Physical Chemistry Chemical Physics. 1999, 1, 3667 - 3671

Lag phases in the adsorption of lysozyme to Si(Ti)O, surfaces in the

presence of sodium thiocyanate
Part 1. Phenomenology

Vincent Ball,*} Ariel Lustig and Jeremy J. Ramsden

)
O
O
U

Department of Biophysical Chemistry, Biocentre of the University, Klingelbergstrasse 70,

CH-4056 Basel, Switzerland

Received 23rd April 1999, Accepted 9th June 1999

The adsorption kinetics of hen egg white lysozyme (HEWL) in the presence of NaSCN at pH 7.4 onto

Siy ¢Tiy ,0, surfaces were measured by means of time-resolved optical waveguide lightmode spectroscopy
(OWLS). The adsorption kinetics were characterized by the presence of a lag phase whose duration decreased
with increasing lysozyme bulk concentration. This lag phase was followed by rapid growth of the interfacial
protein film which ceased at a surface coverage close to that predicted for a monolayer. At bulk concentrations
lower than about 50 pg cm ~3, the maximum rate of adsorption was equal to the rate predicted for a
transport-controlled process from the solution to the surface and at higher bulk concentrations such lag phases
were no longer observed. Storage of lysozyme solution prior to adsorption reduced the duration of the lag
phase, but analytical ultracentrifugation measurements showed the absence of significant aggregation even at
bulk concentrations of 103 pg cm ~3. These features are consistent with an adsorption process requiring the
adsorption of a small critical nucleus preformed in solution followed by the completion of the adlayer by a
mechanism akin to crystal growth. The size of this critical nucleus was estimated to be of the order of only a

few lysozyme molecules.

Introduction

The adsorption of hen egg white lysozyme (HEWL) at the
solid/liquid interface presents some unusual features.! At low
ionic strength, the observation of the absence of the usual
effects of excluded area® was taken to imply the formation of
one-dimensional aggregates at the surface. The predicted exis-
tence of these aggregates was later confirmed by direct obser-
vation in the atomic force microscope.>

Electrostatic potential calculations on the surface of the
HEWL molecule suggest that this self-association process,
mediated by the presence of the surface, is related to the asym-
metry of the charge distribution and the corresponding large
dipole moment of about 70 Df at pH 7.0.* Our previous
results! are also consistent with observations of lysozyme self-
aggregation in bulk solution under certain conditions.>~’

Although ionic strength effects on protein adsorption
kinetics have been previously examined,® investigators have
generally confined themselves to the most common salt, NaCl.
Indeed, one of the few comparative experiments (on serum
albumin®) showed very significant differences between adsorp-
tion on silica—titania in the presence of either phosphate (a
kosmotropic salt!®!!) and NaCl. The significant difference
observed between the adsorption of lysozyme and chymotryp-
sinogen A on butylated and aminopropylated quartz surfaces
at pH 7.0 in the presence of either NaCl or (NH,),SO, (also a
kosmotrope)!?!3 was attributed to a modification of the
interfacial tension of the protein/solution interface.

Here we report our finding that HEWL adsorption on an
amorphous silica—titania surface in the presence of the strongly
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1 1D (debye) ~ 3.33564 x 1073° C m.

chaotropic salt, NaSCN,!%1! differs even more from the
behaviour observed in the presence of NaCl. The adsorption
was followed in real time by means of optical waveguide light-
mode spectroscopy (OWLS), a technique which enables
protein surface concentration to be measured with an accu-
racy of a few ng cm~2.14

Experimental
Buffer solutions

Hepes [N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic
acid)] was purchased from Sigma. NaCl (Merck) and NaSCN
(Fluka) were both of analytical grade. All solutions were pre-
pared from Nanopure water (resistivity >17.8 MQ cm). The
pH was adjusted to 7.4 by means of freshly prepared 1.0 M
NaOH solutions and checked by means of a calibrated glass
electrode (Inlab 422, Mettler Toledo, Switzerland).

Hepes has a pK, of 7.5 at 298 K and is thus 44.3% disso-
ciated at pH 7.4. Hence the concentration of dissociated mol-
ecules is 4.43 x 1073 M in 10~2 M buffer. By assuming that
only the free ions and not the zwitterionic molecules contrib-
ute to the screening of the electrostatic interactions, the Debye
screening length is 2.53 nm (if all Hepes molecules contribute
equally to the electrostatic screening, whether in the disso-
ciated or zwitterionic form, then the Debye length is 2.15 nm).
Therefore, the range of electrostatic interactions is close to the
molecular dimensions of HEWL (4.5 x 3.0 x 3.0 nm?).!*

Protein solutions

HEWL from Sigma (ref. L-6876, lot 65H7025) was used
without further purification. If not otherwise stated, concen-
trated mother protein solutions (about 10* pg cm ™3 in buffer,
1072 M Hepes +1072 M 1:1 electrolyte) were prepared
shortly before the beginning of an adsorption experiment,
diluted to the desired concentration about 10 min later, and
introduced into the OWLS cell after a further 10 min.
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Table 1 Summary of the essential results obtained during the HEWL adsorption experiments on Si, ¢Ti, ,O, surfaces in presence of Hepes-

NaSCN buffer
dg/nm

Chip® and nd. T (+0.01)/K Cy/ug cm ™3 t*/s? J*/ugem~2s7te I'*/ugem=2 S n* 9

1 177.71, 298.9 1.0 5300-5600 85+0.1 x 1073 0.11 + 0.01 1.8
1.76340

1 177.79, 298.2 2.0 3800-3900 19+0.1 x 1074 0.12 + 0.01 1.9
1.76226

1 175.89, 296.9 5.0 2800-2850 36+0.1 x 1074 0.12 + 0.01 2.0
1.76141

1 177.48, 299.1 10.0 1075-1125 45+02x 1074 0.10 + 0.02 2.1
1.76307

2 205.21, 301.3 15.0 900-940 53+02x 1074 0.10 + 0.01 2.2
1.76404

1 176.30, 300.1 20.0 675-725 75410 x 1074 0.12 + 0.02 22
1.76109

2 205.63, 301.1 30.0 300-350 1.3+03x 1073 0.11 + 0.02 22
1.76413

2 205.57, 298.1 52.5 500-550 1.8+02x 1073 0.12 + 0.02 2.3
1.76373

1 175.07, 299.5 100.4 75-125 29402 x 1073 0.12 + 0.05 2.5
1.76095

1 174.67, 298.9 167.0 180-220 31+10x 1073 0.12 + 0.05 2.6
1.76073

¢ Two different type 2400 chips were used in this study, to evaluate the reproducibility from chip to chip. ® Thickness, dg, and refractive index,
ng, of the oxide layer. ¢ Temperature at which protein adsorption was measured. ¢ Time ellapsed after the beginning of protein injection in the
adsorption cell at which the maximal adsorption rate was measured. ¢ Value of the maximal adsorption rate at time t*. ¥ Surface concentration
in adsorbed HEWL at time t*. ¢ Size of the critical nucleus calculated with the values of I'* and J* and eqn. (3).

Since lysozyme is known to crystallize at relatively low con-
centrations in the presence of thiocyanate ions at pH 4.5 and
291 K,'%17 we checked the association state at pH 7.4 using
analytical ultracentrifugation'® (sedimentation velocity (SV)
and sedimentation equilibrium (SE) runs in a Beckman model
XLA analytical ultracentrifuge equipped with an optical
absorption system). The SV runs were carried out in 1.2 cm
epon cells at 293 K and 5.6 x 10* rotations per minute (giving
an acceleration of about 2.4 x 105 g) and SE experiments were
performed at the same temperature at 3.0 x 10* rpm (giving
about 7 x 10* g) in a laboratory-made 0.4 cm DS cell. The
reason for using two different kinds of cells is to ensure
approximately the same absorbance in both SE and SV
experiments. The HEWL solution (9.7 x 10? pg cm™3) was
prepared about 12 h before the beginning of the centrifugation
experiments which themselves lasted 12 to 16 h, i.e. far longer
than the duration of an adsorption experiment. Protein aggre-
gation in solution, if it occurs, is therefore liable to be overesti-
mated. Mean molecular weights were determined by fitting
the logarithm of the absorbance at 280 nm vs. the square of
the radial distance from the rotation axis. We used a value of
0.72 cm3 g~ ! for the partial specific volume of HEWL!® in
agreement with the value derived from X-ray diffraction
data.?® The sedimentation coefficients at 20°C, S,, w, are
1.56 x 10713 s and 1.61 x 10713 s for 1072 M NaCl and
NaSCN in Hepes buffer respectively.

The average molecular weight derived from the ultracentri-
fugation experiment 1.40 x 10* and 1.39 x 10* g mol™! in
NaSCN and NacCl respectively is close to that calculated from
the amino acid sequence (14305 g mol~ ! when the four di-
sulfide bridges are formed) and there is no significant difference
between the two electrolytes. Hence we conclude that at this
concentration of NaSCN, HEWL is in the same aggregation
state as in the presence of NaCl, i.e. mainly in the monomeric
form. Note, however, that the solutions used for the ultracen-
trifugation experiments were about 10 times less concentrated
than the mother solutions subsequently diluted for the
adsorption experiments. Although this high concentration
might play a role in promoting aggregation, it is probably
negligible since this very concentrated protein solution was
aged for only 10 min and then diluted at least 70 times, upon
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which any preformed aggregates would redissolve. No sedi-
mentation cells thin enough to allow use of the same concen-
trations as those used for the preparation of the adsorption
mother solutions were available.

The refractive index increment dn/dc of lysozyme whose
value is necessary for a precise calculation of the surface con-
centration, has been measured by means of Rayleigh interfer-
ometry (LI3 interferometer, Carl Zeiss, Jena).?! In Hepes
buffer containing 1072 M NaSCN, the refractive index
increment, 0.272 cm® g, is significantly higher than the 0.186
cm?® g~ ! measured in presence of 10”2 M NaClL

Surface cleaning and characterization

Planar optical waveguides consist of a thin and amorphous
sol-gel?? Si0,-TiO, oxide layer coated onto 48 x 16 x 0.5
mm Schott Desag AF45 glass substrates (refractive index ng =
1.52578 at 298 K and at 632.8 nm). TiO, is present in the film
as anatase as demonstrated by Raman spectroscopy.?® A 2
mm wide diffraction grating with a periodicity of 2403 mm ™!
was produced by embossing before pyrolysis of the sol-gel
oxide layer.2? The assembly of the glass substrate and the
mixed oxide with its grating coupler constitutes a chip. These
chips were cleaned with ethanol, Nanopure water, 1072 M
SDS (sodium dodecyl sulfate) solutions at 80°C for about
10 min, again Nanopure water, 0.1 M HCI at 80°C for
10 min, extensively rinsed with Nanopure water and finally
equilibrated in buffer for at least 2 h.

OWLS

The chips were mounted beneath and sealed to an anodized
aluminium flow-through cuvette with a perfluorinated o-ring
(Kalrez®, Dupont), which in turn was mounted in an I0S-1
integrated optics scanner (Artificial Sensing Instruments,
Ziirich).>* Deaerated buffer, filtered through 0.2 um pore
diameter Millisart membranes (Sartorius), flowed over the
surface until the baseline was stable (drift of the effective
refractive index lower than 107° min~!). Freshly prepared
protein solution then flowed through the same type of filter at
a constant rate of 2.46 ul s~! (checked by weighing), corre-
sponding to a wall shear rate and Reynolds number of 16.6



s~! and 0.3 respectively i.e. laminar flow with a diffusion

boundary layer 234 um thick.!

At the end of each experiment, the flow was switched back
to protein-free buffer to allow protein desorption to be moni-
tored. Finally, the chip was removed and cleaned as described
above.

Temperature was monitored by means of a Pt-100 resist-
ance localized in the aluminium sample holder close to the
chip. All experiments (Table 1) took place within the tem-
perature range 297-301 K, but within an individual experi-
ment temperature fluctuations were controlled within +0.1 K.
The zeroth transverse electric and transverse magnetic effec-
tive refractive indices were continuously recorded during all
stages of each experiment.

The thickness dr and the refractive index ny of the oxide
layer were evaluated by fitting a three layer model®® to the
effective refractive indices obtained in the steady response
régime during initial buffer equilibration. The reproducibility
of our cleaning method was checked by comparing (dg, ng)
values from experiment to experiment (Table 1) We observed
a sudden decrease in dp and a concomitant increase in ng after
7 to 10 experimental cycles, possibly due to acid induced
surface etching. We stopped using that chip at that point. As
an additional check, a chip previously exposed to protein was
cleaned as described, dried in the presence of anhydrous
CuSO,, and the central region of the diffraction grating
analyzed in air using atomic force microscopy (Nanoscope III,
Digital Instruments, Santa Barbara, California). The root
mean square roughness of this region was found to be 0.84
nm, relatively small compared with the size of HEWL.'®
Moreover, no trace of any residual protein islands could be
detected, indicating quantitative removal of the adsorbed
HEWL by our cleaning method.

At a buffer pH of 7.4, the oxide surface is negatively charged
(the points of zero charge for pure silica and titania in the
anatase form are 2.5 and 5.8 respectively?%?7) whereas the
protein carries a net positive charge of about 8 elementary
charges (its isoelectric point is 11.1'%). At present, we do not
know if a highly polarizable anion such as SCN ™~ adsorbs spe-
cifically to the oxide surface. However, strong interactions
between the protein and thiocyanate ions have been
characterized?® at neutral pH, probably modifying the surface
charge density of HEWL and hence its interactions with the
mixed oxide surface.

The number of HEWL molecules adsorbed per unit area of
the flat surface was calculated from the measured effective
refractive indices as described previously.?®

Results and discussion

Typical adsorption kinetics in 1072 M NaSCN and 1072 M
Hepes buffer at pH 7.4 are shown in Fig. 1. The most inter-
esting observation is the occurrence of a reproducible lag
phase in the HEWL adsorption kinetics at protein concentra-
tions lower than about 50 pg cm~3. The lower the protein
concentration in solution, the longer the lag phase (Fig. 1 and
Table 1). Its duration can be estimated from the interval
between the beginning of protein flow (t=0) and the
occurrence of the maximum adsorption rate, (the point of
inflexion in the kinetics). At bulk concentrations higher than
about 50 pug cm ™3, the initial adsorption rate becomes so fast
that the inflexion point occurs after about 100 to 200 s, not
significantly more than the time required for reaching steady
state in the formation of the diffusion boundary layer, namely
about 120 s.

Moreover, in the lower concentration régime only, we
found the maximum adsorption rate to be equal to the rate of
diffusive convection of HEWL from the bulk of the solution
to the surface (Fig. 1), taking the diffusion coefficient of mono-
meric HEWL to be 1.04 x 107 cm? s~ 1.1> The observed lag
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Fig. 1 Some representative adsorption kinetics of HEWL dissolved
in 1072 M Hepes buffer with 107> M NaSCN on the Si; ¢Ti, ,0,
surface of chip 1. The flow rate was maintained constant at 2.46 pl s~ *
in all steps of the experiments. On each curve the arrow indicates the
switch from the protein solution flow to pure buffer, hence the begin-
ning of the desorption kinetics. Lysozyme bulk concentrations are: 1
(0),2(0), 5 (A), 10 (V) and 100 pg cm ™3 (A).

phase suggests that adsorption proceeds via nucleation and
subsequent growth on the silica—titania surface. At bulk con-
centrations higher than about 50 pg cm ™3, a maximum in the
adsorption rate appears at very short times (Table 1). At
present we do not know if this originates from an hydrody-
namic effect or from critical nucleus formation. In any case,
the maximal adsorption rates for these higher HEWL concen-
trations are significantly lower than those predicted for the
transport of monomers to the interface (Fig. 2).

The occurrence of a possible nucleation régime in the
adsorption kinetics at protein concentrations lower than
about 50 pug cm~3 is further illustrated by the following
experiment: a 10 pg cm ™3 lysozyme solution was stored after
dilution at ambient temperature in a closed glass container of
the mother solution. Part of this solution was used as usual 10
min after dilution for an adsorption experiment, and the rest
used 3 h later, after which the lag phase duration was much
shorter (Fig. 3). This suggests the formation of nuclei in the
bulk solution before adsorption to the surface. Once a few
aggregates are adsorbed, fast adsorption, i.e. a kind of crys-
tallization, proceeds. When the preincubation time is shorter,
fewer preformed aggregates are present. Let us assume that
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Fig. 2 Evolution of the maximal adsorption rate with the concentra-
tion of dissolved HEWL, as measured at the inflexion points of the
adsorption kinetics. Experiments performed with chip 1: @, and with
chip 2: [ (see Table 1). The straight line corresponds to the adsorp-
tion rates equal to Dcg/d, hence to a kinetic process ruled by convec-
tive diffusion, see text for further explanations (9 is the thickness of the
diffusion boundary layer).
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Fig. 3 Influence of the storage time on the adsorption kinetics of a
10 pg cm ™3 HEWL solution. Adsorption experiment beginning 10

min (QO) and 180 min ([]) after its preparation from a mother solution
at about 10* ug cm ™3 (see text).

the lag phase duration corresponds to the time needed for a
critical nucleus to appear on the surface.

According to classical nucleation theory, the maximal
growth rate J* should be related to the free energy activation
barrier for the formation of the critical nucleus, AG*, accord-
ing to the relation:3°

D —AG*
@)

where d, is the thickness of the adlayer, assumed to be of the
order of 4 nm, and D the translational diffusion coefficient of
monomers. In addition, AG*¥, is related to the supersaturation,
c*/cg, according to:

C*
AG™* = n*kT ln<—> 2)
Cp
where n* is the number of molecules in the critical nucleus
and ¢* the HEWL concentration in the supersaturated film.
Combining eqns. (1) and (2), and setting c¢* to I'*/d, , namely
the volumetric concentration in the surface film at the inflex-
ion point of the adsorption kinetics (about 0.5 g cm™~3), one

obtains:
1 /dr D\ r* |
J*F=—|— == 3
m <dt )r=r* <di>|:cB dA:| ( )

where m is the mass of an adsorbing monomer. The fact that
we normalize the adsorption rate with the mass of a monomer
originates from the observation of Fig. 2: the maximal adsorp-
tion rate is that corresponding to diffusion—convection of par-
ticles mainly in the monomeric state.

Hence the size of the critical nucleus can be calculated from
the measured value of the maximum adsorption rate. Taking
typical values of I'* = 0.12 pug cm~ 2 (Fig. 4, and Table 1), a
maximal adsorption rate of 1.5ngcm ™2 s™! (Fig. 4) and ¢z =
40 pg cm™3, one obtains n* ~ 1 to 3. Values for each indi-
vidual experiment are listed in Table 1. This n* value appears
not to be inconsistent with the results of our ultracentrifugation
experiments (see Experimental part): if the concentrated
lysozyme solution contained a significant amount of very big
aggregates, then the mean molecular weight of the sediment-
ing particles would not have been so close to that of mono-
meric HEWL. However, we are not able to characterize such
small aggregates with ultracentrifugation, but will attempt to
do so by means of light scattering in subsequent work.

Bimodal adsorption of bovine serum albumin or human
IgG on latex particles from pH 7.4 phosphate buffer has been
interpreted as a kind of crystallization at the interface,®! with
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Fig. 4 Representative curves of the time derivative of the surface
concentration of adsorbed HEWL as a function of I', for bulk concen-
trations of 1 (Q), 2 ([J) and 5 ug cm ™3 (A).

the size of the critical nucleus estimated to be of the order of 5
to 10 molecules.3?

SCN™ ions are well known for their ability to crystallize
HEWL at acidic pH.!®!7 Moreover, many proteins are
known to have a strong affinity for thiocyanate ions,?® hence,
at the high concentrations of protein close to the interface, the
SCN™ ions may interact strongly with the proteins. This has
been demonstrated at pH 4.75 in acetate buffer!®!7 but no
direct proof is available at the moment at the pH of our
experiments.

Further work would also need to investigate the influence
of the thiocyanate concentration on the observed process and
provide a complete description of the adsorption kinetics with
a mathematical model combining the two principal character-
istics we identified from our experiments, namely the presence
of an inflexion point, attributed to efficient adsorption on the
deposited nuclei and saturation at a coverage close to what is
predicted for a monolayer, attibuted to a surface exclusion
phenomenon between the growing clusters.

In this work we have described the occurrence of the lag
phases (Fig. 1) in terms of the time needed to reach the critical
nucleus size in solution before the onset of fast adsorption.
However, our preparation of the mother protein solution from
the lyophilized powder and the small time allowed for equili-
bration of the diluted HEWL solution before the beginning of
the adsorption experiment may hinder complete hydration of
the protein and hence could be the source of an alternative
explanation for the observed phenomenology. Indeed effects
rationalized by means of the Hofmeister series are strongly
related to biopolymer hydration.!®!! The question of the
hydration and structure of HEWL in the presence of SCN™
anions will also be considered in our forthcoming studies.
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