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Abstract

Regenerated silk fibroin (RSF) is a FDA approved material and has been widely used in many biomedical and cosmetic applications. Due to the amphiphilic nature of the primary repeat amino acid sequence (e.g. AGAGAS), RSF peptides can significantly reduce the water surface tension therefore has the potential to be used as a surface active component for many applications particularly in biomedical, cosmetic, pharmaceutical and food industries. In this paper, the adsorption of RSF peptides separated in to molecular fractions of 5-30 kDa, 30-300 kDa, and >300 kDa has been studied at the solid water interface by neutron reflection and spectroscopic ellipsometry to assess its surface active behaviour. A stable layer of RSF was found irreversibly adsorbed at the hydrophilic SiO2/water interface. Changes in solution concentration, pH and ionic strength all impacted on the final adsorbed amount found at the interface. There was no significant differences between the final adsorbed amounts or layer structure between the three RSF molecular fractions studied, however RSF >300 kDa was more stable to changes in solution ionic strength. Adsorption of conventional anionic and cationic surfactants, sodium dodecyl sulfate (SDS), and dodecyl trimethyl ammonium bromide (C12TAB), on to the pre-adsorbed RSF 5-30 kDa revealed surfactant penetration into the RSF layer, at concentrations below the critical micellar concentration (CMC). SDS was found in the pre-adsorbed RSF layer and it gradually removed RSF from the surface with increasing SDS concentration. At concentrations above the CMC, there is near complete removal of RSF by SDS at the interface. C12TAB adsorbed into the pre-adsorbed RSF layer with considerably less removal of RSF from the interface compared to SDS. At concentrations above CMC, both C12Tab and RSF were found coexisted at the interface forming a less thick layer but with considerable amount of RSF still present.
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Introduction

Surfactants are of interest in many fields ranging from bioremediation1, biomedical applications2-3, food industry4-5 and personal care.6-7 Current environmental requirements place emphasis on the use of biosustainable and biodegradable surfactant based products pushing industries to search for multi functioning surfactants derived from natural sources.8 To meet requirements and increase consumer appeal, alternatives to conventional petrochemical derived surfactants are highly sought after. In this landscape, the search for new bio-polymer surfactants derived from proteins has become an important area of research, as they possess desirable physicochemical properties and a biocompatible and environmentally friendly nature.9 Silk fibroin is a protein which has been extensively studied as a biomaterial10, attracting much attention for its biodegradable and biocompatible11 properties as well as other excellent material properties (e.g. strong mechanical strength) making it highly versatile for use in a diverse range of applications from tissue engineering scaffolds to drug delivery vectors.12-15 However silk fibroin’s interfacial adsorption behaviour and its surface active properties are poorly understood and have not been extensively characterized thus limiting its potential use as a surface active agent and its possible applications.
The molecular structure of native silk fibroin, extracted from the silk worm Bombyx Mori, consists of a light chain (25 kDa) and a heavy chain (391 kDa). Repetitive crystalline regions are found in the chain, which is mainly based on a Gly-X sequence as well as a repetitive hexapeptide sequence of Gly-Ala-Gly-Ala-Gly-X, where X is one of Ala>Ser>Tyr.16-17 Hydrogen bonding between these crystalline regions gives rise to insoluble silk II (beta sheet) structure found in fibres. Most dissolution methods employ chaotropic agents to disrupt the hydrogen bonds holding the silk II structure in place. Interestingly, the regenerated silk fibroin arising from the dissolution process has been observed to yield a very broad range of molecular sizes (other than 25 kDa and 391 kDa) indicating fragmentation of the native silk fibroin chains into a complex mixture of peptides.18-19 The resulting peptides can resemble common surfactant structures, embodying an amphiphilic nature with a hydrophilic head and hydrophobic tail.20 The repetitive nature of silk fibroin’s amino acid sequence indicates the presence of hydrophilic segments arising from the hydroxyl side chains present on amino acids such as Ser and Tyr and carboxyl group of the C terminal, and hydrophobic segments from methyl side chains found in Gly-Ala segments. Thus the dissolution process can liberate shorter peptide sequences which possess a stronger amphiphilic character and surfactant properties. Similarly, food proteins such as pea protein and whey have been chemically or enzymatically digested in order to produce low molecular weight peptides which have been shown to possess enhanced emulsifying and foaming abilities.21-24 
A detailed understanding of RSF’s adsorption behaviour is necessary in order to exploit desirable surface active properties and compare its adsorption behaviour with other bio-polymers and biosurfactants.25-26 Over the years much effort has gone into studying the adsorption of proteins27-30 at interfaces which can have complex adsorption behaviours, especially in mixed systems.31 Regenerated silk fibroin is inherently a complex mixed system and filtration of the solution can yield fractions which exhibit distinct behaviours adding value to the product.32-35 In this article, we investigated how different bulk solution conditions and the presence of conventional surfactants affect the silk fibroin peptides at the SiO2/water interface. Neutron reflection and spectroscopic ellipsometry were used to study interactions for their combined excellent ability to study buried interfaces, adsorption behaviour and probe the structures found at the solid/liquid interface. 36-40 
Materials and Methods
Silk preparation
Silk fibrion peptides with molecular weight cut-offs (MWCO) of 5-30 kDa, 30-300 kDa and over 300 kDa were obtained from Huaian Hongma biotech Ltd, China. For information, Bombyx Mori silk was degummed by boiling in 0.02 M Na2CO3 for 30 min before being dissolved in Ajisawa’s reagent at 75oC for 3 hours.41 Sample were ultrafiltrated using different membranes to obtain the RSF peptides with different molecular weight ranges and then lyophilized. Fresh solutions of silk fibroin peptides were dissolved in ultra-high quality milli Q water (UHQ) or D2O (Sigma-Aldrich, UK). Stock solutions of silk fibroin peptides were then diluted to achieve the appropriate concentrations. Sodium chloride (Sigma-Aldrich, UK) was used to adjust salt concentration and pH was adjusted using minimum amount of NaOH (or NaOD) or HCl (or DCl) (Sigma-Aldrich, UK) as appropriate.  For both Ellipsometry and neutron reflection experiments, silk fibroin was allowed to adsorb for 1 hour onto the SiO2/water interface. Surfactants SDS and C12TAB were purchased from Sigma-Aldrich, UK and their deuterated versions were contributed by Dr R. K. Thomas, Physical & Theoretical Chemistry lab, University of Oxford. All surfactants were purified and dissolved in UHQ (or D2O) stock solutions ready for dilution and use in experiments.
Spectroscopic Ellipsometry (SE)
SE measurements were determined by Jobin-Yvon UVISEL spectroscopic ellipsometer. The SE measurements were performed over a wavelength range between 300 and 600 nm. A liquid cell with fused quartz windows was used to enable the SE measurement at the solid/liquid interface with the incident light beam at 70°. The experimental data were analysed using software called DeltaPsi II developed by Jobin-Yvon. The ellipsometer measured the change in the polarization state of light reflected from the surface of the sample. By studying the changes in the state of polarization, information about layer thickness and refractive index was revealed through the simultaneous analysis of two ellipsometric angles ψ and Δ. The changes in amplitude and phase of polarization of the light after reflection were determined in two components, the plane of reflection (p-plane), and that perpendicular to it (s-plane). The sample ellipticity, F, is defined as the ratio of the Fresnel coefficients of the p and s planes (Rp and Rs) and is expressed as42
																			(1)
The refractive index nf and the coupled thickness τf were subsequently calculated by the software using eq 1. The surface adsorbed amount Γ (mg/m2) of the sample is finally calculated from nf and τf (in Å) through eq 2,
																				(2)
where n0 is the refractive index of the buffer, dn/dc stands for the change of refractive index against solution concentration and a value of 0.18 ml/g was used in this work.43 
Neutron reflection (NR)
NR measurements were carried out on SURF at RAL, Oxford, UK, using a neutron beam of wavelength 0.5 to 6.5 Å. The silicon <111> blocks used were polished by Crystran Ltd., UK and treated with Piranha solution at 90 °C for 1 min. Solution samples (2 ml) were filled into the lumen cell made by clamping a Perspex trough against the polished face of a silicon block with dimensions of 6 × 5 × 1.2 cm3. The sample cell was mounted on a goniometer stage controlled by the computer terminals. The neutron beam entered the small face of the silicon block, was reflected from the solid/solution interface and exited from the opposite end of the small face. The neutron beam was collimated by two sets of horizontal and vertical slits placed before the sample cell, creating a typical beam illuminated area around 4 × 3 cm2. Each reflectivity experiment was carried out at three incidence angles of 0.35, 0.8 and 1.8° and the resulting reflectivity profiles combined to cover a wave vector (κ) between 0.012 and 0.5 Å-1. Reflectivity profiles below the critical angle were theoretically equal to unity and all the data measured were scaled accordingly. Constant background was subtracted using the average reflectivity between 0.3 and 0.5 Å-1. The background was found to be typically around 3 × 10-6 in D2O.
Model fitting of neutron reflection data has been extensively used to quantitatively analyse information regarding thickness and composition of adsorbed layers and has been found to be ideally suited to investigate multi component mixed layers adsorbed at an interface.36-39 Motofit package was used for the data fitting.44 When fitting the data a structural model was assumed and the interface was divided into a suitable number of uniform sublayers. A model with minimum number of sublayers is preferred as it reduces the complexity of the system and overfitting of the data. Reflectivity from the model layers is calculated using the optical matrix formulism this is then compared with the measured reflectivity and the structural parameters (mainly thickness () and scattering length density ()) are modified in a least-square iteration until a good fit is obtained. For a two component adsorption, such as surfactant and peptide in water, the volume fraction and scattering length density of a layer can be expressed using equations (3) and (4)
																		(3)
																			(4)
where ρ is the total scattering length density (SLD) of a layer and ρp, ρs, and ρw are the known individual scattering length densities of peptide, surfactant and water, and φp, φs and φw, are the respective unknown volume fractions of the components found in the layer which must add up to one. However, since there are three unknowns, the volume fraction of each component cannot be solved. In order to solve the equation, the adsorption experiment is repeated using a deuterated version of the surfactant as an isotopic contrast to yield two independent equations for eq 3 allowing the volume fraction for both components to be calculated. Fitting two different isotopic compositions to one structural model also significantly reduces possible ambiguity in the interpretation of the data. Once the volume fractions have been calculated the surface area per molecule (A) can be calculated using equation (5) 
																				(5)
where Vp is the volume of the peptide. The surface excess (Γ) can then be calculated by
																				(6)
where MW is the molecular weight of the component.
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Figure 1. (A) Adsorption kinetics for RSF 5-30 kDa at concentrations of 0.3 (□), 1 (◊), 3 (∆) and 10 (o) mg/ml, pH 7,  at the silica/water interface, studied by SE. (B) Reflectivity profiles for RSF 5-30 kDa at concentration of 0.3 (□), 1 (◊), 3 (∆) and 10 (o) mg/ml, pH 7, at the silica/water interface studied by NR. Solid lines through the data points correspond to the best fits for the corresponding reflectivity curves which are detailed in Table 1.
Table 1. Structural parameters of neutron reflection best fits for 5-30 kDa silk fibroin peptides adsorbed for 1hr at the SiO2 /water interface at pH 7.
	Concentration (mg/ml)
	Layer thickness (±2 Å)
	SLD 
±0.1×10-6 Å-2
	Volume fraction 
±0.005
	Surface Excess
±0.1 mg/m2

	
	
	
	
	NR
	SE

	0.3
	45
	5.9
	0.175
	1.5
	1.4

	
	43
	6.2
	0.060
	
	

	1
	37
	5.5
	0.335
	2.4
	2.3

	
	45
	6.1
	0.100
	
	

	3
	37
	5.2
	0.450
	3.2
	3.1

	
	40
	6.0
	0.140
	
	

	10
	40
	5.2
	0.450
	3.5
	3.4

	
	43
	6.0
	0.140
	
	



A. The Adsorption of RSF onto SiO2/Water Interface increases with concentration.
Ellipsometry experiments were carried out for the adsorption of several concentrations of RSF 5-30 kDa as shown in Figure 1 A. Neutron reflectivity curves for the same conditions (Figure 1B) revealed how the structural arrangement of the peptide changed with concentration at the interface. RSF was adsorbed onto the SiO2 surface and gradually plateaued over the period of 1 hour. Rinsing of the adsorbed layer with UHQ resulted in a minor removal of loosely adsorbed RSF (less than 0.2 mg/m2, data not shown), leaving a stable, strongly adsorbed RSF layer behind. The absorbed amount, following 1 hour adsorption, was seen to increase considerably with bulk solution concentration, from 1.4 mg/m2 at 0.3 mg/ml up to 3.1 mg/m2 at 3 mg/ml, further increase in concentration to 10 mg/ml led only to an additional 0.3 mg/m2 increase in the adsorbed amount, indicating the saturated adsorption. Neutron data fittings shown in Table 1 show that RSF 5-30 kDa was fitted using a two layer structure with an overall mean thickness of around 83 Å over the concentration range studied. A single layer fitting could not provide a good fit across the entire Q range. The inner layer was seen to have a lower SLD than the outer layer indicating that most of the peptide was found packed closest to the SiO2 interface and the outer layer was diffuse with a maximum volume fraction of 14%.  Increasing the bulk solution concentration from 0.3 mg/ml to 10 mg/ml caused a gradual lowering of the inner layer SLD from 5.9 to 5.2 (× 10-6 Å-2) and a lowering of the outer layer SLD from 6.2 to 6.0 (× 10-6 Å-2). The SLD of RSF peptide was calculated to be 3.8 × 10-6 Å-2, based on its amino acid composition. Hence the lowering of the SLDs was due to RSF peptide adsorbing and packing itself more tightly, as seen by the peptide volume fraction increasing from 17.5% to 45%, at the interface. The surface adsorbed amount obtained from NR was found increased from 1.5 mg/m2 at 0.3 mg/ml to 3.5 mg/m2 at 10 mg/ml. This finding is highly consistent with the SE results (Table 1).
Figure 2A shows data comparing the adsorption kinetics between RSF filtered by MWCOs of 5-30 kDa, 30-300 kDa and >300 kDa at concentrations of 0.3 and 3 mg/ml, and Figure 2B highlights the agreeing data between the adsorption isotherms measured by SE and NR. There appeared to be no major differences in the absorbed amounts and the structural arrangement of RSF following 1 hour adsorption between the three molecular ranges of RSF fractions at the SiO2/water interface (Figure S1&S2, Table S1&S2). However, the adsorption kinetics shown in Figure 2A seem to show marginally slower initial adsorption rate by RSF >300 kDa during the first minutes of adsorption at both 0.3 and 3 mg/ml. This would be consistent with a slower adsorption due to slower diffusion resulting from a larger molecular size.
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Figure 2. (A) Adsorption kinetics (measured by SE) for 0.3 mg/ml (open symbols) and 3 mg/ml (shaded symbols) RSF at the silica/water interface, pH 7. (B) Adsorption isotherms for silk fibroin peptides measured by NR (open symbols) and SE (shaded symbols). 

B. Increasing pH reduces the Adsorption of RSF at the SiO2/Water Interface.
Ellipsometry and neutron reflection were used to study how changes in the pH solution affected the adsorption behaviour of RSF at the SiO2/water interface. The solution pH has an effect on both SiO2 and peptide surface charge density. In the case of SiO2, the surface charge becomes weakly negative above pH 2, and between pH 5-9 there is a small increase in surface charge density. Silk Fibroin has an isoelectric point of around 4.53,45 changes in the solution pH above this cause the charge densities on the peptide to increase and consequently affect the adsorption process and adsorbed layer structure at the interface. The results in Figure 3A clearly show a pH dependant reduction in the absorbed amount with increasing pH for a fixed 3 mg/ml solution of RSF 5-30 kDa solution. The surface adsorbed amount reduced from 3.6 mg/m2 at pH 5, to 3.1 mg/m2 at pH 7, and dropped to 2.1 mg/m2 when pH increased to 9 (Table 2). The results highlight the importance of electrostatic forces on the adsorbed RSF layer. As pH increases the RSF peptide gains a more negatively charged character and thus experiences more inter and intra-molecular like-charge repulsive forces which combined with the negatively charged SiO2 surface results in lower adsorbed amounts and a more diffuse adsorbed layer. NR data shown in Figure 3B and Table 2 reveals the structural changes that occur to the adsorbed layer as pH is increased. The layer SLDs increase in both the inner and outer layers with pH, with a decreasing peptide volume fraction from 49% to 35.5% for the inner layer and from 14% to 6% for the outer layer, indicating a more diffuse layer and a lower surface absorbed amount. However, the layer thicknesses for both inner and outer layers did not change much with pH (both layers are around 40 Å). The same trend was seen with the other MW fractions (30-300 kDa and >300 kDa) of RSF (Figure S3&S4, Table S3&S4). 

	(A)
	

	(B)
	


Figure 3. (A) Adsorption kinetics for RSF 5-30 kDa at the concentration of 3 mg/ml at pH 5 (□), pH 7(◊) and pH 9(∆) at the silica/water interface, studied by SE.(B) Reflectivity profiles for 3 mg/ml RSF 5-30 kDa at pH 5 (□), pH 7(◊) and pH 9(∆) studied by NR. Solid lines through the data points correspond to the best fits for the corresponding reflectivity curves.

Table 2. Structural parameters of neutron reflection best fits for pH effect on RSF 5-30 kDa adsorbed for 1hr at the SiO2 /water interface at a concentration of 3 mg/ml.
	pH 
	Layer thickness 
(±2 Å)
	SLD 
±0.1×10-6 Å-2
	Volume fraction 
±0.005
	Surface Excess
±0.1 mg/m2

	
	
	
	
	NR
	SE

	5
	42
	5.1
	0.490
	3.8
	3.6

	
	40
	6.0
	0.140
	
	

	7
	37
	5.2
	0.450
	3.2
	3.1

	
	40
	6.0
	0.140
	
	

	9
	39
	5.5
	0.335
	2.3
	2.1

	
	42
	6.2
	0.060
	
	



C. Increasing the Ionic Strength reduces the Adsorption of RSF at the SiO2/Water Interface. 
To study the effect of solution ionic strength on the adsorption of RSF at the SiO2/water interface, NaCl was added to RSF solutions of 3 mg/ml and studied by ellipsometer and neutron reflection. Figure 4A shows the reduced ability for adsorption by RSF 5-30 kDa with increasing ionic strength. The adsorbed amount was found to be 3.1 mg/m2 at 5 mM NaCl and gradually reduced to 0.6 mg/m2 when the ionic strength increased to 500 mM. Neutron reflection carried out on the absorbed layers revealed a falling SLD in the inner layer, from 5.2 × 10-6 Å-2 (at 5 mM NaCl) to 5.7 × 10-6 Å-2 (at 150 mM NaCl), and as ionic strength increased a drop in the layer thickness (to 40 Å) in the presence of 500 mM NaCl, as shown in Table 3. As the ionic strength of the RSF solution was increased electrostatic charges from both peptide and SiO2 surface were increasingly screened. This impacted on the adsorbed amount by reducing any possible attractive charge interaction between RSF and SiO2 surface and most importantly it increased peptide-peptide interactions in bulk solution by screening repulsive electrostatic like charges found along RSF chains. Thus preferential peptide-peptide interactions in the bulk solution resulted in lower surface adsorbed amounts at the interface. Increased peptide-peptide interactions at high ionic strengths can result in phase separation or ‘salting out’ of RSF and the consequent formation of insoluble particles which have potential as drug delivery particles.14 Similarly, studies with BSA proteins revealed a strong ionic-dependant screening of peptide-peptide repulsive interactions allowing for an enhanced attractive potential between BSA molecules in solution.46  Adsorptions of other proteins such as β-casein and lysozyme have also been shown to have similar trends when exposed to increasing ionic concentrations.47-48 Figure 5, interestingly shows a more stable response by RSF >300 kDa which is able to withstand slightly higher Ionic concentration than the other two RSF fractions. The RSF >300 kDa fraction is likely to have a more stable tertiary structure with less conformational liberty in virtue of its larger size and increased ability to form inter and intramolecular interactions granting it greater stability to changes in ionic strength.
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Figure 4. (A) Adsorption kinetics for RSF 5-30 kDa 3 mg/ml with NaCl concentrations of 5 (□), 20 (◊), 50  (∆), 150 (o) and 500 (*) mM, at the silica/water interface, pH 7 studied by SE. (B) Reflectivity profiles for RSF 5-30 kDa pH 7 with NaCl concentrations of  5 (□), 20 (◊), 50  (∆), 150 (o) and 500 (*) mM studied by NR. Solid lines through the data points correspond to the best fits for the corresponding reflectivity curves.
Table 3. Structural parameters of neutron reflection best fits for NaCl effect on 5-30 kDa silk fibroin peptides adsorbed for 1 hr at the SiO2 /water interface at a concentration of 3 mg/ml, pH 7.
	NaCl (mM)
	Layer thickness 
±2 Å
	SLD 
±0.1×10-6 Å-2
	Volume fraction ±0.005
	Surface Excess ±0.1 mg/m2

	
	
	
	
	NR
	SE

	5
	37
	5.2
	0.450
	2.8
	3.1

	
	44
	6.2
	0.060
	
	

	20
	38
	5.2
	0.410
	2.7
	2.9

	
	45
	6.2
	0.060
	
	

	50
	40
	5.5
	0.330
	2.5
	2.4

	
	40
	6.1
	0.100
	
	

	150
	44
	5.7
	0.255
	1.9
	1.8

	
	36
	6.2
	0.060
	
	

	500
	42
	6.0
	0.140
	0.8
	0.6





Figure 5. Effect of NaCl concentration on the adsorption of 3 mg/ml silk fibroin measured by SE at the silica/water interface, pH 7.

D. RSF/SDS Interaction at the SiO2/Water Interface.
RSF at a concentration of 3 mg/ml was initially preadsorbed onto the SiO2 /water interface for 1 hour and then the sample was rinsed with UHQ and then surfactant solution was added. Ellipsometry data shown in Figure 6A indicates an increase in the overall surface adsorbed amount when increasing surfactant concentration up to a concentration of 0.3 mM SDS, further concentration increases resulted in a gradual reduction in surface adsorbed amount. Anionic surfactants such as SDS do not usually adsorb onto hydrophilic SiO2 interface due to like charge repulsion. However following the adsorption of a peptide such as RSF the presence of hydrophobic patches can facilitate the adsorption of SDS to the interface causing an increase in the surface absorbed amounts measured as seen in Figure 6A. Above concentrations of 0.3 mM SDS the surface adsorbed amount is seen to decrease, indicating that it is more energetically favourable for the surfactant-peptide complexes formed at the interface to desorb from the interface and enter the bulk solution. At a concentration of 10 mM SDS, which is above its CMC (8.2 mM), RSF is close to being completely removed from the interface. It was possible to calculate the exact adsorbed amounts of surfactant and RSF adsorbed by running neutron reflection experiments using a deuterated version of SDS (with an SLD of 6.72 × 10-6 Å-2), and non-deuterated SDS (with an SLD of 0.37 × 10-6 Å-2). The variation in the SLD layer caused by the isotopic variation of H/D allows to confidently quantify each component at the interface. Neutron reflection fitting shown in Table 4 confirmed the presence of SDS in the adsorbed RSF layer and the gradual removal of RSF from the interface. At 1 mM SDS, the surfactant molecules had penetrated into the innermost layer (thickness 34 Å) where most of the peptide resides and where it is able to maximise its hydrophobic interactions most likely with its acyl tail buried into the RSF layer and its hydrophilic head pointing towards the bulk solution. The inner layer SLD in Table 4 falls to 4.9 × 10-6 Å-2 from 5.3 × 10-6 Å-2 found when SDS is present and the overall layer thickness falls indicating a slightly more compact layer. It was found, at 1 mM SDS, that the inner layer (thickness 34 Å) contains 42% of RSF and 6.5% of SDS while the outer layer (thickness 35 Å) contains 14% of RSF and 3% of SDS. Most of the RSF had desorbed at 10 mM SDS. The thickness of both layers had decreased and most of the remaining RSF and SDS was found in the outer layer. The inner layer (thickness 20 Å) was found to only contain 2.5% of RSF and 3% of SDS while the outer layer (thickness 16 Å) has similar RSF (11.5%) and SDS (11%). The shift in adsorbed amount and volume fraction to the outer layer highlights the desorption process of RSF from the interface and back into the bulk solution complexed with SDS (Figure 6C). The overall adsorption behaviour with an initial increase in adsorbed amount followed by gradual removal of the peptide and complete removal above CMC is consistent with systems involving SDS adsorption onto preadsorbed BSA, lysozyme and hydrophobin.36, 38, 40  For example, similarly to RSF, a two layer adsorption was reported for lysozyme adsorption with a thickness of 30 ± 3 Å for each layer and occupying 46% and 32%, respectively.38 However unlike for RSF, SDS was mainly found to occupy the outer layer with significantly less amount found in the inner most layer, indicating difficulty for the SDS to penetrate all the way and likely due to the more rigid globular structures compared to RSF. Nonetheless complete removal of lysozyme was achieved upon increasing SDS concentration.
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Figure 6. (A) Final adsorption values following sequential adsorption of 3 mg/ml silk fibroin (1 hr) and different concentrations of SDS measured by SE at the silica/water interface pH 7. (B) Reflectivity profiles for RSF 5-30 kDa pH 7 with 1 mM SDS (□), 1 mM d-SDS (◊), 10 mM SDS (∆) and 10 mM d-SDS (o). Solid lines through the data points correspond to the best fits for the corresponding reflectivity curves. (C) Schematic model showing the arrangement of RSF molecules (black), SDS (red) at 1 mM and 10 mM SDS. 
Table 4. Structural parameters of neutron reflection best fits for 5-30 kDa silk fibroin 3 mg/ml adsorbed for 1 hr at the SiO2 /water interface followed by SDS adsorption.
	SDS Concentration mg/ml
	Layer thickness (±2 Å)
	SLD ±0.1×10-6 Å-2
	Volume fraction ±0.005
	Surface Excess
±0.1 mg/m2

	
	
	
	SDS 
	Peptide
	SDS 
	Peptide

	1 mM SDS
	34
	4.9
	0.065
0.030
	
	0.4
	

	
	35
	5.8
	
	
	
	

	1 mM d-SDS
	34
	5.3
	
	0.420
0.140
	
	2.7

	
	30
	6.0
	
	
	
	

	10 mM SDS
	20
	6.1
	0.030
0.110
	
	0.3
	

	
	16
	5.4
	
	
	
	

	10 mM d-SDS
	20
	6.3
	
	0.025
0.115
	
	0.3

	
	16
	6.1
	
	
	
	



E. RSF/C12TAB Interaction at the SiO2/Water Interface.
[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6]Experiments were carried out as detailed for C12TAB. Similarly to SDS, there was an initial increase in surface absorbed amount at low surfactant concentrations, in this case up to 2 mM, following which increasing concentrations gradually reduced the absorbed amount as shown in Figure 7A. Unlike SDS however, C12TAB is known to absorb directly to the silica/water interface due to charge attraction and is therefore likely to be found in higher amounts at the interface. The SLD of C12TAB used was calculated to be -0.37 × 10-6 Å-2, whilst its deuterated version had an SLD of 5.13 × 10-6 Å-2. Fitted neutron reflectivity data shown in table 5 confirmed the presence of C12TAB in the adsorbed RSF layer even at a concentration of 0.2 mM, lowering the SLD of both the layers, especially the inner most layer. The surfactants occupied 9.5% of the inner layer (thickness 30 Å) and only 4% of the outer layer (thickness 40 Å). The surfactant is likely adsorbed with its cationic head onto the SiO2 due electrostatic interactions as depicted in Figure 7C.49-50  However, it was not possible to elucidate from the limited reflectivity contrasts the exact orientation (position of hydrophilic head and hydrophobic tail) within the adsorbed layer of C12TAB molecules at the interface. The adsorption of surfactant also appears to render the adsorbed RSF layer more compact with an inner layer volume fraction of 52%. At 20 mM, C12TAB is above its CMC (12 mM) and was found coexisting with RSF at the interface. The adsorbed amount of RSF reduced to 1.2 mg/m2 from 3.1 mg/m2, and the overall thickness also dropped to around 33 Å. This is consistent with reports of C12TAB forming a uniform layer around 22 Å thick when allowed to adsorb at a hydrophilic SiO2/water interface,39 and the layer is consistent with our measurements indicating a thicker layer of 33 Å accounting for the presence of RSF at the interface. C12TAB occupies 33.5% of the adsorbed layer, and RSF only occupies 25%. This sharp reduction in RSF at the interface was forced by the dominating adsorption affinity of C12TAB to the SiO2/water interface displacing RSF from the interface, but unlike with SDS the surfactant was not able to remove RSF to the same extent. This is also fairly consistent with model adsorption studies involving C12TAB with proteins such as lysozyme and hydrophobin which showed some initial removal from the interface but were able to coexist at the interface even above the surfactants CMC.39-40 Interestingly, unlike RSF, hydrophobin was shown not to adsorb irreversibly onto the hydrophilic SiO2/water interface, however addition of cationic surfactant was described by the authors as acting as ‘glue’ making the adsorption partially irreversible.40 
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Figure 7. (A) Final adsorption values following sequential adsorption of 3 mg/ml RSF (1 hr) and C12TAB measured by ellipsometry at the silica/water interface, pH 7. (B) Reflectivity profiles for RSF 5-30 kDa pH 7 with 0.2 mM C12TAB (□), 0.2 mM d-C12TAB (◊), 20 mM C12TAB (∆) and 20 mM d-C12TAB (o). Solid lines through the data points correspond to the best fits for the corresponding reflectivity curves. (C) Schematic model showing the arrangement of RSF molecules (black), C12TAB (blue) at 0.2 mM and 20 mM SDS.

Table 5. Structural parameters of neutron reflection best fits for 5-30 kDa silk fibroin 3 mg/ml adsorbed for 1 hr followed by C12TAB adsorption at the SiO2 /water interface.
	Concentration mg/ml
	Layer thickness (±2 Å)
	SLD ±0.1×10-6 Å-2
	Volume fraction ±0.005
	Surface Excess
±0.1 mg/m2

	
	
	
	C12TAB 
	Peptide
	C12TAB 
	Peptide

	0.2 mM C12TAB
	30
	4.4
	0.095
0.040
	
	0.5
	

	
	40
	5.8
	
	
	
	

	0.2 mM d- C12TAB
	30
	4.9
	
	0.525
0.120
	
	3.0

	
	40
	6.0
	
	
	
	

	20 mM C12TAB
	26
	3.5
	0.335
	
	0.9
	

	20 mM d- C12TAB
	33
	5.3
	
	0.250
	
	1.2



2. Conclusions
The adsorption of RSF has been studied in detail with regards to solution pH, ionic strength, peptide molecular fraction, concentration and presence of surfactants at the hydrophilic SiO2/water interface by ellipsometry and neutron reflection. At the SiO2/water interface RSF was found to adsorb irreversibly and was modelled with a two layer fitting. Since RSF is a relatively flexible soft protein its adsorption behaviour is similar to a synthetic block co-polymer or other proteins such as β-casein which lack a well-defined tertiary structure, adsorbed as a random walk or as trains and loops at the SiO2/water interface. Consequently the layer closest to the interface was modelled as a denser layer and the outer layer represented a diffuse layer of RSF chains looping into the bulk solution. Changes to concentration, pH and ionic strength all had strong impact on the adsorbed amount found at the interface. Increasing pH or ionic strength caused a reduction in the adsorbed amount. This gave an indication about the importance of electrostatic forces in the adsorption process. When pH was increased RSF become more negatively charged. This has two effects, firstly it caused RSF to assume a more extended less compact structure due to inter- and intramolecular repulsive forces and secondly electrostatic repulsive forces were strong enough to negate any hydrophobic interactions holding the peptide together at the SiO2/water interface. On the other hand, when the ionic strength of the solution was increased peptide-peptide interactions increased due to electrostatic screening effects and RSF molecules found it more energetically favourable to interact with each other in the bulk solution, hence causing a drastic reduction in the adsorbed amount at the interface. In addition the separation of RSF into different MW fractions by membrane ultrafiltration demonstrated that RSF >300 kDa fraction was more stable to ionic strength changes. Hence fractioning of the RSF peptides into more homogenous solutions affects the adsorption behaviour of RSF. Larger RSF molecules appear to be more stable to ionic concentration and display slower adsorption. Changes in pH, concentration and ionic strength have a similar effect on the adsorption of short amphiphilic designer peptides which were designed to have systematic tweaks in their amino acid sequence to investigate structure function relationships.21, 51-52 Overall the dominating mode of interaction at the interface appeared to be through hydrophobic interactions of the RSF molecules. The presence of these hydrophobic interactions allowed anionic SDS to adsorb at the interface alongside RSF. However, increasing the SDS content above its CMC caused the near complete removal of RSF from the interface. On the other hand, cationic surfactant C12TAB, removed a small amount of RSF and was found to coexist at the interface with a significant amount of RSF, even above its CMC. Both electrostatic and hydrophobic interactions contributed to the permanence of C12TAB with RSF at the interface allowing for greater stability. The interaction with both surfactants followed the behaviour also observed with short cationic amphiphilic peptides, biosurfactants and proteins which interact with surfactants and are seen to be gradually displaced by surfactants above the surfactant’s CMC.38-40, 53 Overall RSF shows a good adsorption affinity with the hydrophilic SiO2/water interface even in the presence of a cationic surfactant. Ultimately, these results give an important insight into how RSF adsorption can be controlled at the interface and this will have important implications for the development of applications based on interfacial adsorption of biomolecules at solid/water interfaces. 
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Reflectivity


SF 5-30k	0.21005461322228791	0.19237758689806292	0.19341132675300818	0.20117453661723952	0.21107977561429866	0.21883753041502346	0.22096587151380864	0.22512874365290192	0.23169259092978295	0.22949063214460524	0.23604158499311834	0.23382834945670058	0.24080099429947563	0.23598048272930341	0.21005461322228791	0.19237758689806292	0.19341132675300818	0.20117453661723952	0.21107977561429866	0.21883753041502346	0.22096587151380864	0.22512874365290192	0.23169259092978295	0.22949063214460524	0.23604158499311834	0.23382834945670058	0.24080099429947563	0.23598048272930341	1	3	5	10	15	20	25	30	35	40	45	50	55	60	1.9075359261538458	2.1690077284615379	2.3223365119230772	2.5388865276923078	2.6681204846153852	2.7584373976923078	2.8304154200000009	2.8902565192307685	2.943886548076923	2.9866509965384624	3.0237990838461544	3.052766885	3.082113965	3.1108280657692307	SF 5-30k	0.2726581430027224	0.1164743271928949	0.1363479562355919	0.15115558074205376	0.1884267840694494	0.20745587666143459	0.21953118205113922	0.22362493843674819	0.2467680461029092	0.24814013121487641	0.2525330364937714	0.25823428358515088	0.26613017607716033	0.26401727834550592	0.2726581430027224	1	3	5	10	15	20	25	30	35	40	45	50	55	60	0.53190793599999997	0.65208896199999999	0.74786142199999994	0.89795753600000006	1.0001674199999999	1.08915534	1.1590518800000003	1.2077270099999999	1.2494913759999999	1.2907508459999999	1.32306419	1.3404831019999999	1.3787920860000002	1.3945543080000002	SF 30-300k	0.26817886050068068	0.28359829353538507	0.28912830237971565	0.28245390379556706	0.2782705613983209	0.28094106433532701	0.2829330803169442	0.28273682798682354	0.28158154800376317	0.28105447204362122	0.28293364697927059	0.27663239178416865	0.27845556599563981	0.27872089259787142	0.26817886050068068	0.28359829353538507	0.28912830237971565	0.28245390379556706	0.2782705613983209	0.28094106433532701	0.2829330803169442	0.28273682798682354	0.28158154800376317	0.28105447204362122	0.28293364697927059	0.27663239178416865	0.27845556599563981	0.27872089259787142	1	3	5	10	15	20	25	30	35	40	45	50	55	60	2.2802128930000003	2.4749370800000001	2.5754744960000004	2.7148021250000003	2.8056202929999996	2.876321511	2.9304163839999999	2.9839432490000002	3.0243901520000001	3.0666278580000004	3.0980339670000001	3.1276729400000001	3.1520499499999999	3.1699974250000005	SF 30-300k	6.5510260275108492E-2	0.10486041815568266	0.11762842694704867	0.14459614327697032	0.16300997226383868	0.18312902187401395	0.17160547892229902	0.19073749153242822	0.17975838538927702	0.17859462865613313	0.180154644115603	0.17849653997588696	0.17705087334010319	0.17619217285686381	6.5510260275108492E-2	0.10486041815568266	0.11762842694704867	0.14459614327697032	0.16300997226383868	0.18312902187401395	0.17160547892229902	0.19073749153242822	0.17975838538927702	0.17859462865613313	0.180154644115603	0.17849653997588696	0.17705087334010319	0.17619217285686381	1	3	5	10	15	20	25	30	35	40	45	50	55	60	0.52338255666666667	0.67905882333333334	0.79076706333333335	0.95685681	1.0670661399999999	1.1089830266666667	1.1513732533333334	1.1910023299999999	1.2261083800000001	1.2404926566666667	1.2626607466666668	1.2767031666666666	1.2960575133333332	1.3476752466666666	SF 	>	300k	0.16490555798914996	0.19126904135712122	0.20353212210718982	0.22934294216257711	0.24551831044068803	0.25408667520587735	0.25904315175796699	0.26050517860302008	0.26280683494504642	0.26732048040220663	0.25297852154068545	0.25365339993481828	0.25497402522281692	0.25391489831924707	0.16490555798914996	0.19126904135712122	0.20353212210718982	0.22934294216257711	0.24551831044068803	0.25408667520587735	0.25904315175796699	0.26050517860302008	0.26280683494504642	0.26732048040220663	0.25297852154068545	0.25365339993481828	0.25497402522281692	0.25391489831924707	1	3	5	10	15	20	25	30	35	40	45	50	55	60	1.6969501966666667	1.9662981877777779	2.1372440522222225	2.3909542922222222	2.5471214299999998	2.6723461566666673	2.7656379644444447	2.8509794133333335	2.9235582133333335	2.9748717755555556	3.0181034955555552	3.0683914877777778	3.1038393944444445	3.1430126622222225	SF 	>	300k	0.18152001001124332	0.13611211568144801	0.12317030796091753	0.12199885122759241	0.11915388487523511	0.13957070222745235	0.1540186686051144	0.17889817827475465	0.17750358692556023	0.18626162059850623	0.19847095023974057	0.19699624938159288	0.17082740727265669	0.17208522793824282	0.18152001001124332	0.13611211568144801	0.12317030796091753	0.12199885122759241	0.11915388487523511	0.13957070222745235	0.1540186686051144	0.17889817827475465	0.17750358692556023	0.18626162059850623	0.19847095023974057	0.19699624938159288	0.17082740727265669	0.17208522793824282	1	3	5	10	15	20	25	30	35	40	45	50	55	60	0.34385521333333341	0.44993596666666674	0.53695163666666668	0.70496104000000004	0.82124489999999994	0.90865501999999998	0.99151581666666677	1.0608864233333335	1.1216054266666666	1.1562644333333336	1.20094247	1.2351544333333333	1.2640281733333334	1.2911400366666665	Time (mins)
Surface Excess (mg/m2)
5-30 kDa	0	0.26457513110645958	0.15275252316519458	0.20987363264240846	0.3562926387738658	0	0.26457513110645958	0.15275252316519458	0.20987363264240846	0.3562926387738658	0	0.3	1	3	10	0	1.4	2.2999999999999998	3.1	3.4	5-30 kDa NR	0	0.3	1	3	10	0	1.5	2.4	3.2	3.5	30-300 kDa	0	0.25	0.25	0.20626549528569857	0.28982753492378882	0	0.25	0.25	0.20626549528569857	0.28982753492378882	0	0.3	1	3	10	0	1.3	2.56	3.2	3.6	30-300 kDa NR	0	0.3	1	3	10	0	1.5	2.4	3.2	3.5	>	300 kDa	0	0.15275252316519469	0.14142135623730942	0.23687784005919821	0.16329931618554536	0	0.15275252316519469	0.14142135623730942	0.23687784005919821	0.16329931618554536	0	0.3	1	3	10	0	1.3	2.2000000000000002	3.2	3.5	>	300 kDa NR	0	0.3	1	3	10	0	1.5	2.4	3.2	3.5	Concentration (mg/ml)
Surface Excess (mg/m2)
pH 5	0	1	3	5	10	15	20	25	30	35	40	45	50	55	60	0	2.2248557800000004	2.5924831800000003	2.8342810300000001	3.1583611499999997	3.3061221200000004	3.3727052800000004	3.4648488000000004	3.5225173900000004	3.58720719	3.6436924299999998	3.6589970900000002	3.6885808400000002	3.7253435800000001	3.7504306000000001	pH 7	0	1	3	5	10	15	20	25	30	35	40	45	50	55	60	0	1.8145488900000002	2.1237188000000002	2.2907289299999998	2.5337101299999998	2.6727932000000001	2.7653311700000001	2.8328610099999998	2.90977876	2.9581383300000001	2.9883532000000002	3.0311115799999997	3.0611686699999998	3.0645609399999998	3.07126659	pH 9	0	1	3	5	10	15	20	25	30	35	40	45	50	55	60	0	1.32053971	1.5109801699999998	1.6183494599999999	1.72540319	1.75593362	1.7955364000000003	1.8375847700000001	1.8784497900000001	1.85935841	1.9077968700000001	1.9420351300000001	1.9368283899999998	1.94424405	1.94124623	Time (min)
Surface Excess (mg/m2)
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Reflectivity


5 mM	0	1	3	5	10	15	20	25	30	35	40	45	50	55	60	0	1.62615957	1.94029955	2.13444784	2.3981771100000002	2.5550104300000003	2.6470750600000001	2.7139737800000003	2.7753502000000001	2.82804872	2.8629969899999996	2.9033097799999998	2.9319999999999999	2.9630000000000001	2.9820000000000002	20 mM	0	1	3	5	10	15	20	25	30	35	40	45	50	55	60	0	1.6450931700000002	1.8983300699999999	2.0683380200000001	2.2924645100000003	2.4020427200000003	2.4682314299999999	2.5358401599999998	2.5756007200000002	2.6102334300000005	2.6232502800000002	2.6623797199999997	2.7759024299999999	2.7254128299999998	2.72872621	50 mM	0	1	3	5	10	15	20	25	30	35	40	45	50	55	60	0	1.3939863000000001	1.5869512400000001	1.7318721699999999	1.9544208600000001	2.114252	2.2234357600000001	2.2964090100000001	2.35273647	2.4085905899999998	2.42783975	2.508702	2.52298109	2.5184054699999998	2.55359041	150 mM	0	1	3	5	10	15	20	25	30	35	40	45	50	55	60	0	0.79379117999999993	0.91228396	0.954569	1.0536548400000001	1.1208691200000001	1.1636275	1.2652378200000001	1.3851506200000001	1.4643561800000002	1.4997620119999999	1.5563419200000002	1.6115649200000002	1.6327863300000001	1.6824870300000001	500 mM	0	1	3	5	10	15	20	25	30	35	40	45	50	55	60	0	0.33788587000000003	0.39468667000000002	0.44359847000000002	0.47831006999999998	0.50055704999999995	0.50418598999999997	0.52927300999999993	0.56090790000000001	0.56303793000000002	0.57447698000000003	0.59869621000000006	0.61076638000000005	0.61108194000000005	0.63033110000000003	Time (min)
Surface Excess (mg/m2)
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Reflectivity


SF 5-30 kDa	0.2	0.23334523779156074	0.1234233905438242	0.24748737341529137	0.14730919862656236	0.14294521094927701	0.2	0.23334523779156074	0.1234233905438242	0.24748737341529137	0.14730919862656236	0.14294521094927701	0	5	20	50	150	500	3.1	3.0649999999999999	2.8666666666666667	2.375	1.83	0.59666666666666668	SF 30-300k	0	0.14142135623730931	7.0710678118654821E-2	7.0710678118654821E-2	0.25	0	0.14142135623730931	7.0710678118654821E-2	7.0710678118654821E-2	0.25	0	5	20	50	150	500	3.2	2.8	2.5499999999999998	2.3499999999999996	2	0.7	SF 	>	300k	0.2	0.35355339059327379	0.14142135623730964	0.14142135623730964	0.25	7.0710678118654655E-2	0.2	0.35355339059327379	0.14142135623730964	0.14142135623730964	0.25	7.0710678118654655E-2	0	5	20	50	150	500	3.2	3.05	3.1	3.1	2.9333333333333336	1.35	NaCl Concentration (mM)
Surface Excess (mg/m2)
0.4	0.25	0.15	0.2	0.15	0.4	0.25	0.15	0.2	0.15	0.1	0.3	1	3	10	3.71	4.12	3	2.2000000000000002	0.3	SDS Concentration (mM)
Surface Excess (mg/m2)
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Reflectivity


SF 5-30k	0.3	0.3	0.16	0.23	0.2	0.3	0.3	0.16	0.23	0.2	0.2	0.6	2	6	20	3.5	4	4.3	4.0999999999999996	2.2000000000000002	Concentration (mM)
Surface Excess (mg/m2)
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