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Introduction
Although the biophysics of tendons and bones has been studied for decades using several different
microscopic approaches, there has been a resurgence of interest as novel techniques such as
scanning probe microscopy have become available in this area of research. Collagen, the most
abundant protein in mammals, is a fibrous structural protein and provides an intriguing example of a
hierarchical biological nanomaterial. The collagen molecule consists of triple helical tropocollagen
molecules that have highly conserved lengths of L ∼300 nm, roughly 1.5 nm in diameter. Staggered
arrays of collagen molecules form fibrils, which arrange to form collagen fibers (1–5). Collagen
plays an important structural role in many biological tissues, such as, for example, in tendon, bone,
teeth, cartilage, and the cardiovascular system.
There has been a recent report suggesting that collagen may be unstable at room temperature,
leading to the conclusion that this protein, the main constituent of the human body and skeleton,
may appear in a denatured state under normal physiological conditions (6). Collagen is also the main
component of parchment which in the form of archival material bears the testimony of recorded
cultural history and so necessitates its preservation. This relies on knowledge of the hydrothermal
stability of the fibers of historical parchments. Studies in previous projects (7,8) have shown that
fibers of some historical parchments with low hydrothermal stability are transformed into a gelatin
structure by immediate contact with water at room temperature. Thus, studies for characterizing the
extent of gelatinization of parchment fibers, used on collagen in its dry state, will prevent
irreversible damage which can occur during storage and conservation treatment. In an attempt to
understand the thermomechanical properties of this structural molecule and its higher order
hierarchical arrangements, which exist in the collagen fibril, a study was carried out using what we
believe to be a novel approach—i.e., microthermal analysis, which has been mainly used for
analysis of polymers.
Microthermal analysis was developed by Hammiche et al. (9,10) following the original work by
Majumdar et al. (11,12) in scanning thermal microscopy. This technique combines the capabilities
of atomic force microscopy (AFM) with those of thermomechanical analysis, differential thermal
analysis, and analytical pyrolysis (13). These modes of operation are achieved by replacing the
standard AFM probe by a thermally controlled AFM probe (13). Previous thermoanalytical studies
of collagen denaturation have been performed using bulk analytical techniques such as differential
1

scanning calorimetry (DSC) (14–16), as it has not been possible to perform localized thermal
measurements and minimize the volume of materials being sampled.
However, using microthermal analysis, thermal analysis measurements can be carried out by placing
a thermally controlled AFM probe on a sample and by recording its thermomechanical response as
the probe temperature is increased. As the samples undergo thermal transitions, changes in probe
deflection (μm) are recorded as a function of the probe temperature. This known as localized
thermomechanical analysis (L-TMA) (17). The key advantage of this approach over conventional
DSC or TMA techniques is that the measurements are performed directly on the sample over a
region defined by the contact area between the probe and sample (typically ∼20 μm diameter for a
Wollaston wire probe) and therefore do not require destroying the sample entirely while performing
the measurement. This approach presents advantages in studies where samples size is limited and
where spatially resolved measurements are required.
In this article, microthermal analysis was used to characterize the thermal transitions of native
tendon collagen and that of its denatured form, gelatin, with the view to provide a thermomechanical
fingerprint response for both native and denatured collagen. This initial approach was
complemented by a further study of the thermomechanical characterization of collagen present
within resorption lacunae. The aim of the research presented here is to demonstrate that
measurements performed locally using a thermally controlled AFM probe provide spatially resolved
information which is inaccessible via standard bulk thermoanalytical techniques.

Material and Methods
Native collagen
Segments from rat-tails were obtained from rats sacrificed for other experiments. Bundles of fibrils
were subsequently pulled out of the tails using fine tweezers. The resulting bundles of fibrils were
then stored in phosphate buffer saline at 4°C. For the topological and thermomechanical
measurements, single fibrils were drawn out of fibril bundles followed by a thorough rinsing in
ultra-high quality (UHQ) water. The fibrils were then physisorbed onto a glass slide using a gentle
N2 flow to ensure that the fibrils were immobilized, which is a prerequisite for AFM measurements.
For the hydrated measurements, fibrils were prepared as for imaging (physisorption on glass), but
were rehydrated for 5 min using UHQ water as performed in previous experiments (18). Excess
water was subsequently drained away and measurements were performed within the next minute to
ensure that the fibrils remained hydrated.
Gelatin
Gelatin samples were prepared by thermal denaturation of the collagen fibrils in a microblock at
70°C for 5 min in UHQ water before being centrifuged very gently and stored at 4°C. A 40-μL
droplet of the gelatin preparation was then smeared and dried on a glass slide for imaging, whereas a
larger droplet (∼200–300 μL) was dried onto the glass slide for the thermomechanical
measurements.
Dentine chips
Dentine chips were prepared from elephants' tusks (obtained from HM Customs UK, United
Kingdom) by cutting very thin slices using a diamond across the tusk. The slices were then washed
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with water to remove loose materials from the cutting process, and subsequently punch-holed to
create chips of ∼5 mm in diameter. Once obtained, the chips were polished using 3-mm paper
before being sterilized. Furthermore, to access the collagen matrix on the dentine chip, osteoclasts
were isolated from 5-day-old rabbits, and cultured on these slices as described by Boyde et al. (19)
and Chambers et al. (20).
Briefly, osteoclasts were mechanically harvested from humeri, tibiae, and femura, cultured on
dentine slices. After 30 min of incubation, unattached cells were removed by washing with medium
and the samples were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal
calf serum (Gibco BRL, Paisley, Scotland, UK), pH 7.0, 5% CO2/95% air, at 37°C for 24 h before
stopping the cultures. Once sufficient resorption pits could be observed using either immunostaining
and confocal microscopy or electron microscopy, samples were rinsed using UHQ water and dried
off by a gentle flow of N2 (21).
Atomic force microscopy
For the topological assessment of the samples, a Dimension-Nanoscope IV (Bruker, Santa Barbara,
CA) atomic force microscope was operated in contact mode using DNPS probes. A typical scan rate
of 2 Hz was used, while the deflection setpoint was reduced to minimize the force applied onto the
sample. Both deflection and topography images were recorded.
Microthermal analysis
For the thermal measurements, a modified Explorer (Bruker) force microscope was operated using
the microthermal analysis user interface (TA Instruments, New Castle, DE). To perform L-TMA
measurements using the microthermal analysis user interface, a thermally controlled AFM probe is
brought into contact with the sample by applying a nominal load constant for all samples studied
(4 μN). As the temperature ramp was applied to the thermal probe (the AFM probe behaving like a
localized heat source), the deflection of the probe was monitored accordingly. Any thermal
transition occurring within the sample and inducing a change in its thermomechanical properties was
recorded as a variation in the probe deflection. The probe consists of a Wollaston wire (5 μm in
diameter) shaped into a loop, as described elsewhere (22). The probe was calibrated using polymer
standards before use with a ±10°C standard error (23). A typical temperature ramp of 20°C/s was
used for all subsequent thermal measurements from room temperature to 500°C, with a cleaning
cycle to 650°C for 2 s between measurements. All measurements were repeated at different
locations (5 or 7) on the samples to ensure the validity of the measurements. Transitions
temperatures were calculated from the L-TMA curves by using the tangent method to calculate the
onset temperature of the transitions.

Results and Discussion
Topological assessment of collagen and gelatin by AFM
To characterize the effect of heat denaturation on the topology of the collagen fibril samples, AFM
imaging of the fibrils originating from the tendon fascicle was carried out. In Fig. 1 a, the collagen
fibrils were tested as prepared on a glass slide, whereas in Fig. 1 b, the collagen fibrils were
subjected to a heat cycle before being deposited on a glass slide. In Fig. 1 a, long fibrils with the
characteristic annular periodicity along the length of the fibril, known as D-banding, can be
observed. This topology of the collagen fibrils is well known and can be associated with the native
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state of the fibrils (4,24,26). The width of D-banding periodicity has been extensively studied using
AFM, having a value varying between 67 and 69 nm, depending on the hydration of the fibril. In our
case, the D-banding was found to be D = 67.8 ± 2.4 nm (N = 220).

Figure 1
Atomic force microscopy deflection images of (a) native collagen fibrils from rat tails' tendon on
glass slide displaying a 67-nm banding periodicity, (b) gelatinized collagen fibrils prepared on glass
slide, and (c) 38-nm banding fibrillar periodicity ...
Another interesting feature observable in Fig. 1 a is the variation in the fibril diameter ranging from
(50 ± 4) nm to >(350 ± 4) nm. The distribution of these diameters is not normally distributed over
the range, and a bimodal distribution with two maxima at (75 ± 12) nm and (250 ± 120) nm,
respectively, could be plotted. This bimodal distribution is in agreement with other studies and can
be associated with the maturity of the fibrils and their mechanical loading cycle (27–29). In Fig. 1 b,
the product of thermal denaturation of collagen fibrils, gelatin, has been imaged. The gelatin appears
as a smooth glassy layer that is not reminiscent of its former topology as described in Fig. 1 a. The
apparent lack of fibrillar structure indicates a complete loss of the well-established ultrastructure of
collagen fibrils, and suggests that the collagen has been entirely structurally degraded during the
heating cycle.
Upon denaturation, collagen fibrils undergo several conformational changes caused by the breaking
of different cross-links present at the intermolecular level such as the nonenzymatic glycosylation of
lysine and hydroxylysine residues and at the intramolecular level such as the disulphide bridges
(30). Furthermore, the H-bonded water used to stabilize the collagen molecule is released (31),
leading to the collapse of the triple helix structure of the molecules. The end result of the thermal
denaturation of collagen is random fragmentation of the collagen fibril and molecule, due to the loss
of those cross-links that are necessary to stabilize the collagen fibril ultrastructure (32). It is,
however, possible to observe some fibrillar structure in one studied area of the gelatin sample, as
displayed in Fig. 1 c. Although the collagen was heated to 70°C for 5 min, a rare case of fibril
displaying a repetitive periodicity was observed.
As shown in Fig. 1 c, the periodicity of the fibril was measured as D = (38 ± 10) nm. A similar
reduction in the banding periodicity was also recorded on rat-tail collagen heated to 100°C for
15 min by de Groot (33). One plausible explanation for this apparent reduction in banding
periodicity would be that before the breaking of the cross-links as suggested before, the triple helix
ultrastructure undergoes local unfolding at a thermally less stable domain, as suggested by Miles
et al. (34). According to the authors, such a domain is located in the gap region of the collagen
ultrastructure. Local unfolding in the gap region would reduce the banding periodicity, while
maintaining the collagen fibril ultrastructure intact.
Collagen denaturation in hydrated environment by microthermal analysis
To understand the effect of an increase of temperature on native collagen fibril, L-TMA
measurements were initially performed on a hydrated collagen sample. Fig. 2 presents L-TMA
curves obtained by performing such measurement on hydrated collagen fibrils. As the temperature
of the probe increases, the probe deflection remains constant until the onset of the transition at (58 ±
10)°C and the main transition occurs at Tcoll1 = (65 ± 10)°C. The main transition corresponds to the
process of gelatinization of collagen in a hydrated environment and is caused by the breaking of
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internal cross-links. The onset temperature at (58 ± 10)°C is explained by conformational changes
occurring within the fibrils before the main denaturation transition, such as partial shrinkage of the
fibrils. This shrinkage would also explain the initial shift in the probe deflection as seen
in Fig. 2 and possibly the reduction in the D-banding periodicity as found in Fig. 1c. This shrinkage
phenomenon was also reported by Lin et al. (35) using a second harmonic generation microscopy
approach.

Figure 2
Localized thermomechanical analysis (L-TMA) curves recorded on hydrated collagen fibrils,
displayed as sensor (probe deflection) versus program temperature (probe temperature). Onset of
transition occurs at 58°C and the main denaturation transition ...
One of the limitations of microthermal analysis is that the thermal probe needs to come into physical
contact with the sample and therefore limits the range of sample that can be used for solids or nearsolids. Gelatin is by definition a random fragmentation of collagen fibrils in aqueous environment,
and therefore performing L-TMA measurement on hydrated gelatin would be difficult as the thermal
probe is not able to make contact with the sample surface due to the hydrogel structure of gelatin.
Moreover, because the measurements are not performed inside a closed sample chamber, an increase
in the probe temperature toward 100°C would dry the sample before any thermal events could be
detected. In the case of the hydrated collagen, the increase in probe temperature past the
denaturation temperature Tcoll1 = (65 ± 10)°C induces a phase change in collagen from solid to liquid
(or hydrogel) as inter- and intramolecular cross-links are broken.
Another possible limitation of this approach is the high heating rate used during the measurement.
Heating rates values ranging from 10 to 25°C/s have been used by Pollock and Hammiche (13),
allowing for the measurements to be performed in a few minutes. Reducing that heating rate to a
few degrees/s would impact upon the x-y scanner stability of the AFM because measurements would
take several hours and mechanical drift would displace the probe from its original point of contact
with the sample (36). However, it is known that collagen denaturation behavior varies with the
heating rate applied, as demonstrated by Miles and Bailey (30) using differential scanning
calorimetry to denature collagen. They demonstrated that the temperature at which denaturation
occurs is not a constant but increases approximately linearly with the logarithm of the heating rate.
Collagen denaturation in dry environment by microthermal analysis
Although collagen is mostly commonly studied in physiological conditions, it is still relevant to
investigate the effect of an increase of temperature in a dry environment, as dry collagen is used in a
wide variety of products and heritage objects (7,37). Thus, L-TMA measurements were also
performed on dry collagen fibrils, and on their gelatinized form, as shown in Fig. 3.

Figure 3
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L-TMA curves recorded on dry collagen fibrils (solid line) and dry gelatin (dotted line) displayed as
sensor (probe deflection) versus program temperature (probe temperature). The
transitions Tcoll and Tgelcorrespond, respectively, to the thermal events ...
Collagen fibrils (dry)
In the case of native collagen (Fig. 3, solid line), the fibrils undergo thermal expansion up to 150°C
caused by the swelling of the collagen fibrils. The transition temperature, Tcoll2 = (150 ± 10)°C, is
associated with the evaporation of residual, strongly H-bonded water responsible for the stability of
the triple helix conformation of collagen macromolecules. Direct evidence of the existence and
coordination of the bound water in these proteins structure has been verified using various structuresensitive techniques including infrared spectroscopy (38), NMR spectroscopy (39,40), circular
dichroism (41), and x-ray and neutron diffraction (42,43). As the probe temperature is increased, a
second transition is detected at Tcoll3 = (220 ± 10)°C which is associated with conformational changes
of the collagen molecules from a triple helix structure to random coil (44,45). This transition has
often been referred as the first-order transition of the denaturation of dehydrated collagen.
As reported previously, this transition temperature shifts toward lower temperature in solutions
(such as UHQ water) as observed previously with Tcoll1. The difference in the probe deflection
between Tcoll2 and Tcoll3indicates that thermal denaturation in a dry environment depends strongly on
the degree of hydration as suggested by Privalov and Tiktopulo (46). This denaturation behavior for
native dry collagen is in a good agreement with the data reported by Friess and Lee (47) and
Pietrucha (48). Using DSC, Samouillan et al. (49) have observed an endothermic peak at ∼226°C in
bovine tendon. On increasing the temperature above 300°C, degradation of the material occurs.
In Fig. 3, the two transitions Tcoll4 = (305 ± 10)°C and Tcoll5 = (345 ± 10)°C, which represent the twostage degradation of the collagen fibrils, are shown.
To understand this two-stage transition, topographical images were recorded on a collagen matrix
after such a measurement was performed. Fig. 4 a presents the imprint left by the thermal probe on
the bundle of collagen fibrils where an L-TMA measurement was previously made. More images
were recorded close to the L-TMA imprint site, where a gelatinized area could be observed in the
area immediately surrounding the imprint, as shown in Fig. 4 c. However, collagen fibrils with
noticeable D-banding periodicity could be observed at a distance (15 ± 4) μm away from the initial
contact point between probe and sample. If the probe temperature ramp is stopped before Tcoll5 =
(345 ± 10)°C, one cannot observe any propagation of the thermal degradation in the collagen fibril
beyond the initial contact area between probe and sample, as shown in Fig. 4, e and d.

Figure 4
(a and d) Oblong probe imprints (star) left on the sample after performing an L-TMA with
temperature ramp stopped, respectively, at 500°C (a) and 300°C (d). (b) Intact collagen matrix at a
distance of 15 μm away from the border ...
In that case, the probe temperature ramp was stopped at 300°C, which was sufficient to degrade only
the collagen situated directly beneath the probe. Intact fibrils displaying a D-banding periodicity can
be observed directly adjacent to the L-TMA imprint site. Because the thermal probe consists of a 5μm-diameter wire shaped into a loop, the contact area between the probe and sample cannot be
considered as a discrete contact point but, rather, as an oblong-shaped contact area (∼10 × 20 μm).
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The spread of the degradation will not be uniform from the original area of contact between probe
and sample, and thus the pattern for the spreading of that degradation will be a function of the initial
contact between probe as sample, as discussed by Wang (50) and even more recently by Fenwick
et al. (51).
Gelatin (dry)
In the case of the gelatin, (Fig. 3, dotted line), no thermomechanical transitions were recorded before
the transition temperature Tgel1 = (290 ± 10)°C. The presence of a significant thermal expansion at
temperatures below Tgel1 is not specific to gelatin as successive measurements were inconclusive to
explain the presence or not of surface expansion in L-TMA traces of gelatin. This may be due to the
structural heterogeneity of gelatin at locations where measurements were performed. The reason for
the lack of thermomechanical transition before Tgel1 is due to the fact that the collagen has already
undergone similar transitions while being processed into gelatin. As the probe temperature
reaches Tgel1 = (290 ± 10)°C, the main degradation of gelatin occurs as indicated by the probe
deflection. In a similar manner to collagen, gelatin undergoes two-stage degradation as the probe
temperature is further increased. The propagation of the degradation within the sample occurs
at Tgel2 = (420 ± 10)°C.
Two stage-degradation: thermal markers for structural ordering
As the probe temperature is ramped up to (300 ± 10)°C, both the gelatin and the collagen samples
undergo their first phase of degradation. During that phase, the probe has supplied enough heat to
the sample to degrade the materials present at the contact point between probe and sample. This
transition temperature seems unrelated to the structural difference between the collagen and the
gelatin, and hence may not be used as a marker for structural ordering. However, the shift in the
temperature of the second degradation phase can be associated with the structural properties of the
sample itself, and can be used as a marker for extent of gelatinization of the sample.
During the localized thermomechanical measurement, as the temperature ramp is applied to the
thermal probe, the volume of material being degraded increases due to heat diffusion occurring
within the sample. This was modeled recently by Fenwick et al. (51), who showed that effect by
finite-element method simulations. The critical parameter involved in the spreading of the heat
within the sample is the thermal conductivity of the sample, which is the same in the case of
collagen and gelatin (respectively, 0.60 W m−1 K−1 for collagen and 0.62 W m−1 K−1 for gelatin).
Thus, one should expect that both collagen and gelatin would respond in a similar manner to the
same applied heat. Experimental results imply that this is not the case, as collagen and gelatin have
two very distinct second degradation transitions temperatures: Tcoll5 = (345 ≥ 10)°C and Tgel2 = (420 ±
10)°C (Table 1). One hypothesis that may be considered is the presence or not of “ordering” in the
collagen or gelatin.

Table 1
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Transition temperature obtained from microthermal measurement performed on collagen and gelatin
Ordering here can be defined as the presence of organizational structure within the macromolecules
complex that is the collagen fibril. Collagen fibril displays a high level of ordering analogous to
crystalline material, whereas gelatin is often described as an amorphous gel, consisting of a
fragmentation of the original collagen fibril (52). From a biological structural point of view,
crystalline structures are formed by repeating a three-dimensional pattern of molecules. It is known
that at a given temperature, heat will travel a shorter distance in the amorphous phase than in the
crystalline phase of the same material. Thus, this would explain why the heat diffuses more rapidly
in the collagen fibril than in the gelatin, whose second degradation phase occurs at a higher
temperature than that of native collagen. Taking this into account, one may use the broadening of
the temperature difference to monitor the level of structural ordering in collagen fibrils. By using the
difference between the initial degradation temperatures and the secondary propagation temperature,
it may also be possible to account for the degree of denaturation present in a given sample, as well
as relate that shift in temperature to the degree of cross-linking present in collagen.
Application to mineralized tissue
To further illustrate the advantage of such an approach, localized thermomechanical measurements
were also performed on thick slices of ivory-dentine-revealing resorption lacunae, as detailed
elsewhere (53,54). The particularity of these resorption lacunae is that the mineral phase has been
removed by osteoclastic activity, exposing the collagen matrix present in the ivory slices (21).
Before performing the thermomechanical measurements within the resorption lacunae, AFM
imaging was carried out directly on a dried cultured dentine slice and especially in the resorption
lacunae as presented in Fig. 5 a. The lacunae dimensions ranged from 25 to 50 μm in width, between
3- and 7-μm deep and up to several hundreds of microns in length. As mentioned in Bozec et al.
(21), the presence of a D-banding periodicity on the fibrils in the lacuna (Fig. 5 b) suggests that the
resorption process from the osteoclast (cell involved in the renewal process of bones) has not altered
significantly the ultrastructure of collagen fibrils.

Figure 5
(a) Three-dimensional AFM image of a typical resorption pit used (5 μm deep) for the L-TMA
measurement. (b) Presence of intact collagen matrix displaying a clear banding periodicity pattern.
(c) L-TMA performed in the resorption lacunae.
To further this result, L-TMA measurements were performed within the lacunae to characterize the
thermomechanical response of the collagen matrix present. Fig. 5 c (solid line) presents the localized
thermal curve (average of five measurements performed along the same lacuna) obtained as the
thermal probe was placed within the lacunae and subsequently ramped up in temperature. A number
of transitions can be observed on the curve itself and are summarized in Table 2. Although the
sample was initially dried using a flow of dried nitrogen, one can observe a very early thermal
transition at (65 ± 5)°C. This transition corresponds to the denaturation temperature of collagen in
hydrated environment as presented in Fig. 2. This indicates that there is some residual water still
present within the lacunae although the sample was dried thoroughly before performing the
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measurements. One can conclude that the initial matrix present at the bottom of the lacunae
consisted initially of “native” or undegraded collagen, which contradicts the older report by
Ramachandran and Kartha (2) suggesting that collagen may be unstable at room temperature (6).

Table 2
Transition temperature obtained from microthermal measurement performed in a resorption lacuna
The following thermal transitions at (130, 180 ± 10)°C and (260 ± 10)°C are related to the
denaturation pathways of collagen fibrils in a dry environment, as explained previously in the case
of denaturation of native collagen fibrils in the dry state. It has been reported in the literature that
calcified collagen will denature at 160°C. Early work by Bonar and Glimcher (55) demonstrated this
by using wide- and low-angle x-ray diffraction to investigate the role of the mineral phase in bone in
stabilizing both the short-range (helical) and long-range (the characteristic staggered arrangement of
native collagen fibrils) collagen structure against thermal denaturation. As the temperature ramp was
further increased, the two-step degradation transitions was observed, at (340 ± 10)°C for the first
degradation temperature and (420 ± 10)°C for the second degradation transition, respectively. These
transitions correspond to the secondary degradation transitions occurring in native collagen and
gelatin, respectively. The results given by this approach suggest that the collagen present at the
bottom of a resorption lacuna behaves thermomechanically in a similar manner to native tendon
collagen and subsequently to its gelatinized form.
The role of the mineral phase in the thermomechanical response of the probe was not taken into
account for this study as the focus was solely on the collagen/gelatin response. It is interesting to
note that the presence of minerals did not affect the thermal transition temperatures and direct
comparison could be made with transitions occurring in rat-tail tendon in both native gelatinized
collagens (55). L-TMA measurements performed on the nonresorbed bone outside the lacuna
(Fig. 5 c, dotted line) do not indicate any early transitions as recorded within the lacuna. In that area
of the sample, the bone is fully mineralized and the collagen is surrounded by the mineral phase
(hydroxy-apatite). A nonspecific thermal expansion can be recorded until a transition temperature of
(300 ± 10)°C, which corresponds to the first stage of degradation of dry collagen (Tcoll4 = (305 ±
10)°C).
After that transition, the probe deflection does not indicate any significant melting of the material
beneath the probe as it is likely that the mineral phase prevents the probe from sinking into the bone
surface. No secondary degradation stage was recorded either because the probe is prevented from
sinking further into the sample or because it cannot increase its contact area with the sample.
Although the temperature range used for this study may not appear to be physiological, it is still
important to understand the effect of such high temperature on mineralized tissue. In the case of
bone drilling, for example, cortical bone temperatures >100°C can be recorded if no specific
provisions for cooling are made (56,57). This would induce cell necrosis and also partial collagen
denaturation.
Go to:
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Conclusions
This article has, to our thinking, pioneered the application of microthermal analysis to the
denaturation studies of collagen in both hydrated and dehydrated conditions. Using this approach,
the aim was to understand the thermomechanical response of collagen and gelatin measured using a
thermal probe and to correlate it to macroscale measurements. This has enabled the identification of
localized thermal denaturation markers for collagen and gelatin at the micron/submicron scale. LTMA measurements, performed on both collagen fibrils and gelatin, revealed different thermal
transitions which could be related to different structural changes occurring in the collagen fibrils
during the heating cycle.
At the higher temperature, both collagen and gelatin underwent a two-stage degradation phase in
which the first degradation temperature was similar for both samples, but the second degradation
temperature was significantly higher in the case of gelatin compared to that of collagen. This result
was linked to the spreading of heat away from the initial contact area between probe and sample in
both the gelatin and collagen. Experimental results prove that the degradation front within collagen
appears at much lower temperatures than that for gelatin. By considering that shift between the two
degradation temperatures, it may be possible to fingerprint the response of the collagen sample with
a varying degree of structural ordering and varying extent of denaturation.
Although this hypothesis requires more attention, the generic aim of this study was to establish a
method of identification of the degraded collagen at the micron/submicron scale. Using this
approach, one can make use of the ability of the atomic force microscope to scan and characterize
samples locally, without having to either alter the nature of the sample itself though bulk
measurement or staining, for example.
Although this study is one of the first analytical characterizations of a biological system using a
modified AFM probe, the implications of such a tool for biomedicine and biophysics are numerous.
Applications of this protocol will prove useful in fields as varied as dentistry, tissue engineering, and
the preservation of heritage collagen-based artifacts such as parchment and leather. The possibility
of tracking the degradation of collagenous tissue at the micron/submicron scale opens a new era of
understanding for the biophysics of the most abundant protein in the human body.
Go to:
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