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ABSTRACT: The binding of bovine serum albumin (BSA) to a 316L stainless steel surface from 

a buffer solution has been characterized using neutron reflectometry (NR) and quartz crystal 

microbalance (QCM) measurements; coverage at all concentrations up to a near-

physiological concentration was found to be relatively low (< 20 %); the protein followed a 

two-step isotherm adsorption model type and the overall thickness at the higher 

concentrations (around 80 Å) suggested possible multi-layering and/or protein unfolding. As 

it has been postulated that BSA may inhibit the further adsorption of another blood plasma 

protein—fibrinogen—the effects of pre-adsorbing BSA on fibrinogen adsorption were 

examined, first by prior physisorption of BSA to the stainless steel surface and second by 

pre-treating the stainless steel with a layer of SDS to render it more hydrophobic. While the 

pre-adsorption of BSA to an untreated stainless steel surface did slightly decrease the 

amount of fibrinogen adsorbed initially, it had no inhibiting effect if a solution containing 

solely fibrinogen subsequently flowed through. In contrast, the SDS-treated surface yielded 

both an increased BSA adsorption and consistently decreased fibrinogen adsorption.  
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INTRODUCTION 

Understanding the interaction of potential biomaterials with physiological proteins is 

extremely important when considering their biocompatibility. One of the most persisting 

concerns when introducing a new material into the body is the possible onset of 

thrombosis, whereby uncontrollable clotting at the surface results in large emboli that may 

break away and block blood veins with potentially fatal consequences. The formation of 

blood clots via coagulation is an extremely complex process and is considered to follow two 

possible pathways—the extrinsic pathway, which is initiated when trigger chemicals are 

released from damaged blood vessel walls, and the intrinsic pathway, which is initiated by 

platelet damage or by contact of the blood with a foreign body such as a biomaterial. 

Traditionally, it has been thought that the extrinsic pathway plays no role in coagulation 

resulting from biomaterial introduction, although recent studies have shed some doubt on 

this view1. The exact mechanisms of biomaterial-induced coagulation are not yet completely 

understood and appear to rely on a great number of factors. However, it is well-established 

that any surface will be coated in a layer of proteins within seconds of encountering the 

blood plasma, and that this adsorbed protein layer will be critical in determining ensuing 

success or rejection of the biomaterial2. 

As fibrinogen plays a direct role in the coagulation process, it is unsurprising that its 

interaction with biomaterials has been of particular interest, and indeed platelet adhesion 

to the biomaterial has been found to be dependent both on amount on fibrinogen adsorbed 

and, crucially, on its adsorbed state conformation, which is dependent on the surface 

characteristics of the biomaterial1,3–5. Whilst fibrinogen is not the most abundant protein in 

the blood plasma, it is often the most extensively adsorbed across a range of surface types 
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(although the Vroman effect may subsequently diminish its surface presence)6–8 ; hence, a 

surface that may be considered ‘invisible’ to the fibrinogen protein has long been sought. 

One commonly-used strategy is to pre-treat the biomaterial surface with serum albumin. 

This is the most abundant blood plasma protein and is not involved in the coagulation 

process, its function being rather the transport of fatty acids and other species9. Pre-

adsorption of albumin is thought to prevent subsequent adsorption of coagulation proteins 

such as fibrinogen and hence to render the surface more biocompatible10–12. As albumin 

only binds weakly to most surfaces, particularly when in competition with other plasma 

proteins, it is necessary to pre-bind the albumin before exposure to physiological fluids11,13. 

Indeed, some studies have found that it is only significantly effective if the physisorption is 

enhanced by making the surface more hydrophobic, or if the albumin is cross-linked itself 

when adsorbed14,15. One disadvantage of the albumin pre-treatment is that adsorbed 

proteins tend to denature over time or to desorb; as many implants need to remain in the 

body safely for a long duration, a surface treatment that will endure over a long timescale is 

crucial10. Increasing the hydrophobicity of the surface has been found to improve the 

longevity of albumin-coated devices; this effect is presumed to arise both from an increase 

in the amount adsorbed, and also from the increased unfolding and relaxation of the  

albumin protein molecules, such that their hydrophobic domains are able to interact with 

the surface, leading to an overall increased surface footprint16–19. Uyen et al. observed that 

islands of albumin that adsorb initially onto hydrophobic surfaces grow more over time than 

on hydrophilic surfaces; they related this to increased lateral interactions between the 

adsorbed albumin molecules20. In addition, it has been shown that BSA adsorption to 

various grades of stainless steel, including the 316L surgical grade used in this study, is liable 

to induce significant release of metal ions into solution21. As the corrosion of biomedical 
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implants is extremely detrimental to their usability, surface modification to protect the 

stainless steel over a long period of implantation is clearly advisable. 

In this work, the adsorption of bovine serum albumin (BSA) on a 316L stainless steel 

surface was measured and its effect on further adsorption of fibrinogen monitored using 

both neutron reflectometry (NR) and quartz crystal microbalance (QCM). NR was also used 

to assess the efficacy of pre-coating the stainless steel surface with sodium dodecyl sulfate 

(SDS)—in an attempt to render it more hydrophobic—on both improving BSA adsorption 

and hindering fibrinogen adsorption. NR is a powerful technique for monitoring the 

structure of buried interfacial layers, particularly for organic species that are harder to 

detect using X-rays22. Full details of the underlying theory for the technique may be found 

elsewhere23,24. The NR data are modelled to give a profile of the scattering length density 

(SLD) as a function of the distance along the surface normal, z. SLD values of the materials of 

interest in this work are given in Table 1. We have previously demonstrated that by using an 

electron-beam deposition technique, a film of stainless steel can be successfully deposited 

onto a silicon substrate to provide a model stainless steel surface that is suitable for NR 

experiments25. Here, we extend the technique to a more complex protein system. In 

addition, QCM allows measurement of protein adsorption at the solid/liquid interface in real 

time via changes in the frequencies of a resonant crystal beneath the stainless steel layer26. 

Table 1. SLD Values. 'BSA' = bovine serum albumin. The SLD of the 
protein is dependent on the solvent contrast, due to its large number of 

exchangeable protons. 

 SLD / x 10-6 Å-2 
 SLD / x 10-6 Å-2

 

Si 2.072 Fe2O3 7.176 
SiO2 3.484 Cr2O3 5.106 
Fe 8.020 H2O -0.561 
Cr 3.027 D2O 6.335 
Ni 9.406 BSA / 100% H2O 1.853 

Mn -3.054 BSA / 100 % 
D2O 

3.056 
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EXPERIMENTAL 

Materials.  For the NR experiments, 316L stainless steel films (10–20 nm thickness) 

were deposited onto polished silicon substrates, (111)-orientation, (n)-type, using electron-

beam deposition in vacuo at the Nanoscience Centre at the University of Cambridge. 316 

stainless steel QCM sensors were purchased from Q-sense. Fibrinogen and Bovine serum 

albumin were purchased from MP Biomedicals and all other chemicals were acquired from 

Sigma-Aldrich (all with purities > 99 %). All experiments were conducted in phosphate 

buffered saline (‘PBS’, 0.01 M, pH 7.4). 

XRR.  XRR profiles were collected at the Cavendish Laboratory, Cambridge using a 

Bruker D8 X-ray diffractometer with copper target and a Goebel mirror. An accelerating 

voltage of 50 kV was used and a primary beam size of 0.1 mm. 0.35 mm Soller slits were 

inserted before the detector, which was operated in 1D mode. XRR data were fitted using 

GenX 2.0.0 software27.  

NR.  Neutron reflectometry data were collected using the AMOR instrument at the 

Paul Scherrer Institute in Switzerland. Full details of the instrument may be found 

elsewhere28. The instrument was used in non-polarised mode; stainless steel-coated silicon 

blocks (55 mm diameter, 5 mm thick) were mounted in a custom-made aluminium cell with 

a PTFE trough. The bare substrates were characterised in D2O and H2O prior to introduction 

of the protein solutions. Sample 2 was pre-coated with an SDS layer by soaking in an 

SDS/ethanol solution (7 mM) for 24 hours before rinsing and drying under N2 prior to 

mounting in the sample cell. NR data were fitted using the RasCAL software29.  

 

Page 6 of 29

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 
 

QCM. The 316 stainless steel sensors were cleaned prior to use in 1% Hellmanex II 

(30 min), rinsed with ultrapure water (18 MΩ cm) and dried with N2; they were then 

sonicated in 99% ethanol (10 min), and rinsed and dried again before cleaning by UV/ozone 

(10 min). Experiments were conducted on a Q-sense E4 QCM at the Nanoscience Centre, 

University of Cambridge. The QCM instrument was cleaned with 2% Hellmanex and rinsed 

thoroughly with ultrapure water before loading of the sensors. Background solution (PBS) 

was flowed through and the sensors left for 24 h to equilibrate. Fresh electrolyte was then 

flowed through until the frequencies had stabilized. The sample solutions were then 

introduced to each sensor (flow rate 0.15 mL min-1) until the frequencies were stable. After 

the systems had reached equilibrium, background electrolyte was reintroduced to each one 

until no further changes were observed. Data were analyzed using the QSense Dfind 1.0 

software. For Sauerbrey model fits, the f3 overtone was used; for viscoelastic model fits, a 

Voigt model was used. 

 

RESULTS AND DISCUSSION 

NR. 

Sample 1.  
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Figure 1a) XRR data (points) and model fits (solid lines) for a stainless steel film on a 

silicon substrate (Sample 1). b) Corresponding SLD profiles for the model fit. 

Sample 1 was characterized using XRR prior to analysis by NR; the data and model 

fits are shown in Figure 1. The data were fitted with just one metal layer for the stainless 

steel of thickness 217 Å (+ 2 Å) and an oxide layer of thickness 21 Å (+ 2 Å), in good 

agreement with the estimated deposition thickness values. (Error margins taken from limits 

of reasonable fit.)  
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Figure 2a) Neutron reflectometry data (points) and model fits (solid lines) for sample 1, 

showing the untreated stainless steel surface under D2O and H2O and with increasing 

concentrations of protein added, as labelled. (D2O and H2O are given as shorthand for 

PBS/D2O and PBS/H2O). Data offset vertically for clarity. Only D2O data are shown for the 

protein solutions as these show the greatest contrast. b) Corresponding SLD profiles for 

the model fits. 

The NR data and model fits for the untreated stainless steel sample are shown in 

Figure 2; the stainless steel film under PBS/water could be modelled with a metal layer of 

thickness 214 Å (+ 2 Å), roughness 15 Å and SLD 5.42 x 10-6 Å-2, and an oxide layer of 

thickness 30 Å (+ 3 Å) and SLD 6.15 x 10-6 Å-2. The thicknesses are in good agreement with 

the XRR data (the increase in oxide thickness is attributed to the UV/ozone cleaning prior to 

NR measurements) and the SLD values are similar to those seen previously25, with the oxide 

SLD consistent with that expected for a mixture of iron and chromium oxides (values for 

pure Cr2O3 and Fe2O3 would be 5.11 and 7.17 x 10-6 Å-2, respectively). While the SLD of 316L 

stainless steel should theoretically be closer to 7 x 10-6 Å-2, an increased amount of Mn 
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(which has a very low SLD) was previously observed in the deposited films, hence decreasing 

the overall SLD25. 

Table 2. Adsorbed Amounts Calculated from Neutron Fits for Both Samples 

Error margins are calculated from the maximum and minimum acceptable 
fits to the NR data. *Surfaces finally washed with PBS (no protein) following 

adsorption. 

 [BSA]  

/ ppm 

[fibrinogen]  

/ ppm 

Amount adsorbed  

/mg m
-2 

 

 

 
Sample 1 

30 0 0.25 (+ 0.2) 
300 0 0.58 (+ 0.4) 

3000 0 0.74 (+ 0.4) 
30000 0 1.22 (+ 0.4) 
30000 4000 3.35 (+ 0.4) 

0 4000 4.75 (+ 0.4) 
0* 0* 3.53 (+ 0.4) 

 

Sample 2 

(pre-treated with 

SDS) 

30000 0 1.77 (+ 0.4) 
30000 4000 2.29 (+ 0.4) 

0 4000 3.64 (+ 0.4) 
0* 0* 2.90 (+ 0.4) 

 

Only very slight changes in the measured data were seen after the addition of 30 

ppm and 300 ppm BSA; these could be simply modelled by inclusion of a Gaussian protein 

layer. For the 3000 and 30,000 ppm BSA, a Gaussian layer was unable to satisfactorily fit the 

data; instead, a block model with several layers was used, where the % of hydration (i.e. 

extent of solvent inclusion in the protein layer) was allowed to vary for each layer. The 

overall protein thicknesses for 3000 and 30,000 ppm were 75 Å and 83 Å respectively. Using 

either the area under the Gaussian curve or the area encapsulated by the block models as 

appropriate, the amount of protein adsorbed per square metre of the substrate was 

calculated and used to infer an adsorption isotherm for BSA on a 316L stainless steel 

surface, shown in Figure 3 (x-axis plotted as a log scale for clarity). The fitted amounts 

adsorbed are given in Table 2. 
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Figure 3. Isotherm calculated from the fitted neutron reflectometry data for increasing 

concentrations of BSA on the untreated stainless steel surface. Data are plotted as points 

with model fits as solid lines, as labelled. Error margins are calculated from the limits of a 

reasonable fit to the neutron data. 

Up to and including 3000 ppm BSA, a simple Langmuir model was sufficient to fit the 

data; however, the data point at 30,000 ppm did not fit this trend. Two alternative isotherm 

models were fitted to the data, as shown in Figure 3. The Freundlich isotherm model gave 

an more acceptable fit to the data; this model assumes ongoing interaction between the 

adsorbed protein and incoming protein molecules, given by the equation: 

� � 	 ������	


� 

where ν is the fraction adsorbed, νmax is the final plateau of adsorption, KF is the affinity 

parameter, c is the adsorbate concentration and n is a dimensionless constant > 1 that 

relates to the strength of adsorbate interactions with either the substrate or other 

adsorbate molecules30,31. This would not be an unreasonable assumption for protein 

adsorption, since proteins are known to change in structure upon adsorption to solid 

Page 11 of 29

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12 
 

surfaces, and the large number of functional groups on any protein makes interaction with 

other adsorbing proteins feasible.  

The two-step isotherm model was proposed by Zhu et al. and assumes Langmuir-like 

behavior at low concentrations, but with a second plateau at higher concentrations; they 

found this model described systems in which monomer adsorption at low concentrations 

was followed by adsorption of aggregated molecules at higher concentrations32. It has also 

been used previously to describe protein adsorption due to the potential protein-protein 

interactions in the adsorbed layers25. The isotherm model is given by: 

� � 	
����	�
	(

1
�
+ ��	

��
)

1 + �
	(1 + ��	
��
)

 

where K1 and K2 are affinity parameters for the first and second steps respectively. As shown 

in Figure 3, the two-step model gives the best fit to the isotherm data; however, this might 

be expected for the greater number of parameters that can be fitted, particularly given the 

relatively large error bars associated with these measurements. 

Both the Freundlich and two-step isotherm models give acceptable fits to the 

experimental data, indicating that at higher protein concentrations some kind of interaction 

with the protein already adsorbed may lead to increased adsorption, possibly in the form of 

a bilayer; this would agree well with the increased layer thicknesses seen at higher 

concentrations (as shown in the SLD profile in Figure 2b) of 75 and 83 Å at 3,000 and 30,000 

ppm. The dimensions of a hydrated bovine serum albumin molecule have been estimated33 

as 140 Å x 40 Å x 40 Å; a bilayer in which the larger dimension is lying parallel to the surface 

would, therefore, be consistent with the fitted data for the higher protein concentrations, 

and accord well with the fitted isotherm models. Similar multi-step behavior has been 

previously observed for albumin at the stainless steel/buffer solution interface and ascribed 
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to various protein-protein interactions within the adsorbed film, although further more 

specific measurements would be necessary to confirm this34,35.  

Assuming a volume per molecule of BSA36 of around 1.08 x 105 Å2, and treating the 

protein molecules as spheres, each molecule might be expected to occupy approximately 

5500 Å2 on the stainless steel surface. The areas per molecule calculated from the values in 

Table 2 would yield an area per molecule of 15000 Å2 at 3000 ppm and 9000 Å2 at 30,000 

ppm. This is in good agreement with the low surface coverage suggested by the model fit to 

the neutron data, where a large amount of water inclusion was necessary for each layer (> 

80 %). 

The adsorbed amount for the BSA/316L stainless steel system across this 

concentration range is significantly lower than that seen for an isotherm of fibrinogen 

previously derived from NR data25. (This trend is also observed when both isotherms are 

plotted in terms of molar concentration, as demonstrated in Figure S1.) The Langmuir 

plateau value seen here is very similar to that observed previously for BSA adsorbed onto 

316L stainless steel particles for comparable protein concentrations around pH 737,38. A 

higher adsorption coverage was seen by Van Enckevort et al. for a 304 stainless steel slide 

measured using 125I-labelled albumin39; however, use of isotopic labelling is known to lead 

to overestimation of adsorption coverages, due to free 125I that remains associated with the 

surface34,40. The slight differences in grade of stainless steel may also account for differences 

in the protein surface coverage, particularly since stainless steel particles are known to be 

enriched in manganese, similarly to the deposited films used here41. 

When a solution of 30,000 ppm BSA plus 4000 ppm fibrinogen was subsequently 

flushed through the cell, the overall amount of protein adsorbed increased to 3.0 mg m-2 (+ 

0.4 mg m-2).  This is less than the amount adsorbed calculated from NR data for fibrinogen 
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on its own on a 316L stainless steel surface observed previously—4.7 mg m-2 at 4000 ppm 

fibrinogen25. Even within the relatively large error bars of the experiment, this reflects a 

significant enough decrease to indicate that the adsorbed BSA does prevent fibrinogen 

adsorption to some extent. However, when the cell was flushed through with a solution of 

fibrinogen alone (4000 ppm), the adsorbed amount increased to 4.75 mg m-2 (+ 0.4 mg m-2). 

This almost exactly matches the value seen previously when fibrinogen was allowed to 

adsorb on stainless steel that had not previously encountered BSA. It would therefore seem 

that the BSA only has a preventative effect on the fibrinogen adsorption if it remains the 

dominant species in the bulk solution, and is presumably quickly displaced from the surface 

by the fibrinogen. 

Wertz et al. put forward the interesting theory that the adsorption of albumin is 

greatly dependent on the rate at which it arrives at the surface—they posit that when the 

rate is slow, small amounts of albumin that arrive initially and adsorb in their molecular 

form will unfold and spread across the entire surface, preventing further adsorption, 

whereas rapidly-arriving albumin (i.e. from high initial bulk concentrations) will adsorb in 

larger amounts as there is no time for this unfolding42.  However, the results shown here 

would seem to contradict this theory, at least to some extent, as the increasing 

concentrations of albumin were flowed over the same sample without rinsing in between, 

and as each measurement took in excess of 6 hours to complete, there should have been 

ample time for such unfolding—however, there does not seem to be any inhibition of 

further albumin adsorption at the higher concentrations, which suggests that the protein 

adsorbed at lower concentrations has not altered the surface significantly enough to 

prevent further adsorption. These contrasting observations to those of Wertz et al. may 

arise from the differences in surface type, as their measurements were conducted on a 
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hydrophobic, C16 self-assembled monolayer surface, whereas the negatively-charged 

stainless steel sample used in this work may be less conducive to protein unfolding, given 

that the albumin molecules are also expected to be negatively-charged at this pH21. This 

further highlights the importance of surface preparation with respect to biomaterial design. 

Sample 2. In an attempt to increase the BSA coverage, and therefore decrease 

fibrinogen adsorption, a second stainless steel sample was pre-treated with an SDS/ethanol 

solution in the hope of pre-adsorbing a layer of SDS and hence rendering the surface more 

hydrophobic. The data and model fits are shown in Figure 4; similarly to sample 1, a 

stainless steel layer 211 Å thick (+ 3 Å) with SLD 5.5 x 10-6 Å-2 and roughness 15 Å and an 

oxide layer 25 Å thick (+ 3 Å) with SLD 7.1 x 10-6 Å-2 were found to give a good fit to the data. 

In addition, an SDS layer (SLD 0.34 x 10-6 Å-2) 30 Å (+ 3 Å) thick was found to have adsorbed 

with 46% coverage (as seen by the significant dip in the SLD profile adjacent to the stainless 

steel surface in Figure 4b). This demonstrated that the pre-soaking of the stainless steel 

substrate in the SDS/ethanol solution had been successful in yielding a surface layer about 

half of that expected for a fully well packed surfactant layer.  
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Figure 4a) Neutron reflectometry data (points) and model fits (solid lines) for sample 2, 

showing the untreated stainless steel surface under D2O and H2O and with increasing 

concentrations of protein added, as labelled. Data offset vertically for clarity. Only D2O 

data are shown for the protein solutions as these show the greatest contrast. b) 

Corresponding SLD profiles for the model fits. 

Upon addition of BSA, a Gaussian model was again used to fit the adsorbed layer, 

with calculated amounts adsorbed summarized in Table 2. At a concentration of 30,000 ppm 

BSA, an increase in the amount of protein adsorbed in comparison to Sample 1 was 

observed, suggesting the SDS did indeed facilitate BSA adsorption. Significantly lower 

amounts of adsorbed protein in comparison to Sample 1 were seen upon subsequent 

addition of fibrinogen, both with BSA and by itself. When 4000 ppm fibrinogen was flushed 

through the cell, the amount adsorbed was 3.64 mg m-2 (+ 0.4 mg m-2), which is 

considerably less than that seen for fibrinogen on the bare stainless steel substrate25. While 

the different proteins cannot be distinguished from this data as both were in protonated 

form with similar SLD values (3.06 x 10-6 Å-2 for BSA and 3.26 x 10-6 Å-2 for fibrinogen in 100 

% D2O), the natural conclusion is that the presence of the SDS is ensuring more BSA is 

retained on the surface with a subsequent inhibitory effect on fibrinogen adsorption. High 

concentrations of SDS have previously been thought to have a partially denaturing effect on 

albumin pre-adsorbed onto 316L stainless steel surfaces43. It is possible that the strength of 

the SDS-albumin interaction may also be causing some unfolding in this case, which may 

contribute to the prevention of fibrinogen adsorption. 

Given how low the overall protein coverage is in each case, it is interesting that the 

small amounts of BSA adsorbed make any difference at all, since the incoming fibrinogen 
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might be expected to simply bind in the spaces left by the BSA. However, it is well known 

that in general, adsorption of surfactant molecules may occur preferentially at certain more 

‘active’ metal surface sites44–46; as the NR technique yields structural information averaged 

in the z-direction, we cannot draw any conclusions concerning the specific locations of the 

SDS/BSA adsorption, but it may be that even a relatively low coverage is sufficient to block 

sites at which fibrinogen preferentially interacts with the stainless steel surface and hence 

inhibit its adsorption. 

For both samples, a significant amount of protein was left on the surface after 

washing with PBS solutions containing no dissolved protein (Table 2, represented by protein 

concentrations of ‘0 ppm’), confirming that the adsorption is at least partially irreversible, as 

has been observed for both fibrinogen and BSA on various surfaces previously38,47, and in 

good agreement with the QCM results to be presented below. 

QCM. 

 

Figure 5. QCM frequency and dissipation data for 316 stainless steel sensor under PBS 

(blue), with 30,000 ppm BSA added (orange) and flushed again with PBS (blue). 
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Figure 5 shows the variation in frequency and dissipation for a 316 stainless steel 

sample after exposure to 30,000 ppm BSA/PBS, and then following rinsing in PBS, as marked 

on the plot. It is clear that a significant amount of protein was adsorbed, and that although 

the PBS rinse removed roughly a third of this adsorbed protein essentially immediately, the 

rest was stable over a prolonged period of measurement. 

The separation of the frequency measurements for the different fundamentals and 

the variable dissipation suggest the adsorbed protein cannot be treated as a simple, rigid 

layer as assumed by the Sauerbrey model, although the layer appears to become more 

Sauerbrey-like after the rinse, as evidenced by the frequency lines moving closer together. A 

viscoelastic model gave a reasonable fit to the data (Figure S2) and the adsorbed layer 

thicknesses and masses predicted by the different models are compared in Figure 6. 

 

 

Figure 6. Predicted a) layer thicknesses and b) masses resulting from the Sauerbrey and 

viscoelastic models, as labelled. The reintroduction of PBS is marked with a dotted line. 

Interestingly, the adsorbed mass predicted by both models, as shown in Figure 6b is 

much greater than that calculated from the fit to the neutron data—by well over an order of 

magnitude in the case of the viscoelastic model. This discrepancy is presumed to arise from 
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the acknowledged inability of QCM measurements to differentiate between the protein and 

associated water in less rigid protein films, which may lead to a significant overestimation of 

surface loading. The large difference between the two techniques seen here may be partly 

explained by some level of protein unfolding, as water retention is often greater in such a 

case48–50.  

The layer thicknesses shown in Figure 6b are calculated using the predicted masses, 

sensor chip surface area and protein density, and are hence also subject to overestimation. 

Additionally, as inferred from the NR data, the surface coverage of adsorbed protein is 

relatively low and so an average thickness is unlikely to correlate well to the actual adsorbed 

layer thickness, which is best determined using the NR fit. The QCM data are, however, are 

useful in comparing relative adsorption, as explained below. 

 

Figure 7a) Comparison of the frequency variation (f3) with time for the 316 stainless steel 

chips treated with 3000 (green) or 30,000 ppm (blue) BSA prior to 4000 ppm fibrinogen as 

labelled. b) Modelled adsorbed masses for these data. 

To discern the effects of pre-adsorbed BSA on the subsequent adsorption of 

fibrinogen, two sensors were treated with 3000 and 30,000 ppm BSA respectively and 

allowed to equilibrate before 4000 ppm fibrinogen/PBS was exposed to the surface. The 

results are plotted in Figure 7a, with the adsorbed masses predicted using the 
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corresponding Sauerbrey and viscoelastic model fits in Figure 7b. It is clear from Figure 7 

that fibrinogen adsorbs to a much lesser extent on the stainless steel surface that has been 

pretreated with the higher concentration of BSA—almost half, in fact (the precise % 

depending on which model type is used to interpret the data). This is in good agreement 

with the model fits derived from the neutron data above, where a significant reduction in 

fibrinogen adsorption was seen when the stainless steel surface was pretreated with BSA. In 

fact, there is an even greater % reduction seen here than for the neutron data, which may 

imply that the fibrinogen adsorbing on the pre-treated surface is less prone to structural 

deformation and hence has less associated water (leading to a lower detected mass). 

 

Around a quarter of the adsorbed protein is removed upon rinsing with PBS for both 

samples; this is a little less than was removed for the BSA-only sample above (where around 

a third was removed with a PBS rinse), suggesting the fibrinogen may bond rather more 

strongly to the stainless steel surface. Previous work showed even less protein was removed 

when fibrinogen was adsorbed by itself to a stainless steel surface (around 10%), which 

supports this conclusion25. The neutron data fits above also estimate around 25% protein is 

removed for the BSA-coated sample exposed to fibrinogen (Sample 1), in excellent 

agreement with this data. 

When the rinsing medium was changed to deionized water (for the low BSA 

concentration only), a greatly increased amount of protein was removed from the surface. 

This is attributed to the negligible ionic strength of the water and hence increased Debye 

screening length such that the adsorbed proteins repel each other and are more likely to 

desorb as a result51. 
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CONCLUSIONS 

Neutron reflectometry data for a 316L stainless steel surface exposed to an approximately 

physiological concentration of BSA have shown low surface coverage of the adsorbed 

protein (< 20%) at an overall thickness of around 80 Å, comprising 3 or 4 fitted blocks with 

slightly different hydration values. Isotherm models fitted to the data suggested monolayer 

adsorption at lower concentrations with possible bilayer or multilayer at higher 

concentrations. The high level of water retention observed from the QCM may also indicate 

some level of protein unfolding on the surface; a viscoelastic model was necessary to fit the 

QCM data, indicating that the adsorbed protein exists as a diffuse, weakly-bound layer, in 

agreement with the NR data. 

When a solution of 30,000 ppm and 4000 ppm fibrinogen was exposed to the surface 

pre-treated with BSA, there was an increase in the total amount of protein adsorbed, which 

then increased again for a solution of just fibrinogen to the value expected when fibrinogen 

is introduced to a non pre-treated stainless steel surface. This suggests fibrinogen is 

extremely effective at displacing adsorbed BSA, even at low concentrations. 

A second sample was first treated with SDS resulting in around 46% coverage of the 

surfactant on the stainless steel surface. As a result, an increased amount of BSA adsorption 

was observed and an ensuing decrease in fibrinogen adsorption; clearly, the modification of 

the surface to render it more conducive to BSA adsorption was successful in inhibiting the 

fibrinogen adsorption. The dramatic decrease (by half) of fibrinogen adsorption seen in the 

QCM measurements when BSA pre-treatment was increased from 3000 to 30,000 ppm may 

imply fibrinogen adsorbing on top of BSA is also less prone to unfolding. 
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When the surfaces treated with protein solutions were washed in PBS solution, less 

protein could be removed (around 25%) if fibrinogen was present than if only BSA had been 

adsorbed (around a third), further supporting observations that fibrinogen has a greater 

affinity for stainless steel than BSA once it has gained access to the surface. Hence, although 

pre-adsorption of BSA is effective in preventing fibrinogen adsorption, over time fibrinogen 

may still adsorb significantly due to the Vroman effect, unless the BSA is more firmly 

anchored. 

Increasing hydrophobicity of a stainless steel surface by pre-adsorption of a 

surfactant molecule such as SDS may be an effective method of ensuring improved BSA 

adsorption and hence inhibition of fibrinogen. However, in all systems studied, a significant 

amount of fibrinogen was still adsorbed, suggesting these methods are not by themselves 

fully sufficient in ensuring biocompatibility.  
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