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Abstract

In this communication, sulfate dodecyl sodium (SDS)-induced thermodynamics and conformational changes of collagen
were studied. We used ultrasensitive differential scanning calorimetry (US-DSC) to directly monitor the thermal transition
of collagen in the presence of SDS. The results show that SDS affects the conformation and thermal stability of collagen
very differently depending on its concentrations. At CSDS≤ 0.05mM, the enhanced thermal stability of collagen indicates
the stabilizing effect by SDS. However, a further increase of SDS leads to the denaturation of collagen, verifying the well-
known ability of SDS to unfold proteins. This striking difference in thermodynamics and conformational changes of
collagen caused by SDS concentrations can be explained in terms of their interactions. With increasing SDS, the binding
of SDS to collagen can be dominated by electrostatic interaction shifting to hydrophobic interaction, and the latter plays
a key role in loosening and unfolding the triple-helix structure of collagen. The important finding in the present study is
the stabilizing effect of SDS on collagen molecules at extreme low concentration.
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1 Introduction
The interaction between protein and surfactant is of
significant importance in many fields, such as sanitary
[1], drugs [2], food [3], biomedical engineering [4] and
so on. In fact, the early application of surfactant can date
back to 2200 BC when soap was first used to remove
protein-rich dirt [5]. Another important and practical
application of surfactants where the knowledge of
interaction between protein and surfactant plays a vital
role is in bio-separation and bioanalytical methods [6].
For instance, protein purification can be achieved by
surfactants due to their strong interactions [7]. More-
over, surfactants are often used as denaturants for the
studies on protein self-assembly and stability [8] and also

as probe molecules to investigate structures and func-
tions of proteins [9, 10] .
Collagen, derived from livestock skins or bones, is the

most abundant connective tissue protein and has been
widely used in cosmetics [11], biomedicine [12], health
food [13] and leather industry [14]. These industrial
applications of collagen inevitably involve the use of
surfactants to achieve required functions. Especially in the
cosmetics industry, the surfactants are commonly applied
in cosmetic emulsions based on collagen for the purpose
of good solubility, rheological properties and colloid stabil-
ity [15]. Also, it was reported that surfactants sodium do-
decyl sulphate (SDS) can be used to weaken both the
electrostatic and the hydrophobic interactions during colla-
gen fibrillogenesis in vitro [16]. Therefore, studies on the
collagen-surfactants systems have attracted much interest
as understanding the underlying mechanism is helpful to
promote their application. The first study on this topic was
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described by Mandal et al. [17] in 1987. They found that
the presence of ionic and nonionic surfactant would cause
the decreased intrinsic viscosity of collagen solutions. Du
et al. [18] found that the fluorescence intensity of collagen
solutions varied with the types of surfactants. Recent stud-
ies by Kezwoń et al. [19, 20] involved the effect of surfac-
tants on surface properties of collagen by combination of
spectroscopic techniques, calorimetry, and axisymmetric
drop shape analysis. Their results demonstrated that the
changes of surface activity and rheological properties of
collagen solutions depended on the types of surfactants.
Despite the related studies on physical and chemical prop-
erties of collagen-surfactant solutions, limited information
focusing on the interaction between surfactants and
collagen has been reported till now [21–23]. More import-
antly, the knowledge of the structural and conformational
changes of collagen induced by surfactants has remained
unclear, which is not only essential to understand the
interaction of collagen-surfactant at the molecular level but
also of great significance for their practical use as it is dir-
ectly related to its functional and bioactive properties.
In recent years, the development of modern testing

technologies including microcalorimetry, small angle scat-
tering technique (SAXS) [24], cryogenic-transmission
electron microscopy (cryo-TEM) [25] has made it possible
to study the protein-surfactant interaction at the molecu-
lar level. Among them, ultrasensitive differential scanning
calorimetry (US-DSC) has emerged as a powerful tool to
explore the structure and denaturation process of proteins
because it is accepted as the most sensitive differential
scanning calorimeter so far, with an accuracy of 0.02 μcal/
s [26, 27]. It can be used to directly measure calorimetric
enthalpy change (ΔH), the thermal transition temperature
(Tm) and specific heat capacity (Cp) during the unfolding
of triple-helix to random coils for collagen in dilute aque-
ous solution, and provide valuable information regarding
the minor conformational change of collagen triggered by
other small molecules [28].
In this paper, US-DSC were used to investigate the effect

of anionic surfactant (SDS) on the thermal stability of col-
lagen in solutions; and the induced conformational change
of collagen as well as the interactions between them were
discussed. It is well known that the interactions between
surfactants and proteins involve very complex processes
[29]. The changes of three-dimensional structure of pro-
teins induced by surfactants are closely related to surfac-
tants types and concentrations [18–20]. Herein, collagen-
SDS system is of particular interest because collagen is a
well-characterized protein with obvious conformational
heat and SDS is a representative of anionic surfactants with
appropriate charge density and hydrophobic chain [21]. In
addition, SDS interacts more strongly with most proteins
compared with cationic surfactants [29]. To our best
knowledge, using US-DSC to study the conformational

structure change of collagen as a function of SDS concen-
tration has not been reported yet. Our study can provide
insightful information relevant to theoretical study of
proteins-surfactants interaction and their applications.

2 Experimental section
2.1 Materials
The acid soluble collagen used in this study was extracted
from the fresh adult bovine Achilles tendon according to
the procedure reported in our previous study [30]. Sodium
dodecyl sulfate (SDS) was purchased by the Kelong Re-
agent Company (Chengdu, China). All chemical reagents
used in this work were of analytical grade. The deionized
water used in the experiment was purified with a UP
Water Purification System (Chengdu, China). All collagen
samples were freshly prepared just before use.

2.2 Sample preparation
Collagen solutions and SDS solutions were freshly pre-
pared with acetic acid (0.5 M, pH 2.5), respectively. Equal
volumes of collagen solutions and corresponding SDS
solutions were mixed uniformly to get homogeneous so-
lutions. The final concentration of collagen was 0.5 mg/
mL for the US-DSC measurements.

2.3 Ultra-sensitive differential scanning calorimeter (US-DSC)
measurements
Collagen solutions (0.5mg/mL) with varied concentrations
of SDS was prepared in acetic acid and kept at 4 °C for 12 h
before the tests. The solutions were measured on a US-
DSC microcalorimeter (Microcal US DSC, Marvin, UK)
with the matching solution (acetic acid, 0.5M) as the refer-
ence, the concentrations of SDS ranged from 0 to 0.09mM.
Baseline controls were obtained with corresponding

acetic acid solutions in both sample and reference cell,
and subtracted from the sample runs. The sample solution
and the reference solution were degassed for 30min at
ambient temperature (25 °C) before tests. All of the scans
were conducted from 20 to 60 °C at 1 °C/min. The calori-
metric enthalpy change (ΔH) was calculated from the area
under each peak. The melting temperature (Tm) was
taken as the maximum usually centered at the transition.

3 The interaction between SDS and collagen by
microcalorimetry
Fig. 1 A and A1 shows the temperature dependence of the
specific heat capacity (Cp) and transition temperature
(Tm) of Type I collagen in 0.5M acetate buffer (Ccollagen =
0.5 mg/mL) with very low concentration of SDS (CSDS =
0.01–0.05mM), respectively. As previously reported [31],
the thermal denaturation process of collagen solution
demonstrates a bimodal transition with a pre-transition at
33 °C (Tm1) and the major transition at 41 °C (Tm2). The
corresponding enthalpy changes (ΔH1, ΔH2) of the
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bimodal transition and total enthalpy change (ΔHtotal) is
shown in Fig. 1 A2.
It is commonly accepted that the interaction between

proteins and SDS are mainly electrostatic and hydrophobic
interactions, always resulting in the formation of SDS-
protein complex [19]. Besides, many studies further
proposed that the binding of SDS with proteins including
collagen takes place in two distinct stages [21, 32]. In the
first stage, the binding proceeds on the base of electrostatic

interaction between the sulfate anion of SDS and the posi-
tively charged side chains of protein, along with a hydro-
phobic interaction between the dodecyl chain of SDS and
nonpolar regions of the protein surface adjacent to its cat-
ionic sites [33]. The second stage of binding is cooperative
binding, during which the protein unfolds to expose its
hydrophobic interior, thereby promoting potential binding.
Namely, the process involves a combination of electrostatic
interaction and non-specific hydrophobic interaction. The

Fig. 1 The specific heat capacity (Cp) (A, B), thermal transition temperature (Tm) (A1, B1) and enthalpy change (ΔH) (A2, B2) of type I collagen in
0.5 M acetic acid (pH 2.5) in the presence of SDS (CSDS = 0.01 ~ 0.09 mM) with different concentrations
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latter plays the decisive and dominated roles [34] and
has a tendency to hydrophilize proteins surface, thus
rendering the complex more hydrophilic than the ori-
ginal proteins [19, 34].
In our experiments (Fig. 1 A-A2), after the addition of

slight SDS, the bimodal feature still exists but both peak po-
sitions (Tm) slightly shift to higher temperatures. Meanwhile,
a distinct decrease of Cp1 (Fig. 1 A), ΔH2 and in turn ΔHtotal

(Fig. 1 A2) can be seen in comparison with those of original
collagen. It is known that the Cp represents the hydrophobi-
city of the macromolecules, and lower Cp value means
stronger hydrophilicity [26, 35]. The enthalpy change (ΔH)
concerning the transition is defined by the energy required
for the destruction of the hydrogen bonds which maintain
the triple-helix conformation of collagen [26, 36]. The re-
sults shown in Fig. 1 A-A2 proved that the introduction of
SDS leads to the formation of SDS-collagen complex as
reflected in enhanced Tm, which occurs at the cost of break-
ing partial hydrogen bonds of collagen molecules and con-
fers collagen increased hydrophilicity meanwhile.
It is well known that SDS possesses the ability to unfold

and denature proteins. In case of collagen, denaturation
process involves unfolding the triple-helix with formation of
random coils, which can be commonly monitored by DSC.
Kezwoń et al. investigated the effect of SDS on the thermal
stability of collagen solution using a Nano-DSC [19]. Their
results show that the excessive addition of SDS (CSDS =
10− 4mol/ L) does not alter the parameter values of thermal
transition during collagen denaturation, and even the forma-
tion of SDS-collagen complex does not contribute to the
stabilization of neither helical nor unfolded forms. Whereas
in our present study, a relatively apparent increase in transi-
tion temperature of collagen (~ 2.0 °C) is clearly observed in
the extremely dilute SDS solution (CSDS = 0.01mM, i.e.
10− 5mol/L). A reason for the difference with Kezwoń stud-
ies is probably attributed to the higher accuracy of US-DSC
used in this study than conventional DSC analysis. Our find-
ing by US-DSC confirms that the binding of a small amount
of SDS benefits to the stabilization of collage-SDS complex
to some extent due to its increased hydrophilicity. Further-
more, the binding process of SDS possibly causes a release
of bound water molecules upon interactions of the surfac-
tant to collagen or rearrangement of collagen molecules,
thus leading to the loss of partial hydrogen bonds of
collagen [19], as reflected in the decreased ΔH. To be more
specific, the likely inter-ionic binding sites of SDS (namely
electrostatic interaction) with collagen may locate near the
positively charged amino acid residues (such as Arg and
Lys) within regions of high net positive charge at pH 2.5
(under isoelectric point of collagen, pI~ 7) [37].
It is worthy to note that when CSDS increases from

0.01 to 0.05 mM, the Tm of collagen shows a negligible
descent (< 1 °C), but still higher than that of original
collagen. This may be due to the fact that as SDS

concentration increases, both electrostatic and hydro-
phobic interactions increase gradually. Consequently, the
stabilizing electrostatic interactions within the inner
chains of collagen triple-helix itself (mainly Gly-Lys-Asp
and Gly-Arg-Asp) are relatively weaker [38] and some
regions of collagen maybe become loose and unstable,
thus leading to slightly reduced thermal stability.
Fig. 1 B-B2 shows the temperature dependence of Cp, Tm

and ΔH of collagen in 0.5M acetate buffer with SDS ran-
ging from 0.06 to 0.09mM. Compared to the collagen with
lower CSDS (Fig. 1 A-A2), the bimodal transition of collagen
with higher CSDS (above 0.06mM) exhibit a very different
trend. The shifting of major transition peak to lower
temperature, as well as the merging of pre-transition peak
into the major one, confirm that SDS can destroy the
triple-helix structure to some degree at a concentration of
more than 0.06mM. The pre-transformation peak of colla-
gen is caused by the region lacking hydroxyproline [28],
which is a heat-sensitive region with unstable structure.
Therefore, the pre-transformation peak cannot be distin-
guished as the domain of triple-helix was loosened.
As shown in Fig. 1 B1, the Tm of collagen decreases al-

most linearly with increasing SDS when CSDS is above 0.06
mM, indicating that the presence of higher concentration
of SDS significantly reduces the thermal stability of colla-
gen; namely, the denaturation of collagen occurs. Also, the
corresponding Cp1 values decreases accordingly, suggesting
that the higher the SDS concentration, the more hydro-
philic the collagen (actually collage-SDS complex) surface
is. The measured results are completely different from
metal-ions induced collagen denaturation process, where
the Cp or surface hydrophilicity of collagen would never in-
crease [26]. As mentioned above, a hydrophilisation of
SDS-collagen complex is caused by hydrophobic interac-
tions [34]. Therefore, herein the continuous decrease of
Cp1 strongly proves that the hydrophobic interactions be-
tween collagen and SDS play a key role in denaturing colla-
gen under sufficient SDS. It is worthy to note that ΔH of
collagen increases slightly at CSDS ranging from 0.07 to
0.09mM. This finding is unexpected and suggests that
some new hydrogen bonds are likely formed during the
unfolding process in the presence of SDS. The reason for
this is not clear but it may be related to the aggregated
peptide chains of collage triggered by SDS. In addition, an-
other possible explanation for the increased ΔH may be
the potential but neglected hydrogen-bonding between the
sulfate oxygen of SDS and the nitrogen groups of the pep-
tide segments from partial denatured collagen [39]. Noted
that Further increasing SDS (> 0.09mM), apparent fiber-
like aggregates appeared and therefore no thermodynamics
data can be obtained.
The interactions of SDS with collagen molecule and the

resulting conformational changes as a function of SDS
concentration are presented in Fig. 2. With increasing
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SDS, all the specific ionic sites in the protein structure
those are capable of interacting with the surfactant are
gradually saturated; the binding is subsequently domi-
nated by hydrophobic interaction instead of electro-
static interaction under scant SDS. The difference is
that electrostatic interaction as a dominant factor
makes the chain structure loosened more or less (Fig. 2
B and C), while dominant hydrophobic effect leads to
the unfolding of collagen trple-helix (Fig. 2 D and E).
Moreover, at low CSDS in the range of 0.01–0.05 mM,
the formed hydrophilic collagen-SDS complex can
delay the hydrothermal denaturation of collagen to
some extent. As a matter of fact, our finding of stabiliz-
ing effect on collagen by low concentration of SDS co-
incides with studies of other proteins such as keratin
[33] and casein [40] and whey protein [41].

4 Conclusions and future perspectives
In conclusion, sulfate dodecyl sodium (SDS)-induced
thermodynamics and conformational changes of collagen
in dilute solution has been studied by US-DSC, and the
interaction between them is the CSDS dependent. When
CSDS is ≤0.05 mM, the collagen presents a slightly higher
Tm (~ 2 °C), confirming the stabilizing effect of SDS on
collagen. It can be attributed to the formation of hydro-
philic SDS-collagen complex in which electrostatic inter-
action is a dominant factor. Whereas, as SDS increases
(> 0.06 mM), the obvious decrease of Tm and disappear-
ance of transition peak reveal the unfolding of collagen
due to dominant hydrophobic effect. The conform-
ational change of collagen in the presence of SDS,
especially the intermediate loose structure of collagen
before unfolding/denaturation is demonstrated with
US-DSC for the first time.
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