Effect of enzymatic hydrolysis on surface activity and surface rheology of type I collagen
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Abstract
We describe the adsorption behaviour and rheological properties of a calf skin type I collagen, and of its hydrolysates obtained using a Clostridium histolyticum collagenase (CHC) under moderate conditions (pH 7, 37 oC). The effect of CHC concentration (2·10-9 M - 2·10-6 M) and incubation time (35 min – 85 min) was studied and optimized to achieve the highest decrease of surface tension and the highest dilational surface viscoelasticity of the adsorbed layers. SDSPAGE electrophoresis and reverse-phase high performance liquid chromatography (RP-HPLC) were used to characterise the hydrolysis products. The results show that even simple modifications (heat treatment, pH change, partial hydrolysis) of collagen enhances its surface properties, especially in terms of surface dilational elasticity modulus. The use of low enzyme concentration (CHC-to-collagen molar ratio of 4·10-3) and short incubation time (<45 min) results in moderately hydrolysed products with the highest ability to lower surface tension (γ=53.9 mN/m) forming highly elastic adsorbed layers (surface dilational elasticity, E’=74.5 mN/m).
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1. Introduction
An increasing interest in food and cosmetic products with low content of synthetic additives calls for searching of sustainable and biocompatible surfactants of natural origin (biosurfactants). In view of the limited oil resources, at longer timescales biosurfactants could help to reduce costs. Even more importantly, should have less negative impact on the environment than their synthetic counterparts. So far, the milk and eggs proteins as well as biosurfactants from the groups of rhamnolipids and saponins show the highest promise in this respect1-3. In the context of foam and emulsion stabilization, globular proteins (β-lactoglobulin2,4-6 and lysozyme2,7,8) and random-coil β-casein2,9,10 are most often studied. Despite a huge availability as a waste by-product from meat and fabrics industries, only few reports describe surface activity of fibrous proteins such as collagen, keratin or fibroin. For example, a native silk protein, fibroin, was shown to adsorb strongly at the air/water interface 11. The structure of the adsorbed fibroin layers was proposed on the basis of surface tension and surface dilational rheological studies at low and high bulk protein concentration. Ozdemir et al. reported on interactions of keratin from chicken feather with synthetic (sodium dodecyl sulfate, SDS) and natural (rhamnolipids) surfactants at the air/water interface. They concluded that keratin is capable of forming surface complexes with both surfactants. A more hydrophobic SDS-keratin complex was found to be more surface active compared to the rhamnolipid–keratin one 12. Zaitsev et al. described the effect of denaturants (urea and thiourea) on surface activity of collagen 13. They noticed rapid and irreversible changes of the collagen monolayers, especially for thiourea. Li et al. analysed the effect of acylation on surface tension of aqueous collagen solutions 14,15. A reduction from 71 mN∙m-1 down to 56 mN∙m-1 was achieved by reacting collagen with lauryl chloride and succinic anhydride. Even though it is not clear whether the excess of reagents was effectively removed from the reaction mixture, the works by Li et al. nicely show the potential of collagen to act as an amphiphile after a relatively straightforward modification. Chi et al. were able to enhance surface activity of a pig skin collagen by hydrolysing it using alcalase and subsequently grafting with oleoyl groups 16. Also our recent work on the effect of temperature on surface tension and surface rheology of type I collagen from calf skin shows that even simple temperature treatments can improve its surface activity. Collagen solutions (1.3∙10−5 M) subjected to heating at 90 oC for 60 min followed by cooling down to 21°C produced highly elastic adsorbed layers. Their dilational surface elasticity modulus, E’, increased from 58 mN.m-1 (for native collagen) to 71 mN.m-1 (for the heat-activated collagen) at the highest frequency of oscillation (0.1 Hz) 17. Currently about 28 types of collagen of different structure, amino acid composition and biological role are known 18. A collagen molecule consists of three left-handed helical polypeptide chains, rolled into a right-handed triple helix with molecular weight of about 300 kDa. The common feature of all collagens is a repeating Gly-X-Y amino-acid sequence 19, where X and Y can be any amino acid, although proline (Pro) or hydroxyproline (Pro-OH) residues are the most often encountered 20,21. Collagen contains both polar (aspartic acid (Asp), glutamic acid (Glu), arginine (Arg), lysine (Lys)), and apolar (proline (Pro), serine (Ser), glicyne (Gly)) amino acids 14. Hence, despite the fact that in native collagen the helices are rolled in a way to expose the hydrophilic segments to the solution, these fibrous proteins have a potential to develop an amphiphilic character. The latter can be unleashed by at least partial denaturation and/or hydrolysis of the triple helix, using chemical 22,23 or enzymatic methods 3. The latter usually require milder conditions (close to physiological ones) 24 and allow for obtaining products with well-defined properties 25 free of residual organic solvents or toxic chemicals 26. For these reasons, enzymatic hydrolysis of proteins from soymilk 23,27, fish byproducts 24,28,29 or milk proteins (casein 30-32, β-lactoglobulin 33,34) is more and more often employed in food and pharmaceutical industries 24,29,33,35,25,28,31,34. In this paper we present a study of the effect of hydrolysis of a calf skin type I collagen with a collagenase from Clostridium histolyticum (CHC) on surface tension and surface dilational viscoelasticity. CHC is a collagen-specific enzyme, effective at near-room temperatures and pH values close to neutral. It belongs to endopetidases 36 and operates by recognising a -R-Pro-XGly-Pro-R- sequence (where X is most often a neutral amino acid) and subsequently cleaving the peptide bonds between X and Gly to release a Gly-NH2 terminus 37,38. Collagen type I from bovine calf skin was chosen as the most widely available potential source of biocompatible amphiphiles. Axisymmetric Drop Shape Analysis (ADSA) method was used to determine dynamic surface tension and surface dilational storage and loss moduli (E’ and E”). The molecular weight of the partial hydrolysis products was assessed using SDS-PAGE, and their apolar character was probed using RP-HPLC.

2. Experimental
2.1. Chemicals
Type I collagen from bovine calf skin was obtained from Biochrom AG (Collagen G, 4 g∙L-1, solution in 0.015 M HCl) and was used as received. Other chemicals for the enzymatic hydrolysis: hydrochloric acid (84428), collagenase from Clostridium histolyticum (CHC) type I (C0130), enzyme activator: calcium chloride (21097), tris(hydroxymethyl)aminomethane, TRIS (T6066) were purchased from Sigma Aldrich. Milli-Q water (Millipore) was used to prepare all solutions. Surface purity of water and all chemicals (HCl, CaCl2, enzyme) used in this work was verified by monitoring their dynamic surface tension for 1h. Similar tests were run for all the 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. Temperature-denatured collagen solution at different pH
Collagen solution (pH=1.8) at a concentration of 5.0·10-6 M was prepared by diluting the stock collagen solution (4 g∙L-1 in 0.015 M HCl) using hydrochloric acid solution (0.015 M). 0.1 M NaOH and 0.015 M HCl solutions were used for preparing collagen solutions of different pH (pH=3.0, pH=7.0 and pH=9.0). The prepared solutions were heated at 90 °C for 10 min in order to partially denature collagen, and then cooled down to 21 °C. This procedure hinders the collagen fibril formation at neutral pH. Dynamic surface tension of such freshly prepared solutions was measured as described in 2.6.
2.3. Enzymatic hydrolysis
The procedure for enzymatic hydrolysis was adapted from refs 37,38. A 5.0∙10-6 M solution of collagen (pH 7.5) containing 5.0·10-2 M TRIS, 1.0·10-3 M CaCl2 and 0.015 M HCl was prepared by diluting the stock collagen solution (4 g∙L-1 in 0.015 M HCl). All samples were first heated for 10 minutes at 90 °C and cooled down to 21 °C before addition of the required amount of CHC solution. The samples with CHC (S1 – 2.0·10-9 M; S2 – 2.0·10-8 M; S3 – 1.7·10-7 M; S4 – 2.0·10-7 M; S5 – 3.3·10-7 M; S6 –2.0·10-6 M;) were heated to 37 °C for a defined period of time, after which a 0.1 M HCl solution was added to reach pH 3.0 and quench the enzymatic reaction 38.
2.4. SDS-PAGE electrophoresis
In order to estimate molecular masses of the partial hydrolysates of collagen, the latter were subjected to electrophoretic separation using SDS-PAGE with a 12% running gel in a running buffer containing 3.02 g∙L-1 TRIS, 14.40 g∙L-1 glycine, and 1.00 g∙L-1 sodium dodecyl sulphate (SDS). Electrophoresis was performed at constant voltage of 200 V. The gels were washed with an aqueous solution containing 50% (v/v) MeOH and 7% (v/v) acetic acid. Next, the gels were stained for 1h with Coomassie Brilliant Blue G-250 (0.006% (w/v)) in aqueous solution of 10% (v/v) acetic acid and washed overnight with distilled water. Images of the stained products in gels were documented with the use of E-gel Imager (Life Technologies).
2.5. Reverse-Phase High Performance Liquid Chromatography (RP-HPLC)
Chromatographic analyses were carried out on a High-Performance Liquid Chromatograph (Breeze, Waters) equipped with a binary pump and an autosampler. An absorbance detector (Waters) with detection wavelength of 220 nm was employed to track the protein and its hydrolysates profiles in the analysed samples. An analytical C18 column (ACE, 5 μm particle size, 250  4.6 mm) was used. The mobile phase consisted of 0.1% (v/v) trifluoroacetic acid (TFA) in water (A), and 0.1% (v/v) TFA, 90% (v/v) acetonitrile in water (B).
2.6. Dynamic surface tension and surface dilational rheology using Axisymmetric Drop Shape Analysis (ADSA) method
All measurements were performed at constant temperature (21 °C, controlled with a thermostatic bath) using a PAT-1 tensiometer (Sinterface Technologies, Germany), as described in ref. 39. A drop of the collagen or of its hydrolysate solution was formed at the tip of a steel capillary immersed in a glass cuvette (20 ml) filled with air. Each measurement using the Axisymmetric Drop Shape Analysis (ADSA) method consisted of two parts. In the first part (1 s – 3600 s) the drop volume was kept constant (21 μl), providing a dynamic surface tension measurement (i.e., surface tension as a function of time). The equilibrium surface tension (γeq) for surface tension isotherm was obtained by extrapolating the dynamic surface tension to the infinite time following the approach by Joos and Hansen 40,41, as an intercept with the ordinate in γ vs t-1/2 coordinates
(1)
where γ is the dynamic surface tension, γeq is the equilibrium surface tension, T is the temperature, R is the gas constant, D is the diffusion coefficient, C0 is the bulk concentration, t is the time. In the second part of the measurement (3600 s – 5000 s), harmonic (sinusoidal) modulations of the volume of the drop were applied, using the following frequencies of oscillations: 0.005, 0.01, 0.02, 0.05, 0.1 Hz and the relative amplitude of 4.4 %. The sinusoidal oscillations of the drop volume lead to a sinusoidal response of surface tension. The surface dilational rheological parameters: imaginary - loss modulus (E”), and real - elastic modulus (E’) of the adsorbed layer were calculated from the amplitude and the phase shift of the surface tension response. E’ and E” constitute the complex surface dilational viscoelastic modulus E 39:
(2)
where γ is the interfacial tension, A is the area subjected to deformation, and i=(-1)1/2. Each measurement of surface tension and surface dilational rheology was repeated at least three times (typically four-six times).
3. Results
3.1. Effect of pH on surface properties of temperature-denatured collagen In the first part, the effect of pH on hydrolysis as well as surface activity and surface rheological parameters of temperature-denatured collagen was studied. Four values of pH were chosen, corresponding to: a) the starting collagen solution (pH 1.8), b) optimum conditions for the enzymatic hydrolysis (pH 7.0), c) pH of the reaction mixture after quenching the enzymatic hydrolysis reaction with HCl (pH 3.0), and d) proximity of the isoelectric point of collagen (pH 9.0). In order to gain insight into the extent of temperature denaturation and the hydrophobic character of the products obtained under different pH conditions, a reverse phase high performance liquid chromatography (RP-HPLC) analysis was first performed. The technique allows to separate components of a given mixture (e.g., denaturation or hydrolysis products) according to their polar-apolar character 42-44. The RP-HPLC chromatograms of the collagen solutions subjected to thermal denaturation at different pH are shown in Figure 1A. In all cases, the products maintain their character, as proved by the lack of significant changes of retention times. A double-peak pattern in the chromatograms arises from the presence of two polypeptide chains with different amino-acid sequences 44, α1 and α2, characteristic for type I collagen. This confirms that the employed short temperature denaturation (10 min, 90 oC) does not result in extensive collagen hydrolysis, even though some changes in the composition can be observed above pH 1.8. The beneficial effect of temperature denaturation on surface activity of collagen type I at pH=1.8 has been described in our previous work17. The results described here extend this study to the pH range up to 9.0. The dynamic surface tension of collagen solutions (5.0·10-6 M) of pH 1.8, 3.0, 7.0 and 9.0 after a short temperature treatment (10 min, 90 oC) are shown in Fig. 2A, and the corresponding extrapolated equilibrium surface tension vs pH dependency is shown in Fig. 2B. Even though after 1 hour adsorption, all the curves for pH above 1.8 almost overlap, the extrapolated equilibrium values show clear variation with the pH. The deepest reduction of surface tension, associated with the highest surface activity, can be observed around pH 9. 
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Fig. 1. RP-HPLC chromatograms for: (A) native collagen solutions (5.0·10-6 M) at different pH; (B) hydrolysis mixtures with different CHC/collagen molar ratios: 4·10-4 (S1), 4·10-3 (S2), 3·10-2 (S3), 4·10-2 (S4), 7·10-2 (S5), 4·10-1 (S6).; incubation time 60 min; (C) hydrolysis mixtures with different incubation time: 35 min (T1), 45 min (T2), 60 min (T3), 75 min (T4), 85 min (T5). CHC/collagen molar ratio: 4·10-3. C – control (collagen without CHC, incubation time 60 min). 
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Fig. 2. Effect of pH on (A) dynamic and (B) equilibrium interfacial tension of collagen solutions (5.0·10-6 M).
The surface dilational rheological parameters, described by the storage (E’) and loss (E”) moduli, characterise mechanical properties of the adsorbed layers. The latter are believed to play crucial role in kinetic stabilization of foams and emulsions, hence the need to evaluate E’ and E”. The measurements were performed in a frequency range 0.005-0.1 Hz by harmonically oscillating the drop volume, as described in the experimental part. The results for 5.0·10-6 M collagen solutions at pH of 1.8, 3.0, 7.0 and 9.0 as a function of oscillation frequency are shown in Fig. 3 A and B.
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Fig. 3. Effect of pH (pH 1.8 (), pH 3.0 (), pH 7.0 (), pH 9.0 ()) on surface dilational rheological parameters: (A) elastic modulus, E’ and (B) loss modulus, E” for the layers of temperature-denatured collagen adsorbed at the water/air interface. (C) E’ () and E’’ () as a function of pH value for the highest frequency of oscillation (0,1 Hz). Collagen concentration in all solutions was fixed at 5.0·10-6 M.
For all samples, the storage modulus, E’, describing elastic properties of the layers increases with increasing frequency of oscillation (f). With increasing pH, the E’ vs f curves maintain their character but shift to lower values, suggesting that the layers become less elastic at higher pH (Fig. 3A). For the loss modulus, E”, describing viscous properties of the layers, the values are much smaller than for E’ and no clear trends can be noticed. Overall, a small decrease of E” with increasing frequencies can be observed, especially for pH 1.8 (Fig. 3B). Both moduli tend to their respective plateaux at high oscillation frequencies, suggesting that the values for f=0.1 Hz approach those of the high-frequency limit (equilibrium Gibbs elasticity, E0 45). The E’ and E” vs pH dependency for f=0.1 Hz shown in Fig. 3C confirm that indeed the adsorbed thermally denatured layers of collagen type I become less surface elastic with increasing pH, while above pH 3.0 their surface viscous properties do not change significantly with pH. For all pH the layers remain predominantly elastic (E’>E”).
3.2. Effect of collagenase concentration on enzymatic hydrolysis of collagen
The effect of collagen-specific enzyme, collagenase from Clostridium histolyticum (CHC) was analysed for a fixed collagen concentration of 5.0·10-6 M. Six collagen samples containing between 2·10-9 M and 2·10-6 M of CHC (S1-S6) were prepared as described in the experimental section with pH adjusted to 7.0. After one hour incubation at 37 °C, the enzymatic reaction was quenched with 0.1 M hydrochloric acid (final pH 3.0) prior to further analyses. The samples were first loaded onto a 12% polyacrylamide gel for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in order to probe the extent of hydrolysis. The technique allows for separating components of a given mixture according to their relative masses. For comparison, the unhydrolysed collagen (C) and CHC (E), together with a “Low Range Protein Ladder” as a molecular weight standard were also loaded on the same gel (Fig. 4).
Fig. 4. SDS-PAGE electropherogram of CHC-hydrolysed collagen: L - Low Range Protein Ladder, C – control (collagen without CHC, incubation time 60 min). CHC/collagen molar ratio are as follows: S1 – 4·10-4; S2 – 4·10-3; S3 – 3·10-2; S4 – 4·10-2; S5 – 7·10-2; S6 – 4·10-1. E – CHC at a concentration 1·10-5 M. Initial collagen concentration: 5.0·10-6 M.
In agreement with the literature data, a high-molecular weight fraction of the native collagen (top of the lane C in Fig. 4) shows a pattern typical for the polypeptide chains constituting collagen type I: two α chains (α1 and α2 chain), their dimer (β), and small amounts of γ components (trimer) 46-48. The pattern for CHC, consisting of four subunits49 with the overall molecular weight of 109 kDa also agrees with the literature data 38,50. Because of its low content in the hydrolysed samples S1-S6 (CHC/collagen molar ratio varying between 4·10-4 and 4·10-1, the signals from CHC are not seen in lanes S1-S6. Sample S6, with the highest CHC/collagen ratio 0.4, shows almost complete hydrolysis of the protein to short polypeptide chains with molecular weights below 15 kDa. Samples S3-S5 show similar patterns pointing to an extensive hydrolysis with formation of a significant fraction of 25 kDa polypeptides. Further reduction of the CHC/collagen ratio to 4·10-3 (S2) results in a completely different pattern in SDS-PAGE (lane S2 in Fig. 4). A wide range of hydrolysis products with molecular weights between 15 and 50 kDa are observed, suggesting only weak hydrolysis of collagen under these conditions. On the other hand, for S1, where CHC/collagen ratio is as low as 4·10-4, practically no hydrolysis products could be observed, and the pattern is similar to the native collagen (lane C in Fig. 4). The RP-HPLC results (Fig. 1B) agree very well with those from SDS-PAGE. The samples S3-S6 (with CHC/collagen ratio between 3·10-2 and 4·10-1) are devoid of native collagen, as can be judged from the absence of long retention peaks in the range of 65-75 min. Instead, new fractions with retention times 7-14 min, and 35-65 min appear. Thus, it can be expected that the S3-S6 samples contain products significantly more polar than the native collagen. Similarly to SDSPAGE, the chromatogram of sample S2 shows distinct peak pattern. Even though the native collagen peaks are not present (as for S3-S6), the hydrolysis products appear at longer retention times (in the range 48–70 min) suggesting that they are less polar than for samples S3-S6. As it could be anticipated from the SDS-PAGE results, S1 contains mostly native collagen, with only minor extent of hydrolysis, as proven by a slight reduction of the peak at 68 min, associated with α2 polypeptide chain 44 of type I collagen. Figure 5 presents the dynamic and equilibrium surface tension results for the native collagen and its hydrolysis mixtures obtained with CHC concentration in the range 2·10-9 M to 2·10-6 M, corresponding to the CHC/collagen ratio of 4·10-4 - 4·10-1 (S1-S6). It should be stressed that CHC alone exhibits very low ability to reduce surface tension. Below a concentration of 2.5·10-7 M (corresponding approximately to the composition of sample S4), the dynamic surface tension curves coincide with those for the pure solvent (see Supplementary Materials, Fig. SM1). For the samples with high CHC content (S3-S6), the initial rate of surface tension decay is increased as compared with the native collagen. Nevertheless, after one hour, the decrease of surface tension for these samples is lower than for the native collagen. To illustrate the detrimental effect of extensive hydrolysis on surface activity of hydrolysates, dynamic surface tension of a sample with high CHC/collagen ratio was followed during 3 h (see Supplementary Materials, Fig SM2).
The measurement started immediately after addition of CHC, and the reaction was purposely not quenched by addition of HCl. The data collected in Fig. SM2 clearly shows a gradual decay of the ability to lower surface tension in the following measurements.
The extrapolated equilibrium values shown in Fig. 5B confirm the trend observed in dynamic surface tension measurements: decrease of the CHC/collagen ratio favours reduction of surface tension. Both the dynamic and equilibrium results point to S2 as the most efficient one in lowering surface tension. Interestingly, reduction of surface tension can be observed even for the sample with as little as 2·10-9 M of CHC (S1), where both SDS-PAGE and RP-HPLC showed only slight hydrolysis.
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Fig. 5. (A) Dynamic and (B) equilibrium interfacial tension for collagen hydrolysis mixtures with different CHC/collagen molar ratios: S1 – 4·10-4; S2 – 4·10-3; S3 – 3·10-2; S4 – 4·10-2; S5 – 7·10-2; S6 – 4·10-1; (open symbols). In all solutions initial collagen concentration was fixed at 5·10-6 M, incubation time 60 min. C (solid symbol/dashed line) – control (collagen without CHC, incubation time 60 min). pH in all solutions was fixed at 3.0.
The rheological parameters for the layers formed by hydrolysed collagen at the air/water interface as a function of frequency of oscillation are shown in Fig. 6. Similarly to the native collagen at the same pH (3.0), all E’ values increase with increasing frequency, while E” do not show any clear trends and are always lower than E’. In comparison with the native collagen, the adsorbed layers formed in samples with high CHC content (S3-S6) display lower storage moduli.
The hydrolysis products are thus not capable of forming as elastic adsorbed layers as the native protein. On the other hand, the layers formed in the slightly hydrolysed samples (S1-S2) display exceptionally high surface dilational elasticity: E’ increases from 36 mN∙m-1 for the control (native collagen) to 69 mN∙m-1 for S2 (all values obtained for the highest probed oscillation frequency of 0.1 Hz, see Fig. 6C). Interestingly, also the loss moduli (E”) values are clearly higher for S1 and S2 than for the other samples (including the native sample). The results for f=0.1 Hz (Fig. 6C) confirm the presence of a maximum in both rheological moduli of the adsorbed layers for CHC/collagen ratio of 4·10-3, followed by a shallow minimum. This points to a rather complex effect of hydrolysis on mechanical properties of the adsorbed layers.
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Fig. 6. Surface dilational rheological parameters: (A) elastic modulus, (B) loss modulus of adsorbed layer collagen hydrolysis mixtures with (open symbols) and without CHC (solid symbol) as a function of oscillation frequency. CHC/collagen molar ratio S1 – 4·10-4 (), S2 – 4·10-3 (), S3 – 3·10-2 (), S4 – 4·10-2 (), S5 – 7·10-2 (); S6 – 4·10-1 (); collagen without CHC, incubation time 60 min (); (C) E’ () and E’’ () of adsorbed layer collagen hydrolysis mixtures with and without CHC (E’ – dotted line, E” dashed line) as a function of CHC/collagen molar ratio. In all solutions initial collagen concentration was fixed at 5·10-6 M. pH in all solutions was fixed at 3.0.
3.3. Effect of incubation time on enzymatic hydrolysis of collagen
The degree of enzymatic hydrolysis depends not only on the enzyme concentration, but also on the duration of the enzymatic reaction (the time of incubation of a protein with an enzyme). Based on the results from the CHC concentration dependence of the collagen hydrolysates’ surface activity, a fixed CHC/collagen ratio of 4·10-3 was chosen for studying the effect of incubation time.
Five collagen samples, all with CHC concentration of 2∙10-8 M, were prepared as described in the experimental part (T1-T5) and were incubated at 37°C for 35, 45, 60, 75 and 85 min, respectively. After the given time, the enzyme was inactivated by adding 0.1 M hydrochloric acid (final pH 3.0). The samples were first loaded on a 12% polyacrylamide gel, together with the unhydrolyzed collagen (C), the enzyme (E), as well as the “Low Range Protein Ladder”, and subjected to a SDS PAGE analysis (Fig. 7).
Fig. 7. SDS-PAGE electropherogram of CHC-hydrolysed collagen: L - Low Range Protein Ladder, C – control (collagen without CHC, incubation time 60 min). T1-T5 collagen hydrolysis mixture with CHC/collagen molar ratio fixed at 4·10-3. Incubation time respectively T1 – 35 min; T2 – 45 min; T3 – 60 min; T4 – 75 min; T5 – 85 min. 
According to expectations, increasing the incubation time leads to the products of decreasing molecular weight. For incubation times exceeding 75 min (T4-T5) the products with molecular weights above 30 kDa were no longer observed. The high molecular weight hydrolysates (60-80 kDa) can only be observed in the samples exposed to CHC for the shortest time (T1-T2). Thus, as far as the incubation time is concerned, the shorter it is, the higher is the fraction of high molecular mass hydrolysis products in the mixture. The RP-HPLC results (Fig. 1C) agree well with those from SDS-PAGE. The hydrolysis products are slightly more polar than the starting collagen, eluting between 45 and 75 min. Their polar character increases with increasing incubation time, as judged by a slight shift of the peaks towards shorter elution times. The low intensity of a characteristic double peak at the retention times between 65 and 70 min suggests that in all cases the fraction of unmodified native protein in the mixture is low. Fig. 8 compares the dynamic and equilibrium surface tension obtained for native collagen and for the partially hydrolysed samples T1-T5. Despite clear differences in the SDS-PAGE patterns, both dynamic and equilibrium surface tension are rather insensitive to the duration of enzymatic hydrolysis. In all cases the initial rates of surface tension decays are much higher than for the native protein. Eventually, the surface tension stabilises faster and at lower values than for the control.
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Fig. 9. Surface dilational rheological parameters: (A) elastic modulus, (B) loss modulus of adsorbed layer collagen hydrolysis mixtures with (open symbols) and without CHC (solid symbol) as a function of oscillation frequency. Incubation time: 60 min (without enzyme) (), T1 – 35 min (), T2 – 45 min (), T3 – 60min (), T4 – 75 min (), T5 – 85 min (); (C) E’ () and E’’ () of adsorbed layer collagen hydrolysis mixtures with and without CHC (E’ – dotted line, E” dashed line) as a function of CHC/collagen molar ratio. In all solutions initial collagen concentration was fixed at 5·10-6 M and CHC concentration - at 2·10-8 M (CHC/collagen molar ratio 4·10-3). pH in all solutions was fixed at 3.0
4. Discussion
A supramolecular structure of collagen is strongly affected by pH and temperature. This peculiarity of fibrous proteins is employed by nature for construction of collagen fibres, the major component of extracellular matrix. On the other hand, extreme pH and prolonged heating might even lead to unfolding and partial hydrolysis of collagen fibres and transformation into gelatin 51. So far, major research focus was put on studying the effect of pH on collagen self-assembly, its microstructure, or structure of collagen fibrils 52-56. The effect of temperature and pH on surface properties of collagen was not extensively studied, because of a generally acknowledged poor surface activity of collagen. Nevertheless, we have shown in our previous paper that even a mild temperature treatment at pH 1.8 affects the surface tension and surface dilational rheology of the adsorbed layers 17. A more extensive study described in this paper confirmed that heating for 10 min at 90 oC in the pH range from 1.8 to 9.0 does not result in any significant hydrolysis of calf skin collagen type I (note the persistence of the characteristic collagen double peak from α1 and α2 polypeptide chains 44 in Fig. 1A). Despite it, the surface tension shows a monotonic dependency on pH, with the highest reduction for pH 9.0. Under conditions employed in this study, most likely only a separation of the triple helices into individual ones (α1 and α2) followed by unfolding of the individual helices into random coils takes place during sample preparation (in the absence of CHC). This shows that an increase of surface activity can be achieved even without hydrolysing collagen, only by means of partial unfolding of the triple helix 57. The increasing ability to reduce surface tension with increasing pH is probably related to approaching the isoelectric point 58,59 (pI= 8.3 for the native collagen 60). Screening of electrical charges near pI of globular proteins was often reported to enhance their surface activity 59. However, if the unfolding (or minimisation of the net charge) of the collagen molecule favours its adsorption, the mechanical properties of the adsorbed layer generally worsen with increasing pH, as shown by a slight decrease of the dilational surface storage modulus, E’ (Fig. 3C). In contrast to the simple temperature treatment, the presence of a collagen-specific enzyme (collagenase, CHC) clearly leads to partial hydrolysis of the protein at close-to-physiological conditions (pH 7, 37 oC). The degree of hydrolysis is dependent on both the enzyme concentration and incubation time. The highest reduction of surface tension and the highest surface dilational storage modulus increase was observed for only slightly hydrolysed collagen samples (S1, S2). For the CHC/collagen molar ratio 4·10-3 (S2), increasing the incubation time did not affect significantly surface activity of the products, even though the SDS-PAGE and RPHPLC proved that the degree of hydrolysis was continuously increasing (T1-T5). This shows that the enzyme concentration needs to be controlled better than the actual duration of the enzymatic reaction. Collagenase is known to attack fragments between Pro-X and Gly-Pro-Y (where Y can be any amino acid residue and X is most often a neutral amino acid 37,38), eventually hydrolyzing collagen to very short and hydrophilic tripeptide fragments. If too much enzyme is present, the population of short peptides in the reaction mixture gets too high and the most amphiphilic highmolecular mass fraction disappears, resulting in reduced surface activity of the mixture. Hydrolysis of collagen has a positive effect also on the initial rate of surface tension decay, which is probably related to the reduction of molecular weight and hence the size of the adsorbing molecules. One could speculate that all rearrangements within the adsorbed layer are also faster for smaller molecules. The best surface activity in terms of surface tension reduction and dilational surface storage modulus was obtained for the hydrolysate mixture containing mostly intermediate hydrolysis products (S2) obtained during incubation time of 45 min (T2). It is worth noting that E’ for this layer (74.5 mN·m-1) is not only higher than for the native (36 mN·m-1), or temperature-denatured collagen (69.8 mN·m-1 at pH 9.0), but also higher than for many globular proteins of comparable molecular weights, e.g., β-lactoglobuline with molar weight of 18.4 kDa, E’= 60 mN·m-1 (5·10-6 M) 4,5 or β-casein with molar weight of 23.8 kDa, E’= 55 mN·m-1 (1·10-6 M) 9,10,61 .
5. Conclusions
The effect of pH and enzymatic hydrolysis using collagenase from Clostridium histolyticum (CHC) on surface activity of collagen was studied by measuring surface tension and surface dilational rheology. All measurements were performed at room temperature at a collagen concentration of 5.0·10-6 M (1.5 mg/mL) The results were complemented with SDS-PAGE and RP-HPLC analysis of the products, which allowed us to correlate the degree of denaturation and enzymatic hydrolysis with their surface activity. The method presented in this paper allows for obtaining hydrolysates under relatively mild conditions (pH 7, 37 oC). Both the enzyme concentration and incubation time were optimised, in the range of 2·10-9 M - 2·10-6 M and 35 – 85 min, respectively. The best results were obtained for the incubation time 45 min and the CHC concentration of 2·10-8 M, corresponding to the enzyme/protein molar ratio of 4·10-3. The products allowed for lowering the air/water surface tension to 53.9 mN/m, due to formation of a highly visco-elastic adsorbed layers. At the high frequency limit (f=0.1 Hz), the layers were shown to be predominantly elastic, with storage modulus, E’= 74.5 mN·m-1, and loss modulus, E”=17.5 mN·m-1. In the absence of CHC, increasing pH to 9.0 allows for further reduction of surface tension to 49.8 mN.m-1, but at the expense of E’ and E”. The results show that the enzymatic hydrolysis with CHC under well controlled conditions (low enzyme concentration) results in moderately hydrolysed products. These products display significantly improved surface properties. Further studies on employing other enzymes are in progress in our laboratory. 
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