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protein-resistant surfaces is of substantial interest. A major factor conferring resistance towards protein
adsorption to a surface is the presence of tightly bound water molecules, as is the case in oligo ethylene
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Protein resistance conditions may lead to a breakdown of protein resistance in OEG SAMs.
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Experiments: We studied the adsorption behavior of BLG in the presence of a lanthanum(IIl) chloride
(LaCl3) at concentrations of 0, 0.1, 0.8 and 5.0 mM on normally protein resistant triethylene glycol-
termianted (EG3) SAMs on a gold surface. We used quartz-crystal microbalance with dissipation

(QCM-D) and neutron reflectivity (NR) to characterize the morphology of the interfacial region of the

SAM.

Findings: We demonstrate that the protein resistance of the EG3 SAM breaks down beyond a threshold
salt concentration c¢* and mirrors the bulk behaviour of this system, showing reduced adsorption beyond
a second critical salt concentration c**. These results demonstrate for the first time the controlled switch-
ing of the protein-resistant properties of this type of SAM by the addition of trivalent salt.

© 2021 Published by Elsevier Inc.

1. Introduction

The prevention or control of protein adsorption plays an impor-
tant role in many areas of our daily life ranging from biotechnology
through medicine and pharmaceutical science to biophysics. Pro-
tein adsorption at interfaces in considered to be one of the first
steps in coagulation processes in blood [1] or in transmembrane
signaling. Protein adsorption can also promote inflammation cas-
cades, bacteria and cell adhesion or membrane fouling processes
[2]. Particularly in food processing, membrane fouling is a major
obstacle in purification and filtration of many products including
milk and whey [3,4]. Upon fouling, the flux declines resulting in
prolonged process times and a decreased purification efficiency
[5], which leads to increased energy and cleaning costs. Factors
such as protein concentration, pH, heat treatment and the addition
of salts have been identified as key factors for the surface activity
of proteins [6], while surface properties such as hydrophilicity,
charge and roughness influence fouling resistance [7].

One attempt to circumvent such unwanted behavior is the use
of poly(ethylene glycol) (PEG)- or oligo(ethylene glycol) (OEG)-
terminated self-assembled monolayer (SAM)-grafting to create
surfaces resistant to protein adsorption; these are extensively
described in the literature [8-16]. It is considered that repulsive
steric forces created by the SAM and coupled/structured interfacial
water molecules produce the protein-repellent properties [10,17-
19]. If a macromolecule approaches the surface, the conformational
degrees of freedom of the PEG molecules are dramatically reduced,
which causes these repulsive forces between the PEG molecules
and the proteins [20]. SAM molecules with only short ethylene gly-
col (EG) (-CH2-CH2-0-) units in a laterally densely packed layer
have a reduced steric repulsion force due to conformational con-
straints. This indicates that the chain length and number of EG
groups is another critical factor. Harder et al. [ 12] furthermore pro-
posed that the ability of water to integrate into the SAM is another
key aspect. Here, the internal hydrophilicity (i.e. water integrating
into the SAM) as well as the hydrophilicity of the SAM termination
(i.e. water molecules can approach and access the SAM) seem to be
critical properties. The penetration of water molecules in the layer
is directly linked to the packing density of the SAM. A higher con-
tent of water in the layer indicates a more relaxed packing of SAM
molecules and a higher chance to achieve protein resistance [21].
The initially well-ordered SAMs (all-trans structure) become disor-
dered in water (helical structure) due to the strong interactions of
water with the polar ether groups allowing water to penetrate the
layer more easily [22,23].

Furthermore, several studies revealed that SAMs containing
OEG/PEG exhibit a negative electrostatic potential when immersed
in water [9,24-26]. These charges are probably caused by hydrox-
ide (OH™) ions in solution adsorbing to the surface and inducing an
electrostatic repulsive force. These studies revealed that it is not
decisive whether the endgroup has a methoxy or hydroxy moiety,
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therefore excluding deprotonation of the hydroxyl termination as
the main source for possible negative charges of the layer [25].
Despite the likely presence of some charges associated with the
SAM, a breakdown of protein resistance was not observed even
in the presence of 1 M monovalent sale (NaCl) solution [27]. To
date, no complete mechanism behind the prevention of protein
adsorption in OEG based monolayers has yet been identified
[18,28-32].

By contrast, in highly charged polymeric systems, such as
grafted polyelectrolyte brushes and DNA, protein adsorption or
repulsion can be modulated by variations in ionic strength [33,34].

In this study, we focus on the protein adsorption process on
SAM-coated surfaces modulated by trivalent salts. We used SH
(CH3)11EG30H (EG30H) as a protein resistant SAM and BLG due
to its model character (globular protein and net negatively
charged), its high percentage in whey, and therefore its impact in
food processing [35-37]. BLG is one of the most abundant proteins
in whey and plays an important role not only in food processing,
but also in pharmacology in drug production/creation [38]. We
observe that the addition of a trivalent salt, here LaCls, strongly
influences the protein adsorption behavior on the EG30H function-
alized surfaces. We used La>* because of its important properties in
manipulating protein adsorption [39,40] and its role as a pH-
neutral model ion of other multivalent pH-dependent/sensitive
ions naturally occurring in the human body (e.g. A**, Fe*")
[41,42]. Furthermore, our group has demonstrated that trivalent
ions can be used to manipulate the protein phase behavior in the
bulk and that protein-ion bridging can trigger cluster formation,
re-entrant condensation and liquid-liquid phase separation (LLPS)
[43]. Using the protein-salt system in the presence of a bare silicon
dioxide surface, we have already observed re-entrant interface
adsorption, which reflects the protein phase behavior in the bulk
in an intriguing way [44].

Here, we demonstrate that the EG3OH-functionalized surfaces
lose their protein resistance towards BLG by the addition of a
specific amount of trivalent salt (LaClz). The process of protein
adsorption at the solid-liquid interface is monitored with a
quartz-crystal microbalance with dissipation (QCM-D), and the
detailed layer structure (i.e. density profile) is determined by neu-
tron reflectivity (NR).

2. Results and discussion

In the following sections, using a protein resistant EG3OH SAM,
we present findings about the protein adsorption process and the
layer morphology as a function of trivalent salt concentration
(regimes I-IIl), as well as control measurements to validate our
results. The findings will be interpreted and discussed (including
error assessment) in Section 2.7. All thiol coated substrates used
in the QCM-D measurements were characterized via contact angle,
AFM and PMIRRAS measurements and a protein resistance test was
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performed to determine the quality of the SAM layer. Only samples
which had the right quality and properties associated with a
protein-resistant SAM layer, were used for the subsequent adsorp-
tion measurements. An overview of the fitted adsorbed protein
layer thickness and other parameters can be found in Table 1.

2.1. OEG SAMs characterization

While OEG SAMs are relatively easy to prepare, small changes in
the deposition protocol can lead to changes (such as coverage vari-
ation, hydration level, defects etc) which in turn can affect the non-
fouling properties. Furthermore, since we have used different sub-
strates for NR and QCM-D measurements, we have thoroughly
characterized all surfaces before and after OEG SAM formation.
Details can be found in the supporting material. In particular, the
surface morphology (roughness, defects etc) before and after OEG
SAM formation was characterised by AFM (Figure S3), while the
functionality of the SAM was assessed by contact angle measure-
ments (Figure S2) and PM-IRRAS, using the characteristic C-O-C
stretching mode, which is sensitive to SAM order and hydration
(cf. Figure S4). Lastly, the protein resistance of each SAM used for
QCM-D measurements was assessed by exposing the fresh SAM
to a 5 mg/mL BLG solution without added salt (Figure S5).

2.2. Influence of trivalent salt on proteins in solution

Before addressing the adsorption behavior, it is useful briefly to
summarize the bulk phase behaviour of the proteins as a function
of the concentration ¢, of trivalent ions. In bulk solution, three dif-
ferent regimes (I-III) delimited by two specific concentrations c*
and c* are observed (Figure S1). For a BLG concentration of
5 mg/mL as used in this study, the critical salt concentrations,
which separate the regimes are ¢* = 0.35 mM and ¢* = 1.9 mM.
Below c*, a transparent protein-salt solution with no visible protein
clustering is observed, in which repulsive forces dominate the net
negatively charged proteins (regime I). Increasing c; above the first
critical concentration c*, leads to a weakening of the repulsive
interactions, resulting in a turbid solution (regime II): the
increased concentration of trivalent ions inverts the dominating
electrostatic forces from repulsive to attractive due to increasing
protein-ion bridging resulting in protein aggregation. Further
increasing c; leads to a phase transition from the turbid solution
back to a transparent solution (regime III). Due to the increased
binding of trivalent cations, the proteins undergo charge inversion,
which results in weaker protein-protein interactions and re-
entrant condensation (RC) (for details, see Figure S1 and Refs.
[43,45]). This system also shows metastable LLPS as a time-
dependent process in regime II after 1-2 h (for details, see [40]).

2.3. Effect of trivalent salt on OEG SAMs

OEG SAMs have been extensively characterised, as described in
the introduction. While the presence of a highly hydrated region is
a prerequisite for protein resistance of a surface
[15,18,19,27,28,32], electrostatic interactions have also been pro-
posed [24,26] as a contributing factor. The impact of monovalent
salt via charge screening on the protein resistance of OEG SAMs
has been investigated by our group [27] and others [14,25,46].
For the system presented in this work, in order to exclude a break-
down of protein resistance just by virtue of monovalent salt, we
performed measurements with NaCl at similar ionic strength in
order to assess the effect of monovalent salt on the current system.
Control measurements confirmed sustained protein resistance in
the presence of a NaCl solution of an ionic strength equal to that
of LaCl; in regime II (see SI). The breakdown of protein resistance
occured only when trivalent salt was used.
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Furthermore, the conformation and packing density of SAM
molecules is crucial for sustained protein resistance [10,23]. More
recently, trivalent salt solutions have been found to affect the
properties of similar surfaces: Yu et al. [47,48] found that layers
of polyelectrolyte brushes are highly affected by multivalent ions,
leading to a brush collapse.

In order to assess possible changes of the EG3OH SAM triggered
by the addition of trivalent salt, we conducted salt only measure-
ments before performing salt/protein mixtures measurements.
We detected only minor changes in dissipation upon addition of
different concentrations of salt (LaCl;) without protein (Fig. 1),
which indicates that the viscoelastic properties do not significantly
change and it is likely that the hydration of the EG30H SAM is
almost invariant. In the sample representing regime I, only a small
change in Af is observed, which could solely be explained by solu-
tion exchange (from pure water to salt solution) and the power-on
of the pump. For the samples representing c; in regimes Il and III, a
stronger change in Af is observed: some of the La>* ions possibly
bind electrostatically to the terminal SAM EG groups, causing a
slight mass increase. Even for these samples, AD is still rather
low, indicating that LaCl; does not provoke substantial changes
in the SAM. Hence, we can assume that the overall structure of
the SAM is not significantly altered after the addition of the triva-
lent salt. However, it is not clear how many trivalent ions really
adsorb to the layer since the molecular weight and the viscoelastic
properties of La>" ions are closely related to the properties of water
as detected/measured by QCM-D [49]. If ion bridging is occurring,
it is not yet established to which areas of the SAM molecules the
La3* ions bind. Most likely, due to its relatively small ionic radius
of 0.116 nm [50], binding/association could occur on the EG groups
(i.e. interior of the thiol layer), as well as the end group of the SAM
(i.e. thiol/water interface).

2.4. Regime I: protein resistance (repulsive protein-protein
interactions)

The QCM-D raw data (Fig. 2) show the smallest shifts in fre-
quency (and dissipation) for those samples, in which no salt or a
low concentration of salt (¢; = 0.1 mM in regime I) was used in a
mixture with 5 mg/mL BLG in D,O(l). Such small changes in Af

and AD in the range of 1 Hz or 1 x 107, respectively, are on the
level of the noise or background signal [51]. Furthermore, the
change of the solvent from D,O(l) to the protein-salt-D,0O(l) solu-
tion can cause small changes in frequency and dissipation due to
the viscosity differences of the media [35,43].

In the context of this study, QCM-D and NR measurements
showing only these minor changes during protein adsorption
demonstrate that these surfaces should be considered essentially
protein-repellent. This applies to measurements without salt and
at low ¢ of 0.1 mM. A protein layer thickness of docm-p(0 mM) <
10 A and docm_p(0.1 mM) < 10 A can be inferred, due to the fact
that a QCM-D model including a protein layer did not fit the data
satisfactorily. The NR fits for ¢;=0.1 mM (Fig. 3) revealed a 'dry’ pro-
tein layer thickness, excluding the water coupled to the protein
layer, of dyg(0.1 mM) = 17 A, 95% CI [10,21] A and a hydration of
99%, 95% Cl [74%, 100%]. The small layer thickness at low c;
together with the high percentage of hydration (low volume frac-
tion of protein) confirms the assumption that no significant
amount of protein adsorbs on the SAM-coated surface. Addition-
ally, after rinsing the QCM-D flow cell with water (after 1 h of
adsorption), frequency and dissipation return to the initial value,
indicating no irreversible protein adsorption. Additional informa-
tion about layer properties can be extracted from dissipation shifts
measured by QCM-D, in which a big shift indicates a highly vis-
coelastic layer compared to a small shift for a rigid and stiff layer
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Table 1
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Summary of layer morphology. Modeled thickness (d), roughness (ong) and hydration of the protein layer on the surface coated with OEG based SAMs at different concentrations
of LaCls. Due to limited beamtime availability, no "No salt” NR data were taken. Errors for the QCM-D measurements represent standard deviation of at least three different
samples, while the errors for the NR values represent the 95% confidence intervals of the posterior distributions based on MCMC sampling (as described in the Methods section).

OEG SAM: BLG layer thickness with LaCl; (+95% CI for NR)

Salt concentration docv-p (A) dng (A) onr (A) Hydr.
Cs H0(1) D,0(1) (%)
No salt <10’ 10+7 - - -
NaCl control <10 <10 610 710 8612
0.1 mM (regime I) <10' 10+5 173} 6] 99,9
0.8 mM (regime II) 767 + 196 697 + 137 23573 6531 78%
5.0 mM (regime III) 21+ 16 63+11 23?8 62 99;g0

¥ QCM-D fits under these conditions did not yield meaningful results due to the very low frequency shift, such that no error bars could be extracted. This indicates that a
model assuming a distinct layer is not appropriate and thus this suggests the absence of adsorption.
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Fig. 1. QCM-D raw data on a EG30H coated gold surface with the frequency shifts (blue) and the dissipation shifts (red) of the 9th overtone. Different concentrations (c;) of
LaCls with no protein in D,O(1) were used, reflecting the individual regimes in the complex phase diagram (0.1 mM = regime I, 0.8 mM = regime Il and 5 mM = regime I, cf.
Figure S1). The arrows indicate the injection of salt solution (~5 min) and pure solvent rinse (~65 min). Changes in frequency and dissipation are visible, but small, suggesting
that the trivalent ions alone cannot account for the changes seen in the presence of proteins in regime II (see following sections).
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Fig. 2. QCM-D data without salt and regime I: The frequency shift (dotted black) and dissipation (dotted gray) for a 5 mg/mL BLG solution in D,O(1) without added salt. The
frequency shift (blue) and the dissipation shifts (orange) of the 9th overtone show the system with 5 mg/mL of BLG in D,0O(1) in the presence of 0.1 mM LaCls. Arrows denote
the injection of salt solution and pure solvent rinse, respectively. Both measurements show only minor frequency and dissipation shifts presumably caused by the medium
change and background noise. This leads to the conclusion that the OEG SAM coated gold substrate resists protein adsorption at no salt and low salt concentration.

[35]. Here, the measured values of AD for the no salt and 0.1 mM
measurements are in the range of <1 x 107° and therefore assumed
to be caused only by the sub-phase change which is again sup-
ported by Af and AD returning to the initial value after rinsing with
pure water.

2.5. Regime II: Strong protein adsorption (attractive protein-protein
interactions)

The strongest changes in the QCM-D data in (Af and AD) were
observed in regime II, at a salt concentration of 0.8 mM LaCls.
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Fig. 4 shows a sharp decrease in frequency to —250 Hz (accompa-
nied by an equally steep rise in the dissipation) indicating a large
amount of protein being adsorbed to the surface. This frequency
drop corresponds to a modeled protein layer thickness of
docm-p(0.8 mM) = 767 + 196 A. The NR fitting (Fig. 5) confirmed
the presence of a thick protein layer with a thickness of dng
(0.8 mM) = 235 A, 95% CI [198, 332] A and a hydration 78%, 95%
ClI [69%, 91%]. The protein layer roughness in regime II was 65 A,
95% CI [51,91] A, which indicates a rough and diffuse protein inter-
face. Such a layer could be formed by the adsorption of clusters or
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Fig. 3. Regime I: Neutron reflectivity data and fits (left) and corresponding scattering length density profiles (right) for a SAM exposed to 5 mg/mL BLG at 0.1 mM LaCls (in
D,0(1) (yellow curve) and in H,O(l) (purple curve)). The shaded regions indicate the 95% CI given by a Bayesian error analysis. The plots include the bare SAM in D,0(1) (blue
curve), i.e. prior to the addition of BLG solution. In this series the no protein data set in H,O(1) is missing due to loss of beamtime. The model used, included an additional layer
representing potential BLG adsorption - the layer hydration was close to 100% indicating the absence of adsorption.
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Fig. 4. Regime II: QCM-D raw data on a thiol-coated gold surface with the frequency shifts (blue) and the dissipation shifts (red) of the 9th overtone showing the system with
5 mg/mL of BLG in D,0(l) at 0.8 mM LaCl; concentration. For comparison, a measurement without salt and 5 mg/ml BLG (i.e. protein resistance) is plotted in the figure
showing a frequency shift (dotted black) and dissipation (dotted gray). In the first 5 min, the system is equilibrated in D,O(l) and rinsed again with D,O(l) after ~65 min (see
arrows). A large decrease in frequency is visible, as well as a large increase in dissipation, suggesting a thick, hydrated protein layer.

aggregates from solution instead of individual proteins; this beha-
viour was observed on other surfaces as well [52].

The significant roughness extracted from the NR fit indicates a
rather broad or diffuse protein/solution interface, as expected for
adsorption in regime II (cf. Refs. [44,52]).

Concerning the dissipation, an increase up to a maximum of
~ 50 x 1078 directly after the addition of the protein/salt solution
is observed, which then slowly drops down to ~ 40 x 107%. This
trend of the dissipation curve indicates varying viscoelastic proper-
ties and in general a highly viscoelastic layer. After one hour of pro-
tein adsorption and by rinsing the QCM-D cell with water, the
frequency and dissipation values are decreasing but not returning
to the initial value (Fig. 4, from ~65 min to 80 min), indicating a
significant amount of irreversibly bound proteins on the surface.

2.6. Regime IlI: Weak adsorption (attractive protein-protein
interactions)

By further increasing the salt concentration up to 5 mM, regime
Il is reached, where - in the bulk - the solution becomes clear
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again due to the charge reversal on the protein surface. The
QCM-D raw data (Fig. 6) show lower Af and AD in regime III (com-
pared to regime II, 0.8 mM), but still larger compared to no salt and
regime I (0.1 mM). This suggests at least some protein adsorption
in the QCM-D in regime IIl. Modelling the QCM-D raw data
revealed a 'wet’ protein layer thickness of docv-p(5 mMM)= 28 +
16 A for regime III, which is significantly thicker than in regime I
(docm-p(0.1 mM)), in which we observed no protein adsorption at
all. Since the radius of BLG was calculated to be 23.5 A [53], the
protein layer thickness dqocu_p in regime IIl seems to correspond
to about one monolayer of proteins adsorbed on the surface. The
protein layer thickness observed with NR in regime III is lower than
the thickness measured with QCM-D. The protein layer morphol-
ogy observed by NR in regime III is similar that in regime I,
although a very slight thickness increase is observed:
dne(5.0 mM) = 23 A, 95% CI[10,38] A compared to dyg(0.1 mM) =
17 A, 95% CI1 [10,21] A. In both cases (regimes I and IIl) the layer
is highly hydrated, indicating very little or no adsorption. The
low protein layer roughness of 7 A, 95% CI [3,9] A confirms an
ordered protein layer which is in line with protein monolayer
adsorption and both the QCM-D data as well as the NR results indi-
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Fig. 6. Regime III: QCM-D raw data on a thiol-coated gold surface with the frequency shifts (blue) and the dissipation shifts (red) of the 9th overtone showing the system with
5 mg/mL of BLG in D,O(1) at 5.0 mM LaCl; concentration. For reference, a measurement without salt and 5 mg/mL BLG (i.e. protein resistance) is plotted in the figure showing
a frequency shift (dotted black) and dissipation (dotted gray). In the first 5 min, the system is equilibrated in D,O(1) and rinsed again with D,0(l) after ~65 min (see arrows). A
moderate decrease in frequency is visible, as well as a some increase in dissipation.

cate that the effect of re-entrant interface adsorption behavior
found by Fries et al. [44] is also present in this system with a dif-
ferent surface. Hence, the decreased amount of adsorbed protein
on the surface in regime IIl can be explained by charge inversion
of the proteins (and the interface). The trivalent ions change the
charge of the proteins from net negative to net positive by binding
to the protein and also could potentially invert the surface charge
of the OEG SAM. Due to the high ion concentration, binding sites on
the proteins, as well as on the interface are already occupied with
ions. This prevents multilayer formation and only allows a protein
monolayer formation since the patches of the protein in the bulk
and on the surface are already occupied by La* ions. This trend
has already been observed for silicon dioxide surfaces [44] as well,
suggesting a universal trend for negatively charged interfaces
exposed to trivalent ions, as well as that this trend, dominated
by electrostatic interactions, is guiding the bulk and interface
behaviour of proteins (see Fig. 7).

2.7. Discussion

The parameters of the adsorbed protein layer as a function of
added trivalent salt concentration are summarised in Table 1.
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The thickness values from the QCM-D measurements are listed
separately for H,O(l) and D,O(l), while the NR values were
obtained by simultaneously fitting both solvent contrasts. The fact
that the QCM-D values are very close to each other within error,
demonstrates further that the layer morphology can be assumed
to be very similar in both solvents. It is clear that the OEG SAM
is protein resistant without added salt. The quality of the SAM
structure and protein resistant properties were assessed for each
sample individually through contact angle, AFM and PM-IRRAS
measurements (see SI for more information), as well as a protein
resistance QCM-D test (cf. Figure S5). In regime I, the QCM-D still
gives a value consistent with no or very little adsorption, while
the NR data fit reveals a 'layer’ of ~17 A thickness; this layer how-
ever has to be considered in the context of having ~99% hydration,
which makes the values fully consistent with the QCM-D finding. It
should be pointed out that we deliberately included a protein layer
in the NR model for all salt concentrations in order to avoid bias
and to be consistent across all salt concentrations. A fit without
the additional layer does also fit the data (data not shown).

The same applies to the NR fit values for regime IIl. Here how-
ever (regime III), the QCM-D does show a layer which is not consis-
tent with no adsorption, although the thickness is of the order of
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Fig. 7. Regime III: Neutron reflectivity data and fits (left) and corresponding scattering length density profiles (right) for a SAM exposed to 5 mg/mL BLG at 5.0 mM LaCl; (in
D,0(1) (yellow curve) and in H,O(1) (purple curve)). The plots include the bare SAM in D,0O(1) (blue curve) and H,O(1) (red curve), i.e. prior to the addition of BLG solution. The
shaded regions indicate the 95% CI given by a Bayesian error analysis. The model used included a single layer representing potential BLG adsorption - the layer hydration was

close to 100% indicating the absence of protein adsorption.

less than one protein diameter (23.5 A). This can have several rea-
sons: QCM-D thickness values obtained from fitting to a Kelvin-
Voigt model typically give a larger value than the thickness value
obtained from NR due to hydration. In addition, both the QCM-D
and NR values have relatively large error bars. This suggests that
both techniques are at their sensitivity limit (i.e. measuring less
than ~10% coverage of protein). QCM-D sensors are also known
to have a larger roughness than typical NR samples (cf. Figure S3).
The larger roughness means larger specific surface area and can
thus lead to enhanced adsorption compared to a smoother surface.
The area sampled by NR was also much larger (18 cm? compared to
~0.25 cm? for QCM-D). Furthermore, the QCM-D frequency shift in
regime III was reduced to about half after rinsing with pure sol-
vent. This suggests that a large proportion of proteins are only
loosely bound and/or may be highly hydrated. NR may not be suf-
ficiently sensitive to detect such a highly hydrated layer. This could
explain the difference in values between the two techniques in
regime III. It should be noted however, that the NR raw data in
regimes I and III do not display differences outside the error bars
when compared to each other and also to the SAM without protein
exposure.

Importantly, the situation is substantially different in regime II.
In this regime, where the SAM’s protein resistance clearly breaks
down, both techniques show a thick (multiple protein diameters)
and hydrated adsorption layer. As mentioned before, in this case
the difference in thickness can be explained by the fact that the
QCM-D value includes the mass of bound hydration water, while
the NR yields the 'dry’ thickness with the hydration (and rough-
ness) as separate parameters.

Since protein resistance is still present in regime I, a critical con-
centration of trivalent salt seems to be needed to overcome the
protein-repellent properties. A replacement of the structured
water molecules, coupled in an interfacial water layer to the SAM
(cf. Refs. [9,10,12]) by trivalent ions is therefore proposed to be a
possible mechanism in overcoming the protein resistance. Through
the addition of a sufficient amount of salt, the water molecules
coupled to the layer are increasingly replaced by ions and
protein-ion complexes electrostatically bound to the SAM surface.
This would lead to a replacement of the interfacial water layer. This
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water replacement as well as further ions forming positively
charged anchor points for proteins to bind would have two effects.
On the one hand, the weakening of the repulsive forces by displac-
ing water molecules from the structured and tightly bound water
layer. On the other hand, the creation of an attractive, electrostatic
force between the SAM, positively charged La3* ions and the nega-
tively charged proteins in bulk. The massive increase in regime II
could then be explained by protein multilayer formation, in which
ions not only mediate protein-surface bridging but also protein-
protein bridging as it is the case on a bare SiO, surface [44]. In
the end, this leads to a continuously increasing mass and a con-
stantly increasing layer thickness [39].

3. Summary and conclusion

By using a combination of QCM-D and NR, we show for the first
time the breakdown of protein resistance in normally protein resis-
tant OEG based SAMs through the use of trivalent salt. The SAMs
retained their non-fouling properties under no salt or a low salt
solvent conditions in the presence of a 5 mg/mL BLG solution. This
is consistent with previous reports using EG3OH SAMs in combina-
tion with different types of proteins [9,10]. By increasing the
amount of salt to 0.8 mM (regime II), protein resistance broke
down and a large amount of protein adsorbed to the surface. This
indicated that a critical amount of trivalent salt is needed to over-
come the non-fouling properties. Water molecules tightly bound
and located in the interfacial water region are assumed to be one
key factor for achieving protein resistance. Hence, alterations of
these non-fouling properties are suspected to be facilitated by
protein-ion complexes replacing these water molecules coupled
to the SAM. Simultaneously, the ions serve as ion bridges between
the net negatively charged proteins and the SAM layer resulting in
a protein multilayer formation in regime II. In regime III (c;
5.0 mM), the adsorbed amount was decreasing substantially com-
pared to the maximum in regime II. Such behavior indicates the
presence of re-entrant interface adsorption in this system (pre-
sumably due to charge inversion on the protein surface). Concern-
ing the properties of the protein layer, a relatively high dissipation
shift in regime Il indicated a very soft and viscoelastic protein layer
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with plenty of water molecules still incorporated in the protein
layer between the SAM molecules and coupled to the protein layer.
This is confirmed by the NR data, which show a relatively high
hydration of the protein layer.

To our knowledge, this is the first observation of the breakdown
of protein resistance of a normally protein resistant OEG SAM
induced by the addition of a trivalent salt. This finding adds to
the still incomplete picture of the mechanism by which short
chained, OEG terminated SAMs are able to resist the non-specific
adsorption of proteins. It is known from other studies [54] on
related bulk systems, that protein-trivalent ion mixtures exhibit
many interesting features, including re-entrant condensation,
liquid-liquid phase separation, pronounced temperature depen-
dence etc. Future work will explore the details of the interactions
in this complex system by investigating the universality (different
proteins and trivalent salts) of the phenomenon and by studying
the impact of other parameters, such as temperature and pH, and
also by using different protein resistant SAMs. In this context, it
will be interesting to determine, if a wetting transition can be
observed under certain conditions, as is the case for a bare silica
interface [39]. Due to the ability of BLG to crystallise in regime II,
this interface may be of interest in the context of bulk/surface
nucleation as a pathway to crystallisation.

4. Experimental
4.1. Materials

BLG (90%, product No. L3908) powder purchased from Merck
KGaK was dissolved in degassed H,O(l) (Milli-Q water, Millipore,
18.2 MQ cm) or D,0(1) (Merck KGaK, Atom% D >99.9%, product
No. 151882) for the stock solution preparation. The protein con-
centration c, of these stock solutions was determined with the
UV-vis spectrometer (Cary 50 UV-vis spectrometer, Varian Inc.,
now Agilent Technologies), via the Beer-Lambert law and the
protein-specific extinction coefficient for BLG of 0.96 mL/(mg*cm)
[55]. Three different dilutions were measured to determine the
final, averaged concentration of the stock solution. Each stock solu-
tion was stored at 8 °C and used within two weeks to avoid con-
tamination with bacteria. LaCl; used in this study was purchased
from Merck KGaK with a stated purity of >99.99% (product No.
449830). The salt stock solution used for the experiments was pre-
pared at a concentration ¢; of 100 mM by dissolving the anhydrous
beads in degassed H,O(1) (Milli-Q water, Millipore, 18.2 MQ cm) or
D,0(1) (Merck KGaK, ATOM% D >99.9%). Triethylene glycol mono-
11-mercaptoundecyl ether (SH(CH;);1EG30H) purchased from Pro-
Chimia Surfaces with a purity of >95% and a density of p = 1.03 g/
cm? (product no: TH 001-m11.n3) was used in this study. The pure
alkanethiols were stored under argon atmosphere at —18 °C. For
the substrate coating with SAMs, an alkanethiol concentration of
500 puM in a degassed ethanol (Merck KGak, purity >99.5%) solu-
tion was prepared.

4.2. Substrate preparation

For the NR measurements, ozone cleaned silicon crystals
(50 x 80 x 15 mm) with a polished 80 x 50 mm face (111 orienta-
tion, surface roughness (RMS) ~3 A) were sputter-coated with
permalloy (Ni80Fe20) and gold (approximately 15 nm thickness
each) at the NIST center for Nanoscience and Technology, Gaithers-
burg, MD, U.S.A,, in a Denton Discovery 550 sputtering chamber.
For the QCM-D measurements, gold coated quartz-crystal sensors
used were ordered from QSense (QSX-301 Gold) with a surface
roughness, specified by QSense, of less than 1 nm. All substrates
were exposed to UV/ozone for 15 min, immediately rinsed with
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Milli-Q water and dried in a gentle nitrogen stream. Substrates
were then submerged in the OEG thiol solution directly after clean-
ing and were incubated under argon atmosphere at room temper-
ature and in the dark for 18 h. After this defined immersion time,
substrates were removed from solution, rinsed with ethanol and
dried with nitrogen. The coated substrates were stored under
argon in the dark at 8 °C until the measurements were performed
(for a maximum of two days).

4.3. Quartz-crystal microbalance with dissipation (QCM-D)

Measurements were executed at 20 °C with the QSense Explorer
from Biolin Scientific. The device has one QCM-D chamber with a
total volume of about 200 pLL, the volume above the sensor is about
40 pL. The theoretical sensitivity of the device operating in liquid is
specified by Biolin Scientific with about 1.8 ng/cm?. For all mea-
surements the QCM-D flow cell was used in upside-down configu-
ration to avoid sedimentation during the adsorption process.
Depending on the solvent used in the measurement, H,O(l) or
D,0(1) was pumped into the cell at the beginning of each measure-
ment to calibrate the system. After the signal had stabilized,
around 4 mL of protein solution was pumped into the QCM-D cell.
The adsorption process was observed for one hour, followed by a
rinsing step with the pure solvent. Data analysis was executed with
the QSense analysis software QTools and Dfind. Viscoelastic mod-
eling (Kelvin-Voigt model) was employed, since the Sauerbrey
equation is not valid for the measured samples (D # 0) [56,57].
The layer density was set to 1200 kg/m?>, fluid density either to
1106 kg/m? for D,O(1) or to 998 kg/m?> for H,0(1) [58,35]. The range
of the layer viscosity was set to 0.0001-0.01 kg/ms, layer shear
modulus to 10*-108 Pa and layer thickness to 10"~ 107 m. Prior
to each measurement, the quality of the SAM layer was determined
by contact angle, AFM and PM-IRRAS measurements, as well as a
protein resistance QCM test (more information can be found in
the SI, Figure S5). The QCM-D adsorption measurements were
tested for reproducibility, by repeating measurements at least
three times. The errors given are the standard deviations of these
measurements. For certain conditions, where there was no or very
little BLG adsorption, fitting via the Kelvin-Voigt model did not
yield meaningful results.

4.4. Neutron reflectivity (NR)

Specular neutron reflectometry (NR) measurements were car-
ried out using the PolRef time-of-flight reflectometer at the ISIS
spallation source, Rutherford Appleton Laboratory (Oxfordshire,
UK) [59]. A broad band neutron beam with wavelengths from 1
to 12 A was used. The reflected intensity is measured as a function
of the momentum transfer Q, = %% sin(0), where / is wavelength
and 6 is the incident angle. The collimated neutron beam was
reflected from the silicon-liquid interface at different glancing
angles of 0 = 0.6 and 2.3° in order to cover the desired Q range,
i.e. from total reflection edge to background. The solvent exchange
set-up is described in previous publications [40,60,61]. Purpose-
built liquid flow cells for analysis of the silicon-liquid interface
were placed on a variable angle sample stage in the NR instrument
and the inlet to the liquid cell was connected to a liquid chro-
matography pump (JASCO PU-4180), which allowed the automated
exchange of the solution isotopic contrast within the (3 mL vol-
ume) solid-liquid sample cell. For each solution isotopic contrast
change, a total of 10 mL solution (BLG/salt/H,O(l) or BLG/salt/
D,0(1)) was pumped through the cell at a speed of 1.5 mL/min.
First, the salt/protein mixture in D,O(1) was pumped into the cell
and after 20 min of equilibration the first neutron reflectivity mea-
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surement was started. We made use of the solvent contrast effect
by exchanging from D,0(1) to H,O(1).

4.5. Neutron reflectivity data analysis

Data analysis on similar systems is described in previous publi-
cations [60,61]. In brief, neutron reflectivity data were analyzed
using the RasCAL2019 software package [62], in which models rep-
resenting the interfacial out-of-plane structure are fitted to the
data using an optical matrix formalism [63]. The interface is
described as a series of slabs, each of which is characterized by
its scattering length density (SLD), thickness, and roughness. Inter-
facial roughness represented as an error function, according to the
approach by Nevot and Croce [64], but re-sampled in RasCAL in
terms of thin slabs with zero roughness, thus allowing rough-
nesses, which are of the order of the layer thickness. The reflectiv-
ity for an initial model based on known sample parameters, such as
substrate, its oxide layer, permalloy, gold and SAM layer as well as
the solvent is calculated and compared with the experimental data.
A protein layer was modelled as a single slab of either the SLD
which BLG assumes in D,0(1) or that in H,O(l), a layer roughness
and a hydration parameter. Four data sets (SAM only in D,0(l)
and H,0(1), SAM exposed to respective protein solution in D,O(l)
and H,O(l)) were co-refined, unless otherwise stated. All fitted
model parameters are shown in the supporting information. A
least-squares minimization is used to adjust the fit parameters to
reduce the differences between the model reflectivity and the data.
In all cases the simplest possible model (i.e. least number of lay-
ers), which adequately described the data, was selected. Error anal-
ysis of the fitted parameters was carried out using Rascal’s
“Bayesian” error algorithm using a Monte Carlo Markov Chain
(MCMOCQ). For the sampling, 20000 MCMC points were used as well
as 1500 “burn in” points and the run was repeated 12 times. The
resulting plots contain fits and corresponding real space structure
of the sample layer system, as well as 95% confidence intervals
(shown as shaded regions).
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