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Thermal and vibrational biomarkers of porcine oral mucosa

Influence of localization on hydric organization and physical structure

Camille Ober' - Valérie Samouillan’ - Marie-Héléne Lacoste-Ferré'2 . Jany Dandurand’ - Colette Lacabanne'

Abstract

The aim of this study was to develop an experimental protocol to determine specific and reproducible biomarkers of the
oral mucosa using a combination of thermal and vibrational techniques. This works deals with the characterization of
mandible and maxilla biopsies, 4 mm by diameter, from porcine mucosa in both the hydrated and lyophilized state.
Thermogravimet-ric analysis was carried out to measure hydration level of these tissues and to define the onset of
proteins degradation. By differential scanning calorimetry, thermal transitions of water and proteins were evidenced and
used to quantify the hydric organization (unfreezable/freezable waters) and to evaluate collagen thermal stability
(through denaturation parameters). To complete this protocol, Fourier transform infrared spectroscopy was also used to
identify specific vibrational signatures of the main layers of oral mucosa. Total and freezable water amounts are
significantly higher in maxilla, due to morphologi-cal differences at the macroscopic level, while unfreezable water
amount is independent upon localization. Denaturation temperature (in peculiar the temperature corresponding to 50% of
collagen denaturation) largely increases with dehydration. This temperature denaturation is also dependent upon
localization whatever the hydration, possibly due to differences in cross-links or interactions with other proteins of oral
mucosa. The acquisition of thermal and vibrational biomarkers of oral mucosa will contribute to a better knowledge of
these soft tissues for further studies on aging.

Keywords Oral mucosa - DSC - Hydric organization - Freezable water - Collagen denaturation - FTIR-ATR

Introduction

With the growth of an elderly population, the theme of aging
is becoming a major societal challenge. The problem of teeth
loss in the elderly is currently compensated by the wearing
of removable dental prostheses based on toothless ridges and
more particularly on the oral mucosa. This is an area subject
to chewing forces and mechanical stress [1]. The wearing of
removable dental prostheses weakens gum tissue, and aging
intensifies this fragility [2, 3].
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As described in the literature [4], the thickness of the
masticatory mucosa varies between 0.7 and 2 mm depend-
ing on the location within the oral cavity. The oral mucosa
consists of two major layers, the epithelium and the lamina
propria. The epithelium covers the lamina propria, attached
to the alveolar bone via the periosteum.

The epithelium is an orthokeratinized laminated layer [5,
6]. Its thickness, estimated at around 0.3 mm by coherent
optical tomography techniques [7], is quite variable from
one individual to another, particularly with regard to the
effects of medication, stress and local inflammation [8].
The epithelium is characterized by a stack of keratin-rich
cells. With keratinocyte differentiation, cells accumulate
lipids such as phospholipids, ceramides and cholesterol
[9]. Through interactions between cells, the epithelium is
described as a biological barrier against chemical and micro-
bial aggression but also as a means of protecting the lamina
propria against inflammatory reactions [10]. In this case, the
epithelium reforms and acts as a protective barrier to ensure
optimal healing.
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The lamina propria is a connective tissue layer. In total,
60% of the lamina propria protein fraction is composed of
collagen, whom 80-90% is type I collagen [11], the rest
including type III collagen (10-15%) and type IV col-
lagen (less than 5%) [12-15]. Fibrillar collagens I and III
are mainly involved in the mechanical strength of this layer
[16]. Elastin, another structural protein of the extracellular
matrix, represents less than 6% of the total amount of pro-
teins within connective human gingival tissue [17]. The fact
that this layer is anchored to the periosteum of the under-
lying bone allows the dental crowns to resist the shearing
forces associated with chewable foods. Collagens I, III and
elastin constitute a network of fibers spaced with multiple
polysaccharides chains named glycosaminoglycans (GAGs).
The three majors GAGs in the oral mucosa of mammals
are chondroitin 4-sulfate, dermatan sulfate and hyaluronic
acid [18]. GAGs play a key role in a wide variety of tissue
physiological properties, such as the absorption of mechani-
cal stress, the maintenance of tissue hydration and the cell
migration and proliferation [19]. Richly vascularized, the
lamina propria allows the diffusion of nutrients and oxygen
to the epithelial cells [20] through many exchanges with
epithelium. Containing fibroblasts, vessels, nerves and cells,
this layer also participates in the immune defenses, in par-
ticular with regard to inflammatory reactions.

Numerous histological studies have been conducted on
the aging of the oral mucosa [21-25]. However, few works
have been performed at the molecular and structural lev-
els. A large database of vibrational, thermal and dielectric
markers has been identified on dermis and was relevant to
discriminate between intrinsic and extrinsic aging [26, 27].
Based on this know-how, we propose in this work to develop
an experimental protocol susceptible to determine specific
molecular biomarkers of the oral mucosa using a combina-
tion of characterization techniques such as FTIR-ATR, TGA
and DSC. Because of the morphological and histological
similarity between porcine oral soft tissues to human oral
tissues [28], this study characterizes the vibrational and ther-
mal behavior of porcine tissues as a representative model.

Material and methods
Samples

Oral mucosa samples were collected postmortem from the
fresh mandible and maxilla on three pigs of 4—6 months
old (pigs conditioned for food industry originating from
slaughterhouse). A mucoperiosteum flap was sampled in
full thickness of the lingual or vestibular attached gingival
[29]. The six resulting samples were immediately placed in
pure water. They were transported to the laboratory at 4 °C
and then deposed on absorbent paper to eliminate excess
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water and directly stored at —20 °C. Five punch biopsies,
4 mm by diameter, were removed from each initially frozen
mucoperiosteum flap. Biopsies from mandible and maxilla
were tested for DSC, TGA and FTIR-ATR measurements.

Defrosted samples: For a mild thawing, frozen samples
were placed at 5 °C prior to characterization measurements.

Lyophilized samples: another set of frozen biopsies was
freeze-dried during 12 h to study porcine oral mucosa in the
dehydrated state.

Methods

Fourier transform infrared-attenuated total
reflectance (FTIR-ATR)

FTIR-ATR spectra were performed using a Nicolet 5700
(Thermo Fisher Scientific, Waltham, MA) equipped in ATR
accessory (Smart Orbit with a type IIA diamond crystal,
refractive index 2.4) with a KBr beam splitter and a MCT/B
detector. For the attenuated total reflectance, the penetration
depth of the evanescent wave into the biopsies was estimated
between 0.4 and 3.6 pum.

Hydrated samples (N=12) were laid on the ATR device
and covered by a hermetic cap with an “O” ring to avoid
dehydration of the sample during spectra acquisition. In
order to obtain spectra of each oral mucosa layers (lamina
propria and epithelium layers), both sides of the biopsy were
successively placed onto the crystal.

Lyophilized samples (N=6) were also laid on the ATR
device, and a slight pressure was applied to samples using a
PTEFE tip in order to improve the contact of the sample with
the crystal.

Measurements were recorded over the region of
4000-450 cm~! with a spectral resolution of 2 cm™! and 32
accumulations. Background spectrum was recorded before
each experiment and subtracted from the sample spectra.

Data were collected using Omnic 8.0 (Thermo Fisher
Scientific, Waltham, MA). Then spectra were baseline cor-
rected, smoothed (11 points Savitzky—Golay) and normal-
ized to the amide II (1540-1550 cm™").

Thermogravimetric analysis (TGA)

TGA experiments were performed with a thermogravimetric
analyzer Q50 (TA Instrument, New Castle, DE). Initially
defrosted (N=3) or lyophilized samples (N=3), 10 mg by
mass, were placed in alumina cups. The loss of sample mass
during a linear increase in temperature was recorded between
30 and 800 °C at 10 °C min~! under nitrogen atmosphere.
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Differential scanning calorimetry (DSC)

As for FTIR, DSC experiments were carried out in both the
hydrated and freeze-dried state.

DSC measurements on defrosted samples (N=12) were
taken with a DSC Pyris calorimeter (PerkinElmer, Waltham,
MA) using an empty pan as reference.

Defrosted samples (5—-15 mg by mass) were sealed
in hermetic aluminum pans and then submitted to a tem-
perature program under helium atmosphere: A first step
of cooling scan was performed from 20 to — 100 °C at
10 °C min~! followed by a heating scan from — 100 to 85 °C
at 10 °C min~! (1st heating). The samples were then cooled
at —10 °C min~! to — 100 °C and next heated at 10 °C min~!
to 85 °C (2nd heating). After completing the DSC measure-
ments, pans were reweighted to check that they had been
correctly sealed. The sample pans were pierced and dried
to constant mass at 105 °C for 14 h to determine the sam-
ple dry mass and by difference the total amount of water in
defrosted samples.

DSC measurements on freeze-dried samples (N =6) were
taken with a DSC Q2000 (TA Instrument, New Castle, DE).
Samples were submitted to different program temperatures
under helium atmosphere: a first heating scan at 10 °C min~!
from 25 to 245 °C (1st heating), followed by a cooling scan
from 245 to 25 °C and then reheated at 10 °C min~' to
245 °C (2nd heating).

Statistical analysis

Statistical analysis has been done with R Commander 2.5-1
software. Quantitative values are shown as mean =+ standard
deviation (SD). After checking the conditions for application
(normality and variance homogeneity), the Student’s test has
been used to compare data between mandible and maxilla
mucosa. It is considered statistically significant threshold of
p value less than 0.05.

Results and discussion
Main components of the oral mucosa

As observed in Fig. 1, the FTIR-ATR spectra of the two
constitutive layers of hydrated mucosa in different regions
from oral cavity (maxilla and mandible), are characterized
by an intense vibration mode between 3600 and 3000 cm™!
(Amide A), with the predominant answer of free and bound
hydroxyl groups of water. The intensity of this mode logi-
cally decreases in freeze-dried mucosa.

In the 3000-2800 cm™! range, corresponding to ~CH, and
—CHj; stretching, v, (CH,) and v (CH,) modes, respectively,
located at 2927 cm™" and 2850 cm™! are mainly due to lipids
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Fig.1 FTIR-ATR spectra of oral mucosa in the 3900-900 cm™" spec-
tral region; (a) hydrated epithelium, (b) hydrated lamina propria, (c)
lyophilized lamina propria and (d) lyophilized epithelium

and usually used to quantify these components [30]. The
spectral region in the 1800—1500 cm™' is dominated by pro-
teins absorption with Amide I and Amide II bands. Amide
I is mainly due to C=O stretching and is very sensitive to
secondary structures in proteins [31, 32]. It is noteworthy
that O—H bending vibration of water is located in the same
zone and superimposed to the Amide I vibration compo-
nent in hydrated mucosa. In contrast with Amide I, Amide
II, mainly associated with N—H bending coupled to C-N
stretching, is not sensitive to water [33] and largely used as
a normalization peak [34]. The absorptions at 1452 cm™!
(methylene bending) and 1392 cm™! (COO~ stretching)
originate from both proteins and lipids. Since the fingerprint
region in the 1350-900 cm™! is hardly detectable in the spec-
tra of hydrated samples when compared with freeze-dried
samples, we chose afterward to present FTIR spectra from
freeze-dried samples.

This fingerprint region can reveal more subtle molecular
differences in biological tissues as shown in Fig. 2.

As previously observed for the FTIR spectra from dermis
[26], the specific absorption bands of collagen at 1201 cm™!,
1280 cm~! and 1338 cm™!, respectively, assigned to
0(C-OH) of tyrosine, 5(CH;) and 6w(CH,) of proline are
clearly detectable on the lamina propria spectra, from both
mandible and maxilla. The mean area ratio A(1338 cm™!)/
A(Amide II), widely used to evaluate the collagen content
in biological tissues [26], was compiled from the spectra of
maxilla and mandible. No significant difference is evidenced
for this ratio.

In contrast, this specific triplet is missing in the spectra
of epithelium from both mandible and maxilla. A similar
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Fig.2 FTIR-ATR spectra of the lamina propria and epithelium from
lyophilized maxilla/mandible in the 1400-950 cm™' region; (a) max-
illa—lamina propria, (b) mandible—Ilamina propria, (c) mandible—
epithelium and (d) maxilla—epithelium

spectral trend was observed on human periodontal tissues
[35]. These important differences in the spectra of the
two layers of the oral mucosa can be explained in terms
of composition: Lamina propria is a connective tissue with
a high proportion of collagens and GAGs. Strong absorp-
tions at 1031 cm™! and 1085 cm™!, respectively, assigned
with ©(C-0-C) of carbohydrates residues, collagen and gly-
cosaminoglycans [26] confirm the presence of these mac-
romolecules in the lamina propria layer. These bands also
reflect a high content of glycogen within lamina propria.
Furthermore, it has been shown that the glycogen amount
was inversely proportional to the degree of keratinization
due to its key role in keratinization process [36]. Since this
layer is not keratinized, the accumulation of glycogen in this
layer is coherent.

Epithelium spectra show a specific shoulder at around
1310 cm™! that could be associated with adenine as previ-
ously assigned in biological tissues [37]. Adenine is known
to participate in the healing of the epithelial layer [38].
Another specific band of epithelium spectra is the vibrational
mode 1, (CO-0-C) at 1171 cm™! associated with phos-
pholipids and cholesterol esters. The bands at 1122 cm™!
(1(C-0)) and 1060-1040 cm™! ((CH,OH) could be mainly
associated with mucin [39]. This anchoring glycoprotein on
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Fig.3 Thermogravimetric (TG) curves and first derivative thermo-
gravimetric curves (DTG) of defrosted and lyophilized mandibles

the upper surface of epithelial cells permits salivary pellicle
stabilization and so an epithelium layer protection [40].

In addition, a multivariate statistical analysis of the FTIR
spectra of both layers from mandible and maxilla mucosa
has been performed using the principal component analysis
in the 1350-900 cm™' zone. This method permits to reduce
the large number of variable (wave numbers) to a new set
of uncorrelated small number of variables called principal
components (PC). It allows the graphical representation of
each spectrum as a scatter plot in the new base of PC. In this
representation (not shown), the spectral differences between
the two layers are clearly confirmed, while the localization
(mandible or maxilla) does not have influence.

Hydric organization

Thermogravimetric analysis was performed on hydrated
samples to set the temperature limits prior further DSC
experiments and to estimate hydration level of this kind of
tissues.

Figure 3 shows the typical TG and DTG curves recorded
for hydrated and lyophilized oral mucosa. By comparison
with other biological tissues [41, 42], the complex step of
mass loss recorded between 30 and 150 °C can be ascribed
to dehydration. It accounts for 71.6 +2.3% of the total mass
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in defrosted mandibles. It consists of a first step of mass
loss between 30 and 70 °C that mainly corresponds to free
water evaporation. In the case of freeze-dried samples, this
loss of mass is obviously reduced (between 10 and 16%)
and corresponds to residual water and/or water uptake after
the freeze-drying process. The second step of dehydration
occurring between 70 and 150 °C for defrosted mandibles
is associated with the loss of water strongly bound to pro-
teins and more particularly to collagen, the main component
of the lamina propria. In fact, the DTG curve shows two
reproducible peaks at 80 °C and 135 °C, indicative of the
presence of different types of bound water. The offset of the
dehydration temperature to high temperatures in both the
defrosted and freeze-dried mandibles could be addressed
to more confined water, such as water molecules within the
initial collagen triple helix.

This loss of mass is followed by a quasi-plateau between
180 and 250 °C. The third step of loss mass, between 250
and 450 °C, is due to proteins degradation by a complex
process of deamination and decarboxylation [43].

According to these TGA results, DSC measurements have
been taken below 85 °C using hermetic pans for defrosted
samples and below 240 °C for freeze-dried samples.

In Fig. 4 are reported the typical DSC curves (normalized
to the initial mass) of defrosted oral mucosa corresponding
to the first cooling to — 100 °C and the successive heating
up to 85 °C.

As previously observed in dermis [26], the exothermic
peak recorded between 0 and — 10 °C during cooling cor-
responds to the crystallization of freezable water, while the
endothermic peak between 0 and 20 °C recorded during
heating is associated with the melting of this previously

Step 2: Heating at 10 °C min~!

EE—

[ Step 1: Cooling at 10 °C min-1

Normalized heat flow/W g1

-100 -75 -50 -25 0 25 50 75 100

Temperature/°C

Fig.4 Typical DSC curves of defrosted oral mucosa, first and second
heating

frozen water. This endothermic peak is largely used to
estimate the amount of total freezable water in hydrated
proteins and tissues (by dividing the area of the measured
endothermic peak by 334 J g~!, corresponding to the melt-
ing enthalpy of pure ice at 0 °C) [44]. Once determined the
total amount of water by dehydration overnight at 105 °C,
the amount of unfreezable water is obtained by difference.
This quantification was performed for all the samples, and
results are reported in Table 1.

The total hydration of oral mucosa (from both maxilla
and mandible), in agreement with TGA quantification, is
coherent with the literature data on biological tissues [26,
44], with values between 68 and 80%. No data have been
reported until yet on the total water amount of the oral
mucosa; it roughly corresponds to about 2-4 g of water
per g of dry mass, and this high value is due, as in skin, to
a combination of structural and chemical factors including
interconnected gaps and the hydrophilicity of collagen and
GAG in the lamina propria [26].

In the same way, the literature does not specify the
quantification of the different kinds of water (free, i.e.,
freezable and bound, i.e., unfreezable) in the oral mucosa.
In previous studies on human skin [45] we explained the
use of “freezable” instead of “free” water rather reserved
to vibrational or relaxational techniques. This thermal
study indicates that the freezable water, including both
bulk water and confined water in mesopores, represents
approximately two-third of the total water in oral mucosa,
such as in skin [26]. Another third of water is unfreezable
water, corresponding to the filling of the first hydration
shell of proteins [46] and other hydrophilic components
such as the GAGs of the lamina propria [18, 19].

The amount of unfreezable water is not dependent upon
the localization (maxilla or mandible), and this fact can
be explained by the similarity of the extracellular matrix
composition in such tissues. In contrast, it must be pointed
that the amount of both freezable water and total water
is significantly higher in maxilla than in mandible. This
variation in the hydric organization with the localization
could be due to the physiological organization of the oral
mucosa. First, the samples were collected in full thickness
and maxillary samples were thicker than mandibular ones.
Second, since maxillary bone is a spongy bone, osteo-
mucous vascularization is more intense than in mandible
[47].

Table 1 Hydric quantification of defrosted oral mucosa

Mean+SD Total water/% Freezable water/% Unfreezable water/%

Maxilla 79.7+5.2 54.8+4.5 25435
Mandible  68.7+5 43.2+9.5 255+53
p value p<0.005 p<0.05 p>0.05

@ Springer



C.Oberetal.

Physical structure of proteins

Figure 5 shows the enlargement of the DSC curves of a
defrosted oral mucosa in the 60-85 °C window.

As already evidenced in previous works on skin [45, 48],
pericardium [49, 50], a similar endothermic phenomenon
recorded in this zone on the first heating is due to the irre-
versible thermal denaturation of type I and type III colla-
gens. Since no thermal events are observed in this zone on
successive scans, we can undoubtedly ascribe the complex
endotherm of the first scan to collagen denaturation in oral
mucosa. As a matter of fact, other components such as lipids
possess thermal transitions in the [30-80 °C] window [51],
but these transitions are reversible. This thermal behavior
allows us to confirm that the oral mucosa contains few lipids,
particularly within the majority layer, the lamina propria.

The collagen denaturation—distinct from degrada-
tion—is a thermally activated process implying rupture
of hydrogen bonds coupling the three a-chains and a rear-
rangement of the triple helix into a random chain con-
figuration [52], named gelatin. We can observe that the
denaturation endotherm of collagen in porcine oral mucosa
is constituted of multiple denaturation peaks, as already
reported in the literature data [53, 54]. This sequential

-
o

——— 1st heating

eeeeees 2nd heating

o
[9)]
Integrated

10 °C min-1

Normalized heat flow/W g~

60 65 70 75 80 85
Temperature/°C

Fig.5 Typical DSC curves of defrosted oral mucosa in the 60-85 °C
zone, first and second heating

“melting” can be attributed to a distribution of colla-
gen molecules with a distinct degree of thermal stability
[55]. According to some authors [56], there is a correla-
tion between the multiplicity of this denaturation and the
presence of different cross-links (labile cross-links and
thermally stable cross-links) in the protein.

As defined in previous studies [26, 45, 57-59], the pri-
mary characteristics of the denaturation peak are Tonsgts
Tviaxs Tvin Tenp and AT . These five values of tem-
perature are necessary to describe the distribution of the
complex denaturation endotherm. Ty is the temperature
at which 50% of collagen is denatured (determined from
the integral of the denaturation endotherm), and it varies
with the amount of the different cross-links in collagen.
AT, corresponds to the half-width of the denaturation
endotherm and can be used to evaluate the cooperativity
of the transition [59-61]. Mean values of the denaturation
temperatures and half-width for mandible and maxilla are
reported in Table 2.

The characteristic denaturation temperatures Tonsgrs
Tyviax> Ty Tenp Well fit with the denaturation tempera-
ture range recorded for hydrated collagenic tissues such
as pericardium tissue [49, 50], skin [48, 62]. AT, values
are found in the same range as complex collagenic tissues,
namely cornea and meniscus [59]. Another important ther-
mal parameter of the denaturation is AH, the area under
the endotherm. Once normalized to the dry mass, it gives a
measure of the specific heat/enthalpy of denaturation AH,.
These values are also reported in Table 2.

Contrary to Tonsers Tmax and Tgyp temperatures, Typ
is significantly higher for mandible than for maxilla. The
heat/enthalpy of denaturation AH, is similar in the two
series of biopsies, as well as AT,,,. We could argue that
denaturation temperatures Ty in maxilla were lower than
for mandible due to an increased hydration [63] in the for-
mer case. However, previous DSC studies on differently
hydrated collagenic tissues [63, 64] showed that the dena-
turation temperature becomes independent on water con-
tent hydration above 1 g of water per g of dry tissue, what
is checked for the studied samples, with a total amount of
water of 2-4 g per g of dry mass.

So we completed the thermal characterization of oral
mucosa in the lyophilized state. In this case, information
on hydric organization of the tissue is lost, but we can
access the parameters of the intrinsic thermal transitions
of collagen [54, 65].

Table 2 Thermal parameters

of collagen denaturation in Mean + 5D Tonser”C D/"C Tuax"C Tenn/"C ATpl"C Al g

defrosted oral mucosa Maxilla 64.6+6.6 69.6+3.1 71.4+3.6 7443.5 43404 8.7+42
Mandible 713+4 755436 75.5+3.8 79.6+4.6 54421 9.1+27
p value p>0.05 p<0.05 p>0.05 p>0.05 p>0.05 p>0.05
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Fig.6 DSC curves of lyophilized oral mucosa, first and second heat-
ing, scanning rate 10 °C min~' between 20 and 240 °C

The typical DSC curves of freeze-dried oral mucosa cor-
responding to the first and second heating between 20 and
240 °C are reported in Fig. 6.

The global feature of DSC curves is similar to that previ-
ously reported for rich collagenic tissues [49]. On the first
scan, the broad endothermic event occurring between 25
and 150 °C is associated with the loss of tightly bound water
remaining after freeze-drying or regained during storage.
The thermal event characteristic of this loss of bound water
was also visible between 25 and 150 °C on the DTG curves
from TGA on the series of lyophilized samples.

Figure 7 shows the enlargement of the typical DSC
curves of lyophilized oral mucosa in the 170-240 °C zone.
The endothermic phenomenon in the 200-240 °C zone is
ascribed to the denaturation of collagen with its character-
istic parameters Tonsers Tvax: Tenp Tvip, AT and AH,
listed in Table 3. As for the hydrated state, the multiplicity of
the denaturation phenomenon is detectable with a shoulder
in the high-temperature tail of denaturation.

The values found for Ty ,x are in good agreement with
the literature data on freeze-dried collagen and collagenic
tissues, and the considerable shift of the denaturation tem-
perature with dehydration confirms the well-known sensitiv-
ity of collagen denaturation with dehydration [45, 63], due
to the compaction of fibers with the decrease in intrafibril-
lar water and to the substitution of protein—water hydrogen
bonds by protein—protein hydrogen bonds.

This denaturation phenomenon, irreversible, is not
detected on successive scans. It is evidenced on second
and successive scans (not shown) a pseudo-second-order
transition between 170 and 220 °C ascribed to the glass

1. ;
0 1st heating
3 .
5 0 e 2ond heating
05 &
E
ATir2 AH,
Tax
0.0
200 210 220 230 240
ONSET

Temperature/°C B

Normalized heat flow/W g~
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170 180 190 200 210 220 230 240
Temperature/°C

Fig.7 Typical DSC curves of lyophilized oral mucosa in the 170—
240 °C zone, first and second heating

transition of denatured collagen, i.e., gelatin, with its
characteristic parameter T, It is interesting to note that
the glass transition of gelatin was not detected in the sec-
ond heating in the hydrated state. Previous calorimetric
investigations performed on differently hydrated gelatins
have demonstrated a strong decrease in the glass transition
temperature with hydration [66]. Extrapolated for 80% of
water, the glass transition of gelatin is located at around
0 °C, and therefore, it must be hidden under the melting
peak in our experiments in the hydrated state.

In the lyophilized state, Ty 5 x and Ty, temperatures are
significantly higher in mandibles than in maxima, while
AT, has a significant and opposite variation. We had pre-
viously assumed that the denaturation temperature Typ
of collagen in the maxilla and mandible recorded in the
hydrated state could be significantly different due to their
different hydration. Since there remains a difference in
the totally lyophilized state, the hydration level in maxilla
and mandible cannot explain the difference of denaturation
temperature Tyyp. Other factors must be considered such
as a difference in covalent collagen cross-links, or a slight
difference in the molecular composition of the maxillary
and mandibular mucosa (since proteins like elastin influ-
encing the thermal denaturation of collagen as previously
observed for perimysial collagen [57]). The decrease in the
peak width could reflect a better organization and homo-
geneity of collagen triple helices, as previously stated for
other collagenic tissues [59]. In a similar way as the dena-
turation temperatures shift, a significant variation of the
endotherm width can be interpreted in terms of differences
in composition and organization of tissue matrix.

@ Springer



C.Oberetal.

Table 3 Thermal parameters

of collagen denaturation in Mean+SD  Tonser”C Tyax®C  Tan/°C Tenp/°C T,/°C AT,,°C  AH/I g

lyophilized oral mucosa Maxilla 206.6+04 2175403 219.1+03 2356+04 198.1+13 168+0.6 14.7+02
Mandible  209.2+1.3 2204403 2212404 2364+08 197.1+1.6 149403 159405
p value p~0.05 p<0.005 p<0.005 p>0.05 p>0.05 p<0.05 p~0.05

The glass transition T o remains unchanged, what is coher-
ent because of the disruption of the collagen triple helix
structure after the first heating.

Conclusions

This exploratory study led on porcine oral mucosa allowed
us to determine a whole set of vibrational and thermal bio-
markers from the nanometric to the mesoscopic scale in
biopsies 4 mm by diameter.

FTIR-ATR spectroscopy is proved efficient to obtain
molecular information on lamina propria and epithelium,
which possess specific vibrational signatures. This technique
should permit a quantitative analysis of the main compo-
nents of these two main layers, in peculiar collagens and
GAGs of the lamina propria and cells and lipids of the
epithelium.

This work highlights the suitability of DSC/TGA to
evaluate the hydric organization of biological tissue like
oral mucosa, giving reproducible results. For the first time,
the amounts of total, bound and free water in maxilla and
mandible are clarified. The higher proportion of free and
total water in maxilla could be associated with the higher
vascularization and thickness of maxilla. DSC is also a well-
suited technique to probe the physical structure of these
small biopsies in both the hydrated and dehydrated state. In
peculiar, the different thermal markers associated with the
multiple denaturation endotherm of collagen were carefully
compiled and compared. The denaturation temperature of
collagen was shown to logically increase with dehydration,
as already checked in various collagenic tissues. It was also
highlighted that the denaturation temperature Ty;p, consid-
ered as a reliable biomarker including the multiplicity of
the endotherm, was significantly higher in mandible than in
maxilla, irrespective of the hydration. Further investigations
are necessary to check whether the dependence of collagen
denaturation upon localization is due to differences in col-
lagen cross-linking or monitored by interactions with other
proteins of the oral mucosa.

Since this protocol on the oral mucosa has been vali-
dated, it opens promising perspectives to follow the evolu-
tion of these molecular, hydric and structural markers with
aging and other factors as inflammation and pathologies.
As a matter of fact, DSC thermal markers have been suc-
cessfully used to evidence significant differences between

@ Springer

degenerated and inflamed human tissues [67]. Moreover, the
evolution of vibrational, thermal and dielectric markers of
human dermis with intrinsic and extrinsic aging contributed
to a better knowledge of hydric and molecular modification
with aging [26, 27]. For example, the increase in the col-
lagen denaturation temperature Tpyp With intrinsic aging in
human dermis was attributed due to glycation phenomena
and age-induced carbonyl changes. From a clinical aspect,
the gingival collagen network densifies with age, progres-
sively leading to tissue fibrosis [23], while the occurrence of
specific pathologies weakens the oral tissues [68]; it could
induce modification of the different DSC parameters from
biopsies of aged patients. Moreover, in elderly patients, the
salivary flow reduction might impact the biophysical param-
eters associated with matrix hydric organization.

In this way, a clinical study including patient groups of
different ages is scheduled in a near future to extract the
distribution of such markers.
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