the collagen fibrils and extrafibrillar apatite
crystallites along the interfibrillar spaces [12]. The fact that the
mean elution volume of HEMA (130 Da) was 12.5 ± 0.2 mL while
that of Blue Dextran (2 � 106 Da) is 11.9 ± 0.5 ml suggests that
there was little water in the mineralized collagen matrix [8,9].

In marketed dental adhesives, both TEGDMA and BisGMA are
often solubilized in HEMA because they are so much more soluble
in HEMA than water. We did not do that in the current experi-
ments because the absorbance of HEMA would have interfered
with the absorbance of TEGDMA at the same wavelength. When
the size exclusion characteristics of these adhesive resin monomer
molecules were examined using demineralized dentin powder as
the stationary phase and aqueous buffer as the mobile phase, there
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was a shift in the elution volume of HEMA to the right when com-
pared to the mineralized elution volume (see Figs. 2 and 3). The
numerical results presented in Section 3.2 (Table 2) indicate that
smaller tracers such as HEMA and TEGDMA had diffused into col-
lagen water and had been delayed in its elution, when compared to
Blue Dextran, the largest tracer molecule tested.

When the aqueous buffer was replaced with 100% ethanol to
remove all free water and some of the most loosely-bound water,
TEGDMA and BisGMA equilibrated with the elution volumes of
ethanol-solvated demineralized dentin, requiring rejection of the
test null hypothesis that ‘‘TEGDMA and BisGMA cannot equilibrate
with ethanol-solvated dentin collagen”. The elution volumes of
HEMA (19.3 ± 0.2 mL), TEGDMA (15.9 ± 0.3 mL) and BisGMA
(18.1 ± 0.2 mL) were all between 15.9 and 19.3 mL (Section 3.2,
Table 2), indicating that they could enter ethanol-solvated dem-
ineralized dentin matrices to variable extents.

The findings that TEGDMA and BisGMA equilibrated with elu-
tion volumes that were significantly larger than those of Blue Dex-
tran have important clinical implication, in that these monomers
are not excluded from ethanol-dehydrated dentin. We speculate
that ethanol can remove all free water from demineralized dentin
powder and some loosely-bound water and permeate around col-
lagen peptides in completely demineralized dentin which are held
apart by firmly bound water. This allows ethanol-solvated
dimethacrylates to diffuse over and around collagen-bound water
without disturbing it.

In the present study, 4% water was in the ethanol eluate to
allow Blue Dextran, the only large tracer that was soluble in both
water and ethanol, to stay in solution. Ethanol can hydrogen bond
to loosely-bound water. This may have increased the elution vol-
umes of the small tracers enough to be significantly different. An
important observation is that replacing most of the water in the
mobile phase with ethanol did not shift the elution volumes to
the left of their aqueous volumes. Future experiments will have
to be performed using acetone, a polar solvent that cannot hydro-
gen bond to demineralized collagen matrices.

We speculate that bound water protects and stabilizes the col-
lagen triple helix but allows ethanol-solvated monomers to come
into close proximity with the collagen molecules. The recent satu-
ration transfer difference (STD) NMR studies by Hiraishi et al. [13]
concluded that molecular-level interactions of HEMA did not occur
with atelocollagen solvated in dimethyl sulphoxide. The authors
concluded that the layer of water on collagen prevents molecular
level interactions of HEMA with collagen. These results were oppo-
site to the earlier computer molecular modeling reports by Vaidya-
nathan and Vaidyanathan [14] on HEMA docking within collagen
triple helices, which was done on molecules free of bound water.

In the present study, a large excess of ethanol was used to
remove free and most of the loosely-bound water. Thus, the degree
of removal of these two categories of water from the demineralized
matrix was probably far more thorough than is possible during the
relatively short treatment times used in clinical resin-dentin bond-
ing. The fact that we never observed size-exclusion of any common
dental dimethacrylate monomers indicates that under these
extreme dehydrated conditions, there is sufficient tightly-bound
water and residual solvent to permit equilibration of dimethacry-
lates with demineralized dentin. Grégorie et al. [7] published 1H
NMR scans of ethanol-rinsed resin-bonded dentin that indicated
tightly-bound water remains in resin-dentin bonds even after rins-
ing with ethanol. Any excess residual free water within or around
collagen would prevent permeation of TEGDMA, BisGMA or UDMA
as they are almost insoluble in water. Pretreatment of water-
saturated dentin by water-free but water-miscible ethanol to
remove free water would seem to be a prudent approach for
improving comonomer infiltration during resin-dentin bonding.
Contemporary bonding practices make too many compromises in
an attempt to ‘‘save time” [15]. The cost of saving time may be
too much residual water remains in resin-dentin bonds, which
results in poor durability of these bonds over time by allowing
water to fuel hydrolysis of collagen by endogenous dentin pro-
teases [3].

There are alternative explanations for why the tracer elution
volumes of most of the adhesive monomers shifted to the right
instead of to the left when the demineralized dentin powder was
dehydrated with ethanol. When pure ethanol was pumped through
a water-saturated column of demineralized dentin, voids began to
appear in the column. These voids may have represented nitrogen-
gas bubbles coming out of solution when ethanol encountered
nitrogen-saturated water.

To eliminate N2 gas-induced voids in the column, we unloaded
the column and slowly replaced water with ethanol in a beaker
with constant stirring until all nitrogen had been allowed to
escape, and then repacked the column with ethanol-saturated den-
tin powder.

To avoid having buffer salts come out of solution when the col-
umn was equilibrated with ethanol, we eluted the column with
pure water for 8 h to remove all buffer salts before switching to
ethanol. We then unpacked the column into a beaker and replaced
the water with multiple batches of ethanol under constant stirring
to allow gradual exchange of water by ethanol. Then the column
was repacked and the ethanol experiment continued. Thus, under
these conditions, we did not see any generation of voids or agglom-
erations when ethanol was used as the eluate.

Another possibility would be aggregation or hydrogen bonding
of collagen particles together to form agglomerations. This cannot
occur in aqueous buffer, because water preferentially hydrogen
bonds with carbonyl and amide nitrogen moietites. Such as a phe-
nomenon theoretically can occur in the absence of water, when
alcohol replaces free water in the column. Arguing against that
idea is when we purposely covalently cross-linked collagen with
0.5 M carbodiimide, there was no change in the elution volume
of our tracers (data not shown). Thus, we prescreened all of our tra-
cer molecules to avoid any adverse interactions with collagen
under normal operating conditions.

The observation that ethanol dehydration of demineralized
dentin powder caused the elution volumes of BisGMA and HEMA
to be 18–19 mL, while that of TEGDMA fell from 18.5 mL to
15.9 mL seems paradoxical. When the water-saturated column
was dehydrated by equilibrating the dentin matrix powder with
ethanol, the elution volumes of BisGMA and HEMA increased while
that of TEGDMA decreased (Table 2). The following speculation is
offered as an explanation.

Molecules interact with each other based on hydrophobic or
dispersive forces, as well as polar forces and hydrogen bonding
cohesive forces [16]. The relative contribution of these three com-
ponents to the total cohesive energy of molecules can be described
by the triple solubility parameters of Hansen [16] or Hoy [17].
Water has such a high chemical concentration (55 mol/L) and is
such a strong hydrogen bonding solvent, that its solubility param-
eter for hydrogen bonding (40 J/cm3)1/2 tends to overpower the
dispersive and polar components (Table 3). When dentin matrices
are saturated with water, water molecules hydrogen bond to car-
bonyl oxygen and amide nitrogen moieties in collagen peptides.
This prevents interpeptide hydrogen bonding (H-bonding)
between adjacent peptides. Monomers like TEGDMA and HEMA
can produce weak H-bonding to loosely-bound water in collagen
[18]. However, when water is replaced by ethanol, there is less
interpeptide H-bonding of water to collagen, although ethanol
can H-bond to collagen albeit less strongly (dh ethanol = 20 (J/
cm3/1/2).

Under these conditions, the solubility parameters for polar
forces may become a significant influence on monomer interaction



Table 3
Hoy’s solubility parameters of adhesive monomers.

Monomer dd dp dh dt

BisGMA 16.6 13.4 5.8 22.1
TEGDMA 14.2 10.1 8.2 19.2
HEMA 13.3 12.3 15.2 23.6

Values are all (J/cm3)1/2. Abbreviations: BisGMA: 1:2 addition product of bisphenyl-
A diglycidyl ether and methacrylic acid; TEGDMA: triethylene glycol dimethacry-
late; HEMA: 2-hydroxyethyl methacrylate; dd: Hoy’s solubility parameter for dis-
persive forces; dp: Hoy’s solubility parameter for polar forces; dh: Hoy’s solubility
parameter for hydrogen bonding forces; dt: Hoy’s solubility parameter for total
cohesive forces.
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in dehydrated collagen (dry collagen, Table 2, [18]) because
BisGMA and HEMA have larger polar and total solubility parame-
ters than does TEGDMA (Table 3). Thus, BisGMA and HEMA would
interact more with collagen than would TEGDMA, causing them to
be more delayed in their elution from the size-exclusion column,
than would TEGDMA. That is, TEGDMA would be eluted before
BisGMA and HEMA, but only under dehydrated (i.e. ethanol-
saturated) conditions. Future molecular dynamic simulations
may be useful in testing this speculation.

We speculate that if adhesive monomers dissolved in ethanol
can infiltrate over ethanol-saturated collagen peptides and their
associated noncollagenous molecules, including endogenous pro-
teases, it may be possible to incorporate hydrophobic adhesive
resins [19,20] into the active sites of those proteases to inactivate
their activity at the same time resins are infiltrating around colla-
gen molecules. Such resin-dentin bonds should be far more durable
than are contemporary resin-dentin bonds [21,22]. Clearly, more
research is needed to characterize resin-dentin infiltration at the
nanoscale.
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