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Hen Egg White Lysozyme (HEWL) is a widely used exemplar to study protein adsorption on surfaces and interfaces. Here
we use fully atomistic Molecular Dynamics (MD) simulations, Multi-Parametric Surface Plasmon Resonance (MP-SPR),
contact angle and zeta potential measurements to study HEWL adsorption at a silica surface. The simulations provide a
detailed description of the adsorption mechanism and indicate that at pH7 the main adsorption driving force is
electrostatics, supplemented by weaker hydrophobic forces. Moreover, they reveal the preferred orientation of the
adsorbed protein and show that its structure is only slightly altered at the interface with the surface. This provides the
basis for interpreting the experimental results, which indicate the surface adsorbs a close-packed monolayer at about
pH10 where the surface has a large negative zeta potential and the HEWL is positively charged. At higher pH, the
adsorption amount of the protein layer is greatly reduced due to the loss of charge on the protein. At lower pH, the
smaller zeta potential of the surface leads to lower HEWL adsorption. These interpretations are complemented by the
contact angle measurements that show how the hydrophobicity of the surface is greatest when the surface coverage is
highest. The simulations provide details of the hydrophobic residues exposed to solution by the adsorbed HEWL,
completing the picture of the protein layer structure.

measurements to further understand the details of how a model
protein (hen egg white lysozyme, HEWL) adsorbs onto a SiO,
surface.

Introduction

Due to its key role in numerous medical and technological material
systems and their applications,1 protein-surface interaction has
been investigated for many years. Despite wide-ranging
experimentalz'20 and computationaln'27 effort, the details of protein
adsorption on various surfaces are still not fully elucidated. Protein
adsorption properites on silica matrices has attracted growing
interest for its applications in nanomedicine and biocatalysis.
Mesoporous silicon, due to its weak interactions with proteins, may
be used as possible carrier for therapeutic protein delivery,28 while
other forms of silica support, such as sol-gel composites or
mesoporous silica, due to strong protein adsorption may be used
for enzyme immobilization and biocatalysis purposes.w’30

In this paper we employ a fully atomistic molecular dynamics
(MD) approach alongside Multi-Parametric Surface Plasmon
Resonance (MP-SPR), contact angle and zeta potential

Hydrophobicity

Figure 1. HEWL structure. Protein surface is shown as a ghost
surface colored by partial charge with protein secondary structure
elements indicated as a cartoon and colored as follows: red, a-helix
A; orange, a-helix B; purple, a-helix C; yellow, a-helix D; pink, C-
terminal a-helix 3,5 from domain a; green middle a-helix 3, from
domain B; blue, sheet B1; cyan, sheet B2; gray, sheet B3; white,
other structures including loops, turns and B-bridges. Arg and Lys
residues are shown as licorice and colored in tan and light green,
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respectively. The black needle indicates the protein dipole moment.
Protein termini, N,C-terminal face and active site location are
shown by navy objects and annotated. Figures on the right show
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the distribution of charged (positive — blue, negative — red, neutral
— white) and hydrophilic32 (hydrophilic — blue, hydrophobic — red)
residues.

HEWL can be considered as an ellipsoid with the N,C-terminal
face (which is the primary adsorption site on negatively charged
surfaces) lying on one end and the active site on the opposite (Fig.
1). The ellipsoid dimensions are roughly 45A x 30A x 30A (Fig. S2).
This a-helical protein consists of 4 long a-helices (denoted as A, B, C
and D), two a-helices 3;; and three short B-sheets connected by
flexible Ioops.31 Of its 129 residues there are 11 arginine (Arg) and 6
lysine (Lys) residues, 7 aspartic acid (Asp) and 2 glutamic acid (Glu)
residues, giving a net protein charge +8e at pH7 with an isoelectric
point at pH10. It is worth noting that the charge is not spread
equally across the protein surface. The most positive regions are
the N,C-terminal face and its opposite side, while at the centre
there is a mixture of positive and negative charge (Fig. 1). The
positively charged regions overlap with the hydrophilic regions; in
Fig. 1 the protein is hydrophilic at the top and bottom, and a
mixture of hydrophilic and hydrophobic residues is observed in the
central part of the protein.

Experimental studies have shown that the protein adsorption is
driven by both surface and protein properties18 and that the most
important role is played by electrostatic interactions.”
Unfortunately, most of the experimental methods give information
on the properties of an adsorbed protein layer only, while the
details regarding protein changes upon adsorption are out of reach
of traditional experimental methods. The processes during the early
adsorption stages when the first protein — surface contacts are
established and how the protein reacts on the surface are crucial
for the understanding and control of the adsorption. The main
source of these details is computational studies and MD simulations
in particular, since the simulated timescale of 10s of nanoseconds is
adequate for the initial protein-surface interactions. Therefore, in
this work we will use MD simulations to provide key information on
the adsorption process for single proteins, and use this to interpret
our experimental results and provide a consistent picture for the
protein layer formation. The combination of simulation and
experiment thus provides a powerful methodology to understand
the process, yielding the underpinning insight needed for future
applications of surface functionalization by protein adsorption.

Materials and Methods

MD Simulations for Single-Protein Systems

All simulations were performed with the NAMD 2.6% package using
the CHARMM?27 force-field, and analyzed using vmD.* 1iee.pdb31
with all four disulphide bridges kept was used as the starting HEWL
structure. We prepared twelve simulation systems for various
protein — surface orientations denoted as SiO,V1, ..., SiO,V6 and
pSiO,V1, ..., pSiO,V6 (see Electronic Supplementary Information,
ESI) and ran 100ns adsorption trajectories for each of them at
pH7.0. The protein (+8e) was initially neutralized by NaCl at an ionic
strength I=2x10'2M, then the surface was added to the systems and
finally the entire system was solvated. For the system SiO,V1 some
additional simulations with ionic strength I=5x10°M and 1=7x10"'M
were performed to further test the model.

The silica surface model was constructed similarly to our recent
work® using a (10]) slab of a-cristabolite (see ESI for the details).

The SiO, slab model (Fig. S1) is neutral and stoichiometric, but the
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slab has been cut from a bulk crystal in such a way as to leave
siloxide groups (=SiO") at the top of the slab and under-coordinated
Si species at the bottom; the slab then has an intrinsic dipole
moment across it since we model the material as ions fixed in
space. This in turn creates an electric field above the surfaces,
mimicking the environment above the charged surfaces observed
experimentally.35 Silica zeta potentials (shown below) reveal the
surface charge density which produces an electric field above the
surface, which strongly influences how the proteins will interact
with the surface. In the case of pSiO, (Fig. S1b), the silica slabs are
inverted so that these simulations can be considered as alternative
trajectories for SiO, adsorption. Note that in experiments at pH7.0,
the silica has a negative zeta potential and we model the surface
with siloxide groups exposed to the solvent, so that our SiO, surface
model, rather than the pSiO,, is the relevant one; it is the one the
lysozyme adsorbs to as described below.

MD Simulations for Multi-Protein Systems

To investigate protein-protein interactions on the surface, three
identical HEWL copies were placed in the system, yielding a protein
concentration of 90g/L. The initial protein — protein separation was
large enough to exclude protein — protein interactions in the
solution, and all the proteins were oriented identically with respect
to the surface. The entire system was initially neutralized by adding
NaCl at an ionic strength 1=2x10"M. All the simulation parameters
remained unchanged.

Experiments

Materials

In our studies, lysozyme from chicken egg white was used. This
product was purchased from Sigma (L 6876) and used without
further purification. For all measurements the HEWL solutions were
prepared by dissolving protein powder in an aqueous solution at
ionic strength 0.01M of NaCl. All protein solutions were used
immediately after preparation and pH was carefully controlled by
additions of small amounts of HCI or NaOH solutions.

Support for Adsorption
Silica wafers from ON Semiconductor (Czech Republic) were used as
the model solid supports. The silica surfaces are hydrophilic with a
wettability angle of 182. The electrokinetic characteristics of the
bare silica surfaces in the supporting electrolyte solution (NaCl)
were determined from surface zeta potential measurements.’

Methods

MP-SPR
The measurement was performed by using a MP-SPR model Navi
200 (BioNavis Ltd, Finland), which is a goniometer and prism-
coupling based device (Krechmer mode) with two independent
channels and an integrated peristaltic pump. The MP-SPR apparatus
works in a wide angular scan range (402-782) at wavelength 670nm.
The parameters of the silica sensor were obtained by fitting the
measured curve using the SPR Navi Data Viewer programme
(Bionavis Winspall 3.02 software).

Adsorption or interaction on the sensor surface can be followed
by monitoring the intensity changes at a fixed angle or in angular
position over time. The surface excess concentration of LSZ was
calculated according to the equation:

Fgpr = AG)SIZ:dLSZ

de
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were AQgpy is @ change in the SPR angle, k is an SPR instrument
constant obtained from calibration, d,s; is the thickness of the
adsorbed layer, and dn/dc is the refractive index gradient. The
refractive index gradient used in this work was estimated by Atago
refractometer RX-50000a. For BioNavis SPR instruments the k*d
value is equal 1.0x107 nm/deg for A=670 nm and 1.9x107 nm/deg
for A=785 nm respectively. For the HEWL solution dn/dc=0.178
cma/g.

HEWL adsorption on the silica sensor was monitored using the
changes in the resonance angle, and the adsorbing surface amount
l'spr Was calculated as a function of time using the above equation.
Initially the base line was obtained for the supporting electrolyte
solution. Then the HEWL solution at concentration c=5ppm, pH
range 3.0 to 10.0, ionic strength 1 x 102 M, was flowed through the
SPR cell. It caused the increase of the g signal with time up to a
plateau value. After 90 min adsorption, the film was rinsed with the
supporting electrolyte solution. Slight changes in the gy indicate
that some of HEWL molecules were reversibly adsorbed onto the
sensor surface.

Dynamic Light Scattering and Electrophoretic
Measurements
The diffusion coefficient of the protein was measured using the
dynamic light scattering (DLS) Malvern Nano ZS system. From the
diffusion coefficient, the hydrodynamic radius was calculated using
the Stokes equation. The electrophoretic mobility was measured
using Laser Doppler Velocimetry (LDV) also from Malvern. On the
basis of these measurements the zeta potential of the protein
solutions was calculated, depending on the pH.18

Mobility

Surface Zeta Potential

The surface zeta potential of silica was determined with a Malvern
surface zeta potential cell ZEN1020. The cell consists of a height-
adjustable sample barrel in which the sample is placed on a sample
holder and is held between two palladium electrodes. A series of
zeta potential measurements are then performed in a conventional
cuvette and the measurement position within the cell is controlled
by adjusting the height of the sample barrel.

Wettability Contact Angle Measurements
Measurements of the wetting angles were carried out using a
measuring system with axisymmetric drop shape analysis (ADSA) as
described in our earlier work."®* Several measurements were
taken for the silica surfaces and the average value determined. All
measurements were performed at 295K.

Results and discussion
Details of the Adsorption Mechanism

In all our MD trajectories, the HEWL rapidly adsorbed to the
siloxide-rich SiO, surface using the adsorption sites primarily
detected by Dismer et al.™ First adsorption events are usually
observed within 1ns of the trajectory and in most cases HEWL is
adsorbed after 4ns (Tab. S2). The protein is considered as adsorbed
if at least 3 residues act as anchors. The residue is considered as
adsorbed if the distance between any of its hydrogen atoms to any
surface atom is smaller than 5A. If the residue adsorption is strong
and stable over time the term “anchor” is used.

To quantify the protein orientation on the surface, the angle
between its long axis (defined as a line between C, atoms of Arg128
(N,C-terminal face) and Arg68 (long loop #61-#78)) and the surface

This journal is © The Royal Society of Chemistry 20xx

normal is used. Therefore the orientation of the adsorbed protein
on the surface might be simplistically described as “side-on” (the
angle in the range of 00—300), “between” (310-600) and “end-on”
(610-900). Note that the long axis orientation is defined using
residues located in flexible regions, so that the conformational
changes of the protein might affect this long axis direction. We also
monitor protein dipole moment orientation with respect to the
surface, but find that its direction does not describe the protein
orientation on the surface as well as our long axis.

In most trajectories (75%) HEWL adsorbed in a “between”
orientation, and this is similar to the results obtained on a
previously studied model mica surface.”® The remaining 25% of
trajectories ended up with the alternative, “side-on” protein
orientation. Details regarding the adsorption mechanism for both
final orientations observed are provided in the ESI. It is worth to
note that while we have shown here that the “between”
orientation is preferred in the one-protein system, the situation is
found to be only slightly modified in multi-protein systems where
proteins adsorb in isolation,®* so that the adsorption of single
proteins provides a good indicator of behavior in a protein
monolayer. The same conclusion is made for our multi-protein
systems adsorbing at SiO, surface, as discussed below.

Generally, HEWL can feel the surface from the very first stages
of the trajectory, including the preparation period (heating and
equilibration of the system); the HEWL dipole moment rapidly re-
orientates in the electrostatic field above the siloxide-rich SiO,
surface. In general the protein dipole moment reorientation may be
achieved through several mechanisms: (i) slight structural
adjustments (mainly in the side chain regions) resulting in changes
of protein partial charge distribution without disturbing the overall
structure; (ii) protein rotation; and (iii) substantial conformational
changes. In the case of HEWL only the first two are observed, and
protein unfolding induced by the electrostatic field in our
simulation (0.2V/A) is not observed. Initially the dipole moment
direction is changed due to very small conformational changes, and
then the protein starts to rotate to orient its dipole moment
towards the siloxide-rich surface. This exposes the N,C-terminal
face, which has been identified as the major adsorption site on
negatively charged surfaces,n‘B'24 to the surface, after which the
protein starts to translate towards the surface. Translation and slow
rotation are continued until usually 3-4 anchor residues adsorb,
which is typically observed within 4ns (Tab. S2). After this, further
translation is no longer possible (the protein is already very close to
the surface), and the rotation is strongly reduced (the protein has
already reached its preferred orientation). The final part of the
trajectories (the final 80-90ns) show only structural adjustments to
the surface and the adsorption of some other residues which
usually play a minor role in the whole process (Tab. S2).

In the case of our multi-protein simulations, the relatively low
concentration of 90g/L enabled independent adsorption of each
protein with the general mechanism similar to that described
above. The preferred protein orientation on the surface is
“between” and protein-protein interactions appear at the adsorbed
stage, similar to our previous results,”* which reveal that at pH7 and
low protein concentration, when the surface is not fully covered, no
orientational transition on the surface is observed. The multi-
protein systems generally support all the observations made for the
isolated protein simulations, and so for clarity we focus only on the
latter in the following paragraphs.

In summary, the key results from the simulations are that the
protein rapidly adopts its preferred orientation at the negatively
charged surface in the initial stages of adsorption. This is
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determined by electrostatic forces. It is worth noting that in 6
trajectories from the group of “between” adsorption the first
adsorbing residue is Argl28 (67%), while in the remaining
trajectories this role is played Lys1. Both residues are located in the
terminal loop region which has to detach from the protein before
the residue adsorbs. One could expect that Lys1 adsorption should
be easier because it is the first residue, while Arg128 is the second,
if counting from the N-terminus. The opposite result suggests that
Arg has higher affinity to SiO, surface than Lys, nevertheless in both
cases the affinity is high. This agrees with other work in the
literature regarding the key residues for protein adsorption at
charged surfaces”>® and silica nanoparticles.27

Structural Changes Upon Adsorption

The strong electrostatic HEWL attraction to the SiO, surface results
in some protein flattening on SiO,, which is in line with recent
results reported by Xu et al®® The flattening induces some minor
structural changes such as alterations in both a-helices 345, a-helix
D and all three B-sheets, which are prone to unfold (Fig. S4, Tab.
S2). Nevertheless, alterations of the HEWL secondary structure
elements do not greatly influence the tertiary structure (e.g. the
protein’s geometric shape, or the geometric relations between
secondary structure elements) and in particular the active site
geometry. As expected, overlaps of protein initial and final
structure (shown in Fig. S5) indicate that the biggest changes come
from loops and terminal regions (N,C-terminal face). The relatively
large RMSD values (the most frequent value of 3.0-3.5A, while the
average value of 4.4A; details given in the ESI) agree well with
Larsericsdotter et al. who reported that HEWL adopts a flexible
conformation on the silica surface.”” Similar conclusion has been
made in the case of HEWL adsorption at the mica surface model.”
%28 The more advanced protein structural changes observed at the
SiO, surface model reflect a higher HEWL affinity to SiO, comparing
to the mica model.

Adsorption Driving Force

Analysis of all trajectories obtained (Tab. S2) leads us to the list of
the most important anchor residues (in order of the importance):
Argl28, Lys1, Arg5, Argl25, Lys13, Argl4, Argll2, Argll4, Lys116,
Lys33, Arg4d5, Arg21, Arg68 and Arg73. This list is completed by
residues acting as an anchor only accidentally: Asn19, Asn77, Ser85,
Ser86 and Asn93. All of the aforementioned residues are strongly
hydrophilic (Arg, Lys, Asn) or hydrophilic (Ser), polar and positively
charged (Arg, Lys), or polar and neutral (Ser, Asn). This indicates
that both electrostatic and hydrophobic interactions may play a
certain role in the adsorption process. The other residues listed in
Tab. S2 seem to play a minor role and reflect contacts established
due to their close locality to the surface rather than real, strong
propensity to interact with the surface. It is worth to note that both
major (N,C-terminal face) and minor (Arg68 and surrounding)
adsorption sites are used, however the minor one has, as expected,
less important role for the adsorption. It agrees well with previous
experimental11 and computational results.”2* The large number of
anchors detected in the case of HEWL adsorption at the SiO,
surface model indicates that the adsorption is strong.

The list of the major anchor residues, together with the
information regarding protein dipole moment reorientation in the
electrostatic field produced by the SiO, surface, leads to the
conclusion that at pH7 the main HEWL adsorption driving force is
electrostatic. Nevertheless, to draw a complete adsorption picture
we should not forgot about the role of hydrophobicity, which

4| J. Name., 2012, 00, 1-3

moderates the protein — surface interactions. This agrees well with
our experimental results presented in the next section.

RS « %
L

S B B B B B e e e

Figure 2. A typical final HEWL adsorption stage. Both SiO, and HEWL
are shown using a surface representation. SiO, is sown in green
while the protein is colored by hydropathy index (left) and by total
residue charge (right) using the colour scheme of Fig. 1. The top and
bottom figures show the plan and the side view, respectively. For
clarity water molecules are not shown.

As shown in Fig. 2, the positively charged HEWL adsorbs on the
hydrophilic and negatively charged SiO, surface model in the
orientation that maximizes the contact of positively charged
residues with the surface. Simultaneously, the most hydrophilic
residues are exposed towards the surface (on one protein side) and
towards the solution (the opposite protein side), while in the
middle we can see a mixture of hydrophobic and hydrophilic
residues. Therefore, although it is driven by electrostatic forces,
adsorption of the protein naturally increases the hydrophobicity of
the surface. The role of electrostatic and hydrophobic forces in
HEWL adsorption on SiO, surface can be validated by simulations
and experiments prepared in various ionic strengths.38 Our
simulations in ionic strength 1=5x102M and I=7x10"*M indicate that
the main adsorption driving force is electrostatics: due to increased
electrostatic screening the adsorption is observed much later
(I=5x10'2M) or even is not observed at all in 100ns timescale
(I=2x10'2M), although we do expect it occur if the simulation times
could be considerably extended. Our recent experiments support
the above conclusion. Although the results are preliminary, Crystal
Microbalance (QCM) and SPR experiments indicate that HEWL
adsorption is indeed sensitive to ionic strength at constant pH the
amount of protein adsorbed decreases with increased ionic
strength.

HEWL Monolayer on Surface

In Table 1 we calculate the surface amount of a monolayer of
adsorbed HEWL. A range of values are possible depending on the
adsorption model assumed. Our simulations indicate that the most
common adsorption orientation is the “between” one, but the
“side-on” one is also possible; we do not find “end-on” in our work.

This journal is © The Royal Society of Chemistry 20xx
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It is possible that in a crowded monolayer environment, the
orientation changes to promote “end-on”, however we did not
observe this both in current and our previous multi-protein
simulations.?

Table 1. HEWL monolayer surface amount measured for various
protein orientations at a planar surface. Parameters a and b
describe the HEWL footprint geometry; A, is the surface area (or
footprint) occupied by the protein; 0" and 0% are the surface
packing fractions of ellipsoids for Random Sequential Adsorption
(RSA) and close-packing (CP) models; ™" and I denote the
adsorbed protein mass concentration for monolayer coverage in
the RSA and CP models respectively.

Orientation “side-on” “between” ”end-on”
b Y
- \
a=4.5nm a=3.2nm a=b=
b =3.0nm
c=3.2nm b =3.0nm 3.0nm
- c=3.2nm c=4.5nm
A, [nm?] 10.59 7.49 7.07
A=b/a 0.667 0.938 1.00
oA 0.577 0.558 0.547
o 0.907 0.907 0.907
rRSA
, 129 177 184
[ng/em’] 203 288 305
[ [ng/cm?]

Previous work by Sander et al. use the Random Sequential
Adsorption model for the monolayer,39 however this is at odds with
AFM images of lysozyme adsorption onto charged mica surfaces
which show that close-packing models are more appropriate.u'n’40
Therefore our best estimate for the protein surface amount of an
adsorbed monolayer is 203-288ng/cm2. This figure is for the protein
only, without entrained solvent.

MP-SPR, Wettability and Zeta Potential Measurements

Recently it was shown that HEWL adsorption on silicon surfaces can
be controlled by pH in the range of 4—10;41 we have also checked
the pH effect on the amount of adsorbed protein. In Figure 3 we
show the surface amount of HEWL adsorbed to silica obtained by
MP-SPR. This measurement is sensitive to protein material and not
to the entrained solvent, and so can be compared to the
calculations presented in Section 4 above. At low pH, the adsorbed
mass is substantially below that expected for a close-packed
monolayer, but it approaches the expected values at higher pH10.
The adsorbed amount decreases dramatically above pH10. In all
cases, there is very little desorption upon rinsing of the surface,

This journal is © The Royal Society of Chemistry 20xx
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demonstrating the protein adsorption is strong, as indicated above
in our simulations.

o T T T T T T T T
g 00 | oy Adsorption T
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monolayer side-on, 6°"=0.907
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Figure 3. Surface mass density of HEWL (in ng/cmz) adsorbed at the

silica surface obtained from MP-SPR in the pH range 4 to 12. The

mass density of close-packed (CP) and Random Sequential

Adsorption (RSA) monolayers of protein adsorbed in the side-on
orientation are shown by dotted lines.

At pH4-9, it appears that the adsorbed protein does not form a
complete, compact monolayer. Similarly at high pH > 10, there is
sub-monolayer adsorption. We probe the reasons for this
incomplete layer adsorption below. Note that the pH effect was not
visible in MD simulations, where we used only the standard pH7.
Currently we are working on the effect of rinsing carried out under
various conditions.

Our contact angle measurements (Fig. 4) of bare SiO, surface
gave the contact angle of 180, showing that the surface is very
hydrophilic. By measuring how the contact angle of the silica
changes following exposure to protein solutions, we obtain a
complementary view on the protein adsorption process.

80 T T T T T T

©

60

40-1%,9‘/%/151 -

TR S .
4 5 : 5
20 bare Si0, |
0 L : ) . . .
i = i 60 80 100 120

t[min]

Figure 4. Contact angle changes in time measured for various HEWL
concentrations at pH4 and pH7. Green circles: HEWL concentration
Sppm and pH 4; red circles: HEWL concentration 5ppm, pH 7,
yellow triangles: HEWL concentration 0.5ppm and pH 4; navy
triangles HEWL concentration 0.5ppm and pH7. Insets show the
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shape of the water drop on the SiO, surface modified in given
conditions.

As Fig. 4 indicates, at pH4 the maximal contact angle measured
after 120min exposure of the SiO, surface to the HEWL solution is
25° and 30° for protein concentration 0.5 and 5ppm, respectively.
These relatively small contact angles again suggest that there is
incomplete monolayer adsorption, so that a significant proportion
of the bare surface remains exposed to the water. This is in
agreement with the SPR results above (Fig. 3), and seems to be
consistent with island formation at the surface. Since a low contact
angle is observed for both protein concentrations, we conclude that
the amount of HEWL available for adsorption is not a limiting factor.

At pH7 a different scenario is apparent. At this pH the contact
angle alterations caused by HEWL adsorption are significant (Fig. 4).
The final contact angles observed after 120min exposure of the
surface to the protein solution are 50° and 55° for protein
concentration 0.5 and 5ppm, respectively. Here the HEWL
adsorption substantially increases the hydrophobicity of the
modified surface; under these conditions the contact angle is
significantly greater than that of the bare surface (18°). The
difference between the 120min angles obtained for both
concentrations is most probably caused by an (as yet) incomplete
layer formation at 0.5ppm, since the slope of the plot decreases
over the time as the adsorption progresses, but it does not fully
level out within 120min. In the case of the higher protein
concentration the plot levels after 20min of the experiment,
suggesting that the surface is saturated and the adsorption is
complete.

80 — . : :
g[mV]
60 -
ol 7-:.3}, ]
: e 3 .
o Tw 3 :

0 : e,
20 F : B 4
40 - i
60 § \\;\ % § J
80 - i \“é R
-100 . L L L I

2 4 6 8 10

pH 12

Figure 5. Zeta potential (in mV) measured for HEWL (red) and bare
SiO, surface (purple) at pH range 2 to 12 in ionic strength 0.01M of
NaCl. The red and blue vertical dotted lines point the isoelectric
point of SiO, (at pH 3.0) and HEWL (at pH 10.0), respectively.

In Figure 5 we show results for the zeta potential of the bare
SiO, surface and the HEWL at different pH. For the surface the zeta
potential is -65.5mV at pH7, and +9.2mV for HEWL. In these
conditions, the electric field created by the SiO, surface (equivalent
surface charge density of -0.12e/nm2 at 0.01M NacCl, which in our
simulation is determined by the silicon and oxygen partial charges
and the simulation cell dimensions) is strong enough to attract the
positively charged HEWL. The surface tends to neutralize its
negative potential and one of the ways to do that is adsorb the
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positively charged protein. As the pH is increased to 10, the smaller
effective charge on the HEWL means that a higher surface amount
can be adsorbed until complete monolayer coverage is achieved.
Note that the adsorption remains largely irreversible, so the results
reflect the increased capacity of the surface as pH increases to 10.
Even though the strength of the electrostatic interactions will be
decreasing with increasing pH, it clearly remains strong enough for
irreversible adsorption. Of course, the HEWL and the surface attract
the buffer counter ions too and organizes the surface water layers,
as observed in the MD simulations, and this complicates the
picture.

Above pH7, the silica surface zeta potential plateaus at about
-70mV, whereas the HEWL zeta potential continues to decrease.
Above pH10 HEWL is no longer positive and so charge
compensation and electrostatic interactions cannot play a role in
the adsorption. This explains the sharp decrease in adsorbed
protein amount above pH10 that we observe in our MP-SPR
measurements (Figure 3). The small amount of protein adsorption
(88.4ng/cm® and 33.3ng/cm® at pH1l and 11.5, respectively)
indicates a role for hydrophobic interactions, since the electrostatic
component of the adsorption forces should be weakly repulsive
here. Our MD simulations have indicated that hydrophobicity does
have a role to play in adsorption, albeit a minor one at the lower
pH7. We note that since electrostatics does not drive the
adsorption at pH>10, the adsorbed protein may no longer be
oriented according to its dipole moment,35 and the dipole moment
in any case will be different to that below the isoelectric point.
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Figure 6. Contact angle measured for bare and HEWL-modified SiO,
surface at pH range 3 to 11. The insets into the plot shows the
water drop shape created on the HEWL-modified SiO, surface.
Green, yellow and red points in the plot indicate the contact angle
obtained for protein concentration 1000ppm, 10ppm and 5ppm,
respectively. The figures at the bottom of the picture shows the
schematic HEWL orientation on the SiO, surface at low (left),
intermediate (middle) and high (right) pH.

At low pH, the zeta potential for the surface decreases whilst
that of the HEWL becomes still more positive. Therefore we would
expect to find that the surface adsorbs decreasing amounts of the
charged protein due to the decreasing surface charge density as pH
is reduced. Indeed, returning to Figure 3 we indeed find a decrease
in the adsorbed surface mass density as the pH is reduced. Together
this provides a convincing picture for the dominant role that

This journal is © The Royal Society of Chemistry 20xx
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electrostatics plays in the adsorption, in agreement with our MD
simulations.

Our conclusion about how the protein adsorption depends on
pH is nicely summarized by plotting the contact angle of the HEWL-
modified SiO, surface as a function of pH in Figure 6. Here the long-
time saturated adsorption surfaces are used. The contact angle for
the modified surface is at the level of 33° at pH range 3 to 6.5,
indicating incomplete surface coverage by the protein. At about
pH7, the contact angle rapidly increases to ~55° indicating the
formation of a compact monolayer. However, above pH10 the
contact angle again drops, to about 27° at pH11.5, so that again the
extent of monolayer adsorption is greatly reduced.

All our findings are summarized in the lower part of Figure 6. At
low pH, islands of HEWL at the SiO, surface are created and the
main driving force is electrostatics, only slightly modified by
hydrophobic interactions. At pH10, a complete HEWL monolayer is
created. Note that in both cases we believe that the protein
orientation on the surface is the same, namely “between” or “side-
on”, and not the “end-on” orientation. . It is worth to mention that
the difficulty in describing HEWL orientation on the surface can
arise from HEWL shape dependence on pH, further MD simulations
are required to clarify this issue. Finally at pH>10 adsorption cannot
be driven by electrostatics, instead it is driven by hydrophobic
forces, so that the HEWL is sparsely distributed, its orientation on
the surface is unknown, perhaps non-specific and possibly even
unfolded.

Conclusions

In this work we have presented a series of fully atomistic MD
simulations of HEWL adsorption at a model silica surface, together
with MP-SPR and zeta potential measurements of bare SiO, and the
HEWL itself as a function of pH. We have also presented results of
wettability measurements of HEWL adsorbed on a SiO, surface.
Together these provide a picture for the formation of the adsorbed
protein layers at various pH, and the role that electrostatics plays in
the process.

The MD simulations indicate that surface adsorption requires
minor conformational changes of HEWL, with slight flattening on
the surface. It is not accompanied with substantial tertiary structure
changes, nor substantive changes to the structure of the protein’s
active cleft, which implies that HEWL can remain active when
adsorbed. Surface adsorption strongly reduces the HEWL mobility,
nevertheless from our previous work we anticipate that the protein
can slowly diffuse on the surface,”® and therefore cluster together
to create close-packed islands and monolayers. Isolated HEWL
typically adsorbs by its N,C-terminal face in the “between”
orientation (the angle between protein long axis and the surface
normal is in the range of 31%to 60%). Adsorption is strong and rapid,
driven by electrostatics with a minor role played by hydrophobicity.
Adsorbed protein exposes hydrophilic residues to the solution, but
also hydrophobic ones which tend to be around the perimeter
when viewed from above, so that an adsorbed compact monolayer
will create a more hydrophobic surface when compared to the bare
silica.

Experimentally, we find that in the pH range where the SiO,
surface has a substantial negative zeta potential and the HEWL is
positively charged, the surface tends to compensate its charge by
adsorbing HEWL. In the vicinity of pH10, at the HEWL isoelectric
point where electrostatic inter-protein repulsion is minimized, this
leads to an adsorbed mass consistent with a compact, near-
complete monolayer. The adsorption appears to be irreversible,
which is to be expected from the strong adsorption observed in the

This journal is © The Royal Society of Chemistry 20xx

MD simulations.”® At pH >10, the HEWL is no longer positive, the
electrostatics no longer favor surface adsorption, and we find a
small adsorption mass. In contrast, at low pH4-6, the zeta potential
of the silica surface is less negative and we again find sub-
monolayer adsorption, since now the surface needs to adsorb a
sub-monolayer of protein to compensate its charge. The picture
that emerges for the completeness of the adsorbed monolayer is
consistent with the modified surface hydrophobicity observed using
contact angle measurements.

In the literature, it is often assumed that the adsorbed protein
follows the RSA model, and further that the proteins re-orientate at
the surface when the adsorbed layer nears completion and
becomes crowded. However, we have no evidence that these
assumptions are necessary in our work, provided we assume that
the protein monolayer is densely packed as a result of surface
diffusion. This is consistent with a body of work into HEWL
adsorption onto mica, both through Atomic Force Microscopyzmz’39
and MD simulation.”**® We therefore believe that the picture we
present here for HEWL adsorption to silica provides a consistent
understanding of protein adsorption to negatively charged surfaces.
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