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Dentin Collagen After Sample
Grinding and Heating

ABSTRACT Changes to the structure of the organic matrix of the dentin
tissue were determined after sample grinding and heating. Powder dentin
measuring 25-38um and slices with a thickness of about 50 pum were
employed. Spectra acquisition was conducted with a Fourier-transform
infrared spectrometer. The thermal treatment was performed between
100°C and 300°C, with steps of 25°C. After grinding, two bands
(1283.54+0.5cm™ ' and 1240.74+0.5cm™ ") shifted to higher wavenumbers,
while three bands (1339.5+0.5cm™', 1283.5+£0.5cm ™', and 1202.7+
0.5cm™ D) shifted to lower wavenumbers after thermal treatment in the
range 100-300°C; the band at 1283.5+0.5cm ' shifted only 2cm
Thermal treatment produced a wavenumber shift in the opposite direction
compared with the shift produced after grinding. The observed changes
in the vibration modes of the structure indicate that sample preparation or
sterilization involving grinding and heating must be carefully evaluated in
order to preserve the natural characteristic of the collagen structure.

KEYWORDS collagen, dental tissues, FTIR, infrared spectroscopy

INTRODUCTION

The organic matrix of the dentin corresponds to 20 wt% of the tissue, and
its majority component is collagen, which corresponds to 18 wt% dentin.!"
The collagen is a family of proteins found in the dentin matrix as well as
in all multicellular animals. As a major organic component of the skin, bone,
and dentin, the collagen proteins correspond to 25 wt% of the total protein
mass in mammals.

The main feature of a collagen molecule is the three distinct polypeptide
chains, which are twisted into a spiral around an individual axis with a
typical width of 1.5 nm. The molecule chain is denominated as alpha chain.
Currently nearly 25 different alpha chains of collagen have been found. The
collagen proteins are rich in proline and glycine, which are amino acids that
are important in the formation of the three-dimensional structure. The
major types of collagen found in the skin, bone, and dentin are types I,
I1, 1M1, V, and XI; type I is the main collagen observed in the mentioned
tissues. These types of collagen polymerize in a fibril structure and are know
as fibrillar collagen; there are other types of nonfibrillar collagen as well as
collagen whose structure has not been determined.'”
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In fibrillar collagen the molecules are parallel and
bound together; their ends are separated by gaps of
about 40 nm, while the interfibrillar zones are distant
from each other by about 0.24nm. The three-
dimensional structure of fibrillar collagen is defined
by electrostatic interactions, van der Waals forces,
hydrogen bonds, hydrophobic interactions, and
covalent bounds. These collective noncovalent bonds
are strong enough to hold the molecular structure
together, but they are susceptible to external inter-
ference such as heat, which partially breaks these
bonds, leading to changes in the conformation of
the molecule.” A kinetic model for the thermal dena-
turation of collagen can be found in the literature."*>
In these models, collagen denaturation is described as
a first-order chemical reaction in which the protein
must overcome a potential energy barrier known as
activation energy.

Because freshly extracted teeth are by nature a
potential source of cross-contamination to laboratory
equipment and personnel, newly extracted teeth
must be decontaminated. An ideal system for tooth
sterilization must sterilize, but it should not alter
the structure of the hard dental tissues.

Several methods for tooth sterilization have been
examined: steam (autoclave), dry heating, liquid
solutions that inhibit bacterial growth, ethylene
oxide, and gamma radiation.*™® Changes in the
natural features of the tissues can occur after these
sterilization methods. To avoid interference with
the targeted results, these changes must be carefully
evaluated and minimized. Examples of changes in
the tissue after sterilization are (a) mineral matrix
demineralization and nanomechanical changes”
after the use of solutions with low pH values; (b)
denaturation of the organic matrix” after proce-
dures involving temperature rise; and (c) creation
of defects in the crystals with probable changes in
the natural fluorescence, color, or paramagnetic
radicals after ionizing radiation. Gamma radiation is
considered an effective sterilization method since it
does not modify the FTIR and UV/VIS/NIR spectra
or tooth permeability,” but its use is strongly dis-
couraged in research experiments on the paramag-
netic radicals of the tissue.

After tooth sterilization, the second step to be
carried out before the target experiment is sample
preparation. This procedure can also bring about
changes to the tissue features because grinding
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and cutting lead to mechanical stress and heat
generation. The determination of physical and
chemical changes by different techniques usually
requires a specific procedure for sample preparation.
In infrared spectroscopy, sliced samples resemble
the whole tissue more closely,""”’ but sometimes the
sample must be powdered because even thin slices
show limited transmission of infrared light in the
regions of the spectrum where dentin absorbs
strongly.

As a consequence of tissue susceptibility, changes
in tissue composition and structure can occur during
sterilization and sample preparation, mainly in the
case of the organic matrix, which is thermally
unstable. These two procedures, which are normally
applied in several experiments, must be appropri-
ately evaluated so that the natural tissue features
are not modified and the introduction of errors and
misinterpretation of the final results are avoided.

OBJECTIVE

The objective of this work is to determine which
changes occur in the structure of the organic matrix
of the dentin tissue after sample grinding and
heating, which respectively simulate the common
procedures of sample preparation and sterilization.

MATERIALS AND METHODS

Bovine incisor teeth used in this work were
initially placed in 0.9 wt% sodium chloride immedi-
ately after extraction and kept in this solution at
5-10°C in a refrigerator until sample preparation
and spectroscopic evaluation. The teeth were cut
into slices of 0.5 mm using a diamond blade system,
and then two different sample sets were obtained:
slices with a thickness of about 50 pm and powder
measuring 25-38um. The slices with an initial
thickness of 0.5mm were sanded manually with
1200-mesh silicon carbide sand paper and water,
until a thickness around 50 pm was achieved. A total
of 16 samples were selected for the control (seven)
and heating (nine) experiments. The powder
samples were obtained from dentin pieces that were
manually ground in a mortar and pestle. The result-
ing powder was sieved, in order to select particle
with sizes between 25 pum and 38 um. A total of 14
samples weighing 5mg were selected and mixed
with 50-mg KBr. The final powder (dentin and
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FIGURE 1 Absorption bands of natural samples of bovine
dentin in range 1180-1360cm™" in sliced and powdered forms.
The bands at 1240.7+0.5cm~' and 1283.5+0.5cm™~ ' obtained
from slices shift to higher wavenumbers after grinding, while
the other bands, namely 1202.7+0.5cm ' and 1339.5+0.5¢cm ',
do not change significantly.

KBr) was compressed (4ton), to produce a pellet
and allow evaluation in the spectrometer.

The spectra acquisition was conducted with a
Fourier-transform infrared spectrometer (Nicolet
380; Thermo Fisher Scientific, U.S.A.). The spectra
were analyzed in the region between 4000cm ™'
and 400 cm ™" and were registered in the transmission
mode with a resolution of 0.5cm™'. Data analysis

was conducted with the program Microcal Origin®
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FIGURE 2 Absorption bands of natural samples of bovine
dentin in range 1180-1360cm™" in the sliced form after heating
(225°C for 30min). The bands at 1202.7+0.5cm~', 1283.5+
0.5cm~ ', and 1339.5+0.5cm ' shift to lower wavenumber after
heating, while the band at 1240.7+0.5cm™' does not change
significantly.

L. Bachmann and D. M. Zezell

(Version 6.0, OriginLab Corporation, USA); after
spectra acquisition, the background was removed
using a stretch line, producing bands as shown in
Figures 1 and 2. Then the area was measured by inte-
gration, and peak position was located by the
maximum absorbance value. Gaussian and Lorent-
zian functions were not employed because of the
asymmetric shape of some bands.

The thermal treatment of the tissue was conducted
in an oven with controlled temperature in the
temperature range between 100°C and 300°C, with
steps of 25°C. Each sample was heated for 30 min.

RESULTS

In Table 1, the mean position values of the
observed bands are compared with bands from the
rat skin and human bone." The statistical error of
the observed bands (0.1-0.01cm™Y) is below the
resolution of the spectrometer (0.5 cm_l), and the
final error value used for the present results is
0.5cm™'. Apart from CH, wag and amide III, all the
bands observed in the range 1100-1400cm™' are
associated with the structure of collagen, so changes
in this structure will influence these bands."?

The intensity of the bands present in the spectra of
the powder samples are 10 times weaker than those
of the sliced samples, because of the different
quantity of material used in the two experiments.
Two bands display a statistically significant shift to
higher wavenumbers after grinding: the bands at
1283.5+0.5cm™ " and 1240.7£0.5cm™ ", which had
shifted to 1288.1+0.5cm™" and 1245.24+0.5cm ™,
respectively, after grinding. The two other bands
did not change significantly after the two procedures.

The bands of the sliced samples and powdered
samples are shown in Figure 1. There is a shift of
two bands to higher wavenumbers. Figure 2 depicts
the bands obtained after heating the sample to 225°C
for 30 min and shows that two bands shift to lower
wavenumbers. The positions of the bands after heat-
ing can be visualized in Figures 3, 4, 5, and 6 for all
the temperature range (100-300°C), and they are also
compared with the positions of the bands after grind-
ing. The data corresponding to 7=300°C do not
appear in the figures because this band value was
too weak to be measured after heating.

In Figure 3, the band at 1202.7 £0.5cm ™" shifts to
lower wavenumber after progressive heating, but no
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TABLE 1 Position of Infrared Absorption Bands of Bovine Dentin Near 1400-1100cm ™" as Observed in Figure 1: A Comparison With the
Absorption Bands Obtained for Collagen From Rat Skin and Human Bone Can Be Made

Bovine dentin (£0.5) Rat skin (cm~")®!  Human bone (cm~")¥®

Powder Slice Powder  Slice Powder Slice Assigned'®!

1338.5 1339.5 1334 1337 1334 1342 Collagen structure

Weak Weak — 1306 — — CH, wag

1288.1 1283.5 1277 1281 1276 — Collagen structure

1245.2 1240.7 1233 1232 1238 1233 CONH (amide 1lI) CN stretching and NH deformation
1203.6 1202.7 1206 1201 — 1204 Collagen structure

difference is observed after sample grinding
(compared with the sliced sample). After heating,
there is a difference that increases progressively with
the applied temperature. The final shift for the band
at 1202.740.5cm ™' after heating at a temperature of
275°C for 30min is 3.9+£0.5cm™ .

Figure 4 shows the behavior of the band at
1240.740.5cm™ ! after heating and grinding. Heating
up to 275°C does not alter the position of this band.
After 300°C this band disappears, so its position
could not be measured. After grinding, the band
shifts 4.54+0.5cm™" to a higher wavenumber, as
observed in Figure 4.

Figure 5 represents the behavior of the band at
1283.54+0.5cm ™', This band shifts 2£0.5cm™" to
lower wavenumbers after heating to 275°C. Despite
the difference observed after 275°C, the other
treatment reveals differences only after 200°C and
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FIGURE 3 Position of the band at 1202.7+0.5cm™" after
heating and grinding. Heating to 300°C shifts the band by 3.9 +
0.5cm~ ' to lower wavenumber (1199.6 + 0.5cm~'). The position
of the band in the case of sliced samples does not significantly
differ from its position in the ground sample (1203.6 + 0.5cm™").
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250°C. The behavior after heating in the range
100-300°C is quite similar to that of the natural
sample. After grinding, this same band shifts 4.6 4
0.5cm ™" to higher a wavenumber.

Figure 6 depicts the behavior of the band located
at 1339.54+0.5cm ™" after heating and grinding. A
shift of 3.84+0.5cm™" to lower wavenumbers after
thermal treatment up to 275°C is observed, but the
position of this band does not shift significantly after
grinding.

DISCUSSION

The bands observed in the range 1200-1400 cm ™"
are assigned to the secondary structure of proteins.
The behavior of these bands aids evaluation of the
structure upon conformational changes and distin-
guishes molecules with the same composition but

1246 T T T T T T T T T T T
1245 | % -
1244 | -
< 1243 F -
§ L —=— Natural (slice)
%’ 1242 - —e— Heated (slice) 7
o r o Slice ]
1241 | -
§ | O Powder l ]
& 1240 | L ]
P L ~ e ]
< 1239 | / ~ / - _
1238 |- < N / .
i / . 1
1237 | -
1236 | —
100 150 200 250 300

Temperature (°C)

FIGURE 4 Position of the band at 1240.7+0.5cm™' after
heating and grinding. Heating to 275°C does not alter the band.
The band shifts 4.5+05cm™' to higher wavenumbers
(1245.2 + 0.5cm™ ") after grinding.
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FIGURE 5 Position of the band at 1283.5+0.5cm™" after
heating and grinding. The band shifts slightly (~2+0.5cm™")
after heating at three temperatures (namely 200°C, 250°C, and
275°C), and the shift does not depend on the applied temperature.
The band shifts 4.6 +0.5cm™~" to higher wavenumbers (1288.1+
0.5cm™") after grinding.

different structures.’? The bands observed in this
study are attributed to the helical structure of
collagen and amide III;""'¥ all the bands (including
those of amide IIT) are sensitive to collagen denatura-
tion and conformational changes.

After grinding, two bands (1283.5+0.5cm™ ' and
1240.7+£0.5cm™ ") shift to higher wavenumbers.
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FIGURE 6 Position of the band at 1339.5+0.5cm™' after
heating and grinding. The band shifts 3.9+0.5cm™" to lower
wavenumbers (1335.5 + 0.5 cm ') after heating to 275°C; the band
position in the sliced samples (1339.5+0.5cm™") does not differ
from that of the powdered sample (1338.5+0.5cm™").
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After thermal treatment in the range 100-300°C, three
bands (1339.5+0.5cm ™', 1283.5+0.5cm™ ', and
1202.7+0.5cm™ Y shift to lower wavenumbers;
the band at 1283.540.5cm ™" shifts only 2cm™". To
better understand the behavior of the shifts in wave-
number, this term can be changed to “frequency
shift” and thereby be better associated with the
vibration mode frequency.

The shift to lower frequencies is also observed in
other denatured collagens”
dration." Several changes in the infrared spectrum
of collagen upon denaturation are observed: shift
of the amide A band from 3325-3330cm ™" to around
3305cm Y loss of the fine structure of amide I near
1640 cm™%; and shifts of about 56-10cm ™' to lower
frequencies in the case of amide I and II bands.

The proposed model for the interlocking of
collagen molecule and hydroxyapatite crystals is

and upon collagen rehy-

described as follows: hydroxyapatite occupies the
spaces between the collagen fibrils and the existing
spaces within the fibrils.**>'° The thermal stability
of the mineralized collagen is weaker than that of
native collagen because, during mineralization, the
hydroxyapatite crystals break the cross-links within
each collagen fiber as well as the cross-links between
collagen fibrils."718

Thermal treatment produces a shift in the opposite
direction compared with the shift produced after
grinding. These differences between heating and
grinding shows that, despite the widely accepted
idea that heat is produced by sample friction during
grinding, the changes produced by these processes
are not similar.

Three of the four structure vibration modes are
susceptible to heating, two bands are susceptible to
grinding, and the band at 1283.540.5cm ™' changes
after both processes, but the shift after heating is
slight. To understand and propose a model that
explains the observed shifts after grinding and
heating, it is necessary to describe what happens to
the collagen-hydroxyapatite system during these
two procedures.

Grinding of the sample leads to cleavage of the
collagen fibril, and the final size depends on the
selected powder size. In the present study, we
selected powder sizes between 25 pum and 38 um. It
is supposed that fibrils located transversely across
the granule are composed of approximately 150 units
of collagen molecules that remain linked together by

134



02: 45 30 January 2011

Downl oaded At:

the native noncovalent and covalent bonds. If the
observed structural vibration modes are susceptible
to the linear size of the molecular fibril, the observed
frequency shift can originate from the chain cleavage
and the reduction of its length to about 150 collagen
molecules.

With the pressure between the mortar and pestle,
the granules are submitted to high tensions, which
possibly break the intermolecular bonds within the
same granule; i.e., the proposed collagen fibril piece
with 150units can be cleaved into several other
pieces in the same granule. Considering the different
mechanical properties of collagen and hydroxyapa-
tite, the tension and friction between the granules
can easily separate the hydroxyapatite crystals from
the collagen molecules and introduce a larger gap
in the hydroxyapatite-filled regions. This larger gap
and the probable distortion in the molecules will
introduce changes into its vibration modes.

Thermal denaturation of collagen corresponds to
the melting of its periodic organization. In their
native state, collagen molecules are strongly oriented
and packed. A temperature rise provides more
freedom to the molecules, which exhibit random
configurations, destroying the original periodic
arrangement and unfolding the protein. In our
system, after thermal denaturation up to 300°C, the
noncovalent interactions between different atoms
that are important in defining the three dimensional
structure are broken, and the helical structure of
the collagen is lost."”'”) With heating (100-300°C),
progressive structure denaturation produces an
unfolded molecule with a different molecular length
compared with the length of the natural molecule.
The different length obtained after heating is the
probable origin of the shifts in the frequency of the
three structural vibration modes.

All the four analyzed bands corresponding to
the structure of collagen shift to other frequencies
after heating or grinding. Two of them shift to higher
frequencies after grinding (1283.54+0.5cm™' and
1240.7 £0.5cm™ ), and three bands shift to lower
frequencies  after  heating  (1339.5+0.5cm™ ',
1283.54+0.5cm™ Y, and 1202.74+0.5cm™ ). These
observed changes in the vibration modes indicate
that sample preparation or sterilization involving
grinding and heating must be carefully evaluated,
in order to preserve the natural characteristics of
the collagen structure.

135

ACKNOWLEDGMENTS

The authors acknowledge the financial support of
Fundagiao de Amparo a Pesquisa do Estado de Sio
Paulo (FAPESP) and Conselho Nacional de Desen-
volvimento Cientifico e Tecnologico (CNPq).

REFERENCES

1. Eastoe, J. E. Chemical organization of the organic matrix of dentine.
In Structural and Chemical Organization of Teeth; Milles, A. E. W.,
Ed.; Academic Press: London, 1967, Vol. II; pp. 278-315.

2. Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P.
Molecular Biology of the Cell; Taylor and Francis: Boca Raton, FL,
U.S.A., 2008; 5th ed.

3. Doyle, B. B.; Bendit, E. G.; Blout, E. R. Infrared spectroscopy of
collagen and collagen-like polypeptides. Biopolymers 1975, 14,
937-957.

4. Sankaran, V.; Walsh, J. T. Birefringence measurement of rapid
structural changes during collagen denaturation. Photochemical
Photobiology 1998, 68, 846-851.

5. Agah, R.; Pearce, J. A;; Welch, A. J.; Motamedi, M. Rate process
model for arterial tissue thermal damage: Implications on vessel
photocoagulation. Lasers Surgery Medicine 1994, 15, 176-184.

6. Pantera, E. A.; Schuster, G. S. Sterilization of extracted human teeth.
Journal of Dental Education 1990, 54, 283-285.

7. White, J. M.; Goodis, H. E.; Marshall, S. J.; Marshall, G. W. Steriliza-
tion of teeth by gamma radiation. Journal of Dental Research 1994,
73(9), 1560-1567.

8. Tate, W. H.; White, R. R. Disinfection of human teeth for educational
purposes. Journal of Dental Education 1991, 54, 583-585.

9. Habelitz, S.; Marshall, G. W.; Balooch, M.; Marshall, S. J. Nano-
indentation and storage of teeth. Journal of Biomechanics 2002,
35, 995-998.

10. Bachmann, L.; Diebolder, R.; Hibst, R.; Zezell, D. M. Infrared absorp-
tion bands of enamel and dentin tissues from human and bovine
teeth. Applied Spectroscopy Reviews 2003, 38(1), 1-14.

11. Furedi, H.; Walton, A. G. Transmission and attenuated total reflection
(ATR) infrared spectra of bone and collagen. Applied Spectroscopy
1968, 22(1), 23-26.

12. Anderle, G.; Mendelsohn, R. Thermal denaturation of globular
proteins Fourier transform infrared studies of the amide Il spectral
region. Biophysics Journal 1987, 52, 69-74.

13. Lazarev, Y. A.; Lazareva, A. V.; Shibnev, A.; Esipova, N. G. Infrared
spectra and structure of synthetic polytripeptides. Biopolymers
1978, 17, 1197-1214.

14. Bachmann, L.; Gomes, A. S. L.; Zezell, D. M. Collagen absorption
bands in heated and rehydrated dentine. Spectrochim. Acta, Part
A: Molecular and Biomolecular Spectroscopy 2005, 62(4-5),
1045-1049.

15. Lees, S.; Bonar, L. C.; Mook, H. A. A study of dense mineralized tissue
by neutron-diffraction. International Journal Macromolecule 1984,
6(6), 321-326.

16. Katz, E. P.; Wachtell, E.; Yamauchi, M.; Mechanic, G. L. The structure
of mineralized collagen fibrils. Connective Tissue Research 1989,
21(1-4), 479-488.

17. Sakae, T.; Mishima, H.; Kozawa, Y.; LeGeros, R. Z. Thermal stability of
mineralized and demineralized dentin: A differential scanning calori-
metric study. Connective Tissue Research 1995, 33(1-3), 193-196.

18. Landis, W. J. Mineral characterization in calcifying tissues: Atomic,
molecular and macromolecular perspectives. Connective Tissue
Research 1996, 34(4), 239-246.

19. Sankaran, B.; Walsh, J. T. Birefringence measurement of rapid
structural changes during collagen denaturation. Photochemistry
and Photobiology 1998, 68(6), 846-851.

Dentin Collagen After Sample Grinding and Heating



