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Abstract
We describe the effect of three synthetic surfactants (anionic – sodium dodecyl sulfate (SDS), cationic – cetyltrimethylammonium bromide (CTAB) and nonionic – Triton X-100 (TX-100)) on surface properties of the type I calf skin collagen at the air/water interface in acidic solutions (pH 1.8). The protein concentration was fixed at 5 × 10-6 mol L-1 and the surfactant concentration was varied in the range 5 × 10-6 mol L-1 – 1 × 10-4 mol L-1, producing the protein/surfactant mixtures with molar ratios of 1:1, 1:2, 1:5, 1:10 and 1:20. An Axisymmetric Drop Shape Analysis (ADSA) method was used to determine the dynamic surface tension and surface dilatational moduli of the mixed adsorption layers. Two spectroscopic techniques: UV–vis spectroscopy and fluorimetry allowed us to determine the effect of the surfactants on the protein structure. The thermodynamic characteristic of the mixtures was studied using isothermal titration calorimetry (ITC) and differential scanning calorimetry (DSC). Modification of the collagen structure by SDS at low surfactant/protein ratios has a positive effect on the mixture’s surface activity with only minor deterioration of the rheological properties of the adsorbed layers. The collagen/CTAB mixtures do not show that pronounced improvement in surface activity, while rheological properties are significantly deteriorated. The mixtures with non-ionic TX-100 do not show any synergistic effects in surface activity.
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1. Introduction
Biosurfactants can be obtained from many renewable substrates, mainly, but not exclusively, from plants and animals [1,2]. This provides a paramount advantage over the synthetic surface active agents, produced largely from petroleum feedstock. Biosurfactants are usually characterized by low toxicity, high biodegradability, low critical micellization concentration (CMC) and high surface activity [3,4]. Moreover, they can be modified using genetic, biochemical or biological manipulation to develop tailored products for more specific requirements [5]. Because of the crucial importance of surface active agents in cosmetics, pharmaceutical and food industries, surface properties of biosurfactants are intensively investigated in both industry and academia. These studies are mainly driven by the potential of replacing the synthetic surfactants with their biological alternatives [1,6–8].
One of the most interesting groups of biocompatible surface active molecules of natural origin are proteins. Some of them, e.g., lysozyme [9–11], soy proteins, ovalbumin [12], casein [11,13,14] or whey protein isolate [12,15], are able to stabilize foams and emulsions. Despite a huge amount of data on surface properties of globular proteins, till now only a few papers focused on surface activity of fibrous proteins, e.g., collagen, keratin or elastin. In contrast to most of the globular proteins, the fibrous ones can be obtained from waste of meat and fabrics industries [16]. Collagen is one of the major representatives of fibrous proteins. Currently, the collagen superfamily comprises 28 members(including 5 classical fibrillar collagens: I, II, III, V, XI [17]) identified in vertebrates, differing in amino acid composition, length, structure, abundance and biological role [17–19]. A collagen molecule consists of three polypeptide chains, called  chains, rolled into a right-handed triple helical domain. Each chain consists of about1000 amino acid residues. Besides the central helical region, a fibrillar collagen molecule may also contain non-helical domains at its N- and C-termini (called ‘non collagenous’ domains [19]). The characteristic feature of all collagens is a repeating Gly-Xaa-Yaa triplet unit, where Xaa and Yaa can be any amino acid, although proline (Pro) or hydroxyproline (Pro-OH) residues are the most often encountered [16,20–22]. The outer (solution facing) side of the triple helix is enriched with hydrophilic amino acids (arginine, lysine, aspartic acid, and glutamic acid). The triple helix is stabilized by a specific amino acid sequence (glycine as every third residue, together with the high content of proline and hydroxyproline) which is responsible for the formation of inter-chain hydrogen bonds and electrostatic interactions involving lysine and aspartate[23,24]. One of the most common representatives of the collagen superfamily is a type I collagen [25–27], heterotrimer comprising two identical 1-chains and one 2-chain with the triple helix accounting for 96% of the whole molecule [18].
Members of the collagen superfamily find numerous applications in the fields of regenerative medicine, tissue repair and engineering, as well as in cosmetic surgery [28]. Nevertheless, the most useful types of collagen in biomedical application are the fibrillar collagens I and II, and the nonfibrillar collagen type IV [22]. A number of reports on potential applications of collagen in medicine focused on functionalization of its surface [29] or immobilization at different surfaces [30,31]. To the best of our knowledge, studies of surface activity of collagen proteins have been limited to the fibrillar type I collagen. For this purpose, the protein has been modified using enzymatic hydrolysis with either collagen-specific enzyme – collagenase [16] or non-specific one – alcalase [32]. Other modifications include: pH variation (in the range 1.8–9.0) [16], temperature treatment (in the range 21–90.C) [20] and chemical acetylation using lauryl chloride or succinic anhydride [33,34].
Interaction between surfactants and proteins may result in either synergistic or antagonistic effects [35–39]. The ionic character of the surfactant seems to be a prerequisite for a synergistic interaction between globular proteins and synthetic surfactants.
Non-ionic surfactants tend to hydrophilize the surface of globular proteins due to a hydrophobic interaction between the alkyl chains of the surfactant and the nonpolar fragments of the protein molecule, rendering the complex less surface active than the original protein. In the case of ionic surfactants, at low surfactant/globular protein ratios, the interaction is dominated by electrostatic forces, typically producing complexes with surface activity higher than the starting protein. On the other hand, when all ionic sites capable of interaction with the surfactant are saturated, hydrophobic interactions start to set in, reducing the surface activity analogously to the case of non-ionic surfactants[11,14,35,36,38–40].
The general mechanism described above has been experimentally confirmed for many globular protein-surfactants complexes, but so far the evidence for other types of proteins (e.g. fibrous ones) is scarce. In this paper, the effect of three model synthetic surfactants (sodium dodecyl sulfate, cetyltrimethylammonium bromide and Triton X-100) on surface activity and surface dilatational rheology of the calf skin type I collagen is described. The tensiometric measurements are completed with spectroscopic and thermodynamic analysis in order to verify the validity of the proposed model for the mixtures of type I collagen with surfactants.
2. Experimental
2.1. Chemicals
Collagen from bovine calf skin (type I) was obtained from Biochrom AG (Collagen G, 4 g L-1, solution in 0.015 M HCl) and was used as received. Other chemicals: hydrochloric acid (84428), sodium dodecyl sulfate – SDS (71725), cetyltrimethylammoniumbromide – CTAB (52365) and Triton TX-100 (T9284) were purchased from Sigma Aldrich. Milli-Q water (Millipore) was used toprepare all solutions. Surface purity of water and HCl used in this work was verified by monitoring their dynamic surface tension for1 h. Similar tests were run for all glassware, by measuring surface tension of the last water used for rinsing the glassware. All glassware was cleaned with Hellmanex II solution (Hellma, Worldwide) and acetone prior to rinsing with Milli-Q water.
2.2. Preparation of collagen and collagen/surfactant solutions
The procedure for preparation of collagen/surfactant solution was adapted from Ref. [41]. A 5.0 × 10-6M solution of collagen (pH1.8) was prepared by diluting the stock collagen solution (4 g mL-1in 0.015 mol L-1HCl). The collagen solution was mixed separately with SDS, CTAB and TX-100 to give mixtures of the following collagen/surfactant molar ratios: 1:1, 1:2, 1:5, 1:10 and 1:20. Collagen concentration was fixed in all mixtures at 5 × 10-6mol L-1andthe surfactant concentrations were: 5 × 10-6, 1 × 10-5, 2.5 × 10-5,5 × 10-5, 1 × 10-4mol L-1. The solutions were incubated for 24 h at room temperature (25.C).
2.3. Tensiometric measurements using axisymmetric drop shape analysis (ADSA)
The surface tension and surface dilatational rheology measurements were performed using a drop profile analysis tensiometerPAT-1 (Sinterface Technologies, Germany) as described in Ref. [42].
Each measurement was performed at constant temperature (21.C, controlled with a thermostatic bath). A drop of the tested solution was formed at the tip of a steel capillary immersed in a glass cuvette(20 mL) filled with air.
All experiments were performed during 5000 s and repeated at least three times (typically six times). In the first part of the measurement (0–3600 s) the drop volume was kept constant (18 L), providing information about a dynamic surface tension measurement (i.e., surface tension vs. time). The equilibrium surface tension(…eq) was calculated by extrapolating the dynamic surface tension to the infinite time following the approach by Joos and Hansen[42], as an intercept with the ordinate in  vs. t-1/2coordinateseq=  -RT…2C0…4Dt, where eq is the equilibrium surface tension, is the dynamic surface tension, T is the temperature, D is the diffusion coefficient, c0 is the bulk concentration, R is the gas constant, t is the time.
In the second part of the measurement, in time range3600 s–5000 s the sinusoidal oscillations of the volume of the drop were applied, with the relative amplitude of 4.4% and the following frequencies of oscillations: 0.005, 0.01, 0.02, 0.05, 0.1 Hz. The analysis of the surface tension response to the drop area oscillations provided the imaginary (loss, E”) and real (storage, E’) partsof the complex surface dilatational viscoelastic modulus, E [43], E =ddlnA= E…+ iE……, where … is the interfacial tension, A is the area subjected to deformation, and i (-1)1/2.
2.4. UV–vis spectroscopy
The UV–vis spectra were recorded at 21.C on a Cary 60 UV–vis(Agilent Technologies, USA), over the spectral range of 190–400 nm with 1 nm s-1speed scan. A quartz cuvette with the path length of 1 cm was used for all the spectroscopic measurements. The absorption spectra of the studied solutions were recorded with a0.015 mol L-1HCl solution as a reference. The absorbance vs. surfactant concentration curves were constructed for the wavelength of a maximum absorbance (… = 267 nm) for collagen, surfactants and collagen/surfactant mixtures. The average values of at least three measurements are reported.


2.5. Fluorimetry
The fluorescence spectra of collagen, surfactants and their mixtures were recorded on a Cary Varian fluorescence spectrophotometer (Agilent Technologies, USA) with a 100 L quartz cuvette of 1 cm path length at 21.C. The excitation and emission slits width were fixed at 5 nm. The excitation wavelength was set at 275 nm to selectively excite tyrosine (Tyr). The emission spectra were monitored in the wavelength range 280–500 nm using 2 nm s-1speedscans. Each measurement was repeated at least three times. The fluorescence intensity vs. surfactant concentration was plotted for the wavelength of a maximum fluorescence emission intensity of tyrosine (lambda = 303 nm). The average values of at least three measurements are reported.
2.6. Differential scanning calorimetry (DSC)
DSC thermograms of collagen and collagen/surfactant solutions with molar ratio 1:20 incubated for 24 h at room temperature (25.C) were recorded on a Nano-DSC differential scanning calorimeter (TA Instruments, USA) using a sample volume of 300 L. Each solution was thoroughly degassed prior to loading.
The samples were scanned at 1.C min-1in a range 5–60.C and using a 0.015 mol L-1HCl solution as a reference. Each experiment was repeated at least three times. The total denaturation enthalpy(…Hd) and entropy (…Sd) were estimated by measuring the area under the DSC thermograms, while denaturation temperature Td was defined as a local maximum temperature at the DSC thermograms. The data were analyzed by NanoAnalyze Software.
2.7. Isothermal titration calorimetry (ITC)
ITC experiments were carried out on a Nano-ITC isothermal titration calorimeter (TA Instruments, USA) at 21.C and under constant stirring speed of 250 rpm. All of the used solutions were thoroughly degassed prior to loading. A concentrated solution of surfactants was placed in a 250 L syringe and titrated into 950 L of collagen or hydrochloric acid solution. Titrations were made by stepwise injection of 16 L of the surfactant solution to the collagen/HCl solutions. The injections were added from an automatic microsyringe at an interval of 1000 s for SDS, 1200 s for CTAB and 800 s for TX-100, respectively. Each experiment consisted of 16 injections in the surfactant/collagen molar ratio range 0.7–12.8 and was repeated three-four times. The heat of dilution derived from titration of the surfactant to hydrochloric acid (without the protein) was subtracted from that obtained from the titration into the protein, in order to obtain the net heat of protein/surfactant interaction. The enthalpy change (…H) and association constant (Ka) were calculated by iterative curve fitting of the binding isotherms. The Gibbs free energy change (G) was derived from the equation …G = -RT × lnKa. The entropy change (…S) was calculated from the equation …G = …H – T..S. Data analysis was carried out using NanoAnalyze software.

3. Results
3.1. Surface tension of collagen, surfactants and collagen/surfactant mixtures
Native collagen can only be solubilized in acidic solutions. Therefore, first the stability of SDS, CTAB and TX-100 in acidic solutions (pH 1.8) was tested [44]. For this purpose the surface tension of their concentrated solutions (10-4mol L-1) after 24 h incubation at 25.C was measured repeatedly. The results for all the surfactants obtained at pH 1.8 did not differ significantly from those reported in the literature in neutral solutions [9,45–49]. Thus, any changes observed in the mixed collagen/surfactant solutions will result from the interaction between the two components and not from hydrolysis of the surfactant at low pH.
In the second step, the surfactant/collagen mixtures (pH 1.8) were prepared as described in the experimental section and incubated for 24 h prior to the surface tension measurements. The comparison of dynamic surface tension results for bare surfactant(left panel) and its mixtures with type I collagen (right panel) during 3600 s is shown in Fig. 1. The curve for bare collagen solution was added to each panel to facilitate comparison.
In agreement with the previously reported data [20] the collagen solutions at 5 × 10-6mol L-1under the employed conditions lower the surface tension more slowly than the surfactants solutions. This is a consequence of a significantly higher molecular weight of the protein (300 kDa) as compared to the employed surfactants. Nevertheless, within one hour collagen is capable of reducing surface tension more than the most concentrated SDS solution used in this study (1 × 10-4mol L-1). On the other hand, CTAB and especially TX-100 in the same range of concentrations (5 × 10-6–1 × 10-4mol L-1) show higher surface activity and reduce surface tension more than the bare collagen solution.
Addition of collagen affects all the dynamic surface tension curves, but the changes are most pronounced for SDS. In the mixed collagen/SDS system the curves are shifted downward by between 23 mN·m-1(for the lowest SDS concentration, 5 × 10-6mol L-1) and 20 mN m-1(for the highest SDS concentration, 1 × 10-4mol L-1). For the collagen/CTAB mixtures, the difference is much smaller and varies between 11 mN m-1(for the lowest CTAB concentration, 5 × 10-6mol L-1) and 1 mN m-1(for the highest CTAB concentration, 1 × 10-4mol L-1). In the case of non-ionic TX-100, the presence of collagen has no significant effect on dynamic surface tension curves. It is worth mentioning that the analogous dynamic surface tension measurements performed on fresh solutions (without 24 h incubation at 25.C) were highly irreproducible, especially at the beginning of each measurement series.
The representative curves recorded 5 h after mixing the collagen with the surfactants presented in (Fig. S1 Supplementary materials) show that the highest differences between the fresh and incubated mixtures were observed for the lowest surfactant concentrations(for molar ratios 1:1 and 1:2). This suggests that the rate of collagen/SDS complex formation at the interface is limited by the availability of the surfactant.
Fig. 2 collects the surface tension isotherms obtained by extrapolating the dynamic surface tension data from Fig. 1 to infinite time for each studied system: bare collagen, SDS, CTAB, TX-100 and its mixtures after 24 h incubation at 25.C. The analogous isotherms for the mixtures without incubation (Fig. S2) differ slightly from those of Fig. 2, probably due to the incomplete surfactant/collagen complex formation.
In agreement with the dynamic curves, the effect of collagen on the surface tension isotherms is strongly dependent on the nature of the surfactant and decreases in order: SDS > CTAB > TX-100. The effect of collagen is the most pronounced at low surfactant concentrations, and the isotherms for the mixtures tend to plateau values more quickly than the ones for bare surfactants. Consequently, in the studied range of concentrations, the lower is the collagen/surfactant ratio the lower is the observed synergistic effect of the protein. For all SDS/collagen mixtures and in the presence of low amounts of CTAB, the equilibrium surface tension is always lower than any of the individual components. For example, at a concentration of 5 × 10-6mol L-1of SDS the surface tension is the same as that of pure water, and for the same concentration of collagen  = 57 mN m-1, while their mixture can lower surface tension to reach  = 47 mN m-1. The synergistic effect due to a complex formation accounts thus for about 10 mN m-1additional reduction of surface tension. At higher SDS concentrations (collagen/SDS ratio of 1:5 to 1:20) the gain in surface tension reduction is as high as 15 mN m-1. For CTAB and TX-100 the effect does not exceed 2 mN m-1 at the lowest surfactant concentration, but increases to about 6 mN m-1 for a collagen/CTAB ratio of 1:5.
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Fig. 1. Dynamic surface tension for bare surfactants (left panel) and collagen/surfactants mixtures (right panel) at pH 1.8 after 24 h incubation at 25.C. Surfactants concentrations in the mixtures were as follows: 5 × 10-6mol L-1…
…
Fig. 2. Interfacial tension isotherms for the surfactants (
[bookmark: _GoBack]Surface dilatational rheological properties of collagen and collagen/surfactant mixtures.
The rheological parameters of the Gibbs layers spontaneously formed on the air/water surface of the collagen and collagen/surfactant solutions as a function of frequency of oscillation are shown in Fig. 3A. The data is expressed as the storage (E’) and loss (E”) moduli of the visco-elastic modulus, both describing the mechanical properties of the adsorbed layers. The results for bare surfactant solutions are not shown here, since in the studied concentration and frequency range their visco-elastic moduli are negligible [50–52].
…
Fig. 3. (A) Surface dilatational rheological parameters: elastic modulus (E’) and loss modulus (E”) of surface layers of bare collagen and collagen/surfactant mixtures after 24 h incubation at 25.C as a function of oscillation frequency (open symbols). Surfactants concentrations in the mixtures were as follows: 5 × 10-6mol L-1…

For the adsorbed layers of bare collagen, E’ increases with increasing frequency of oscillation (f) from 43 mN m-1at 0.005 Hz to 58 mN m-1at 0.1 Hz, while E” decreases from 11 to 7 mN m-1inthe same frequency range, in agreement with our previous report[20]. With the addition of surfactants, both E’(f) and E”(f) curves shift downwards, suggesting a deterioration of mechanical properties of the mixed layers. As far as the storage modulus is concerned, the extent of deterioration follows the opposite trend as observed in reduction of dynamic surface tension: the most pronounced reduction of E’ is observed for TX-100, followed by CTAB and SDS. The loss moduli, E”, in all cases show much lower values and their variation with surfactant concentration is rather minor. On the other hand, the frequency dependence of E” changes with surfactant concentration, passing from decreasing for the bare collagen and low surfactant/collagen ratio mixtures, to increasing, for the high-ratio mixtures (Fig. 3A). The frequency dependence of E’ for all surfactant/collagen mixtures is similar to that of bare collagen, but with increasing the surfactant/collagen ratio the effect of frequency becomes less important. This effect is most pronounced for CTAB and TX-100: the difference between E’ at 0.005 Hz and0.1 Hz drops from about 12 mN m-1at 1:1 collagen/surfactant ratio, to about 4 mN m-1at 1:20. On the other hand, for SDS the difference between E’ at 0.005 Hz and 0.1 Hz is almost the same for collagen/SDS ratio of 1:1 (11.6 mN m-1) and 1:20 (11.2 mN m-1).
With increasing frequency of oscillation, both E’ and E” tend to plateau values, approaching the high-frequency limit, E0[53]. Because of the technical limitations of the oscillating drop setup, the highest experimentally achievable frequency in our experiments is 0.1 Hz, and these values were used to plot the high-frequency concentration dependence of E’ and E” (Fig. 3B). For both collagen and collagen/surfactant mixtures E’ … E”, suggesting that the layers are predominantly elastic. The data in Fig. 3B clearly confirms that the storage modulus of the mixed adsorbed layers worsens in the following sequence: collagen/SDS < collagen/CTAB < collagen/TX-100.
At 1:20 molar ratio, E’ for SDS is still as high as 25 mN m-1, while for the other two surfactants it drops below 10 mN m-1. Similarly, E” for CTAB and TX-100 drops below that of bare collagen, in contrast to SDS, confirming that in the former two mixtures collagen is successfully replaced with uncomplexed surfactant molecules.
The analogous data for the freshly prepared mixtures (without 24 h incubation) are collected in Fig. S3. The less pronounced changes of E’ and E” confirm that the freshly prepared mixtures do not reach an equilibrium immediately.
3.2. UV–vis spectroscopy
Two of the amino acids abundant in collagen: tyrosine (Tyr) and phenylalanine (Phe) possess chromophores absorbing UV light in the range 250–300 nm [54,55]. Thus, in order to shed more light on the mechanism of surfactant-collagen interactions, an UV–vis spectroscopy has been employed. The UV–vis spectra of bare collagen and collagen/surfactant mixtures are collected in Fig. 4, and the absorbance vs. surfactant concentration curves for … = 267 nm are shown as insets.
On the first inspection, the most pronounced changes could be noticed for TX-100 solutions. They originate, however, from the UV light absorption by the aromatic part of the surfactant(max= 275 nm) [56], and not from the collagen/TX-100 interactions. This is clearly seen from the inset showing the absorbance vs. TX-100 concentration in the absence and presence of collagen – the slope of both curves is the same. Similarly, the almost parallel curves for CTAB suggest that the ability to absorb the UV light by the collagen’s Tyr and Phe is not significantly affected by the presence of the surfactant, which in this case is not UV-absorbing (null slope). Only for SDS a clear increase of absorbance in the UV region point to a specific interaction involving the neighborhood of the aromatic amino acids of the collagen. The inflection point is situated around the SDS/collagen molar ratio of 1–2, suggesting that between one and two molecules of SDS are bound per one collagen molecule and that the binding site may be located near Tyr or Phe.
3.3. Fluorimetry
The presence of fluorescent aromatic amino acid residues (tyrosine, phenylalanine or tryptophan) in a protein provides a valuable probe for studying its interactions with other species present in the solution [57]. The type I collagen used in this study is rich in Tyr and Phe, but due to a much higher emission yield, Tyr is mostly responsible for the fluorescence spectrum of the collagen solutions [58,59]. Indeed, excitation of the type I calf skin collagen at …exc= 275 nm affords emission in the UV range with a maximum around …em= 303 nm, with a small shoulder at 340 nm, attributable to tyrosine. Addition of the surfactants alters the emission spectra in a way similar to that observed in the spectrophotometric experiments (Fig. 5). The apparent strong response to the presence of TX-100 is linear and is due to the fluorescence properties of the surfactant itself (see Fig. S4 for the corresponding fluorescence spectra of bare TX-100). Also for CTAB, no changes exceeding the scattering due to experimental errors in fluorescence intensity could be noticed. This confirms the spectrophotometric observations about the lack of changes in the vicinity of Tyr in presence of the cationic surfactant. With increasing the SDS/collagen ratio in the mixture, first a decrease and then an increase of the emission intensity is observed, accompanied by a successive disappearance of the shoulder at 340 nm. The shape of the fluorescence intensity vs. SDS concentration suggests formation of a surfactant-protein complex with molar ratio around 1–2, in agreement with the spectrophotometric data. This confirms that at least part of the SDS molecules binding to collagen are probably located in the vicinity of the fluorescently active tyrosine group.
In order to better understand the nature of SDS-collagen interaction, a competition experiment was performed where analogous titration of collagen by SDS was performed in the presence of excessNa2SO4. For this purpose the concentration of the inorganic sulfate salt was fixed at 1 × 10-4mol L-1, which corresponds to the initial collagen/Na2SO4ratio of 1:20. The presence of inorganic sulfate ions shifted the binding curve to the right (Fig. S5) suggesting that they may indeed be bound at the same binding site as the organic sulfate of SDS.
3.4. Differential scanning calorimetry (DSC)
Proteins can be unfolded by many factors, one of the simplest to achieve being an increase of temperature. Also some surfactants, especially SDS, possess the ability to denaturate proteins. In the case of collagen, denaturation involves unfolding the triple helix with formation of random coils. The process can be conveniently followed by using differential scanning calorimetry (DSC) [60–62].
In this study, DSC measurements were carried out to compare the effect of surfactants on thermal stability of collagen after 24 h incubation at 25.C. The denaturation temperature (Td), enthalpy (…Hd) and entropy (…Sd) are shown in Table 1 for bare collagen and its mixtures with SDS, CTAB and TX-100, all at 1:20 collagen/surfactant ratio. The thermodynamic parameters of the helix-to-coil transition reported in Table 1 for collagen are similar to those reported in the literature [61,63]. Interestingly, addition of even large excess of the synthetic surfactants does not alter significantly the type I collagen’s helix-to-coil transition. This confirms that even if the surfactant-protein complexes are formed, the process does not stabilize preferentially neither the helical, nor the unfolded forms of the type I collagen. Thus, the synthetic surfactants used in this study do not affect the triple helix of the protein.
…
Fig. 4. UV–vis spectra for bare collagen (-) and collagen/surfactant mixtures after 24 h incubation at 25.C. Surfactants concentrations in the mixtures were as follows: 5 × 10-6mol L-1…
…
Fig. 5. Fluorescence emission spectra of bare collagen (-) and collagen/surfactant mixtures after 24 h incubation under 25.C. Surfactants concentrations in the mixtures were as follows: 5 × 10-6mol L-1…
…
Fig. 6. Thermodynamic parameters of collagen/SDS and collagen/CTAB complexes determined from ITC at 21.C: Gibbs free energy (…G), enthalpy change (…H), and entropy change (expressed as –T…S).

3.5. Isothermal titration calorimetry (ITC)
Further thermodynamic characterization of collagen/surfactant interactions was performed using isothermal titration calorimetry (ITC). In the ITC experiments, the heat generated or absorbed upon titrating the collagen solutions with the concentrated surfactant solutions was measured in order to obtain information about the stoichiometry (n), enthalpy change (…H) and Gibbs free energy(…G). …H and …G were then used to calculate the entropic contribution (T…S) [64].
Addition of TX-100 does not produce any measurable heat effects, suggesting that it is not strongly bound to collagen under the employed conditions. On the other hand, in the case of CTAB and SDS the results are surprisingly similar, but repeatable (Fig. 6). In both cases the Gibbs free energy is negative suggesting that the SDS-collagen and CTAB-collagen complexes are formed spontaneously and have comparable thermodynamic stability. Interestingly, the process is driven mostly by an entropic contribution, the enthalpy change being small and positive. This suggests a release of the bound water molecules upon interaction of collagen to the surfactants and/or rearrangement of the whole collagen molecule. The latter seems, however, less probable given the little effect of the surfactants observed in DSC results above.
Thus, the most probable origin of the high entropic contribution seem to be the hydrophobic interactions between the collagen and the alkyl chains of SDS and CTAB. The stoichiometry of both collagen/SDS and collagen/CTAB complexes determined from fitting of the ITC data, were ncoll-SDS= 1.6 ± 0.1 and ncoll-CTAB= 1.5 ± 0.1.4. 
Discussion 
Interactions between the surfactants and the globular (e.g. …-lactoglobulin, lysozyme, albumin) or random coil (e.g. …-casein) proteins has been extensively studied in the past because of the synergistic effects often observed in such mixtures. On the other hand, fibrous proteins attracted much less attention, and their interaction with surfactants has been mostly studied from the point of view of bulk properties [41,65–67]. The general conclusion that can be derived from studies on the globular protein-surfactant mixtures is that their interaction is largely determined by the ionic character of both types of molecules. This turns out to be true also for the collagen/surfactants mixtures analyzed in this paper, and is evident from both surface (surface tension, surface dilatational rheology) and bulk (DSC, ITC, UV–vis absorbance and fluorescence) techniques. Our study additionally points to a hydrophobic interaction as a possible important contribution to binding of both SDS and CTAB. The SDS and CTAB molecules share some similarities. Both contain acyclic aliphatic chain and charged group, although SDS has anionic, and CTAB – cationic one. The hydrophobic parts of these molecules are much bigger than the hydrophilic ones. In contrast, TX-100 has no charged group and the hydrophobic part is smaller than hydrophilic one.
TX-100, being a nonionic surfactant, does not seem to interact measurably with the type I collagen, even though both the surface tension and optical properties of the mixtures change significantly in its presence. As far as the solution/air interface is concerned, TX-100 simply replaces the protein because of its intrinsic surface activity [49]. The phenyl and ether groups of TX-100 are not specifically bound to any fragment of the collagen molecule, which was confirmed by ITC. Thus, the solution/air interface is quickly covered with much smaller and fast-diffusing TX-100 (Fig. 1), and the subsequent adsorption of large and slow-diffusing collagen is hindered. The degradation of mechanical properties of the mixed collagen/TX-100adsorbed layers confirms that already in the equimolar mixtures only a minor part of the interface is covered by the protein.
The complex formation between CTAB and the type I collagen at pH 1.8 is somehow surprising given the protein’s high isoelectric point (pI = 8.26 [68]) and a cationic character of the surfactant. The complex formation in the bulk is confirmed with ITC and some indication of its presence at the interface can be deduced from the surface tension and rheology data. The lack of changes in the spectroscopic experiments suggests that the interaction does not affect the chromophoric and fluorophoric groups of collagen (Tyr and Phe). The dominant entropic contribution to the Gibbs energy of CTAB-collagen binding suggests a hydrophobic character of interaction. The stoichiometry of the CTAB-collagen complex obtained from ITC suggests that on average between one and two CTAB molecules are bound to each collagen’s triple helix, but the lack of changes in optical absorption and emission spectra does not allow us to speculate on the possible location of these molecules along the triple helix.
The hydrophobic attraction between CTAB and collagen is also operational at the water/air interface, where a clear reduction of surface tension is observed in the low CTAB-to-collagen ratio mixtures (Fig. 2). On the other hand, with increasing CTAB concentration the mechanical properties of the mixed adsorbed layers clearly deteriorate (Fig. 3). Similarly to other low-molecular weight synthetic surfactants, CTAB itself forms adsorbed layers with poor mechanical properties [16,20]. Thus, worsening of the mechanical properties of the mixed layers suggests that the protein and surfactant molecules are co-adsorbing at the interface, but the collagen’s ability to form elastic networks is reduced by binding with CTAB. In other words, CTAB probably reduces the collagen’s ability to self-associate at the interface.
The most pronounced changes in bulk and interfacial properties were observed for SDS. They are consistent with those reported in the literature for other fibrous protein such as keratin [69] and fibroin [70]. Because of the anionic characters of SDS, both electrostatic and hydrophobic interactions are expected to play an important role here. Even though SDS is capable of unfolding many globular proteins, no changes were observed in the thermodynamic parameters of the collagen thermal denaturation. Thus, the changes induced by binding of SDS are restricted to local modifications of the triple helix, which itself remains intact. The thermodynamic parameters for SDS-collagen complexation are similar to those for CTAB-collagen, which may suggest a similar mechanism of interaction. However, while electrostatic interactions are clearly more important for SDS, the hydrophobic ones would probably be more pronounced for CTAB, which has a longer alkyl chain (16 carbon atoms, instead of 12 for SDS). The similarities between SDS and CTAB are thus probably incidental, especially that in the case of SDS the changes in optical properties of collagen solutions are different than for CTAB. Overall, the electrostatic and hydrophobic interactions seem equally probable in the case of binding of SDS to collagen.
The spectroscopic results suggest that SDS may be bound in the vicinity of tyrosine [57], although not necessarily by this particular amino acid. Mertz et al. reported that at physiological pH (6.8) the phosphate and sulfate ions are specifically bound to collagen fibrils [71]. The authors reported the existence of 1–2 binding sites for sulfate per collagen molecule inside the fibrils. The binding site was postulated to locate near the positively charged amino acid residues (such as arginine and lysine) within regions of high net positive charge. In fact, the special affinity of sulfate (together with phosphate) ions to arginine is known from the literature [72–74].
Although the interaction is of electrostatic nature, its strength is modulated by the Hofmeister effect [75,76]. The competition experiment using an inorganic sulfate salt seems to confirm that the sulfate group plays an important role in recognition of the SDS molecule. By combining the expected high affinity of SDS to arginine and the observed effect of SDS binding on tyrosine, the possible binding site for at least the first SDS molecule should be located in the regions where the two amino acids are spatially close. The type I collagen contains about 50 arginine residues per one -chain (Uniprot ID P02453), and 12 ± 1 tyrosine residues per collagen molecule [57] located mainly in the non-helical part of the collagen chains (Uniprot ID P02453). By analyzing the protein’s amino acid sequence, we postulate that the most probable binding site for SDS is located at the end of the non-helical part of 1-collagen chain 1213Arg-Tyr-Tyr1215(Uniprot ID P02453), remaining after cleavage of the C-terminal propeptide 1216–1463. The fact that even in the presence of excess inorganic sulfate, the SDS molecules can still be bound to collagen suggests that also the SDS’ n-dodecyl chain participates in the surfactant binding.
5. Conclusions
Despite being a fibrous protein, the type I collagen displays some surface activity and its adsorbed layers at water/air interface are highly visco-elastic in dilatation, with E’ … E”. In the presence of the low-molecular weight synthetic surfactants, both surface tension and surface dilatational rheology of collagen are modified to the extent depending on the nature of the surfactant and the protein-to-surfactant ratio. The most pronounced enhancement of surface activity was observed for SDS, where surface tension could be reduced down to  = 42 mN m-1(for comparison, in bare collagen solution at the same concentration,  = 57 mN m-1, and for SDS  does not drop below 64 mN m-1). With increasing SDS concentration the mechanical properties of the adsorbed layers deteriorate, but below the collagen/SDS ratio of 1:5 are still satisfactory (E’ > 30 mN m-1). Thus, from the practical point of view, SDS-collagen mixtures with slight excess of the surfactant offer significant reduction of surface tension while keeping the adsorbed layers mechanically resistant, which makes them potentially attractive components of foams and possibly also emulsions.
The mechanistic studies described in this contribution point to a specific binding of the SDS’s sulfate group to the collagen’s arginine groups located in the vicinity of tyrosine, probably at the end of the non-helical part of 1-collagen chain1213Arg-Tyr-Tyr1215. Even though the interaction is electrostatic in nature, it is probably specific to sulfate ions (Hofmeister type). Additionally, the SDS’ n-dodecyl chain may be hydrophobically attracted to the collagen’s triple helix. It is possible that the proposed mechanism holds also for other types of collagens and fibrillar proteins (e.g. keratin, elastin), because of the common occurrence of arginine in their amino acid sequence. In the present paper we profited from the spatial proximity of arginine and tyrosine, where the latter served as a reporter moiety thanks to its optical properties. Thus, binding of the sulfate group to arginine in other collagens does not have to lead to such distinct changes in UV–vis and fluorescence spectra. For instance, in type III collagen, which is a homotrimer ([1(III)]3), the1-chains do not contain the specific arginine-tyrosine sequence (Uniprot ID P04258). On the other hand, another homotrimeric collagen, type II ([1(II)]3), contains the sequence, but located in N- and C- terminal propeptides (Uniprot ID P02459), which are removed during the later stages of biosynthesis [22]. To the best of our knowledge, only the type V collagen (a heterotrimer existing as either [1(V)]22(V)] or [1(V)2(V)3(V)] [22]), contains the Arg-Tyr sequence in each -chain (Uniprot ID G3MZI7, F1N2Y2, F1MJQ6). Consequently, one may expect changes of optical properties upon binding of SDS to type V collagen, although surface properties should be affected equally for other types as well.
Under the applied conditions, the type I collagen is not denatured in the presence of SDS or the other two surfactants used: CTAB and TX-100. While for the latter, no evidence of binding to collagen could be found (both in the bulk and at the surface), the former seems to be complexed by the protein. In this case, however, the spectroscopic evidence did not allow for any speculation on the possible location of the binding site for CTAB. Because of the net positive charge of both CTAB and collagen under the employed conditions, electrostatic interaction should be less favored than hydrophobic binding. Overall, the type I collagen in mixtures with the anionic, cationic and neutral synthetic surfactant behaves qualitatively in a similar way as the globular proteins. The extent of interaction and consequently – enhancement of the surface properties decreases in the order SDS > CTAB  TX-100. With increasing the surfactant-to-protein ratio the complex is successively replaced by the uncomplexed surfactant molecules.
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