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Controlling adsorption and passivation properties
of bovine serum albumin on silica surfaces
by ionic strength modulation and cross-linking
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Understanding the physicochemical factors that influence protein adsorption onto solid supports holds

wide relevance for fundamental insights into protein structure and function as well as for applications

such as surface passivation. Ionic strength is a key parameter that influences protein adsorption,

although how its modulation might be utilized to prepare well-coated protein adlayers remains to be

explored. Herein, we investigated how ionic strength can be utilized to control the adsorption and

passivation properties of bovine serum albumin (BSA) on silica surfaces. As protein stability in solution

can influence adsorption kinetics, the size distribution and secondary structure of proteins in solution

were first characterized by dynamic light scattering (DLS), nanoparticle tracking analysis (NTA), and

circular dichroism (CD) spectroscopy. A non-monotonic correlation between ionic strength and protein

aggregation was observed and attributed to colloidal agglomeration, while the primarily a-helical

character of the protein in solution was maintained in all cases. Quartz crystal microbalance-dissipation

(QCM-D) experiments were then conducted in order to track protein adsorption onto silica surfaces as

a function of ionic strength, and the measurement responses indicated that total protein uptake at

saturation coverage is lower with increasing ionic strength. In turn, the QCM-D data and the

corresponding Voigt–Voinova model analysis support that the surface area per bound protein molecule

is greater with increasing ionic strength. While higher protein uptake under lower ionic strengths by itself

did not result in greater surface passivation under subsequent physiologically relevant conditions, the

treatment of adsorbed protein layers with a gluteraldehyde cross-linking agent stabilized the bound

protein in this case and significantly improved surface passivation. Collectively, our findings demonstrate

that ionic strength modulation influences BSA adsorption uptake on account of protein spreading and

can be utilized in conjunction with covalent cross-linking strategies to prepare well-coated protein

adlayers for improved surface passivation.

Introduction

The nonspecific adsorption of proteins on solid supports attracts
wide attention due to its relevance for fundamental understanding
of biological mechanisms (e.g., clotting, immune recognition)
and industrial processes (e.g., surface passivation, fouling,
hemoadsorption).1–9 Experimentally, the mechanistic stages of
protein adsorption have long been scrutinized, and the evolving
picture of this complex process includes the following stages:

irreversible or reversible adsorption, followed by denaturation
and surface diffusion leading to eventual stabilization of
the protein adlayer.4,10–13 Aided by increasingly sophisticated
macroscopic and microscopic measurements, there is growing
acknowledgment of the fact that the behavior of adsorbing
proteins can vary significantly at different surface coverages,
in part reflecting the increasingly important role of protein–
protein interactions at higher coverages.14–17 Furthermore,
numerous factors influence the adsorption process, including
protein characteristics (e.g., size, conformation, charge
distribution),18–23 substrate properties (e.g., topography, atomic
composition, surface charge),24–28 and environmental condi-
tions (e.g., ionic strength, solution pH, temperature).29–33 From
a general perspective, ions are known to play an important role
in modulating the interactions between proteins and solid
supports.
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While the influence of ionic strength on protein adsorption
has been studied for several protein–surface models,22,34–38

its broad spectrum of effects on protein structure, substrate
chemistry, and the corresponding behavior of adsorbed proteins
at solid–liquid interfaces motivates its further exploration
because every case is unique to the specific conditions of the
system under investigation, and application strategies inspired
by ionic strength-dependent protein adsorption remain unexplored.
In general, ionic strength can affect adsorption rate and total uptake
by influencing protein–protein and protein–surface electrostatic
interactions via charge-shielding effects35–37 as well as direct
binding of salt ions to the protein surface.39–42 It has been noted
that increased adsorption is observed when repulsive electro-
static interactions are effectively screened.4 Intuitively, the trend
in adsorption uptake with respect to ionic strength depends
strongly on the overall net charge of the protein as well as the
charge distribution. At the same time, the effects of ionic
strength are nuanced and arguments strictly based on charge-
shielding are sometimes insufficient to explain the observed
trends in experimental data.

In one classical example, Ramsden and Prenosil reported
that the adsorption rate and total uptake of apotransferrin
(isoelectric point of 6.1) onto a negatively charged Si(Ti)O2

surface decreased appreciably with increasing ionic strength.34

This finding was intriguing because, under the experimental
conditions, both the protein and the surface had negative net
charges and it would be intuitively expected that increasing ionic
strength promotes increased adsorption due to charge shielding.
In order to investigate this issue, a rigorous quantitative approach
was taken that showed that the surface coverage per adsorbed
protein increased with increasing ionic strength arising from a
corresponding increase in the net charge of the protein that causes
interparticle repulsion as well as slower diffusion of protein
molecules to the surface. As a result of the greater surface coverage
per protein, the total protein uptake decreased at higher ionic
strengths. While this study34 outlined quantitative formulations to
analyze protein adsorption at a general level, it was also noted that
the theoretical calculations predicted an optimal salt concen-
tration at which the surface coverage per protein molecule should
be maximum, but a monotonic increase with increasing ionic
strength was instead observed, leading the authors to suggest that
salting-out effects may have induced the formation of some
protein oligomers and highlighting the possible role of protein
aggregation in influencing the adsorption kinetics. Collectively, all
these findings point to the importance of empirical measurements
for deciphering how ionic strength influences the adsorption of
different types of proteins.

In this regard, one of the most abundant natural proteins,
bovine serum albumin (BSA), is widely employed as a model
for adsorption studies43–52 and it is also one of the most
common agents for surface passivation in molecular biology
applications.53–55 It is a relatively large globular protein (66.5 kDa)
and negatively charged at physiological pH (isoelectric point of
4.7).56 Despite its prevalence, the general effects of electrostatic
interactions on the adsorption kinetics of BSA have so far been
witnessed mostly through studies involving pH variation;44,52

there is no consensus on incubation conditions (e.g., protein
concentration, salt concentration) that give the best passivation
performance.53,57–59 The effect of ionic strength on BSA adsorp-
tion remains an unanswered question in many respects. Several
previous works have shown inconsistent trends in protein adsorp-
tion with respect to changes in ionic strength,29,60–67 some of
which appear counterintuitive if explanations based on electro-
static charge shielding are directly applied.61–63 In certain cases,
deviations from the expected trend have been attributed to salt
ion accumulation around the protein affecting its conformational
stability.60,62,63 Using single-molecule analytical tools, McUmber
et al. recently reported that the adsorption rate of individual BSA
proteins onto silica surfaces strongly depends on the pH and ionic
strength.50 Under physiological pH conditions, the adsorption
rate of individual proteins was greater at higher ionic strength,
while non-electrostatic interactions were suggested to dominate
the protein–surface interaction once adsorbed. Altogether, such
studies at the single-molecule level motivate a number of
promising directions to explore in the context of adsorbed
BSA layers at saturation coverages, both in terms of fundamental
understanding of protein–substrate and protein–protein interactions
as well as practical application for preparing well-coated BSA layers
for passivation applications.

The goal of the present study is to systematically investigate
the effect of ionic strength on the adsorption behavior of BSA
protein on silica. To approach this issue, we considered the
effects of ionic strength on BSA protein stability and aggrega-
tion in solution as well as on protein adsorption, including the
corresponding uptake and spreading of adsorbed proteins.
Dynamic light scattering (DLS) and nanoparticle tracking analysis
(NTA) were employed in order to measure the temporal onset of
protein aggregation and the size range of protein aggregates over
time along with circular dichroism (CD) spectroscopy experi-
ments to investigate the protein secondary structure. Quartz
crystal microbalance-dissipation (QCM-D) experiments were
also conducted in order to measure the protein adsorption
kinetics and uptake for BSA adsorption onto silica surfaces.
Considering the general importance of BSA for passivation
applications, we explored these aims in the context of both
storage time before the experiment (i.e., aggregation is a
kinetically dependent process68,69), and the capability to prepare
well-coated protein adlayers that could prevent nonspecific
adsorption of serum onto the silica substrate.

Materials and methods
Sample preparation

Lyophilized bovine serum albumin (A2153) and sodium chloride
(S7653, BioXtra) were obtained from Sigma-Aldrich (St. Louis,
MO). The BSA was dissolved in the appropriate buffer solution
and the final concentration of all BSA stock solutions was 50 mM,
as determined by UV absorbance measurements at 280 nm. The
buffer solutions contained 10 mM tris(hydroxymethyl)amino-
methane (Tris) and the NaCl concentration was varied between
0 and 250 mM in 50 mM increments. The solution pH was
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adjusted to 7.5. The freshly prepared BSA samples were stored at
4 1C until use.

Dynamic light scattering

The effect of ionic strength on the size distribution of BSA
protein molecules was investigated by using the DLS technique.
A NanoBrook 90Plus particle size analyzer (Brookhaven
Instruments, Holtsville, NY) was employed in order to measure
the average size and size distribution of BSA molecules in the
protein sample. All measurements were performed with a
658.0 nm monochromatic laser and recorded at a scattering
angle of 901 in order to minimize the reflection effect. The
intensity-weighted size distributions of the BSA molecules
were recorded every day for up to one month, and the average
diameter and standard deviation of protein samples are
reported from n = 5 measurements.

Nanoparticle tracking analysis

A NanoSight LM10 instrument (Malvern Instruments, Malvern,
UK) was employed to investigate the size distribution of protein
aggregates in solution. The nanoparticle tracking analysis
(NTA) was performed with a 405 nm laser and the transmitted
light was recorded by a built-in sCMOS camera. Dilute protein
samples were introduced into the sample chamber manually
with a sterile disposable syringe until the solution reached the
tip of the nozzle. All measurements were performed at room
temperature and under ambient conditions. The laser beam
experienced Rayleigh scattering when incident with the protein
molecules and the scattered light from each protein molecule
was visualized by optical microscope (20� magnification) and
recorded by the sCMOS camera for a time period of 3 min at a
rate of 25 frames per second. The measurement process
was monitored and analyzed using the NTA 3.1 Build 3.1.46
software package. The hydrodynamic diameter of the protein
molecules was calculated using the Stokes–Einstein equation
from the time-resolved Brownian motion of individual particles
tracked by the camera.

Circular dichroism spectroscopy

CD spectra of the protein solution (50 mM BSA) were measured
using an AVIV Model 420 spectrometer (AVIV Biomedical,
Lakewood, NJ, USA) with a quartz cuvette that has a 1 mm path
length. The background spectra were also measured in equiva-
lent Tris buffer solution and then subtracted from the sample
spectra. The CD spectra were recorded at room temperature of
24 1C across the spectral range of 190 to 260 nm in 0.5 nm
intervals with a 4 s averaging time and 1.0 nm bandwidth. Each
measurement was performed in triplicate. The ellipticity,
expressed in units of millidegrees, was converted to the Molar
Residue Ellipticity (MRE) by the following equation:

½y� degree cm2 dmol�1
� �

¼ millidegrees

n� c� l � 10
(1)

where n represents the number of amino acid residues, c is the
protein concentration, and l is the path length of the cuvette.

The MRE at 222 nm was used to calculate the a-helicity of BSA
protein by using the following equation:70

helicityð%Þ ¼ y½ �222� 3000

�36000� 3000
� 100 (2)

Quartz crystal microbalance-dissipation (QCM-D)

A Q-Sense E4 instrument (Biolin Scientific, Stockholm, Sweden)
was utilized to monitor BSA adsorption on silica-coated sensor
chips (QSX303, Biolin Scientific). The surface of the sensor was
cleaned by sequential rinsing with Milli-Q-treated water and
ethanol, followed by drying with a stream of nitrogen gas. The
surface of the sensor chip was then pre-treated with oxygen
plasma (PDC-002, Harrick Plasma, Ithaca, NY, USA) for 2 min
immediately before the experiment. As a control, atomic force
microscopy experiments indicated that oxygen plasma treatment
had only a minor effect on the surface roughness, and the root-
mean-square surface roughness was typically around 1.3 nm
across a 5 � 5 mm2 silica surface with or without oxygen plasma
treatment. It is worthy to note that surface roughness is known
to have a strong effect on protein adsorption for fibrinogen but
its effect on the adsorption of more globular BSA is modest.27 All
solutions were introduced into the measurement chamber through
tubing with a 0.76 mm inner diameter (Pharmed, Ismatec SA,
Switzerland) by a peristaltic pump (ISM833C, Ismatec SA) that
was operated at a nominal flow rate of 0.1 mL min�1. The shifts
in the QCM-D resonance frequency and energy dissipation
signals were recorded at several different odd overtones as a
function of time. Data collected at the fifth overtone (25 MHz)
are reported. The Voigt–Voinova model analysis was conducted
in the Q-Sense Dfind software program (Biolin Scientific AB) as
previously described,71 and the density of the protein adlayer was
constrained to be 1200 kg m�3 (see, e.g., ref. 72 for similar
approaches).

Results and discussion
Colloidal stability of BSA protein

It is important to study the effect of ionic strength on the
colloidal stability of proteins in aqueous solution prior to
adsorption because the formation of aggregates can potentially
change the adsorption behavior.73 For example, it was recently
found that antibody aggregates bind more strongly to a resin
surface than antibody monomers.74 Here, the colloidal stability
of BSA in solution was monitored by tracking the temporal
evolution of the protein size distribution with dynamic light
scattering (DLS) and nanoparticle tracking analysis (NTA). DLS
is an ensemble-average measurement technique that can detect
particles ranging in size from a few nanometers to several
microns but accurate size determination is challenging for
polydisperse samples due to the DLS technique’s inherent bias
towards large particles.75 On the other hand, NTA tracks the
scattering of individual particles in the range of 30 nm to
1000 nm, allowing it to accurately measure the size distribution
of protein oligomers but not monomers.76 Taken together, DLS
and NTA provide complementary information for characterizing
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the size distribution of proteins in solution; DLS can detect both
BSA protein monomers and oligomers, while NTA provides more
accurate information about the size distribution of oligomers.

Immediately upon solubilization, the size distributions of
BSA protein in aqueous solutions with different ionic strengths
(0–250 mM NaCl) were measured using the DLS technique,
as presented in Fig. 1. At this initial stage, it was observed
that all samples exclusively contained protein monomers,
with an average diameter of around 8 nm that agrees well with
the expected value.77 Additional DLS measurements were con-
ducted periodically over a one-month storage period and it was
concluded that the major fraction of protein molecules in
solution is composed of protein monomers across the evaluated
timespan. At the same time, some protein aggregation was also
observed in a minor fraction and the kinetics of protein aggrega-
tion exhibited non-monotonic behavior with respect to increasing
ionic strength. The kinetics of protein aggregation indicated that
aggregation occurred more quickly in the range of 100 mM to
200 mM NaCl, whereas there was slower and less appreciable
aggregation in higher or lower ionic strength conditions. After
two weeks, measurements from DLS and NTA revealed the
formation of distinct BSA populations with increasing ionic
strength (Fig. 2), which is consistent with reported data on BSA
fibrillation.78 NTA also showed BSA aggregates becoming increas-
ingly random in size with higher ionic strengths greater than
100 mM. One of the likely conjectures is that the distinct BSA
populations are formed via different (‘‘primary’’ and ‘‘secondary’’)
mechanisms,79,80 e.g., the initial aggregate is driven by nucleation
via reversible attachment of monomers, while the proceeding
populations are subsequently formed via diffusion and
coalescence.80 With increasing ionic strength, effective charge

screening not only occurs around protein monomers, but also
around protein aggregates.81,82 This allows aggregate–aggregate
coalescence to occur to the same extent as monomer addition,
adding diversity to the aggregate population. At the same time,
the most pronounced protein aggregation occurred in the range
of 100 to 200 mM NaCl and is attributed to the balance of
salting-in and salting-out effects that influence protein aggregation
due to the complex interplay of protein–ion and protein–protein
interactions.83 Overall, while some protein aggregation was
observed, the main population of BSA molecules still consisted
of monomers indicating that the initial oligomerization remains
as the rate-limiting step regardless of the ionic strength.

Apart from establishing that most of the protein existed in
monomeric form, we also investigated the secondary structure
of BSA protein in solution, as presented in Fig. 3. Indeed, it is
known that the binding of salt ions to the protein surface can
affect conformational stability,84–86 which is another important
parameter governing protein adsorption.20 Circular dichroism
(CD) spectroscopy measurements were conducted and it was
identified that there was no dependence of the BSA protein
secondary structure on ionic strength. All the samples, including
those that had been stored for up to one month, showed
characteristic minima peaks at 208 and 222 nm, and a helical
fraction of around 67%, which is in agreement with literature
values87 and confirms that the native a-helical character of
BSA remained stable across the tested range of ionic strength
conditions. This finding supports that the protein aggregation
observed in our experiments likely arose from colloidal aggre-
gation rather than extensive conformational changes. Indeed,
for BSA, conformational changes in protein structure are typi-
cally indicated by changes in secondary structure.88 In certain
cases, secondary structure changes can occur while the overall
steric conformation of the protein remains largely intact (see,
e.g., thermal denaturation87). On the basis of no changes being
detected in secondary structure and the fact that the majority of
BSA proteins remain in the monomeric state throughout the
incubation period, the results support that the BSA molecules
remain largely stable in the monomeric state across the different
tested salt conditions.

Protein adsorption onto silica surfaces

QCM-D experiments were next performed in order to investigate
how ionic strength affects BSA protein adsorption onto a silica
surface (Fig. 4). The QCM-D frequency and energy dissipation
shifts were monitored as a function of time in order to charac-
terize the mass and viscoelastic properties of the adlayer,
respectively.89 A baseline signal in aqueous buffer without
protein was first established, and then 50 mM BSA protein
in the equivalent buffer was added at t = 7 min. A strong
dependence on ionic strength was observed in the final
frequency and dissipation shifts at adsorption saturation
(Fig. 4a and b). At 0 mM NaCl salt concentration, the frequency
shift reached around�72 Hz, whereas the frequency shift reached
only �11 Hz at 250 mM NaCl salt concentration. There was a
correlation between the ionic strength condition and maximum
frequency shift across the full range of tested NaCl concentrations.

Fig. 1 DLS measurements of BSA protein size as a function of ionic
strength and storage time. Time-dependent measurements of the average
hydrodynamic diameter of BSA protein samples prepared in buffer solution
with varying NaCl concentration are reported as mean � standard deviation
(n = 5 measurements).
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Likewise, the energy dissipation shift reached around 4–6 � 10�6

in the low ionic strength regime (0–100 mM NaCl), whereas the
energy dissipation shift reached B2.5� 10�6 at 250 mM NaCl salt
concentration, indicating that the adsorbed BSA layers are more

rigidly attached to the silica surface at higher ionic strength. To
analyze the adsorption process independently of time, the relation-
ship between the energy dissipation shifts and frequency shifts
for the different protein adsorption cases is presented in Fig. 4c.

Fig. 2 DLS and NTA measurements of BSA protein size distribution after two weeks of storage in buffer solutions. Logarithmic scale representation of
protein size distribution obtained from DLS (red; intensity-weighted) and NTA (blue; number-weighted) experiments. (a–f) Measurements were
conducted for BSA protein samples in 10 mM Tris [pH 7.5] buffer solutions with varying NaCl salt concentrations.
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The most unique behavior was seen in the 0 mM NaCl case, for
which there was a positive slope that was observed until reaching
a frequency shift of around �40 Hz and subsequent adsorption
had only minor effects on the energy dissipation shift. In the
higher surface coverage regime, this finding indicates that more
adsorbed proteins had no additional effect on the viscoelastic
properties of the adlayer and the generally complex behavior of
the resulting frequency–dissipation curve suggests that protein
adsorption in the absence of NaCl salt follows a modestly
different pathway. By contrast, in the presence of NaCl salt,
the initial slope of the frequency–dissipation curve was generally
similar at all tested ionic strength conditions and a moderate
decrease in the slope was observed at higher coverage regimes.
For 150 mM NaCl and higher ionic strength conditions, a
particularly noteworthy feature in the plots was evidence of a
structural transformation at higher coverages, as indicated by
a more significant change in the slope that suggested partial
dehydration of the adsorbed protein layer.90 The same series of
experiments was conducted several times over the course of the
BSA protein storage time in order to see if the minor protein
aggregation affected the adsorption kinetics. As expected, a
similar adsorption behavior was observed after various time
durations of protein storage, which further supports that
ionic strength is a governing parameter to modulate protein
adsorption and that the effect of protein aggregation is nearly
negligible in this system as the majority of molecules remain as
monomers, as discussed above (Fig. 4d). Indeed, as protein
adsorption is diffusion-limited and the diffusion coefficient
of protein monomers in solution is much faster than that of
protein oligomers,10 it is reasonable to expect that the adsorbed
protein layer would consist primarily of adsorbed monomers, at
least before surface-induced reconfiguration. Taken together,
the QCM-D data support that BSA adsorption uptake decreases

with increasing ionic strength, especially in the range of 50 to
250 mM NaCl.

Based on this observed measurement trend, we analyzed the
QCM-D data by using the Voigt–Voinova viscoelastic model
to determine the effective thickness of the protein adlayer.91

At 0 mM NaCl, the effective thickness of the bound BSA protein
molecules was 12.7 nm, which is consistent with an end-on
orientation of the molecules.92 With increasing ionic strength,
the effective thickness decreased to B4 nm in 200 to 250 mM
NaCl conditions. This finding directly supports that the foot-
print of each bound protein molecule becomes larger with
increasing ionic strength and is consistent with lower total
uptake at higher ionic strengths. The variation in surface area
per bound protein molecule could arise from the orientation of
bound proteins and/or related differences in substrate-induced
conformational changes. In either case, the QCM-D measure-
ments and viscoelastic modeling provide direct evidence that
there is greater protein spreading at higher ionic strengths.
In order to explain this finding, we recall that silica surfaces are
negatively charged under the experimental conditions while
BSA molecules have a net negative charge as well. In the system,
electrostatic repulsion would be expected and the extent of this
repulsion would decrease at higher ionic strengths due to
charge-shielding, in turn increasing the net strength of the
protein–substrate interaction. Our observations agree well with
this prediction and the related analytical model first described
by Ramsden and Prenosil as discussed in the Introduction.34

In particular, the smaller adlayer thicknesses observed for
saturated BSA adlayers at higher ionic strength conditions
support that there is greater protein spreading per molecule
and this modeling result is also consistent with the recorded
energy dissipation shifts, which indicate there are more rigidly
attached protein adlayers at higher ionic strengths. Indeed, this
behavior is consistent with greater protein spreading, which
involves protein denaturation that includes partial dehydration,11

as the concomitant increase in film rigidity is related to the QCM-D
measurement technique’s high sensitivity to hydrodynamically-
coupled solvent. While such variations have been scrutinized in
depth for adsorbed vesicles in the context of shape deformation,
the general convention for QCM-D protein adsorption measure-
ments is to associate greater/stronger adsorption with larger
frequency shifts.25,93

Based on our experimental insights, the total uptake of
adsorbed protein molecules (defined as adsorption) does
increase with greater frequency shifts, but it is inversely related
to the strength of the protein–substrate interaction. When the
strength of the attractive interaction between adsorbed proteins
and the substrate is relatively weak, the surface area per
adsorbed protein molecule is comparatively small because each
adsorbed protein is less spread out, resulting in a larger number
of bound protein molecules per surface area (Fig. 4e). On the
other hand, when the protein–substrate interaction is stronger,
there is greater spreading of adsorbed proteins that in turn
decreases the total number of bound protein molecules per
surface area. Importantly, our experimental observations for
BSA adsorption at saturation coverage are fully consistent with

Fig. 3 Influence of ionic strength on BSA protein secondary structure. CD
spectroscopy measurements were recorded in the UV spectral region
(200–250 nm wavelength) in aqueous buffer solutions containing varying
NaCl concentrations: 0 (black), 50 (red), 100 (blue), 150 (green), 200
(purple), and 250 mM (orange). Local minima at 208 nm and 222 nm are
indicated and correspond to a-helical secondary structure characteristics.
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recent single-molecule experiments indicating that there are
more attractive interactions between BSA proteins and a silica
surface at higher ionic strengths.50 Hence, in our experiments,
we observe that the total uptake of adsorbed protein molecules
decreases with increasing ionic strength on account of stronger
protein–substrate interactions and greater protein spreading.

Desorption of BSA protein

In addition to protein adsorption, the effect of buffer rinsing on
the stability of the protein adlayer formed was also investigated
(Fig. 5). After the maximum uptake of adsorbed protein was

reached, QCM-D measurements were continued and the protein
solution in the measurement chamber was exchanged with the
equivalent buffer solution (without protein). For comparison, the
amount of protein desorption is normalized by the maximum
frequency shift at saturation. In all cases, partial desorption of
protein was observed (Fig. 5a). At 50 mM or greater NaCl salt
concentration, there was approximately 30% or more removal of
the adsorbed protein. By contrast, there was much less removal
of protein adsorbed at 0 mM NaCl concentration, suggesting
that adsorbed BSA molecules in the 0 mM NaCl condition
were more tightly bound due to steric packing.94–96 Indeed, the

Fig. 4 QCM-D measurement of BSA protein adsorption onto silica surfaces as a function of ionic strength. Changes in (a) resonance frequency and
(b) energy dissipation are reported as a function of time. The baseline was recorded in equivalent buffer solution and protein was added under continuous
flow conditions from t = 7 min onwards. The different NaCl concentrations are represented by: 0 (black), 50 (red), 100 (blue), 150 (green), 200 (purple),
and 250 mM (orange). (c) Time-independent plot of energy dissipation shift as a function of resonance frequency shift for data from panels (a) and (b).
(d) Descriptive statistics of maximum frequency shift values for protein adsorption under different NaCl conditions, as expressed by mean value (red dot)
and standard deviation (n = 6 measurements) within the rectangular columns along with the minimum and maximum measurement values (error bars).
(e) Schematic illustration of protein adsorption onto a silica surface as a function of increasing ionic strength. At higher ionic strength conditions, protein
spreading becomes more appreciable and the effective height (h) of the protein adlayer decreases, as measured by the QCM-D measurement technique.
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fraction of desorbed BSA protein at 50 mM or greater NaCl salt
concentrations was statistically equivalent across this ionic
strength range and supports that some weakly bound protein
was removed in order to promote more favorable interactions
among the remaining bound proteins (e.g., greater spreading on
the surface)97 (Fig. 5b). Taken together, the findings indicate that
the largest uptake of bound protein was recorded in buffer
solution without NaCl salt. It also reinforces the notion that
BSA protein adsorption on silica follows different pathways
depending on the presence of NaCl salt, with the specific ionic
strength of the solution further controlling the extent of protein
spreading.

Utility for surface passivation

BSA is widely used as a blocking agent to coat surfaces in order
to prevent nonspecific adsorption and fouling.98 As mentioned
in the Introduction, the optimal conditions for BSA deposition
on a substrate are not fully clear and BSA solutions are
commonly prepared in deionized water or in aqueous buffers
with varying salt concentrations. Based on the observed high
uptake of adsorbed BSA in the absence of NaCl salt, we hypo-
thesized that pretreatment of a silica surface with adsorbed BSA
layers under this condition would confer high surface passivation
against serum fouling. In order to test this hypothesis, we
employed the QCM-D measurement technique to measure the
blocking efficiency of adsorbed BSA films against surface fouling
upon incubation with whole fetal bovine serum (FBS), which is a
mixture of diverse proteins and other biological components.99

Representative QCM-D responses are presented in Fig. 6a and
show the detailed steps involved in the surface passivation
experiments. After establishing a baseline signal in Tris buffer
with 150 mM NaCl salt concentration, the buffer was exchanged
to Tris buffer with the appropriate NaCl salt concentration,
either containing 0 or 150 mM NaCl. Then, 50 mM BSA protein
in the equivalent buffer was added, leading to �71 and �15 Hz
frequency shifts for BSA adsorption in 0 and 150 mM NaCl salt
concentrations, respectively (Fig. 6a, step i). A rinsing step with
Tris buffer with 150 mM NaCl solution was next applied in
order to remove weakly bound protein and also roughly mimic
the ionic strength of FBS (Fig. 6a, step ii). For the case of
protein adsorption at 0 mM NaCl, approximately 90% of
adsorbed BSA was removed, while for the case of 150 mM NaCl,
about 60% protein removal was observed. The 0 mM NaCl case
is particularly noteworthy because it supports that the no-salt
condition is important for maintaining large uptake, and the
adsorbed BSA at 0 mM NaCl is largely removed when the buffer
condition is exchanged to 150 mM NaCl salt concentration.
This agrees well with expectations because the protein–substrate
interaction is more attractive under higher ionic salt conditions,
and hence greater protein spreading will lead to removal of some
bound proteins due to the larger surface area per bound protein
molecule. Next, 100% FBS was injected causing a large negative
shift in the frequency signal due to a combination of fouling and
differences in the bulk solution properties100 (Fig. 6a, step iii).
The bulk solution was then exchanged back to Tris buffer with
150 mM NaCl, and the frequency shift attributed to FBS
elements that caused surface fouling was determined by sub-
tracting the frequency shift of the adsorbed BSA layer in 150 mM
NaCl (defined as the value after step ii was completed) from the
final frequency shift (Fig. 6a, step iv). The corresponding fre-
quency shifts were �53 and �50 Hz for adsorbed BSA layers
formed under 0 and 150 mM NaCl salt concentrations, respectively.
In order to determine the passivation efficiency, a control experi-
ment was run on a bare silica substrate without BSA coating and
the corresponding frequency shift in this case (�65 Hz) served as
the reference value for 0% blocking. Based on these values, it was
determined that the adsorbed BSA layers formed under 0 mM and
150 mM NaCl salt concentrations demonstrated 18 and 23%
blocking efficiency, respectively.

Fig. 5 QCM-D evaluation of protein desorption from an adsorbed BSA
layer upon buffer rinsing. (a) Changes in resonance frequency are reported
as a function of time. The baseline corresponds to the frequency shift
associated with an adsorbed BSA layer at the appropriate ionic strength
(normalized such that DFmax = 0 Hz at t = 0 min). DFD corresponds to the
frequency shift associated with protein desorption upon buffer rinsing and
this step is normalized by DFmax in order to calculate the % protein removal
for comparison across the different cases. Protein desorption began with a
buffer rinsing step that was performed under continuous flow conditions
from t = 5 min onwards. The different NaCl conditions are represented by:
0 (black), 50 (red), 100 (blue), 150 (green), 200 (purple), and 250 mM
(orange). (b) Descriptive statistics of maximum frequency shift measure-
ments, as expressed by mean value (red dot) and standard deviation (n = 6
measurements) within the rectangular columns along with the minimum
and maximum measurement values (error bars).
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To take advantage of high protein uptake under the 0 mM
NaCl condition, we therefore decided to introduce a subsequent
gluteraldehyde cross-linking step in order to stabilize the
adsorbed BSA. Indeed, gluteraldheyde and related fixation
agents enable covalent cross-linking of adsorbed protein
molecules.101–103 A representative QCM-D response detailing
the modified protocol is presented in Fig. 6b. The baseline was
first established in Tris buffer with 150 mM NaCl before
exchange with Tris buffer with 0 mM NaCl (Fig. 6b, step i).
Then, 50 mM BSA in 0 mM NaCl was added to the silica surface
followed by incubation with 0.1% glutaraldehyde in an equiva-
lent buffer solution (Fig. 6b, steps ii–iii). The gluteraldehye
cross-linking step led to an increase in the frequency shift from
approximately �56 Hz to �43 Hz, which is characteristic of the
adsorbed protein film becoming more rigid.104,105 Afterwards,
the solvent was exchanged to Tris buffer with 150 mM NaCl
(Fig. 6b, step iv) which returned a negative frequency shift.
Importantly, in marked contrast to the case without covalent
cross-linking, the frequency shift in 150 mM was around �55 Hz,

which supported that cross-linking stabilizes the adsorbed BSA
molecules. 100% FBS was then added followed by a subsequent
buffer wash with Tris buffer with 150 mM NaCl and the final
frequency shift attributed to FBS fouling was �28 Hz, which
corresponds to 57% blocking efficiency (Fig. 6b, steps v–vi).

As such, the findings indicate that controlling the adsorption
uptake of BSA protein onto silica surfaces is insufficient by itself
to improve passivation efficiency because the bound proteins
molecules likely undergo conformational changes in response
to variations in ionic strength and corresponding changes in the
strength of the protein–substrate interaction. As a result, the
passivation efficiency is around 15–20% in all cases (Fig. 6c).
On the other hand, gluteraldehyde cross-linking significantly
improves the passivation efficiency by two-to-three fold because
it stabilizes bound protein against ionic strength variations. The
subsequent cross-linking step allows one to take advantage of
specific protocols that improve BSA uptake such as using low
ionic strength conditions, as schematically illustrated in Fig. 6d.
Altogether, understanding how ionic strength affects BSA protein

Fig. 6 QCM-D evaluation of BSA protein blocking performance against fetal bovine serum (FBS) fouling on silica surfaces. (a) Changes in resonance
frequency are reported as a function of time. The baseline was recorded in Tris buffer with 150 mM NaCl and then exchanged to the appropriate NaCl
concentration before the following steps: (i) 50 mM BSA addition in Tris buffer with the appropriate NaCl concentration, (ii) buffer rinse with Tris buffer
with 150 mM NaCl, (iii) 100% FBS injection, and (iv) buffer rinse with Tris buffer solution with 150 mM NaCl. BSA deposition in 0 and 150 mM NaCl is
indicated by orange triangles and green squares, respectively. A control experiment without BSA coating was run on a bare silica surface and is indicated
by blue circles. Note that a similar experiment with 50 mM BSA deposition in 250 mM NaCl was also conducted and the results are reported in panel (c).
(b) Changes in resonance frequency are reported as a function of time. The baseline was recorded in Tris buffer with 150 mM NaCl followed by:
(i) exchange to Tris buffer with 0 mM NaCl, (ii) 50 mM BSA addition in Tris buffer with 0 mM NaCl, (iii) treatment with 0.1% gluteraldehyde in Tris buffer with
0 mM NaCl, (iv) buffer rinse with Tris buffer solution with 150 mM NaCl, (v) 100% FBS injection, and (vi) buffer rinse with Tris buffer solution with 150 mM
NaCl. (c) Calculated blocking efficiency of adsorbed BSA protein layers prepared under different NaCl concentrations or cross-linked BSA prepared from
deposited BSA in 0 mM NaCl. Data are expressed as mean � standard deviation (n = 3 measurements). (d) Schematic illustration of adsorbed BSA
passivation layers without or with gluteraldehyde cross-linking.
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adsorption onto silica surfaces not only sheds light on the funda-
mental interactions underpinning BSA protein–substrate inter-
actions but also offers a practical method to improve surface
passivation strategies.

Conclusion

In summary, we have systematically investigated how ionic strength
affects the solution properties and adsorption behavior of BSA
protein, and utilized this knowledge to establish an improved
protein-based surface passivation strategy on silica surfaces.
In particular, we discovered that ionic strength had only modest
effects on the aggregation properties of protein molecules in
solution, whereas it had a striking effect on the adsorption
behavior of protein molecules onto silica surfaces and strongly
influenced the degree of protein spreading, as reflected in the
total protein uptake at saturation and corresponding viscoelastic
modeling of the adlayer’s effective thickness. In this regard,
a key innovative aspect of our findings was that ionic strength
modulation of protein adsorption was further aided by covalent
cross-linking in order to stabilize protein molecules that were
initially adsorbed under low ionic strength conditions. The
covalent cross-linking provided a structural reinforcement that
made the protein adlayer largely impervious to subsequent ionic
strength modulation (e.g., solvent-exchange to higher ionic
strength conditions) and hence the bound protein molecules
remained stable under physiologically relevant ionic strength
conditions. As a result, the cross-linked BSA protein molecules
that were deposited under low ionic strength conditions offered
a marked improvement in surface passivation against serum
fouling on the silica surface via pronounced steric blocking.
Taken together, the findings in this work not only improve our
understanding of how ionic strength influences BSA protein
adsorption onto solid supports but also provide guidance on
how ionic strength conditions can be utilized for developing
improved surface passivation strategies. Moreover, as BSA was
found to be highly stable in aqueous solutions over long periods
of time, its utility as a blocking agent is further reinforced and
the role of ionic strength in improving surface passivation
deserves attention across a wider range of hydrophobic and
hydrophilic substrates in general.
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