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Abstract

The research was conducted with two different experiments on intramuscular connective tissue obtained fromLongissimus
dorsi muscle of 4-year-old beef carcasses. Differential scanning calorimetry (DSC) was used to determine the denaturation
onset temperature (To), denaturation peak temperature (Tp), and denaturation enthalpy (�HD) of intramuscular connective
tissue. In the first experiment, equilibration of the collagen in citrate buffers in the pH range 2.9–6.5 resulted in the decline of
To andTp with decreasing pH, but statistically significant differences were not recorded for�HD. In the second experiment,
NaCl and CaCl2 solutions at 0.34, 0.68 and 1.02 ionic strength at pH 3.7–5.7 were studied. Increasing NaCl resulted in the
increase ofTo andTp, whilst To andTp was decreased with increasing CaCl2.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Collagen is the major structural protein of con-
nective tissue. It is fibrous, rigid and shear resistant
protein. Toughness of a muscle is proportional to
its intramuscular collagen content. When collagen
is heated, the breakage of hydrogen links induces
shrinkage of the collagen fibres, followed by solubil-
isation and gelatinisation. Covalent crosslinks are re-
sponsible for continuity between collagen molecules.
These crosslinks become increasingly thermostable
with collagen ageing, while at the same time colla-
gen thermal stability increases[1]. Introduction of
crosslinks leads to a further increase in the transition
temperature by an extent that depends on number,
location and stability of the crosslinks[2].
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The transition temperature of collagen in solution
depends on numerous factors including the hydrox-
yproline content, the presence of mucopolysaccha-
rides, pH and ionic composition of the aqueous
environment. Above certain minimum levels, the
transition temperature increases with collagen con-
centration. Aggregation of collagen into fibrils is
accompanied by a relatively large increase in melting
temperature (approximately 10◦C) and this change
has been attributed to the local increase of collagen
concentration in the fibril.

Several methods are available to examine the phys-
ical state of collagen in solution[3–6]. But many of
them are not applicable for measuring the changes in
the fibrous tissue. DSC provides a better understand-
ing of collagen triple helix denaturation. Denaturation
of collagen is an endothermic reaction which occurs
at a very slow rate. Several authors[7] have analysed
the endothermic helix to coil transition (collagen to
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gelatin transition) in soluble collagen or in the fibrous
form with DSC investigations and have determined the
corresponding enthalpy and temperature.

Numerous studies have described the effects of salt
solutions on the properties of collagen and gelatin
solutions, collagen fibres and gelatin gels[8,9]. The
anion and cations of various salts appear to operate
independently and additively on the stability of colla-
gen structure in both gelatin gels and collagen fibres
[10]. King [2], McClain and Wiley[11], Judge and
Aberle [12] obtained contradictory results when they
examined the effects of postmortem ageing on in-
tramuscular collagen by measuring its transition
temperature.

Our study was undertaken to determine the effects
of pH, NaCl and CaCl2 on the transition temperature
of collagen, including postmortem changes to check
whether a reduction in pH may be responsible for some
of the contradictory observations reported by other
workers.

2. Materials and methods

2.1. Materials

The meat samples used in this research were ob-
tained fromLongissimus dorsi muscle of 4-year-old
beef carcasses obtained from a major slaughter-house
in Erzurum, Turkey. The carcasses were chilled for
24 h at 5± 1◦C. Following chilling, all trimmable fat
and connective tissue (epimysium) were removed from
the muscle.

2.2. Methods

2.2.1. Preparation of intramuscular connective tissue
After removal of any overlying layers of connective

tissue, epimysium and/or tendons were removed from
the L. dorsi muscle surfaces by dissection. Any ad-
hering muscle tissue was scraped away with a scalpel.
Samples of intramuscular connective tissue were pre-
pared from the diced muscle (free of tendon, and
epimysium) using a mixer-emulsifier[2]. The tissue
was homogenised for 10 s at maximum speed, in 0.1 M
potassium chloride and 0.02 M potassium dihydrogen
phosphate pH 6.1 buffer and the connective tissue ad-
hering to the homogeniser blades and the homogenate

were filtered through a 25 mesh sieve. The connective
tissue was re-suspended in buffer and re-homogenised
for 10 s. This procedure was repeated three times.
The samples were defatted with acetone, and dialysed
against distilled water for 9 h at 4◦C in seamless cel-
lular tubing (Sigma, D-0405), lyophilised and stored.

2.2.2. pH and salt equilibration
The intramuscular connective tissue was soaked for

24 h at 5±1◦C in citrate buffer (1:4 intramuscular con-
nective tissue: buffer) of the desired pH in the range
2.9–3.3–3.7–4.1–4.5–4.9–5.3–5.7–6.1 and 6.5. More-
over, the intramuscular connective tissue was treated
with NaCl and CaCl2 solutions at 0.34, 0.68 and 1.02
ionic strength of the 3.7 and 5.7 pH.

2.2.3. Thermal transition measurement with DSC
The endothermal transition of intramuscular con-

nective tissue was measured as described by Arganosa
and Marriot[13]. Using a Shimadzu DSC-50, a circa
10 mg sample of the intramuscular connective tissue
was blotted between layers of paper towel weighed
into an aluminium hermetic cell which was sealed with
a crimper. Samples were heated from 20 to 90◦C at
5◦C/min using an empty cell as a reference. For�HD
after DSC analysis, the sample cells were punctured
and the dry weight of the samples determined after
drying at 105◦C for 24 h. For temperature and heat
flow calibration was used indium (T, 156.4◦C; �H,
28.47 J/g).

2.2.4. Statistical analysis
This experiment was conducted according to a com-

pletely randomised block design with three replicates.
Analysis of variance of all data was conducted by
using the general linear models procedure[14].

3. Results and discussions

Typical curves of intramuscular connective tissue
at different pHs are shown inFig. 1. As can be seen
curves, lower pH values were at lower temperatures
than the higher pH values.Fig. 2shows the effect of pH
on denaturation onset temperature (To) and denatura-
tion peak temperature (Tp) of intramuscular connective
tissue. At the lower pH value, theTo and Tp of in-
tramuscular connective tissue were significantly lower
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Fig. 1. Thermal transition curves of intramuscular connective tissue at different pHs: (a) 2.9, (b) 3.3, (c) 3.7, (d) 4.1, (e) 4.5, (f) 4.9, (g)
5.3, (h) 5.7, (i) 6.1, (j) 6.5.
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Fig. 2. The effect of pH onTo and Tp of intramuscular connective tissue.
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Table 1
Effect of pH on thermal transition of intramuscular connective
tissuea

pH To (◦C) Tp (◦C) �HD (J/g)

2.9 38.47± 1.20 h 43.99± 0.76 g 2.25± 1.39 a
3.3 41.02± 1.10 g 47.29± 0.54 f 2.60± 1.14 a
3.7 46.80± 0.91 f 52.11± 0.61 e 2.34± 0.44 a
4.1 52.04± 1.08 e 57.96± 0.85 d 2.43± 0.40 a
4.5 55.58± 0.45 d 61.21± 1.69 c 2.74± 0.68 a
4.9 57.23± 0.55 c 62.80± 1.19 b 3.47± 0.45 a
5.3 56.75± 1.37 cd 62.44± 0.34 bc 2.41± 0.91 a
5.7 57.74± 0.44 bc 62.92± 0.94 b 2.13± 0.08 a
6.1 58.87± 0.16 ab 64.51± 0.43 a 2.57± 1.01 a
6.5 59.33± 0.71 a 64.03± 0.49 ab 2.31± 0.40 a

a ± represents standard deviation three of replicate. Values in
a column with the same letters are not significantly different by
Duncan’s multiple comparison test(P < 0.05).

than those of the higher pH value. Even thoughTo was
more sensitive to pH decline thanTp parallel trends
were observed (Fig. 2). BecauseTo measures the ther-
mal stability of less stable components thanTp which
is considered a measure of average thermal stability.
This result was in accord with those of King[2], Led-
ward et al.[15], and Horgan et al.[16]. They found
thatTo is related to the least stable collagen crosslinks,
that is, the aldimine bonds. These crosslinks were par-
ticularly sensitive to pH decline, and cleavage and ref-
ormation of aldimine crosslinks were pH-dependent.

Collagen from samples treated with low pH exhib-
ited a decrease(P < 0.05) in To and Tp (Table 1).
These results indicated that low pH treatment resulted
in denaturation of the collagen as exhibited by the
lower To and Tp. The low pH appeared to enhance
alterations in the structural stability of the collagen,
with the effect being least pronounced in samples
treated with citrate buffers. Similar effects were
observed by Arganosa and Marriot[13]. It is known
that some of lysine, hydroxylysine, and histidine
residues are nontitratable because of the participa-
tion of these groups in Schiff-base formation, aldol
condensation, and their rearrangement products, the
extent and pattern of which is tissue and age specific
[17]. The hydrolysis of the Schiff base occurs readily
in acid solution and the kinetics has been studied in
detail [18–20]. The precise mechanism is a function
of the reactant structure and pH.

The temperature range of thermal transitions of
all products of collagen decompositions due to the

pH was 39–65◦C. According to Bailey[21], the
collapse of the triple helix occurs around 39◦C for
mammalian collagen. Based on this information, and
the data obtained from our experiments, we presume
that weak acid treatments promote the disruption of
noncovalent intermolecular bonds that reinforce the
collagen fibril structure, enhancing the swelling effect
(random water–protein interaction) and decreasing
the temperature of denaturation. Noncovalent, inter-
molecular interactions (hydrogen bonds, dipole or
ion–pair interactions and intermolecular bridges) are
more important for thermal stability of collagen than
the covalent crosslinks[22,23].

The effect of swelling, for 24 h, at different pH
values on values of denaturation enthalpy (�HD), To
andTp are summarised inTable 1. It is seen that in the
pH range 2.9–6.5 there is negligible effect on�HD.
This is consistent with the data of Privalov and Tiktop-
ulo [24] who showed that�HD for the denaturation
of tropocollagen is only slightly affected by pH in the
range 3–6. Thus, the�HD can be taken to be virtu-
ally independent of pH, and it is possible to consider
denaturation heat effects of different tropocollagens
at any certain pH value. It is concluded that elec-
trostatic interactions, to judge from the insignificant
change in the denaturation enthalpy with pH variation
from 6.5 to 2.9, evidently do not play any determining
role in the stabilisation of the specific collagen struc-
ture.

Ions other than hydrogen ions in the variable-pH
buffer solutions have effectively changed the colla-
gen To and Tp (Table 2, Fig. 3). The pH, salt and
ionic strength caused significant changes inTo and
Tp (Table 3). Also, the pH× salt (Table 4), ionic
strength×salt (Fig. 4) and ionic strength×pH (Fig. 5)
interactions had significant changes inTo and Tp. It
is seen that swelling in all ionic strength of NaCl at
constant pH (pH 3.7–5.7) causes significant increases
in both To and Tp (Table 2), which is in agreement
with the results of Judge and Aberle[12]. This in-
crease in the thermal stability must represent a change
in the nature of the collagen or its environment as the
swelling agent is the same in all cases. It has been
suggested that both hydrophobic bonds (which break
exothermally) and hydrogen bonds (which break
endothermally) are important in the stabilisation
of collagen fibres and such a postulate may help to
explain the results obtained.
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Table 2
To, Tp and�HD values determined at different pHs, salt and ionic strength and the results of Duncan’s multiple comparisons testa

pH Salt Ionic strength To (◦C) Tp (◦C) �HD (J/g)

3.7 NaCl 0 46.80± 0.91 d 52.11± 0.61 d 2.34 ± 0.44 a
0.34 51.29± 0.76 c 58.19± 0.67 c 3.31 ± 1.36 a
0.68 57.91± 0.44 b 63.69± 1.02 b 3.17 ± 1.59 a
1.02 64.48± 0.59 a 68.10± 0.53 a 1.94 ± 0.45 a

CaCl2 0 46.80± 0.91 b 52.11± 0.61 b 2.34 ± 0.44 a
0.34 43.39± 0.98 d 48.83± 0.77 c 2.30± 0.78 a
0.68 45.38± 0.24 c 51.37± 0.47 b 2.36± 0.42 a
1.02 50.58± 0.24 a 56.49± 0.97 a 1.63± 0.81 a

5.7 NaCl 0 57.74± 0.44 d 62.92± 0.94 d 2.13± 0.08 a
0.34 60.54± 0.48 c 66.41± 0.73 c 2.64± 0.84 a
0.68 63.28± 0.15 b 68.54± 0.80 b 2.48± 0.58 a
1.02 66.52± 0.48 a 70.55± 0.31 a 1.89± 0.58 a

CaCl2 0 57.74± 0.44 a 62.92± 0.94 a 2.13 ± 0.08 a
0.34 57.64± 1.11 a 63.81± 1.48 a 3.88± 2.39 a
0.68 55.17± 1.52 b 62.65± 0.37 a 3.77± 0.21 a
1.02 56.10± 1.53 ab 62.04± 0.90 a 3.22± 0.37 a

a ± represents standard deviation three of replicate. Values in a column with the same superscript are not significantly different by
Duncan’s multiple comparison test(P < 0.05).

Rosenblatt et al.[4,5] and Wallace[25] reported
that the isoelectric point of collagen is pH 7.0–7.5, but
the charge varies little from pH 5 to 9. The pH values
of treated intramuscular connective tissue were lower
than the isoelectric pH values. The pH-dependent salt
effects below the isoelectric point indicate that charge
interactions are involved in collagen aggregation and
stabilisation. In acid media at low salt concentration,
mutual repulsion between collagen molecules carry-
ing an excess of positive charge would be expected
to minimise aggregation. As the NaCl concentration

Table 3
The general effects of pH, salt and ionic strength onTo, Tp and�HD

a

To (◦C) Tp (◦C) �HD (J/g)

pH 3.7 50.83± 6.82 b 56.36± 6.41 b 2.43 ± 0.92 a
5.7 59.34± 3.77 a 64.98± 3.10 a 2.77 ± 1.08 a

Salt NaCl 58.57± 6.44 a 63.82± 5.87 a 2.49 ± 0.89 a
CaCl2 51.60± 5.62 b 57.53± 5.85 b 2.70± 1.12 a

Ionic strength 0 52.27± 5.74 d 57.52± 5.68 d 2.23± 0.29 ab
0.34 53.21± 6.91 c 59.31± 7.08 c 3.03± 1.42 a
0.68 55.44± 6.82 b 61.56± 6.59 b 2.94± 0.95 ab
1.02 59.42± 6.75 a 64.30± 5.74 a 2.17± 0.81 b

a ± represents standard deviation three of replicate. Values in a column with the same superscript are not significantly different by
Duncan’s multiple comparison test(P < 0.05).

is increased, however, preferential anion binding may
decrease the cationic character of the protein resulting
in progressive aggregation of the collagen at rates gov-
erned by the Cl− ion concentration. Electrophoretic
evidence for such preferential binding for Cl− ions
on collagen has been presented by Aktaş and Kaya
[26]. With increasing NaCl concentration, additional
structural stabilisation in the fibrils may arise from
an increase in polypeptide-chain rigidity in aggre-
gated molecules (Fig. 4). Such mechanism of charge
interaction may thus account for the effects of NaCl
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Fig. 3. Thermal transition curves of intramuscular connective tissue in NaCl, CaCl2 at pH 3.7 and 5.7: (a) pH 3.7 at 0.34 ionic strength
of NaCl, (b) pH 3.7 at 0.68 ionic strength of NaCl, (c) pH 3.7 at 1.02 ionic strength of NaCl, (d) pH 3.7 at 0.34 ionic strength of CaCl2,
(e) pH 3.7 at 0.68 ionic strength of CaCl2, (f) pH 3.7 at 1.02 ionic strength of CaCl2, (g) pH 5.7 at 0.34 ionic strength of NaCl, (h) pH
5.7 at 0.68 ionic strength of NaCl, (i) pH 5.7 at 1.02 ionic strength of NaCl, (j) pH 5.7 at 0.34 ionic strength of CaCl2, (k) pH 5.7 at
0.68 ionic strength of CaCl2, (l) pH 5.7 at 1.02 ionic strength of CaCl2.

on the thermal stability of collagen, in which disso-
lution is prevented by the presence of the covalent
crosslinks. Variations in thermal stability with differ-
ent salt concentration were qualitatively similar to that
noted for fibrils precipitated in 4 and 6% NaCl[27].

Table 4
The effect of pH× salt interaction onTo and Tp

a

pH Salt To (◦C) Tp (◦C)

3.7 NaCl 55.12± 7.01 a 60.53± 6.29 a
CaCl2 46.54± 2.81 b 52.20± 2.94 b

5.7 NaCl 62.02± 3.41 a 67.10± 3.01 a
CaCl2 56.66± 1.54 b 62.85± 1.08 b

a ± represents standard deviation three of replicate. Values in
a column with the same superscript are not significantly different
by Duncan’s multiple comparison test(P < 0.05).

The effects of salts are currently considered to involve
ion–dipole association or hydrogen bonding of a de-
crease in double-bond character and consequent loss
of polypeptide-chain rigidity. Evidence for such inter-
action stems from salt effects on the conformational
changes in proline, which lacks internal hydrogen
bonding[28]. Alternatively, for proteins, modification
of the water structure by ions may favour exposure of
internal hydrophobic groups to the solvent, resulting
in unfolding of the native structure. The ionic radius
of the chloride ion is 1.89 Å, which is comparable to
the size of water molecule, and the ionic radii of Na+
and Ca++ are even smaller, being about 1 Å. There-
fore, there would be no steric barrier preventing these
ions from penetrating into all of the spaces in the
fibrils including the helical groove of the molecule.
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Fig. 4. The effect of pH× salt interaction onTo and Tp.

Indeed, nuclear magnetic resonance studies indicate
that these ions can either occupy the sites for the
structural water of collagen, or that this water can
enter into the hydration shells of these ions[17].
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Fig. 5. The effect of ionic strength× pH interaction onTo and Tp.

Unlike NaCl, increasing ionic strength of CaCl2
caused a decrease inTo andTp (Figs. 3 and 4). This
effect can be account for by the fact that as the thick-
ness of the hydrate layer on the protein gets narrower,
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denaturation occurs at lower temperatures. In this case,
aggregation of proteins may have caused a narrower
hydrate layer on the protein and thus lowerTo and
Tp. Covalent crosslinks contribute to the strength and
rigidity of the collagen fibres[28]. Collagens contain
a double-bond formed between an amine nitrogen and
an aldehydic carbon. The effects of CaCl2 on such a
–N=CH– Schiff base has been suggested as a reason
for its effect on bothTo and Tp compared to NaCl
[29].

4. Conclusions

Our results showed that theTo andTp were strongly
influenced by pH. These results suggested that intra-
muscular connective tissue isolated at different time
postmortem should be equilibrated to a common pH
before measurement of its thermal transition temper-
ature. Different pH values were not effect on�HD.
However, different salt and salt concentration affected
the thermal stability of intramuscular connective
tissue. This situation showed that thermal stability
of collagen was much affected by hydrogen bonds
and hydrophobic interaction types than electrostatic
interaction.
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