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ABSTRACT

The formation of dense protein interfacial layers at a free air-water interface is known to result from
both diffusion and advection. Furthermore, proteins interactions in concentrated phases are strongly
dependent on their overall positive or negative net charge, which is controlled by the solution pH. As
a consequence, an interesting question is whether or not the presence of an advection flow of water
towards the interface during protein adsorption produce different kinetics and interfacial structure of
the adsorbed layer, depending on the net charge of the involved proteins and, possibly, on the sign of
this charge. Here we test a combination of the following parameters using ovalbumin and lysozyme
as model proteins: positive or negative net charge, presence or absence of advection flow. The
formation and the organization of the interfacial layers are studied by neutron reflectivity and null-
ellipsometry measurements. We show that the combined effect of a positive charge of lysozyme and
ovalbumin and the presence of an advection flow is necessary to induce interfacial multilayers
formation. Conversely, negatively charged ovalbumin forms monolayers, whether an advection flow
is present or not. We show that an advection/diffusion model cannot describe correctly the adsorption
kinetics of multilayers, even in the hypothesis of a concentration-dependent diffusion coefficient like
in colloidal filtration for instance. Still, it is clear that advection is a necessary condition for making
multilayers through a mechanism that remains to be determined, which paves the way for future

research.

Keywords: protein, ovalbumin, lysozyme, monolayers, multilayers, neutron reflectivity, null-

ellipsometry, advection-diffusion, adsorption, air-water interface.

Introduction

Proteins in solution form films by accumulation towards hydrophobic interfaces' . These interfaces

in turn control the behavior of a wide variety of synthetic or natural systems such as technological

Corresponding author sylvie.beaufils@univ-rennes1.fr



foams and emulsions®®. Liquid foams stabilized by proteins are for instance hugely present in the

food industry food industry'® and therefore extensively .extensively studied by researchers'!. The

field of biomaterials is also concerned by protein adsorption on various surfaces'? and hydrophobic
interfaces are also found in vivo, where proteins for instance adsorb at the liquid-air interface which
acts as a barrier for a wide range of organisms'®. In addition, membrane-based techniques are
frequently used for the separation and purification of proteins'#, as milk filtration, for instance'>~!".
The formation of a monolayer of protein adsorbed onto the membranes generally impairs the
performance of the filtration and is this time a negative phenomenon that needs to be avoided'®. These
numerous fields of application explain why adsorption mechanisms related to protein films formation
and the structure of such films have been and are still widely studied (see Yano 2012 for a review).
Among the parameters which control the formation of the protein interfacial film, we can of course
identify diffusion and convection, the latter being due to inhomogeneities in physical parameters
(such as temperature) in the bulk and to internal fluid movement. Diffusion and convection act in
conjunction during the first steps of the film formation, and many authors have mentioned the
importance of early convection mechanisms in the formation of the interfacial layer'2°22, However,
it is well-known that evaporation induces advection (i.e. convection toward the interface) in bulk

liquids and can be at the origin of spectacular effects such as the tears of wine for instance?, or the

coffee stain effect?®, where the evaporation-induced advection velocity has been measured. directly®.

Accordingly, an interesting question is wether or not evaporation - and the associated advection flux -
has an impact on the adsorption of proteins at interfaces. It is all the more interesting that it
corresponds to numerous real situations when a permanent evaporation/advection flow is maintained
across the interface (e.g. in case of an open air surface). In these cases, we still do not have a clear
picture of how the protein interfacial film continues to evolve because of advection. Also in such a
situation, one important parameter that needs to be taken into account is the charge of the involved

26-30

proteins; a characteristic that is known to directly affect film formation - and therefore quite
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potentially the evolution of the film upon advection. By charge, we mean not only the net electrical
charge of the protein, as it is often only considered in the literature, but also the sign of the charge
(+/). An increasing number of reports now indicate that protein interactions - hence interfacial film

formation - also depend on forces that are controlled by the sign of this charge rather than its absolute

value3!34,

To summarize, our objective here is to investigate the combined effects of protein charge (sign and
net charge) and advection on the formation and evolution of protein films at an hydrophobic interface
(here the air-water interface). Some of our specific questions are: what is the impact of a permanent
advection flow on the film formation? Does the sign of the proteins have an importance in this

context?

As models, two well-known proteins are considered separately: ovalbumin and lysozyme. Their
adsorption at the air-buffer interface is studied by neutron reflectivity and null-ellipsometry, with and
without permanent advection flow and for positive and negative net electric charge in case of

ovalbumin.

EXPERIMENTAL
Sample preparation

Lysozyme hydrochloride powder (lysozyme purity higher than 98%, as determined by reversed-phase

high-performance liquid chromatography (HPLC)) was a gift from LIOT (Annezin, France).

Ovalbumin was purified from hen egg white according to the protocol described by Croguennec?>.
Egg white was separated from whole eggs and diluted three times with 15 MQ cm purified water
prepared by reverse osmosis, before adjusting the solution pH to 6.0 with HCl and keeping it

overnight at 5°C, under agitation. The next day, the pH was adjusted again to 6.0 and the solution
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was centrifuged at 2000xg, 5°C for 4 minutes. The supernatant pH was adjusted to 8.2 with NaOH,
before centrifugation at 25900xg, 4°C, for 20 minutes. The supernatant, a mucin-free egg white

solution, was then collected and weighted.

Ovalbumin was then extracted from the solution via anion-exchange chromatography, performed on
a LRC column (Pall Life Sciences, Port Washington, USA) packed with Q-Sepharose Fast Flow
media (Pharmacia Biotech AB, Uppsala, Sweden). Three solutions were successively run through the
column: a 0.035 M NaCl solution (extraction of unwanted proteins), then a 0.14 M NaCl solution
(extraction of ovalbumin), then a 1 M NaCl solution (cleaning of the column). Protein concentration
was monitored by measuring optical absorption at 280 nm with a UV 325 Dual Wavelength UV-Vis
Detector (Agilent Technologies, Santa Clara, USA), using an adsorption coefficient of ¢ =

293 x10*M*cm™

Ovalbumin solutions were then dialyzed for 3 days against several successive baths of 15 MQ cm

purified water, then centrifuged and freeze-dried for storage.

Protein charges were computed with the PDB2PQR 3¢ and PROPK A3 software from the lysozyme
and ovalbumin structures (PDB ID 1HEL and 10VA, respectively). Table T-1 summarizes protein

charge values, in supplementary materials.

Bulk solutions and buffer

Solutions of ovalbumin and lysozyme were prepared at a 1 g.L"! concentration in buffered deuterium
oxide D>0. The deuterium analog of pH in D;0 solutions, pD, was measured by adding 0.4 to the
pH-meter reading, after standardization of the electrode in H,O buffers®®. Tonic strength /=20 mM,
pD 7.0 buffer was prepared using 11.3 mM bis-tris propane (1,3-

bis(tris(hydroxymethyl)methylamino)propane, Sigma-Aldrich, St-Louis, USA) adjusted to pD 7.0
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with HCl. /=20 mM, pD 3.6 buffer was prepared using 56.4 mM lactic acid-sodium lactate.

=170 mM buffers were prepared by adding 150 mM NacCl to the /=20 mM buffers.

Neutron reflectivity

Specular neutron reflectivity experiments were carried out on the time-of-flight neutron reflectometer
G3bis at the ORPHEE reactor (Laboratoire Léon Brillouin, CEA-Saclay) using a polychromatic beam
with wavelength 4 = 2.5 to 25 A. The incident beam was bent with a supermirror onto the liquid
surface at a grazing incident angle 6 = 1.54° with angular resolution 66/6 = 0.05 as calibrated with
pure D,0, giving a corresponding wave vector range Q = 4 msind/A of about 0.014 to 0.14 AL,
Under this configuration, there is adequate total reflection plateau from the deuterated solvent
subphase for Q < Q, = 0.018 Al where Q. is the critical total reflection edge. The sample container
was a Teflon trough (35 mmx95 mm) that was enclosed in an air-tight aluminum cell with quartz
windows to allow the neutron beam to pass through with minimal absorption. The cell was equipped
with a temperature control system to monitor the experimental temperature to T = 20.0 °C + 0.2 °C
and the entire setup was positioned on an anti-vibration support. Most measurements were carried out
under this hermetically-enclosed condition hence no advective flow due to evaporation took place
during the measurements. Some experiments were also performed without the cover of the trough
(called “free surface configuration”) to allow evaporation and advective flow during the

measurements. Reflectivity spectra were acquired at one or two-hour intervals.

The basic principles of neutron reflectivity have been discussed in detail in several past literature®”-
“'Experimentally, reflectivity is measured as a function of of Q and R(Q) =1 (Q)/1, (Q), where I(Q)
and I,(Q) are intensities of the reflected and the incident beam, respectively. The reflectivity profile
depends on the neutron refractive index profile normal to the surface n(z) which is defined

(neglecting absorption) as: n(z) = 1 — (Nb (z)/2 m)A? where z is the distance from the interface,
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Nb(z) is the scattering length density given by Nb = };; b; n; where b; is the neutron scattering length
and n; the number density of the atomic species j. The difference in scattering length density of the
proteins and the deuterated buffer is negative. For lysozyme, ANb = Nb, — Nbs = -2.67 x 10 A
where Nb, = 3.65 x 10 A is the theoretically calculated scattering length density of the protein
using densityp = 1.43 g-cm™ 7 and taking into account H-D exchange of labile hydrogen; Nb, = 6.32
x 10°% A2 is the experimentally determined scattering length density of the deuterated buffer solution.
The corresponding values for ovalbumin are: ANb= -3.26 x 10 A2 where Nb, = 3.07x10" A~ and
p =1.36 g'cm?. In the presence of an adsorbed protein layer, the reflectivity is thus decreased with
respect to that of the pure solvent and therefore the normalized reflectivity gives R/Rr < 1. Rr is the
reflectivity of the deuterated buffer solution taking into account angular resolution. In this work, all
reflectivity spectra are expressed in the normalized form, R/Rr. In this representation, all deviations
of R/Rr from unity are attributed only to the adsorbed layer, and the higher the adsorption, the larger

is the deviation from unity.

Data analysis: The reflectivity curves are modeled using an n-slice step function of uniform scattering

length density given by:

o) = (A1) (1 ery O 20)

0

Nb; is the scattering length density and z; — z;,; the thickness (d;) of slice i, and g; is the interfacial
roughness between slice 7 and i+1 described by an error function. n = 0 and n = N represent the two
semi-infinite media air and bulk buffer, respectively. The adjustable parameters are Nb;, d; and g;. In
a first fitting, o; is found to fall between 0.3 to 2.3 A with the majority falling around 0.7 — 1.5 A,
except for the innermost roughness (between the last layer and the subphase) that gives larger
variations depending on the protein volume fraction and thickness of the layer. In order to reduce the

number of fitting parameters, o; is fixed at 1 A except for the innermost roughness which is allowed
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to float; the fitted values of this last roughness range from about 2 to 8 A (increasing with the thickness
of the slice). The best-fit parameters are determined by iteration and minimization of the y* parameter
between the experimental and theoretical curves. From the fitted scattering length density profile
Nb(z), the protein density profile ¢(z) can be estimated using the relations: Nb = ¢,Nb,, + ¢sNb;
and ¢, + ¢s = 1. Nb is the fitted scattering length density, Nb, and Nb are as defined above, and
¢p and ¢ are the volume fractions of protein and solvent respectively. Note that the expression of
the n-slice profile refers to an adsorbed interfacial layer that can be described by 7 regions of uniform
scattering length density each (in the z-direction); it does not necessarily correspond to » molecular

layers.

Ellipsometric measurements at the air-water interface

Adsorption layers were prepared on a circular trough, the surface of which (S=25 ¢cm?) is directly in
contact with air. Hence, an advective flow develops during adsorption kinetics. The speed of the
evaporation front (ie flux density) was estimated through the recording of the evaporated mass of
water with time; its value was found to be constant, equal to 21 nm.s!. The ellipsometric
measurements were carried out with a home-made ellipsometer, in the so-called “null-ellipsometer
configuration” operated with He—Ne laser (A=632.8 nm, Melles Griot, Carlsbad, CA) that was
polarized with a Glan-Thompson polarizer. The incidence angle of the light on the surface was fixed,
equal to 1° away from the Brewster angle. The laser beam probed a surface of 1 mm? and a depth of

the order of 1 um.

After reflection on the water surface, the laser light passed through a A/4 retardation plate, a Glan-
Thompson analyzer, and a photomultiplier. Through a computer-controlled feedback loop, the
analyzer and the polarizer automatically rotated towards the extinction position, giving the two

ellipsometric angles 4 and .
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In case of ellipsometric measurements on the air-water interface, adsorbed layers are transparent
(<10 nm) with low refractive index contrast and the angle of incidence of the laser beam is fixed. In
that case, the ellipsometric angle 4 changes when the layer is formed while relative changes of the
other angle y remain of low magnitude. We used the ellipsometric angle 4 to semi-quantitatively
measure the protein amount adsorbed at the air-water interface. Depending on the protein and the
physical-conditions of the buffer, a 10° ellipsometric angle 4 corresponds to protein concentrations

between 0.5-2 mg.m™ (ref 4* and Figs.2 and 4,5).

For each kinetic measurement, initial values of the ellipsometric angle (4o) and surface tension of
pure buffer solutions were recorded on the subphase for at least half an hour. These values have been
subtracted from all data presented below. Then, the buffer solution was removed and the protein
solution was poured in the trough. Values of A and surface pressure (IT) were recorded every 4 s with

a precision of £0.5° and +0.5 mN/m, respectively.

Ellipsometry was performed at least in duplicate for each analysed condition in independent
experiments. The overall uncertainty of ellipsometric measurements, as estimated from replicate
experiments (at least three replicates), can essentially be attributed to the variability of protein
adsorption and was thus estimated from replicates to be +/- 1° for 4 in case of monolayers and much

more (20°-30°) when multilayers are formed, this point being discussed below.

Additionnaly, a set of ellipsometric measurements without advective flow was performed by pouring

the protein solution in a closed glass container.

RESULTS AND DISCUSSION
Positively charged lysozyme, adsorption at low ionic strength

Figure 1a shows R/Rr, measured by neutron reflectivity, for adsorption of lysozyme at pD 7, (ie net

charge +8), I=20 mM, as a function of time, in the airtight trough. The solid lines are best-fit

Corresponding author sylvie.beaufils@univ-rennes1.fr



theoretical curves calculated using the corresponding density profiles shown in Figure 1b with a
model consisting of “boxes” or “slices” the stack of which constitutes the physical layer. The
adsorption process continues to evolve over several hours. The adsorbed layer, at the initial stage of
formation (after 2 h), is best described by a two-slice model, a first slice of intermediate volume
fraction ¢;~0.3 and thickness d;~24 A, and a second dilute slice of volume fraction ¢,~0.1 and
thickness d,~22 A. With increase in adsorption time, ¢, increases but saturates at a value ¢;~0.4
after 4 h; the corresponding thickness also remains almost constant at d;~24-25 A. The second slice
however continues to grow and to reorganize with time; after 10 h a two-slice model becomes
inadequate and a three-slice model is necessary to fit the reflectivity data. Thus, the adsorption process
can be modelled by the formation of a first slice that is saturated within 4 h and subsequent additional

slices that continue to grow over a longer period of time. All the fitted values are contained in table I.
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Figure 1. Kinetics of adsorption of lysozyme from D20 at pD 7 (net charge +8) and /=20 mM measured by neutron
reflectivity in airtight trough (without advective flow). (a) Normalized reflectivity after 2h (black squares), 4h (blue tri-
angles), 10h (red circles); the solid lines are best-fit curves with the corresponding concentration profiles shown in (b)

(same color code).

Similar measurements were performed without the cover of the trough, in the “free surface
configuration” to allow for evaporative advection. (see SI-1 for R/Rr and concentration profiles). In

this case, the adsorption process continues to evolve over several hours. The R/Rr curves at high- Q
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show an upward turn that indicates an impending weak oscillation that arises from the formation of a
thick layer, the interference fringes of which are detected within the Q-range of the measurement.
The weak and unusual shape of the oscillation are due to the dilute nature of the layer and a non-
homogeneous internal structure, as evidenced by the three-step concentration profile (see SI). The
adsorbed layer, at the initial stage of formation (after 1 h), is best described by a two-slice model, a
first slice of intermediate volume fraction ¢;~0.35 and thickness d;~20 A, and a second dilute slice
of volume fraction ¢,~0.05 and thickness d,~50 A. With increase in adsorption time, ¢; increases
up to a value ¢p;~0.4 after 7 h (the corresponding thickness remains almost constant around d;~20 A)
while two other slices are necessary to describe the whole profile, the volume fraction of which
increases without evidence of saturation at 7 h. Note that for this open configuration, there is
significant absorption of water vapor by the D>O subphase, resulting in a decrease in the solvent
scattering length density from 6.32 to 4.32 x 10® A2 after 7h. This effect reduces progressively the
contrast between the protein and the solvent, and consequently increases the uncertainty in the
measured values (as can be seen by the large error bars). For each reflectivity curve with time, it is
necessary to re-evaluate Nbg from the critical total reflection edge, Q. = 4\/Wbs . In the data fitting,
the modified values of Nbs and Nb, with time are taken into account and the corresponding Rr
calculated accordingly. Due to this constantly changing protein-solvent contrast between spectra, the
relative changes in adsorption cannot be perceived qualitatively from the R/Rr curves, and these
constant changes might also contribute to the unusual appearances of the curves.

In each model slice, the surface concentration excess I" (in mass per unit area) can be calculated from:
I' = ¢, X d X p where ¢, is the protein volume fraction in the slice, d the thickness of the slice and
p the protein volumetric mass. The contributions of all slices are summed up to give the overall

surface concentration excess in the adsorbed layer.
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The adsorption densities of lysozyme at /=20 mM are shown on Figure 2a for the airtight trough and
the free surface configuration. In the latter case, it can be noticed that the excess surface density

increases with time, without evidence of saturation.
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Figure 2. (a) Adsorption density versus time of lysozyme at pD 7 (net charge +8) and / = 20 mM without advective flow
(blue squares) and with advective flow (red squares) measured by neutron reflectivity. (b) Ellipsometry measurements:
ellipsometric angle 4 without advective flow (red lines) and with advective flow (blue line); the colored filled area shows

the spread from three replicates.

Fig. 2.b shows plot of the ellipsometric angle 4 as a function of the adsorption time, for lysozyme at
pH 7.0, /=20 mM, in free surface trough (with advective flow) and in the airtight trough (without
advective flow). The same trends as for reflectivity measurements are noticed: without an advective
flow, the kinetics show a saturation, around 4=10°, which corresponds to a surface concentration of
2 mg.m2, consistent with a saturated globular protein monolayer. The reproducibility is good, as
indicated by the error bar corresponding to the two replicates. In the presence of a constant advective
flow, the ellipsometric angle 4 increases considerably faster at initial times and then monotonically
increases with time without reaching saturation. A huge variability is then observed, as shown by the
color filled area containing the third replicates. As this variability is only observed in these conditions,

it proves that it comes from the sample and not from the apparatus. We hypothesis that the interface

Corresponding author sylvie.beaufils@univ-rennes1.fr



is highly heterogeneous in these conditions and, as the laser probes a surface of Imm?, the Delta value

depends strongly on the thickness of the point of impact of the laser.

Positively charged Lysozyme, adsorption at high ionic strength

Figure. 3 shows the effect of NaCl on the adsorption of lysozyme at pD 7, (net charge +8), /=170 mM,
measured by neutron reflectivity in the airtight trough (i.e. without advective flow). (R/Rr curves are
given in SI-2). Under these conditions, adsorption is increased, as expected from the charge screening
effect. Note that this screening effect, under quasi-equilibrium condition, is manifested in the
densification of the dilute distal slices d, and d; only; the first slice d;, already saturated at ¢p;~0.4,
remains insensitive to the increase in ionic strength. At the initial stage of adsorption however, (2 h,
inset in Figure. 3a), increased ionic strength also increases the rate of organization in d; to reach

faster saturation.
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Figure 3. Effect of NaCl on adsorption of lysozyme measured by neutron reflectivity in airtight trough (without advec-
tive flow) at pD 7 (net charge +8). (a) Concentration profiles after 10h at / =20 mM (red line) and /=170 mM (green
line); the inset shows the corresponding effect of NaCl on adsorption at shorter time (after 2 h), same color code. (b)

Adsorption density versus time at / =20 mM (open rectangles) and 7 = 170 mM (closed rectangles).
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The adsorption densities show clearly that in the presence of NaCl, the adsorption is (i) faster, since
it saturates after 6 h against 10h at low ionic strength, and (ii) higher, with a surface concentration

excess of 2.3 mg'm for /=170 mM compared to 2.0 mg-m? for /=20 mM.

Positively charged ovalbumin, adsorption at low ionic strength
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Figure 4. Effect of NaCl on adsorption of ovalbumin measured by neutron reflectivity (without advective flow) at pD 3.6
(net charge +28). (a) Concentration profiles after 10h at /=20 mM (black line) and 170 mM (green line). (b) Adsorption

density versus time at / = 20 mM (open circles) and / = 170 mM (closed circles).

Figure 4 shows adsorption of ovalbumin at pD 3.6, (net charge +28), =20 mM, measured by neutron
reflectivity as a function of time in the airtight trough. On Figure 4a and 4b, the Y-scales have been
maintained to the same value as the previous graphs to facilitate comparisons. The adsorption density
under these conditions is very low and a one-slice model adequately fits the reflectivity curve (R/RF
shown in SI-3).

Figure 5 shows the plot of the ellipsometric angle 4 as a function of adsorption time, for ovalbumin
at pH 3.6, /=20 mM, in the free surface trough (with advective flow) and in the airtight trough
(without advective flow). Without advective flux, saturation is reached within 2-3 hours, which is a
bit slower but still in the same range than lysozyme in comparable conditions (Fig. 2b) with the same

reproducibility shown by the colored filled area.
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In the presence of an advective flow (we only have ellipsometry results here as neutron experiments
were not performed in open-air conditions for ovalbumin at pH 3.6), we also find a behavior that is
comparable with lysozyme (Fig.2b), with a strong variability, suggesting an heterogeneous layer (the
colored filled area contains the three replicates), a very fast adsorption at initial times, and then a

monotonic increase in adsorption with time over hours.
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Figure 5 Ellipso: nin at pH 3.6, / = 20 mM without advective flow (light blue line), the repetability
shown by the co tadvective flow (dark blue line) where the colore filled area shows the spread of

three replicates.

Positively charged Ovalbumin, adsorption at high ionic strength

At pD 3.6 when the ionic strength is increased to 170 mM using NaCl, adsorption increases, as
expected due to Debye screening, and a two-slice model is required to fit the data (Fig.4). Note that
at pD 3.6 and /=170 mM, although d, is about the same value as for lysozyme at pD 7 and /=20 mM,

¢, does not reach the same extent of saturation.
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Negatively charged ovalbumin, adsorption at low ionic strength

The adsorption kinetics and evolution of the structure within the adsorbed layer for ovalbumin at
pD 7 (net charge -10) and /=20 mM in airtight trough (without advective flow) are shown in Figure
6. The adsorption characteristics are similar to those observed for lysozyme at an equivalent absolute
charge (+8 vs -10). At the initial stage of adsorption, a two-slice structure is already evident. The first
slice d, reaches saturation after around 4 to 6 h, while slices d, and d; continue to build and
reorganize over longer times. After 10h, the total thickness of the adsorbed layer has grown to about
90 A. The R/Rr curve shows an oscillation that appears more distinct (see SI-4). Nevertheless, even
though the total adsorption density appears to approach a near-equilibrium plateau, the internal

structure may still be evolving.
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Figure 6. Adsorption of ovalbumin measured by neutron reflectivity (without advective flow) at pD 7 (net charge -10).
(a) Concentration profiles at / =20 mM after 2h (black line), 4h (blue line), 10h (red line); the inset compares concen-
tration profiles after 10h for /=20 mM (red line) and 170 mM (green line). (b) Adsorption density versus time at / = 20

mM (open circles) and / = 170 mM (closed circles).

The evolution of I” with time (shown on Fig.6) barely reaches a constant value after 10 h of
adsorption, similarly to lysozyme. The maximum value of I" = 2.1 mg'm™ is compatible with a

monolayer 4>**, The total adsorption is higher compared to the one at pD 3.6 at 20 mM (<1 mg-m?)
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which could result from a lower absolute charge at pD 7.0 (- 10 e at pH 7 versus + 28 ¢ at pH 3.6)
and thus less repulsions between the proteins as they form the interfacial layer.

Fig. 7 shows the plot of the ellipsometric angle 4 as a function of adsorption time, for ovalbumin at
pH 7.0, /=20 mM, in the free surface trough (with advective flow). In these conditions, no multilayers
are formed: on the contrary, the ellipsometry angle is constant after a few hours, suggesting the satu-
ration of a monolayer. However, as for ovalbumin and lysozyme in the other conditions but in the
similar free surface trough, we find again a very rapid initial adsorption with an ellipsometric angle
A > 5° at short times.
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Figure 7 Ellipsometric measurements in free surface trough (i.e. with advection flow): ellipsometric angle 4 of ovalbumin

at pH 7.0, / =20 mM. Two replicates are drawn together.

Negatively charged ovalbumin, adsorption at high ionic strength

Surprisingly, when the ionic strength is increased, without advective flow, the adsorption is decreased
significantly; in this case, due to the low signal, a one-slice model is sufficient to fit the neutron
reflectivity profile. The adsorbed layer is decreased both in thickness and in density, the saturation

value of the excess surface concentration being close to 0.7 mg-m? (Fig. 6, R/Rr curves given in SI-
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4 and SI-5). This result is contrary to the expected effect of charge screening, which decreases
electrostatic repulsion between neighbouring molecules. Several elements can be taken into account
to explain this effect (image charge, absolute value of the protein charge, charge of the interface,

nature of buffer ions) and would require a more in depth study to go further.

Advection combined with positively charged protein are both necessary to produce multilayers
The objective of this paper was to examine the effect of a permanent interfacial advection flow on
the thickness and structure of a protein air-water interfacial film that forms versus time, with a specific
focus on the relation between the film properties and the charge properties of the protein involved.
The most important result of our study is the evidence that the combined effect of the two factors,
namely the permanent advection flow and a positive net electrical charge of the protein, induces the
formation of a multilayer interfacial film. If one of these two factors is missing, multilayers do not

form and only the 'trivial' formation of a protein monolayer is observed.

We obtain this result through experiments performed using neutron reflectivity and ellipsometry. In
the conditions given above, i.e., with positively charged lysozyme (+ 8 e at pH 7.0) or ovalbumin (+
28 e at pH 3.6), and in the presence of a permanent advective flow towards the surface, both
experimental techniques indicate that film grows in a non-saturating way over several hours, well

above the classical thickness of a monolayer.

The thickness of the film, estimated by neutron measurements is as high as 14 nm in the case of
lysozyme (see SI-1). If we suppress the advection flow, positively charged lysozyme and ovalbumin
cease to form multilayers but form monolayers, as shown on Fig. 2 and Fig. 5, respectively. If this
time we conserve the advection flow but switch the sign of ovalbumin from positive to negative
(- 10 e at pH 7), the protein also ceases to form multilayers and simply adsorb as a 'classical'

interfacial monolayer.
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The classical advection-diffusion model does not predict multilayers formation

In a first attempt to explain our results, it seems important - if not mandatory - to examine if a classical
advection-diffusion model is capable of describing the adsorption kinetics of the multilayer films,
once the first interfacial layer is formed. The advection-diffusion equation is the combination of dif-
fusion and convection (advection) equations that describes in this case the particle transport inside
the physical system formed by the bulk solution and the air-water interface.

To adjust experimental kinetics of surface concentration vs time, the following points must be con-
sidered : 1) as the model only describes the evaporation-driven protein advection towards the interface
and does not account for the adsorption-driven irreversible formation of the first interfacial mono-
layer, the monolayer is then considered as the interface ii) since the experimental measurements are
only sensitive to the surface concentration excess, we fit the difference [C(x = 0,t) — Cpyyic] to the
experimental data; iii) the concentration obtained from this model (in mg.m™) must be integrated
over a thickness h to obtain a surface concentration (in mg.m-?).

We choose to test the advection-diffusion model for lysozyme, for which we have the most complete
data set. Given the intrinsic variability of the kinetics, due to the sample itself in multilayer condi-
tions, our objective is not to describe precisely the adsorption kinetics, but to test if the model can
account for the shape of the kinetics with reasonable values for the layer thickness h and the diffusion
coefficient D.

The ellipsometry angle A is converted in excess surface concentration using the values obtained for
a monolayer: A = 10° % corresponding to I' = 2 mg/m? %6, The order of magnitude of the thickness
can be estimated from neutron reflectivity measurements in presence of an advective flow (Fig. 2):
hexp-neutron = 14 nm after several hours while the diffusion coefficient of lysozyme in water is around

Dfiee = 10710 m?2.g71 46,
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Fig. 8 shows the experimental ellipsometric angle A together with the value predicted by the model
with the parameters (hexp-neutron, Diree) as stated above. Clearly, in this case, the model does not predict
multilayer formation. Additional couples of the parameters (D,h) are therefore tested: either we put
h =14 nm and let Dagjust as adjustable parameter or alternatively we choose Dfee = 1071 m?.s7! and we
let hagjust s adjustable parameters. The results show that none of these conditions are satisfactory: if
h is equal to the thickness estimated by neutron reflectivity, the adjusted diffusion coefficient is very
low and, more problematically, the model does not describe the curvature of the experimental kinet-
ics. On the contrary, if D is fixed to the free diffusion coefficient Dfee = 10719 m?2.s7!, the curvature of
the experimental kinetics is correctly described, but the thickness used to estimate the surface con-
centration excess (7.1 10 m) has to be more than two orders of magnitude higher that the experi-
mental one. This trend indicates that the model, with constant diffusion coefficient, cannot describe
at the same time spatial and temporal gradients. Additional examples are shown in Supp. Mat. Fig.

SI-6.
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Figure 8 Fit of the advection/diffusion model to the experimental adsorption kinetics of lysozyme measured by ellipsom-
etry, pH 7.0 (20 mM), blue curve, (a) D fixed to the free diffusion coefficient Diec = 101 m?2.s!, thickness fixed to the
value measured by neutron reflectivity hneutron = 14 nm (red curve) (b) D adjusted by the model , thickness fixed to the
value measured by neutron reflectivity hneutron = 14 nm (orange curve), (c) D fixed to the free diffusion coefficient Dfree =

10%m?.s™!, thickness h adjusted by the model (green curve)

We conclude that the advection/diffusion model, that is based on the basic competition between ad-
vection towards the interface (due to the evaporation flow) and diffusion towards the bulk cannot
describe correctly the experimental kinetics. In other words, the model tells us that, in the absence of
any other effect, diffusion should be able to counterbalance by orders of magnitude the transport
toward the interface due to evaporation, thus and preventing the formation of multilayers.

A possible limitation of our model is the hypothesis of a concentration-independent diffusion coeffi-

cient, whereas it is known that collective dynamics may arise between colloids at high concentration
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due to direct interactions between the objects*’*8, thus resulting in a change in the diffusion coeffi-
cient. We therefore, we test a model with a diffusion coefficient D(®) that depends on concentration
in the volume fraction range [0.1 — 0.5]. D(®) is calculated from osmotic stress measurements per-
formed in a previous study* on lysozyme solutions, following the formalism detailed in Bacchin
(2002)* for colloidal particles. The equation is numerically solved using Mathematica toolbox. Using
the thickness hexp-neutron = 14 nm, the graph C(t) versus time is flat, similar to the red curve on figure
8 (data not shown). In other words, the advection-diffusion model, even with a concentration-depend-
ent coefficient D(®) estimated from osmotic stress data, cannot describes either the formation of a
protein multilayer.

In our case, the mean volume fraction estimated by neutron reflectivity in the sublayer region is
around @ = 0.15 and corresponds, in the experimental pressure-volume fraction diagram, to the
concentration regime where the very first signs of attractive interactions are observed in bulk.
However, in this latter work, it does not produce aggregation nor bulk instability, while aggregation
seems to occur near the interfacial layer upon evaporation in the present case, leading to multilayers.
Such a distinction between bulk instability and surface-induced instability could be reminiscent of
the observations of Linse and Wennerstrom>?, who have shown that attractive interactions could result
in multilayer adsorption even if they are not strong enough to induce bulk aggregation.

We propose that the net charge of ovalbumin and of lysozyme, which should a priori induce
electrostatic repulsion and is thus unfavourable to a local increase of protein concentration, yet allows
attractive protein-protein interactions when it is positively charged (+ 28 e for ovalbumin and +8 e
for lysozyme), as revealed at the interface upon advection and in accordance with the osmotic pressure
measurements we already reported®.

If however ovalbumin is negatively charged, the presence of an advection flow does not induce
multilayers but, on the contrary monolayers (Fig. 7) as shown by the typical value of the ellipsometric

angle, typical of monolayer values (close to 10°). Such an asymmetry cannot be tested for lysozyme
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which is positively charged at all experimental pH (its pI being about 10.7). However, this trend has
been evidenced on ovotransferrin which forms multilayers when positively charged®! and monolayer
when negatively charged>?.

All these results and observation together suggest that protein-protein interaction is repulsive (or at
least not attractive) for negatively charged ovalbumin and prevents the formation of multilayers after
the formation of the first interfacial layer, despite the advection flow which brings proteins towards
the interface.

Note that multilayer adsorption involving proteins has been thoroughly described, e.g. in the case of
cooperative adsorption of multiple components, under conditions of mutual attractive interactions’”.
It forms the basis of layer-by-layer biopolymer deposition onto solid surfaces>*. Mixed biopolymers
are commonly used to stabilize food dispersed systems®>. We also have described cooperative
adsorption in a binary system of globular proteins®®>’.

Far from these conditions, for single-protein systems, multilayer adsorption at the air-water interface
has essentially been observed under conditions of minimal repulsions at the isoelectric point pH* or
at high ionic strength®® in the presence of protein aggregates in the bulk solution®® or in the presence
of denaturant®,

Far from the isoelectric point pH, multilayers formed by single-protein solutions were only mentioned
for positively charged lysozyme at pH 7.0>!, for positively charged ovotransferin® and for
negatively charged beta and kappa casein?' while the propensity of ovalbumin to form multilayers
when carrying a net positive charge, shown in this report, has never been mentioned before to our
knowledge.

Hence, for globular proteins, when the specific conditions mentionned above are not met, monolayer
adsorption at the air-water interface is commonly encountered®'~%3.

The fact that the main result of the present work - advection flow leads to the formation of multilayers

protein films at the air-water interface for positive proteins only - is essentially new in the field can
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possibly be explained by a few reasons. First, the adsorbed amount of proteins must be monitored on
a surface exposed to the ambient atmosphere for at least several hours for being able to detect
multilayers formation, which is not usual. Second, a positive net charge is not frequently found in the
domain of protein adsorption kinetic measurements at the air-buffer interface. Apart from the basic
lysozyme, most of the studied proteins studied in food science are acidic proteins (ovalbumin,
ovotransferrin, beta-casein, beta-lactoglobulin, to cite a few) and are consequently negatively charged
at a pH close to neutrality. These proteins would be positively charged at acidic pH (around 4.0).
However, first, adsorption measurements are scarce in these conditions and the conditions mentioned
above (free surface and several hours of kinetics) are never simultaneously fulfilled.

The asymmetric interfacial behaviour of positively and negatively charged proteins raises interesting
questions, which would need a specific experimental approach, that is clearly beyond the scope of
the present work. However, we may hypothesize that a part of the answer lies in the asymmetric
strength of interaction of hydrated cations and anions with the side-chains of amino-acids and
backbone of polypeptides®®. This ion-specific effect is described by Okur for instance®: ions are
ordered by their ability to salt out proteins (the Hofmeister series %) due to local interaction of ions
with their surface, cations and anions being inversely ordered. Hence, the attractive interaction
between proteins, leading to multilayers, would be non-symmetrically modulated by the ions present
in the buffer. Following this idea and taking into account the phenomenon of charge regulation®-"

would certainly allow to go further.

CONCLUSION

The presence of an advection flow, together with a positive electric charge of the protein, are
necessary conditions to observe multilayers formation with lysozyme or ovalbumin solutions. The
presence of multilayers may be explained by the presence of attractive protein-protein interactions in

these conditions, as it is also found in the bulk through the equation of state of lysozyme established
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by Pasquier in comparable ionic conditions*’. So the positive charge of ovalbumin and of lysozyme,
which is a priori unfavourable to an increase in local concentration, yet seems to induce attractive
protein-protein interactions in particular situations. An important difference between the bulk and the
interface is that those attractive interactions lead to bulk lysozyme crystallization in the first case,
while we have no evidence of crystallization of lysozyme during multilayers formation at the
interface, although we cannot definitively rule it out.

For negatively charged ovalbumin, the formation of multilayers after the formation of the first
interfacial layer is not observed, even in the presence of an advection flow and we have the classical
monolayer formation reported in the literature. So in this case, and even with advection, protein-
protein interactions stay repulsive in these conditions - which is the a-priori situation.

These results suggest that interfacial multilayers induced by advection flow strongly depends on the
sign of the protein charge. This hypothesis should now be checked with a wider range of proteins in

various conditions of charge, both in terms of sign and absolute value.

Supporting Information

Neutron reflectivity measurements, Normalized reflectivity.

Figure SI-1 showing the Kinetics of adsorption of lysozyme from D>O at pD 7 (net charge +8) and
1=20 mM measured by neutron reflectivity in open trough (with advective flow).

Figure SI-2 showing the Effect of NaCl on adsorption of lysozyme measured by neutron reflectivity
in airtight trough (without advective flow) at pD 7 (net charge +8) after 10h.

Figure SI-3 showing the Effect of NaCl on adsorption of ovalbumin measured by neutron reflectivity
(without advective flow) at pD 3.6 (net charge +28) after 10h.

Figure SI-4 showing the Kinetics of adsorption of ovalbumin measured by neutron reflectivity
(without advective flow) at pD 7 (net charge +28) and 7/ =20 mM.

Figure SI-5 showing Effect of NaCl on adsorption of ovalbumin measured by neutron reflectivity

(without advective flow) at pD 7 (net charge -10) after 10h.
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Resolution of the advection-diffusion model

Details on resolution the advection-diffusion model.

Figure SI-6 showing the Fit of the advection/diffusion model to the experimental adsorption kinetics
of lysozyme measured by ellipsometry, pH 7.0 (20 mM)

Figure SI-7 showing a photograph of the trough used for neutron reflectivity measurements

Table T-1 showing the estimated charges of ovalbumin
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Time Slab d=+2 ¢, +£0.02 r
(h) n A) (mg.m?)
sozyme
pD=7,1=20 mM 2 1 24 0.29 1.27+£0.04
(airtight trough, no advection) 2 22 0.08
4 1 25 0.36 1.63 +£0.04
2 38 0.06
6 1 23 0.38 1.79 £ 0.05
2 38 0.10
8 1 22 0.42 1.99 £0.05
2 28 0.12
3 22 0.06
10 1 24 0.36 2.02 +£0.06
2 25 0.16
3 37 0.05
12 1 23 0.42 2.09 +£0.04
2 17 0.16
3 27 0.08
14 1 23 0.40 2.02 £0.05
2 23 0.12
3 26 0.08
16 1 24 0.38 1.97 £0.05
2 32 0.12
3 15 0.06
pD=7,1=170 mM 2 1 20 0.38 1.65+0.04
(airtight trough, no advection) 2 42+3 0.09
4 1 25 0.36 2.02 £0.05
2 33 0.15
6 1 27 0.42 2.40 +£0.05
2 18 0.17
3 43+3 0.06
8 1 25 0.42 2.40+0.04
2 24 0.17
3 24 0.09
10 1 25 0.40 2.39+0.04
2 25 0.19
3 24 0.09
pD=7,1=20 mM 1 1 23 0.35+£0.02 1.57 £0.09
(without cover, advection) 2 61+5 0.04 £0.02
2 1 27 0.39+0.03 221+0.11
2 49+5 0.10+0.03
3 1 29 0.33+£0.03 2.57+0.26
2 21 0.18£0.03
3 78+9 0.06 £0.03
4 1 23 0.40+0.03 2.76 £0.25
2 27 0.23 £0.03
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3 69=+6 0.06 £ 0.03
5 1 28 0.37+0.03 2.83+£0.27
2 21 0.22 £0.03
3 65+5 0.07 £0.03
6 1 22 0.36 £0.04 2.98 £0.28
2 24 0.32+0.04
3 57+5 0.09 £ 0.04
7 1 30 0.39+0.05 3.20£0.32
2 19 0.28 £0.05
3 41+4 0.13 £0.05
Ovalbumin
pD=7,1=20 mM 2 1 25 0.18 1.14 £0.05
(airtight trough, no advection) 2 40 0.10
4 1 25 0.28 1.66 £ 0.05
2 23 0.13
3 32 0.07
6 1 23 0.30 1.86 £ 0.06
2 23 0.14
3 30 0.11
8 1 25 0.30 1.99 +£0.06
2 30 0.16
3 28 0.08
10 1 28 0.30 2.08 £ 0.08
2 26 0.18
3 35 0.07
pD=7,1=170 mM 2 1 29 0.14 0.55+£0.04
(airtight trough, no advection)
4 1 28 0.15 0.58 £0.04
6 1 32 0.15 0.67£0.04
8 1 32 0.15 0.67£0.04
10 1 31 0.17 0.71 £0.04
pD=3.6,1=20 mM 2 1 27 0.11 0.40 £ 0.04
(airtight trough, no advection)
4 1 25 0.11 0.37+0.04
6 1 24 0.15 0.51+£0.03
8 1 21 0.14 0.41 £0.03
10 1 26 0.14 0.50 £0.03
pD=3.6,1=170 mM 2 1 22 0.15 0.67+0.11
(airtight trough, no advection) 2 50+5 0.03
4 1 22 0.19 0.75+0.10
2 50£5 0.03
6 1 21 0.20 0.86+0.13
2 66+ 6 0.03
8 1 18 0.22 0.85+£0.13
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2 72+£7 0.03

10

—

24 0.20 0.89+£0.12
2 54+5 0.03

Table I Fitted values corresponding to the results of Figure 1,2,3 4 and 6.
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