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The two proteins, b-casein (b-CN) and b-lactoglobulin (b-Lg), were adsorbed on hydrophobic silicon
substrates from bu†er solutions at pH 8, 7, 5 and 3. The structure, in terms of thickness and composition of the
adsorbed species, was determined by means of neutron reÑectivity. At pH 7 b-CN forms a structure that is
described by two layers, a compact layer adjacent to the solid surface and a looser layer protruding into the
solution. b-Lg adsorbs as a uniform layer. At lower pH both proteins adsorb more, with thicker layers, and
b-Lg also adsorbs as a non-uniform layer. The adsorption of both proteins is irreversible. The merits of
contrast variation are discussed and, in particular, the importance for the systems studied of the use of water of
scattering length density 4.5] 10~6 is described. Owing to the large size of the proteins, this contrast,A� ~2
intermediate between those of and silicon, allows details masked by the higher critical angle of to beD2O D2O
revealed.

Introduction

Neutron reÑection has been widely used for studies of adsorp-
tion at Ñat surfaces, both air/liquid and solid/liquid. It has
proved to be a valuable technique and provides detailed infor-
mation about the structure and composition of adsorbed
layers.1h3 Since many biological processes occur at interfaces,
the possibility of using neutron reÑection to study structural
and kinetic aspects of model systems is of considerable inter-
est. However, the number of such experiments performed so
far is small. The reason for this is probably that it is well
known that the most e†ective use of neutron reÑection
involves extensive deuterium substitution and this is not
usually an available option in biological systems. Here, we
examine ways in which neutron reÑection can be made sensi-
tive to non-deuterated materials and illustrate some of the
ideas by applying them to two proteins of di†erent shape
adsorbed at the hydrophobic solid/liquid interface.

Many proteins are amphiphilic because they contain a
mixture of amino acids with hydrophobic chains and with
ionic or polar side-chains. Like surfactants, they aggregate in
solution and may be surface active even at very low concen-
trations, although the mechanisms of aggregation and adsorp-
tion are more complicated than for surfactants. The
adsorption of proteins at interfaces is important in areas rele-
vant to biology,4 medicine,5 food processing (stabilization of
foams and emulsions, and fouling of equipment)6 and biotech-
nology,7 and therefore considerable e†ort has been devoted to
studying what are the important factors, which will include
size, shape, charge, hydrophobicity and thermodynamic and
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thermal stability. There is no comprehensive model of protein
adsorption, although a large number of studies of protein
adsorption at various surfaces have been made, such as colloi-
dal particles,8h14 metal surfaces,15,16 silica surfaces,17h21
modiÐed silicon surfaces,22,23 polymer surfaces24,25 and air/
liquid interfaces.26h33

The two proteins used in this study were the milk protein
b-casein (b-CN) and the whey protein b-lactoglobulin (b-Lg).
They are similar in size but their shapes in solution are di†er-
ent and this inÑuences their adsorption behaviour. The lack of
a tertiary structure makes b-CN a Ñexible molecule which is
able to change conformation easily. It is therefore suitable for
providing steric stabilization. b-Lg is a globular protein with a
more compact conformation resulting from extensive second-
ary and tertiary structure caused by the presence of disulÐde
bonds. Some basic features of the two proteins are as follows.
Sedimentation Ðeld-Ñow fractionation and dynamic light scat-
tering of b-CN adsorbed on polystyrene lattices11,12 conÐrm
that it is a Ñexible molecule with a hydrophobic tail, which
may be the site of its adsorption on non-polar surfaces, and a
hydrophilic portion that tends to extend into the aqueous
environment. Such adsorption behaviour has been conÐrmed
by neutron reÑectivity in a preliminary study23 and has been
deduced from ellipsometric measurements.34 The structure of
b-Lg is sensitive to both pH and temperature and the dimer
may be found in equilibrium with the octamer in the range of
pH from 3.5 to the isoelectric point at pH 5.3, or with the
monomer at other values of pH. At high pH ([7.5) there is a
time dependent irreversible denaturation of the protein follow-
ing its dissociation to a monomer.35 As the pH varies, the
protein also undergoes conformational changes which are
reversible up to pH 7.5. The monomer chains in the dimer
have the form of spheres of D36 in diameter.A�

Contrast variation in neutron reÑection from
adsorbed proteins
In a neutron reÑection experiment, the specular reÑection, R,
is measured as a function of the wavevector transfer, q, per-
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Table 1 Properties of the various interfacial species

da/ V b/ bd/ o/
Species g cm~3 A� ~3 IEPc 10~4 A� 10~6 A� ~2

H2O 0.9975 30 [0.168 [0.56
D2O 1.105 30 1.905 6.35
Si 2.32 20 0.415 2.07
SiO2 2.16 47 1.585 3.41
C18D37 0.78 540 36.65 6.76
b-CN 1.348 29 600 4.6 532.6 1.80
b-Lg 1.335 22 800 5.3 392.7 1.72

a Density, from refs. 11 and 47. b Volume calculated from density.
Volume of b-Lg is that of the monomer. c Isoelectric point.35
d Scattering length calculated from constituent atoms (the amino acid
compositions were taken from refs. 35 and 48 and known neutron
scattering lengths.49

pendicular to the reÑecting surface where
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h is the glancing angle of incidence and j the wavelength of
the incident neutron beam. R(q) is related to the scattering
length density across the interfance, o(z), by
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o(z) being a function of the distance perpendicular to the inter-
face.

Fig. 1 Calculated reÑectivity proÐles for a layer of globular protein
adsorbed on a hydrocarbon layer grafted on to a solid substrate using
di†erent contrast conditions. The protein layer is taken to have a
thickness of 35 and a volume fraction of 0.6. The remaining 0.4 isA�
water. The scattering length density of the protein is 1.8 ] 10~6 A� ~2.
The hydrocarbon layer is 27 thick and has a scattering lengthA�
density of a typical fully deuterated solid hydrocarbon (6.5] 10~6

(a) At siliconÈhydrocarbonÈwater in water matched to theA� ~2).
silicon (2.07] 10~6 and (b) in The dashed lines representA� ~2) D2O.
the calculated signal from the corresponding interfaces without
protein.

The scattering length density is related to the composition
of the adsorbed species by

o(z) \;
j

n
j
(z)b

j
(4)

where is the number of nuclei per unit volume and isn
j
(z) b

jthe scattering length of nucleus j. The latter is an empirical
quantity known for most nuclei. Neutron reÑection often
depends on the large di†erence between H and D to provide
contrast between materials. The scattering lengths of the con-
stituent fragments of any species adsorbed at the surfaces are
the fundamental quantities from which the interfacial proper-
ties are derived and in Table 1 we list them for the materials
used in this work.

It is clear from eqn. (2) that the property to which the neu-
trons are sensitive is the scattering length density o, deÐned by
eqn. (4). To maximize the signal from the interface, the con-
trast in the scattering length density of that interface must be
made as large as possible. One way of achieving this is to
arrange for the two bulk phases on either side of the interface
to have the same value of o but for the interface to be as
di†erent from this value as possible. At the air/liquid interface
this is done by adjusting the HÈD composition of the water so
that it is has the same o as air (D0) and then preferably using
deuterated adsorbed material. The two bulk phases are then
said to be contrast matched and, apart from an incoherent
background which may easily be subtracted, the reÑected
signal is due entirely to the adsorbed layer. Biological
materials are often difficult or impossible to deuterate and an
adsorbed protonated layer gives a small signal. It is just about
possible to determine the main features of the layer from such
data and this has been done by Dickinson and co-
workers26,27 in studies of the adsorption of b-CN at the air/
water interface. An alternative way of studying adsorption at
the air/liquid interface is to have a high contrast between the
two bulk phases and then rely on the displacement of the high
o phase at the interface by a low o adsorbing material. This
would be the situation if proteins were adsorbed at the surface
between and air. Any displaced from the interfacialD2O D2Oregion will have a moderate e†ect on the reÑectivity and
packing arguments may be used to deduce the protein adsorp-
tion indirectly. A possible difficulty with this is that any
protein lying above the surface of will make a relativelyD2Osmall contribution to the reÑectivity so that the displaced

does not represent all of the protein. There may also beD2Oambiguities in the interpretation of the displaced layer that
stem from the problem of loss of phase information in eqn. (2).
However, even when these difficulties cannot be resolved from
this one reÑectivity proÐle on its own, the combination of such
a measurement either with the null reÑecting water experiment
described above, or with an X-ray reÑectivity experiment,36
would add signiÐcantly to the sensitivity. A further com-
plication with proteins is that some of the hydrogens in the
protein are exchangeable, but this e†ect can be often estimated
sufficiently well that it should not impair the accuracy of the
experiment.

At the solid/liquid interface the situation as regards choice
of contrast is changed because the scattering length densities
of solids are generally non-zero. The two solids most suit-
able for neutron reÑection experiments are silicon
(o \ 2.07] 10~6 and quartz (o \ 4.14] 10~6 forA� ~2) A� ~2
crystalline quartz). In the situation where the signal is pre-
dominantly from the protein layer only, i.e., the H/D ratio of
the water has been adjusted to match the solid, the signal
from an adsorbed protein layer will be weak because the layer
already contains a signiÐcant fraction of water, which gives no
signal.

At the solid/liquid interface there are some attractive
options for improving the sensitivity to the adsorbed protein
layer. One of the interests in adsorbing proteins on surfaces is
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Fig. 2 Calculated reÑectivity proÐles calculated for a typical layer of a globular protein adsorbed on a partially deuterated hydrocarbon
layer grafted on to a silicon substrate in The protein layer is taken as in Fig. 1. The hydrocarbon layer is divided into three 9 thickD2O. A�
segments, (i), (ii) and (iii), the last being next to the proteinÈaqueous phase. The scattering length density of a layer is taken to be [0.5] 10~6

if it is protonated and 6.5 ] 10~6 if it is deuterated. (a) Layers (i), (ii) and (iii) all deuterated ; (b) layers (i) and (ii) deuterated and (iii)A� ~2 A� ~2
protonated ; (c) layer (i) deuterated and (ii) and (iii) protonated. The dashed lines represent the calculated signal from the corresponding interfaces
without protein.

to examine the way in which speciÐc interactions with the
surface modify the adsorbed layer. The easiest way of achiev-
ing this is to graft an organic layer on to either quartz or
silicon and confer on the outer part of this layer an appropri-
ate chemical functionality. While this may produce the right
type of surface for studying the protein adsorption, it will be
difficult to obtain an adequate signal. The e†ect of the protein
layer is generally small and this will impair the resolution of
the structural determination. Such an experiment has been
done by Liebmann-Vinson et al. on human serum albumin37
and their signal from the adsorbed protein was far from what
one might have wished.

In the experiment of Liebmann-Vinson et al.,37 protonated
material was grafted on to the silica to generate the surface for
protein adsorption. The contrast situation changes drastically
if deuterated material is used instead. Simulations of a protein
layer adsorbed to a grafted layer are shown in Fig. 1. Fig. 1(a)
shows that the protein remains more or less invisible in the
null situation, where the water is matched to the substrate, but
in [Fig. 1(b)] there is a very large contribution to theD2OreÑectivity from the protein. Hence speciÐc deuteration of the
grafted layer may be used to optimise the signal. We have
used this method previously to study the structure of b-CN
adsorbed at the hydrophobic solid/water interface.23 In
general, there should be no difficulty in preparing grafted deu-
terated layers of a range of chemical functionality.

In many real protein layers, the structure will be more
complex than that shown in Fig. 1. The question arises as to

what resolution could be expected in the reÑection experiment
and how it could be improved. The resolution of the neutron
experiment is inherently low (of the order of 10 but if con-A� )
trast variation techniques are used this can be improved sig-
niÐcantly.2 We now illustrate a strategy for improving the
resolution in experiments on protein layers. It is clear from
Fig. 1(b) that the presence of a fully deuterated grafted layer of
hydrocarbon between the substrate and protein layer greatly
enhances the signal from the protein. A further option is to
deuterate only part of the grafted layer. The e†ect of deuter-
ating a layer in progressively increasing fragments ofC18 C6 ,

and with the hydrogenated part always on theC12 C18protein side of interface is shown in Fig. 2, for the same single
layer protein. In each case large di†erences are observed in the
signal but if the protein forms a single layer the extra proÐles
would add no new information to that which could have been
obtained from Fig. 1(b). However, in the case of a two layer
system, such as that typically adopted by b-CN, the e†ect of
changing the width of the deuterated label is to probe di†erent
Fourier components of the scattering length density proÐle of
the protein, and the extra experiments now give new informa-
tion about the two layers. The model calculation is shown in
Fig. 3. Hence, by using more subtle, but still chemically acces-
sible, labelling it becomes possible to enhance the ability of
the experiment to resolve the di†erent protein layers consider-
ably. Given the range of grafting chemistry that is already well
established,38,39 the number of possibilities of design of reÑec-
tion experiments to address speciÐc problems about protein

Fig. 3 Calculated reÑectivity proÐles calculated for an adsorbed protein forming two layers, an inner layer of thickness 30 and volume fractionA�
0.6, and an outer layer of thickness 65 and volume fraction 0.2, on a partially deuterated hydrocarbon layer grafted on to a silicon substrate inA�

The hydrocarbon layer is divided into three 9 thick segments, (i), (ii) and (iii), the last being next to the proteinÈaqueous phase. TheD2O. A�
scattering length density of a layer is taken to be [0.5] 10~6 if it is protonated and 6.5 ] 10~6 if it is deuterated. (a) Layers (i), (ii) andA� ~2 A� ~2
(iii) all deuterated. (b) layers (i) and (ii) deuterated and (iii) protonated, (c) layer (i) deuterated and (ii) and (iii) protonated. The dashed lines are
calculated in the absence of protein. Interference features from the two component protein layers a†ect the di†erent contrasts in di†erent ways.
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layers is greatly increased. We have given one option here but,
of course, the labelling could be reversed to have the deuter-
ated fragment on the outside of the grafted layer.

In a typical analysis of a neutron reÑectivity proÐle, the
measured data are compared with a proÐle calculated using
the optical matrix method applied to di†erent model density
proÐles.40 The model will consist of a series of layers, each
with a scattering length density o and thickness t.

An additional parameter, p, which is the interfacial rough-
ness between any two consecutive layers, can be incorporated
if necessary. The calculated proÐle is compared with the mea-
sured proÐle and o and t for each layer are varied until the
optimum Ðt to the data is found. Although any one proÐle is
not necessarily a unique solution, as shown in the above dis-
cussion, the di†erent isotopic contrasts can usually be used to
be conÐdent that the interpretation is correct. Once each layer
has been characterised by a thickness and scattering length
density, then the area per molecule or the coverage is easily
determined as described in a previous paper.41

Experimental
Neutron reÑectivity measurements were made on the small
angle scattering spectrometer D17, before its recent recon-
struction, at the high Ñux nuclear reactor of the Institut Laue
Langevin (ILL), Grenoble, France. Details of the instrument
are given elsewhere.42 The reÑectivity was measured with a
monochromatic collimated beam of 12 neutrons and theA�
momentum transfer q [see eqn. (1)] varied by varying the inci-
dent angle h. The q range investigated was 0.008È0.145 A� ~1.
D17 has a multidetector and the background was determined
by interpolation of the signal from either side of the specularly
reÑected beam. The relative efficiency of the detector elements
was calibrated with the uniform incoherent scattering from

The attenuated direct beam was measured to determineH2O.
the absolute value of the reÑectivity. Because the presence of
the multidetector restricts the possible secondary collimation,
the background is larger than on a single detector reÑec-
tometer and becomes dominant at values of q above 0.15 A� ~1.
A schematic representation of the cell used is shown in a pre-
vious paper.43 The cell was thermalised at 20 ¡C.

The substrate used in this study was a silicon block of
dimensions 12.7 ] 5.08] 2.54 cm3 polished by Engis (UK)
cut with the large faces as (111). The block was cleaned by Ðrst
sonicating in chloroform in order to eliminate any organic
material on the surface, and then in RCA1 solution [aqueous

(1 : 1 : 5 v/v)] at 70 ¡C for 5 min)44 toNH3ÈH2O2ÈH2Oproduce a very hydrophilic surface. It was hydrophobed from
a 1.5 ] 10~3 M solution of deuterated octadecyl-
trimethylammonium bromide (OTS) in The synthe-CH2Cl2 .
sis of the deuterated material and the hydrophobing
procedure were as described previously.41 Measurements were
made in 99% (obtained from the ILL), ultrapureD2O H2Oand (0.752 : 0.248 w/w)]. Measurementswater4.5 [D2OÈH2Oon the bare silicon substrate had been taken in a previous
experiment on the neutron reÑectometer CRISP at the
Rutherford Appleton Laboratory (Didcot, UK). Details of the
experiment and results have been described.3 The properties
of the oxide in the present case were taken to be unchanged
and this assumption was conÐrmed by measuring a reÑectivity
proÐle in which was found to coincide with that mea-D2O,
sured for the previous experiment. The oxide was found to
consist of (o \ 3.41] 10~6 with a thickness ofSiO2 A� ~2)
10 ^ 2 and a roughness of D6 ^ 1 After the hydropho-A� A� .
bing procedure, reÑectivity proÐles were measured in D2O,

and It was found difficult to obtain a satisfac-H2O water4.5 .
tory Ðt to all three proÐles, which can be attributed to the
hydrophobic layer not being as good as in the previous
experiment on b-CN.23 Thus, instead of a packing fraction of
0.85È0.90 in the hydrophobic layer as obtained previously, the

present layer was only about 0.75, although its thickness
(22 ^ 2 was similar to that obtained previously.23A� )

The solutions at di†erent pH were made using bu†ers of
disodium phosphate and citric acid(Na2HPO4)The ionic strength was not constant but(H3C6H5O7).45varied from 0.12 M at pH 3 through 0.30 M at pH 5, 0.49 M
at pH 7 and 0.57 M at pH 8. The pH of all solutions was
checked with a pH meter and found to be D0.05 units higher
than calculated from the composition for solutions of the pro-
teins in between 0.1 and 0.2 units higher for solutions inH2O,

and between 0.1 and 0.15 units higher in TheD2O water4.5 .
protein concentration was in all cases 0.05 g dm~3. The addi-
tion of salt or bu†er is known to increase the solubility of
these proteins in water.35 The protein solutions were prepared
a few hours before the experiments were performed and they
were kept at a low temperature in order to speed up the solu-
bilisation of the proteins in water. Over the whole range of pH
studied the proteins were soluble except for b-CN in atD2OpH 5, in which case the solution looked cloudy. This did not
appear to have any e†ect on the reÑectivity proÐle.

The order of the measurements of the adsorption of pro-
teins at di†erent pH was solutions of b-CN at pH 7, 5, 3 and
8, followed by removal of b-CN from the surface and mea-
surements from solutions of b-Lg in the same order. b-CN
was removed by using a solution of the non-ionic surfactant

at 10] c.m.c. (c.m.c.\ critical micelle concentration).C12E8At each value of pH measurements were made in D2O, H2Oand At each pH the measurement in the Ðrst con-water4.5 .
trast was repeated two or three times until the proÐles were
found to coincide. It could therefore be assumed that the
protein had reached its Ðnal conformation at that pH (kinetic
e†ects are discussed further below). After each measurement
the block was rinsed with the solution to be used next. It was
not thought necessary to remove the protein after each mea-
surement except when the two proteins were exchanged.

Results and discussion

Structure of adsorbed proteins at neutral pH

The reÑectivity proÐles of adsorbed layers of b-CN and b-Lg
at pH 7 on the deuterated hydrophobic surface are shown for
three di†erent water contrasts, and inD2O, H2O water4.5 ,
Figs. 4, 5 and 6. In the absence of protein all three water con-
trasts give smoothly decaying reÑectivity proÐles with no sign
of any structure. As would be expected from the earlier dis-
cussion, the greatest e†ect of the protein is seen for thereD2O,
being the sharp negative part of an interference fringe close to
a momentum transfer value of about 0.04 both proteinsA� ~1,
showing this e†ect (Fig. 4). Also, as would be expected from
the earlier discussion about the e†ects of contrast, there is very
little change in the proÐles with on adsorption of proteinH2O(Fig. 6). The structure in the reÑectivity proÐles of Fig. 5
shows a useful feature not anticipated by the earlier discussion
about e†ects of contrast. First, both proteins give some inter-
ference in the proÐle with although the e†ect iswater4.5 ,
much weaker than in However, the angle of total reÑec-D2O.
tion (critical angle) is lower for than for andwater4.5 D2Othis, in principle, means that any useful shape in the reÑec-
tivity proÐle can be seen down to a lower value of q. The
shape of the proÐles in the region of 0.04 is di†erent forA� ~1
the two proteins and detailed Ðtting of models shows that the
di†erence can be attributed to longer range structure in the
b-CN which we had not been able to identify in our earlier
measurements. This once again emphasises the need to
explore many contrasts in order to probe the Fourier com-
ponents of the interfacial structure over as wide a range as
possible. The properties of the protein layers deduced from the
Ðtted parameters are given in Table 2 for b-CN and Table 3
for b-Lg. These parameters that represent a physical model
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Fig. 4 ReÑectivity proÐles and Ðtted curves for the deuterated
hydrophobic interface between and with absorbedSiÈSiO2 D2Oprotein, (a) b-CN and (b) b-Lg, at pH 7. The continuous lines are the
best Ðts using the parameters in Tables 2 and 3.

are easier to interpret than the individual results of scattering
length density for the simultaneous Ðts to many contrasts used
in the experiments. The remaining discussion is therefore
centred on these parameters.

In the case of b-CN, a two layer model for the adsorbed
protein was required to Ðt the data, a more compact layer
adjacent to the surface of thickness 30^ 3 and volume frac-A�
tion 0.62 and a looser and thicker layer protruding into the
solution of thickness 65 ^ 5 and volume fraction 0.20. TheA�
thickness of both layers is higher than in the previous experi-
ment (23 and volume fraction 61% and 35 and volumeA� A�
fraction 12%23) and closer to some of the values found in the
literature.20,21 The introduction of some roughness between
the outer layer and the bulk water results partly from the
lower momentum transfer features observed in the proÐle for

and commented on above, and partly because thewater4.5structure of the denatured protein may be sensitive to the
structure of the hydrophobic layer, which must have a looser
structure here than in our previous work. As for the deute-
rium substitution, it was found that while the hydrophobic
part close to the substrate was not a†ected, some HÈD
exchange occurred in the hydrophilic part protruding in the
solution. The e†ect is difficult to quantify in detail. The scat-

Fig. 5 ReÑectivity proÐles and Ðtted curves for the deuterated
hydrophobic interface between and with adsorbedSiÈSiO2 water4.5protein, (a) b-CN and (b) b-Lg, at pH 7. The continuous lines are the
best Ðts using the parameters in Table 2.

tering length density of this layer changed from 1.8] 10~6
in to 2.7 ] 10~6 inA� ~2 H2O A� ~2 D2O.

For the globular b-Lg at pH 7, a single layer model was
required to Ðt the adsorbed protein layer and this was
expected because of its more compact structure in solution.
The thickness, 32 ^ 4 is slightly lower than the diameter ofA� ,
the protein in solution, which is not surprising since the
protein may be forced to Ñatten to some extent for better
contact with the surface. This is conÐrmed by the experimen-
tal value of the area per molecule when compared with the
cross-sectional area of the spherical protein in solution : if the
radius of the sphere is 18 the cross-sectional area of theA� ,
monomer in solution would be about 1000 which is onlyA� 2,
slightly lower than the value calculated for the molecule in
solution, conÐrming that the molecule Ñattens at the interface.
The volume fraction, 0.65, is similar to the b-CN case. Again,
some roughness was required at the interface with the solu-
tion. Penetration of the protein into the underlying hydropho-
bic layer was detected in both cases. The values of the
parameters required to Ðt the data are summarised in Table 2
and the calculated reÑectivity proÐles are shown as contin-
uous lines in Figs. 4(b), 5(b) and 6(b).

Table 2 Properties of the b-CN layers derived from Ðts

Property pH 7 pH 5 pH 3

Inner layerÈ
t/A� 30 ^ 3 30^ 1 30^ 1
/ 0.62^ 0.02 0.71^ 0.01 0.64^ 0.01
A/A� 2 (1.6^ 0.02)] 103 (1.39^ 0.05)] 103 (1.53^ 0.05)] 103
C/lmol m~2 (10^ 1)] 10~2 (11.8^ 0.5)] 10~2 (10.2^ 0.4)] 10~2
Outer layerÈ
t/A� 65 ^ 5 95^ 5 105^ 5
p/A� 35 ^ 5 45^ 5 50^ 5
/ 0.20^ 0.02 0.33^ 0.01 0.30^ 0.01
A/A� 2 (2.3^ 0.15)] 103 (0.9^ 0.1)] 103 (0.9^ 0.1)] 103
C/lmol m~2 (7.2^ 0.5)] 10~2 (19^ 2)] 10~2 (19^ 2)] 10~2
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Fig. 6 ReÑectivity proÐles and Ðtted curves for the deuterated
hydrophobic interface between and with adsorbedSiÈSiO2 H2Oprotein, (a) b-CN and (b) b-Lg, at pH 7. The continuous lines are the
best Ðts using the parameters in Tables 2 and 3.

Structure of proteins adsorbed from acidic or basic solution

Change in the pH of a protein solution alters dissociation in
the charge on the protein molecule. This will result in a modi-
Ðcation of the conformation of the protein and of its surface
activity. In acidic solutions both the proteins become less
charged and the lower electrostatic repulsion between the
molecules then leads either to partial collapse of the layer or,
possibly, to more adsorption. At alkaline pH there is an irre-
versible denaturation of both proteins. In this experiment the
adsorbed layer was deposited at neutral pH. Since the pro-
teins are strongly bound to the surface and are displaced only
by concentrated surfactant solution, the main change in the
protein layer on changing the pH will be the e†ect of the pH
on the layer itself rather than from any change in the
adsorbed amount or the nature of the species adsorbed.

For each pH the reÑectivities in the three water contrasts
and were measured. As expected, theD2O, H2O water4.5greatest sensitivity to the adsorbed layer is in For bothD2O.

b-CN and b-Lg there is a marked increase in the amount
adsorbed on lowering the pH to 5 (see Figs. 7È9) but little
change when the pH is lowered further to 3. That adsorption

Fig. 7 ReÑectivity proÐles and Ðtted curves for the deuterated
hydrophobic interface between and with adsorbedSiÈSiO2 D2Oprotein, (a) b-CN and (b) b-Lg, at pH 3. The continuous lines are the
best Ðts using the parameters in Tables 2 and 3.

is irreversible is indicated by the fact that when the pH is
raised from 3 to 8 no signiÐcant change in the layer occurs.
The increased adsorption at the Ðrst decrease of pH from 7 to
5 is correlated with the decreased charge within the protein
molecules and thus decreased hydrophilicity. The charge
decrease also means that the electrostatic repulsion within the
adsorbed layer is to be decreased. The combination of these
two e†ects may be responsible for the increased adsorption as
pH is lowered. When the pH is decreased from 5 to 3, positive
charges within protein molecules start to increase and so does
the lateral repulsion. This would mean that the amount of
protein adsorbed should decrease when pH is moved away
from the isoelectric points for the two proteins. However, this
is not what we have observed. That the level of adsorption
does not vary with pH after the Ðrst pH shift suggests that the
adsorbed protein molecules cannot be desorbed. The
denatured protein fragments are well intermixed and they also
have many contacts with the solid substrate. To desorb a
single protein molecule, many contacts have to be detached
simultaneously. This is energetically unfavourable. A polypep-
tide chain such as b-CN has several contacts with the solid

Table 3 Properties of the b-Lg layers derived from Ðts

Property pH 7 pH 5 pH 3

Inner layerÈ
t/A� 32 ^ 4 32^ 3 33^ 1
/ 0.65^ 0.01 0.66^ 0.01 0.65^ 0.01
A/A� 2 1.30^ 0.1 (1.09^ 0.1)] 103 (1.14^ 0.03)] 103
C/lmol m~2 12.8^ 0.8 (15.5^ 1.5)] 10~2 (14.5^ 0.5)] 10~2
Outer layer
t/A� 95 ^ 10 120^ 10
p/A� 13 ^ 3 40^ 5 60^ 5
/ 0.28^ 0.01 0.27^ 0.01
A/A� 2 (0.88^ 0.1)] 103 (0.71^ 0.06)] 103
C/lmol m~2 (19^ 2)] 10~2 (23.6^ 2)] 10~2
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Fig. 8 ReÑectivity proÐles and Ðtted curves for the deuterated
hydrophobic interface between and with adsorbedSiÈSiO2 water4.5protein, (a) b-CN and (b) b-Lg, at pH 3. The continuous lines are the
best Ðts using the parameters in Tables 2 and 3.

surface and the pH change alone does not provide sufficient
energy to desorb it.

In Tables 2 and 3, the results of the Ðts of the reÑectivity
proÐles at pH 3 and 5 are summarised. The analysis assumed
that the scattering length densities of the proteins do not

Fig. 9 ReÑectivity proÐles and Ðtted curves for the deuterated
hydrophobic interface between and with adsorbedSiÈSiO2 H2Oprotein, (a) b-CN and (b) b-Lg, at pH 3. The continuous lines are the
best Ðts using the parameters in Tables 2 and 3.

change signiÐcantly with pH. The results show that at lower
pH the thickness of the inner layer remains constant (D30 A� )
although the composition varies as more protein seems to
adsorb when compared with the results at neutral pH. b-Lg at
low pH also exhibits a second layer and for both proteins the
thickness of the outer layer and the volume fraction of the
protein increase.

The measurements in these experiments were mostly repeat-
ed three times in a period of 2È4 h to ensure that equilibrium
had been reached and reproducible reÑectivity curves
obtained. At this point it was assumed that the protein had
reached its Ðnal conformation on the surface. In an earlier
experiment we had found that b-CN needs time to reach its
Ðnal conformation on the surface and data were collected
every 90 min until successive reÑectivity proÐles were found to
be identical. The surface used in the earlier experiment was
di†erent to that used here, although the substrate was also
hydrophobed with OTS. It took about 8 h for the protein to
assume its Ðnal conformation. It is interesting that one can
follow conformational changes at an interface as a function of
time. Clearly, the adsorption of the protein may be very sensi-
tive to the Ðnal quality of the hydrophobed surface.

Conclusion

The results described above may be explained in terms of the
di†erent conformations adopted by the two species of mol-
ecules in solution. In the case of b-CN an explanation of the
structure of the adsorbed layer in terms of the overall charge
of the protein has already been provided.23 Compared with
those results, a better agreement with the literature has been
found here20,21 in terms of both thickness and area per mol-
ecule. The di†erent structures of b-CN at the two interfaces
may be due either to small di†erences in the hydrophobic sur-
faces or to the di†erent ionic strengths of the solutions. The
time behaviour illustrates how sensitive the adsorbed b-CN
layer is to variations in the hydrophobic layer. For b-Lg at
pH 7 the one layer model for the adsorbed protein compares
well with the compact structure in solution. The thickness of
the layer and the area per molecule imply a slight Ñattening of
the molecules on the surface. Again there is good agreement
with literature data.20

At values of pH other than 7, both proteins show more
adsorption and thicker layers. b-Lg now adsorbs in two layers
and this may be explained by assuming either that the protein
unfolds, and this has been suggested by other workers who
have investigated its secondary structure,35 or that it aggre-
gates. It is believed that a compact globular molecule does not
generally unfold to such an extent that it forms an adsorbed
layer with loose loops and tails,46 so that the formation of
aggregates (additional layers on top of the Ðrst) seems more
likely. Unfortunately, there are not many results in the liter-
ature of studies of b-CN and b-Lg adsorption at interfaces in
the range of pH investigated here.

This study illustrates a valuable feature of investigating
such systems on a Ñat surface rather than on a colloidal dis-
persion. For the latter it is essential that the adsorbed layer
maintains the stability of the colloid. The stability range is
usually very narrow in terms of applied conditions. On the Ñat
surface this is irrelevant as long as there is not bulk deposition
on the surface. It is therefore possible to study the adsorbed
layer even at pH values where the protein in solution is
denatured as long as further adsorption of the denatured
product does not interfere with the measurements.

Finally, it is interesting that the contrast is morewater4.5sensitive to the large thickness of the adsorbed layers than
(which gives a greater contrast to the proteins). It is thisD2Oextra measurement that is largely responsible for the di†er-

ences in interpretation and increased precision of this study.
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The largest scale dimensions in the protein have their main
e†ect at low angles where they are masked by the higher criti-
cal angle of and this detail is only revealed inD2O water4.5 .
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