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ABSTRACT:  The denaturation processes of collagen in the temperature range between 450 K and 670 K are revealed 
through studies performed on cow rib bones by means of mechanical spectroscopy, differential scanning 
calorimetry, thermogravimetry, scanning electron microscopy and infrared spectroscopy. The conformational 
change of the collagen molecules from a triple helix structure to a random coil was found at around 510 K. 
It was determined that the transformation is developed through the viscous movement of fibrils with an 
activation energy of (127 ± 8) kJ/mol. The second stage of massive bulk deterioration of the collagen was 
found at around 600 K, which leads to the loss of the mechanical integrity of the bulk collagen. In addition, 
an easy-to-handle viscoelastic procedure for obtaining the activation energy of the denaturation process from 
mechanical spectroscopy studies was also shown.
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1 INTRODUCTION

There is great interest in the clinical and medical com-
munities focused on the reconstruction, repair, and 
replacement of bones, given the frequency and impor-
tance of pathological situations. Collagen, which is an 
essential component of natural bone, plays a  pivotal 
role in the formation of the biological scaffold for 
 tissue engineering [1, 2]. In addition, a considerable 
number of studies have also been performed in the 
field of archaeometry, archaeology and palaeontology, 
focused on the aging processes of bone and collagen, 
which ultimately lead to the processes of mineraliza-
tion and fossilization [3–5].

The collagen molecule consists of triple helical tro-
pocollagen molecules at nanometric scale. Staggered 
arrays of collagen molecules form fibrils, which 
arrange to form the collagen fibers [6] where the 

carbonated apatite crystals (“dahllite”) are embedded, 
giving rise to the bone [7, 8].

It should be highlighted that in clinical and medical 
communities the temperature at which collagen dena-
tures from a triple helix to a random coil structure is a 
useful measure of the degree of both crosslinking and 
crystallinity. The denaturation temperature and solu-
bilization characteristics of collagen have been impor-
tant tools in the study of maturation and of molecular 
defects linked with connective tissue diseases. In addi-
tion, the study of the denaturation behavior of colla-
gen is crucial in order to stabilize the collagen against 
breakdown and resorption by enzymatic chain scis-
sion in “in-vivo” long-term applications of biomateri-
als [1, 2, 6–10]. 

Besides, in archaeometry, archaeology and palaeon-
tology, the denaturation processes related to the triple 
helix transition present high interest, for instance, in 
order to infer from buried and/or burned bones the 
behavior and habits of people who once inhabited 
archaeological sites [3, 4, 11].

In previous works the biodegradation of collagen 
by denaturation of albumin and hemoglobin proteins, 
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the loss of water and the loss of crystallization water 
during warming up to around 500 K, have been stud-
ied [12, 13].

In the present work, the denaturation processes 
of collagen in the temperature range between 450 K 
and 670 K were revealed through studies performed 
on cow rib bones by means of mechanical spectros-
copy (MS), differential scanning calorimetry (DSC), 
thermogravimetry (TGA), scanning electron micros-
copy (SEM) and infrared spectroscopy (IR). In fact, the 
temperature for studying the denaturation processes 
was increased over 450 K, with regard to the previous 
works, in order to allow the study of the deterioration 
of the triple helix and the final bulk degradation of the 
collagen solid proteins. 

The aim of the present work is to show that the dete-
rioration of the collagen from cow rib bones at tem-
peratures above 450 K is composed of two stages of 
denaturation at around 510 K and 600 K. Their related 
physical-chemical mechanisms of denaturation are 
discussed. In addition, an easy-to-handle viscoelastic 
procedure was applied for obtaining the activation 
energy of the denaturation process at 510 K from MS 
studies. Indeed, it represents an important tool for the 
study of the physical-chemical processes related to the 
denaturation of collagen viewed through a very sensi-
tive technique such as MS.

2 EXPERIMENTAL

2.1 Samples

The studied bones were ribs of fresh cow meat pur-
chased from three different providers. Samples were 
taken from bones by cutting with a jeweler’s saw in 
perpendicular direction to their longest dimensions 
(see ref. [12] for more details). Three samples from the 
bone of each provider were taken. In MS and IR stud-
ies, composite-type samples, including both the corti-
cal and cancellous parts, were used. For MS and IR, 
the samples were in a parallelepiped shape of around 
3 mm × 4 mm × 40 mm, the final size being reached 
by means of mechanical polishing. For DSC and TGA 
studies, due to the size of the sample holder of the 
equipment, the use of samples made only of cortical or 
cancellous parts was required.

2.2 Measurements

The MS studies, which involve the simultaneous 
measurement of damping (tan(f)) and natural oscil-
lating frequency (f) as a function of temperature 
(T) [14], were performed at different frequencies 
between 5 and 40 Hz, within the temperature range 

from 250 K up to 670K. Tests were carried out in tor-
sion, under pure argon atmosphere at standard pres-
sure. The heating and cooling rates were of 1 K/
min. The maximum shear strain on the sample was 
2 × 10–4. The error for damping and f2 (which is pro-
portional to the dynamic modulus) was less than 2%. 
DSC measurements at a heating/cooling rate of 10 
K/min were carried out in TA Q100 DSC equipment 
under nitrogen atmosphere. The weight loss (TGA, 
BOECO balance with a precision of 0.1 mg) was 
obtained after a heating/cooling process at 2 K/min 
up to different maximum temperatures, Tm, in an 
argon atmosphere. The weight loss was determined 
as r = (wi – w(Tm))/wi, where wi is the initial weight 
at room temperature (RT) and w(Tm) is the weight 
measured at RT after a cycle reaching a maximum Tm 
temperature. The error in the measured points was 
less than 0.02%. SEM studies were performed in a FEI 
Quanta 200 scanning electron microscope operated at 
15 kV, under vacuum. IR studies were carried out in 
a Shimadzu Prestige 21, FTIR spectrometer, with an 
attenuated total reflectance (ATR) accessory. Forty 
scans per spectrum, in the wavenumber range of 
4000–400 cm–1 with a resolution of 4 cm–1, were used 
for each studied sample.

3 RESULTS AND DISCUSSION

Figure 1a shows the damping curves for bone samples 
measured at different oscillating frequencies during 
warming within the temperature interval from 450 K 
up to 673 K. The MS measurements were performed 
up to 673 K, since the apatite is stable up to this tem-
perature [10, 15]. For the case of the sample measured 
at low frequency the cooling run in temperature is 
also shown. A damping peak with a height of about 
8 × 10–2 appears during warming at around 510 K, 
labeled as (1), which is independent of the oscillat-
ing frequency, i.e., the peak temperature (temperature 
where the maximum damping occurs) does not shift 
with a change in the oscillating frequency. Besides, 
a dependence of the strength of the (1)-peak (peak 
height) as a function of frequency cannot be clearly 
determined. The lack of resolution of the relaxation 
strength regarding the oscillation frequency could be 
related to the error bandwidth found in bone meas-
urements, as will be mentioned in the following 
paragraphs. However, it should be pointed out that 
the non-dependence of the strength of (1)-peak as a 
function of oscillating frequency is in agreement with 
a first order transition process (except for marten-
sitic transitions). In fact, a dependence of the damp-
ing peak strength on the oscillating frequency can be 
expected in studies of higher-order phase transitions 
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[14, 16, 17]. In addition, a group of damping peaks 
can also be seen at around 600 K, labeled as (2), which 
do not exhibit a clear dependence of the strength and 
the peak temperature upon the oscillating frequency. 
Then, peaks (1) and (2) are not related to a thermally 
activated phenomenon involving an Arrhenius-type 
law of relaxation times. In contrast, they can be related 
to critical phenomena which develop at around 510 
K and 600 K. Moreover, the damping curves do not 
exhibit relaxation processes during the cooling down, 
after warming up to 670 K, which indicates that peaks 
(1) and (2) are related to irreversible thermodynamic 
processes.

The behavior of f2 for curves plotted in Figure 1a 
is shown in Figure 1b. A step-down was measured 
within the temperature interval where the develop-
ment of (1)-peak takes place. In contrast, for the tem-
perature interval of the (2)-peak an increase followed 
by a decrease was measured.

The measured curves of damping and modulus for 
samples taken from different ribs, in the temperature 
intervals of the (1)- and (2)-peaks, exhibited a discrep-
ancy of around 15% and 50%, respectively. The discrep-
ancy in damping and modulus of around 15% for the 
(1)-peak is in agreement with previous works [12, 13]. 
The large discrepancy occurring for the (2)-peak is 
related to the physical-chemical mechanism control-
ling this relaxation, as will be shown in the  following 
paragraphs. Nevertheless, the general trends of the 
curves for damping and modulus are completely simi-
lar and reproducible.

3.1  The Denaturation Process at Around 
510 K

A first-order phase transition which occurs at a given 
temperature leads to changes in both the damping and 

the elastic modulus of the sample under study. It was 
reported that for describing the tan(f) peak promoted 
by a first-order phase transition, an analytical expres-
sion of standard anelastic solid type can be used by 
considering an appropriate relaxation time [16]. The 
relaxation time will exhibit a law more complicated 
than a simple Arrhenius behavior. Then, the expres-
sion for tan(f) can be written as [16, 18–20]
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where a = 2·tan(f)p, with tan(f)p the value of the 
damping at the maximum of the peak, comes from 
the usual normalization condition of the damp-
ing peak [14, 16, 18, 19]. By calling the right term 
Ψ = ( ) ( )( ) −−cosh tan tan ln ,1 2 2f f wp

 H can be easily 
obtained from a plot of y as a function of 1/T. For the 
calculations, the low temperature tail of (1)-peak was 
only used, since the high temperature tail exhibits a 

450 500
(a) (b)

550

(2)

Low frequency
Medium frequency
High frequency

Low frequency
Medium frequency
High frequency

(1)

600 650
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08
1000

100

10

Temperature (K)
450 500 550 600 650

Temperature (K)

ta
n 

(φ
)

Sq
ua

re
 fr

eq
ue

nc
y 

(S
–2

)

Figure 1 (a) Damping (tan(f)) as a function of temperature for bone composite-type samples (cortical plus cancellous parts). 
Arrows indicate the warming and cooling runs. (b) Square frequency (proportional to the dynamic shear modulus) as a function 
of temperature for the spectra from Figure 1a.
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hump which could be related to the overlap of other 
relaxation processes. This hump could be related to 
the start of the peaks group labeled as (2). Figure 2 
shows the y vs. 1/T plot for the peak measured at 
high frequency from Figure 1a. The y vs. 1/T plots 
were constructed for the whole group of nine sam-
ples, resulting in an average value of H = (127 ± 8) kJ/
mol. The ordinate cut value does not reveal a direct 
physical meaning, due to the mode of constructing the 
relaxation time [18, 20]. In fact, the contribution of the 
internal variables of the transformation is located at 
the pre-exponential factor. Moreover, it could also con-
tain the information about the distribution function of 
relaxation times [18, 20].

It should be highlighted that a value of H = 130 kJ/
mol was measured, from MS measurements performed 
as a function of frequency at different temperatures, 
for the movement of collagen fibers in dry bones [21]. 
Therefore, it can be proposed that (1)-peak involves 
the movement of collagen fibrils in the dry bone. The 
state of dehydrated collagen can be assured from pre-
vious works using MS, DSC, TGA and SEM studies, 
where both the free water and the crystallization water 
were already eliminated at temperatures over 450 K 
[12]. In addition, the non-appearance of relaxation 
process after warming up to 670 K and the tempera-
ture of appearance of (1)-peak suggest that the driving 
force controlling the relaxation process is the confor-
mational changes of the collagen molecules from a 
triple helix structure to a random coil (TP → RC) [6]. 
In fact, during denaturation, collagen fibrils undergo 
several conformational changes caused by the break-
ing of different crosslinks 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. In addition, the 

H-bonded water involved in stabilizing the collagen 
molecule is released, leading to the collapse of the tri-
ple helix structure of the molecules [6].

The appearance of TP → RC transformation at 
around 510 K could also be reinforced from TGA and 
DSC studies, as shown in Figure 3. A small reduction 
in weight of around 3% is recorded from TGA stud-
ies at temperatures where the TP → RC transforma-
tion develops (see Figure 3). This weight loss could be 
related to the evaporation of residual strongly bound 
water and the liberation of low molecular products 
of the thermal degradation of the scaffold [1]. These 
products could be carbon dioxide (from a decarboxy-
lation reaction of amino acids), pyrrole derivatives, 
pyrrolidine derivatives, nitriles and amides [22–24].

Moreover, thermograms reveal two small endother-
mic reactions at around 510 K, for both cortical and 
cancellous parts of the rib bones, which are related 
to the evaporation of residual strongly bound water 
and the continuation of the conformational changes of 
superhelix [1]. The small intensity of these reactions 
leads to an unclear determination of the baseline for 
this temperature range, impeding the obtainment of 
the activation energy from the DSC test. Therefore, we 
can establish that the (1)-peak is related to the TP → RC 
transformation, where the movement of fibrils in a vis-
cous mode occurs; involving an activation energy of 
(127 ± 8) kJ/mol.

3.2  The Denaturation Process at Around 
600 K 

The viscoelastic procedure described in Section 
3.1 to obtain H cannot be applied for the (2)-peak 
because it involves the overlapping of several 
peaks. Nevertheless, the temperature interval for the 
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Figure 2 The y vs. 1/T plot obtained for the spectrum 
measured at high frequency from Figure 1a. See explanation 
in the text.
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Figure 3 Left axis: DSC thermograms for cortical (dashed 
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development of the (2)-peak is in good correspond-
ence with both the marked decrease in weight in the 
TGA curves, right axis in Figure 3, and the endother-
mic reaction at around 600 K in the DSC test, left axis 
in Figure 3. From the thermograms of Figure 3, it is 
complicated to obtain the activation energy of the 
endothermic reaction at around 600 K owing to the 
non-determination of the baseline. It is possible that 
some contribution of the peaks related to the TP → RC 
transformation is superimposed on the reaction at 
600 K. 

The marked fall of the weight for temperatures 
higher than 550 K from TGA studies (right axis in 
Figure 3) and the decrease in the values of the moduli 
from 600 K upwards (Figure 1b), indicate that a mas-
sive bulk deterioration of the bone samples develops, 
which is in agreement with previous works [3, 6]. The 
present bulk deterioration of the sample gives rise to 
the difference in damping values within the zone of 
the (2)-peak among different samples, due to the ran-
dom evolution of the mesostructure involved during 
this subsequent deterioration.

The bulk degradation, which is a subsequent stage 
of deterioration of the collagen fibers, was also checked 
from SEM and IR studies. The SEM micrographs per-
formed on samples after a heating up to 673 K reveal 
the shrinkage of the mesostructure related to the 
 massive bulk degradation of the fibers (Figure 4). The 
mesostructure exhibits both large cracks and empty 
regions, which were absent in the sample prior to the 
thermal treatment, as was shown in previous works 
[12]. In addition, the degree of compactness and 
cracking of the mesostructure is larger in the samples 

heated up to 670 K than in samples heated up to 420 K 
(see more details in ref. [12]), as could be expected.

Figure 5 shows the normalized infrared absorbance 
for a bone sample, both in the fresh state and after heat-
ing up to 673 K. The most intense peaks in the spectrum 
at 557, 599 and 1013 cm–1 are related to the bending 
and stretching vibrations of PO4

–3 from the apatite [25]. 
Spectra were normalized in regard to the peak of the 
apatite at 1013 cm–1. Indeed, the most intense peak at 
1013 cm–1 corresponds to the stretching vibrations of 
PO4

–3 in the apatite, which shows a high stability below 
1073 K. This is supported by the unaltered presence of 
CO3

–2 groups at 871 cm–1. However, annealing above 
1073 K can remove this carbonate group, revealing a 
decomposition of the apatite [15]. Besides, in our FTIR 
studies the fresh and the annealed samples were taken 
from the same bone. Consequently, in order to com-
pare the behavior of thermal denaturation of collagen 
due to warming up to 673 K, normalizing the peak at 
1013 cm–1 seems to be the more appropriate procedure. 
Moreover, for samples taken from different ribs, the 
same trend and behavior of the FTIR spectra related to 
the thermal denaturation were recorded.

After a heating up to 673 K, it can be seen that the 
FTIR spectrum shows a decrease in the intensity of 
the peaks related to the Amide I, II and III at 1633, 
1541, 1444, and 1409 cm–1 [26]. In fact, there is not only 
a decrease of the intensity, but also, the shape of the 
peaks is a bit different between both samples. In con-
trast, the intensity of the peaks related to the apatite 
does not show any change after warming up to 673 K, 
in agreement with the above-exposed and previous 
works [10, 15].

Figure 4 SEM micrograph of a cancellous part of bone 
sample after heating up to 670 K.
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Therefore, the (2)-peak at around 600 K can be 
related to a subsequent stage of denaturation of the 
collagen fibers.

4 CONCLUSIONS

Two denaturation processes of type I collagen were 
determined in the temperature range between 450 K 
and 670 K, through studies performed on cow rib 
bones. The conformational changes of the collagen 
molecules from a triple helix structure to a random 
coil were found at around 510 K. In addition, from an 
easy-to-handle mathematical viscoelastic procedure, 
it was determined that the conformational changes 
are made through the viscous movement of fibrils, 
invoking an activation energy of (127 ± 8) kJ/mol. 
A subsequent stage of massive bulk deterioration of 
the collagen was found at around 600 K which leads 
to the loss of the mechanical integrity of the bulk 
collagen.
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