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ABSTRACT: Bovine serum albumin (BSA) is the most
widely used protein for surface passivation applications,
although it has relatively weak, nonsticky interactions with
hydrophilic surfaces such as silica-based materials. Herein, we
report a simple and versatile method to increase the stickiness
of BSA protein molecules adsorbing onto silica surfaces,
resulting in up to a 10-fold improvement in blocking eﬃciency
against serum biofouling. Circular dichroism spectroscopy,
dynamic light scattering, and nanoparticle tracking analysis
showed that temperature-induced denaturation of BSA
proteins in bulk solution resulted in irreversible unfolding and protein oligomerization, thereby converting weakly adhesive
protein monomers into a more adhesive oligomeric form. The heat-treated, denatured BSA oligomers remained stable after
cooling. Room-temperature quartz crystal microbalance-dissipation and localized surface plasmon resonance experiments
revealed that denatured BSA oligomers adsorbed more quickly and in larger mass quantities onto silica surfaces than native BSA
monomers. We also determined that the larger surface contact area of denatured BSA oligomers is an important factor
contributing to their more adhesive character. Importantly, denatured BSA oligomers were a superior passivating agent to
inhibit biofouling on silica surfaces and also improved Western blot application performance. Taken together, the ﬁndings
demonstrate how temperature-induced denaturation of BSA protein molecules can lead to improved protein-based coatings for
surface passivation applications.
KEYWORDS: surface passivation, biofouling, bovine serum albumin, protein adsorption, quartz crystal microbalance-dissipation,
localized surface plasmon resonance

■

INTRODUCTION
The design of biologically inert surfaces and interfaces is a key
objective of materials science and holds broad relevance for
numerous applications. For example, preventing the nonspeciﬁc adsorption of fouling molecules onto measurement
platforms is critical for sensor performance, while limiting
protein adsorption onto and immune recognition of medical
implant surfaces can improve biocompatibility.1−3 In the
chemical and materials science ﬁelds, a wide range of synthetic
and bioinspired polymeric coatings, including hydrophilic
polymer brushes, have been employed to fabricate nonfouling
interfaces and are the subject of intense research and
development.4−9 However, in part due to their simplicity and
versatility as well as historical precedent, protein-based
coatings remain the “gold standard” for many biological
applications, such as enzyme-linked immunosorbent assay, and
bovine serum albumin (BSA) is the most common passivating
agent for such applications to prevent nonspeciﬁc binding of
various fouling molecules.10−14 Curiously, there are many
diﬀerent types of processed BSA available and scant discussion
in the scientiﬁc literature about which type of BSA is most
© 2018 American Chemical Society

suitable for surface passivation applications or how existing
BSA samples can be processed to improve blocking performance. From a materials science perspective, this knowledge gap
is particularly striking because BSA has relatively weak,
nonsticky interactions with commonly used surfaces, such as
silica-based materials,15 and there is signiﬁcant opportunity to
improve blocking performance based on exploiting fundamental steps in the protein adsorption process to promote stronger
protein−surface interactions. An ideal passivation layer should
be dense to maximize surface coverage and minimize
biofouling,16 while the passivating molecules should adhere
irreversibly to surfaces to quickly achieve saturation coverage
in coating protocols.17
To this end, noncovalent protein adsorption is one of the
simplest and most versatile options to fabricate protein-based
coatings. Protein adsorption typically begins with the adhesion
of contacting protein molecules to a material surface. The
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Figure 1. Schematic illustration of denatured BSA protein-based surface passivation strategy. When BSA is thermally denatured, it undergoes
irreversible conformational changes that persist after cooling back to room temperature. The denatured BSA molecules have altered conformational
properties in bulk solution that promote greater irreversible adsorption onto silica surfaces. Compared to native BSA, it is proposed that denatured
BSA can form denser coatings that are superior for surface passivation applications.

adsorbed state.28 Collectively, the existing fundamental works
support that the conformational properties of BSA proteins in
bulk solution inﬂuence protein adsorption and surface-induced
denaturation, highlighting the potential beneﬁts of intentionally modulating the structural and conformational properties of
BSA molecules to promote greater irreversible adsorption and
improved surface passivation.
Herein, by utilizing thermal denaturation to purposefully
modulate the structural and conformational properties of BSA
molecules in bulk solution, we report a simple and versatile
method to increase the stickiness of BSA adsorption onto silica
surfaces, resulting in up to a 10-fold improvement in blocking
eﬃciency against serum biofouling and other application
possibilities (Figure 1). Our ﬁndings validate how the
conformation of BSA protein molecules in bulk solution is
intimately linked with functional properties in the adsorbed
state, as veriﬁed by multiple experimental approaches,
including solution-phase structural and size characterization,
surface-sensitive techniques for adsorption proﬁling, and direct
evaluation of blocking eﬃciency against surface biofouling by
whole fetal bovine serum (FBS). In addition to improved
surface passivation, the use of denatured BSA streamlined the
coating procedure by shortening the required incubation time.
While the interaction of denatured BSA with material
interfaces has been shown to improve luminescent properties29,30 and charge-transfer properties31−33 as well as stabilize
nanomaterials,34,35 our work is the ﬁrst report demonstrating
how denatured BSA is superior to inhibit fouling by serum
components, in terms of both blocking eﬃciency and coating
time.

initial adsorption step is strongly inﬂuenced by the surface area
of the contact region between a protein molecule and the
material surface.18−20 This step is followed by surface-induced
denaturation of adsorbed protein molecules, which is governed
by protein−protein and protein−surface interactions.21,22
Surface-induced denaturation itself is a thermodynamically
favorable process that involves protein unfolding and resulting
conformational changes, which can increase the number of
contact sites between individual protein molecules and the
material surface.3 The number and adhesion strength of
contact sites between a protein molecule and a material surface
can aﬀect whether or not a bound protein molecule will remain
adsorbed. Experimentally, Karlsson et al. demonstrated how
engineered mutants of human carbonic anhydrase II with more
extensive denaturation in the adsorbed state exhibited greater
adsorption irreversibility on all tested surface types (negatively
charged, positively charged, hydrophilic, and hydrophobic).23
Goli et al. also demonstrated how chemically or thermally
denatured proteins such as lysozyme and ﬁbrinogen adsorb
strongly onto hydrophobic surfaces.24,25 Such insights indicate
that modulating the conformational properties of a protein in
bulk solution can promote greater irreversible adsorption onto
solid surfaces, providing a possible design cue to improve BSA
protein adhesion for surface passivation applications.
To date, a few BSA adsorption studies have fundamentally
investigated how solution-phase denaturation aﬀects protein
adsorption. Damodaran and Song reported that chemical
denaturation of BSA molecules by urea treatment yielded
partially denatured BSA, and the extent of denaturation
(interpreted by the percentage decrease in helicity) correlated
with the adsorption rate at the air−liquid interface compared
to native BSA.26 To explain this observation, the authors
suggested that denatured BSA might have a lower desorption
rate than native BSA, possibly indicating a stronger protein−
surface interaction. In another example, Shirahama and Suzawa
showed that there was greater uptake of heat-denatured BSA to
polymer lattices.27 Building on these works, we have recently
observed that temperature-induced reversible conformational
changes in monomeric BSA molecules (decreased helicity) are
correlated with the extent of surface-induced denaturation,
providing direct experimental evidence of a relationship
between the helicity of individual protein molecules in bulk
solution and greater surface-induced denaturation in the

■

MATERIALS AND METHODS

Reagents. Bovine serum albumin (A2153), sodium dodecyl
sulfate (SDS, L4390), and sodium chloride (NaCl, BioXtra) were
purchased from Sigma-Aldrich (St. Louis, MO). Tris(hydroxymethyl)aminomethane (Tris) was purchased from Amresco
(Solon, OH). Ethanol (absolute grade, EMSURE) and hydrochloric
acid (HCl, EMSURE) were purchased from Merck Millipore
(Billerica, MA). Silica nanoparticles were purchased from nanoComposix (San Diego, CA), and normal human serum and
complement iC3b monoclonal antibody were obtained from Complement Technology (Tyler, TX) and Thermo Fisher Scientiﬁc
(Waltham, MA), respectively. All other Western blotting reagents
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single, homogenous layer with a uniform eﬀective density of 1300 kg
m−3, and the density and viscosity of the bulk aqueous solution were
ﬁxed at 1000 kg m−3 and 0.001 Pa s−1, respectively.
Localized Surface Plasmon Resonance (LSPR) Measurements. An Insplorion XNano instrument (Insplorion AB, Gothenburg, Sweden) was employed to perform ensemble-averaged LSPR
measurements in optical transmission mode, as previously
described.39 The sensor chips (Insplorion AB) consisted of wellseparated (∼8% surface coverage) gold nanodisk arrays on a fused
silica substrate, as fabricated by hole-mask colloidal lithography.40 The
sensor surface was coated with a thin, conformal layer of silicon
nitride (∼10 nm thick). Immediately before experiment, the sensor
chip was sequentially rinsed with Milli-Q water and ethanol and dried
under a gentle stream of nitrogen gas, followed by treatment with
oxygen plasma at maximum radiofrequency power for 2 min (PDC002, Harrick Plasma). The latter process results in the formation of a
silica layer on the sensor surface. After surface treatment, the sensor
chips were enclosed within a microﬂuidic ﬂow-through chamber and
liquid samples were introduced via a peristaltic pump at a ﬂow rate of
50 μL min−1. Extinction spectra were recorded and analyzed in real
time (1 Hz resolution) by using the Insplorer software (Insplorion
AB), and the centroid position41 in the extinction spectrum was
determined by high-order polynomial ﬁtting.
SDS-Polyacrylamide Gel Electrophoresis (PAGE) and Western Blot Analysis. Silica nanoparticles were incubated in 1% normal
human serum for 30 min at 37 °C. After incubation, the samples were
centrifuged at 16 000g for 5 min and the supernatants were collected
in separate tubes mixed with 4× Laemmli sample buﬀer. The samples
were then boiled for 5 min at 95 °C and loaded into the wells of 8%
polyacrylamide gels along with appropriate controls. SDS-PAGE was
performed at 100 V for 2 h and then the protein bands were
transblotted onto nitrocellulose membranes at 300 mA for an
additional 2 h. The transblotted membranes were blocked by TBST
(Tris-buﬀered saline with 0.1% Tween 20) buﬀer solution that
contained either 3% native BSA monomers or 3% predenatured BSA
oligomers. Before experiment, the predenatured BSA oligomers were
prepared by incubation at 70 °C for 1 h before cooling to room
temperature. After the blocking step, the transblotted membranes
were incubated with primary iC3b antibodies (diluted at 1:500 in
blocking buﬀer) for 1 h. After three subsequent washes with TBST,
the membranes were incubated with horseradish peroxidaseconjugated secondary antibodies (diluted at 1:2000 in blocking
buﬀer) for 1 h. The membranes were washed four times with TBST,
and the protein bands were detected using an enhanced
chemiluminescent kit (Bio-Rad) and imaged with an Amersham
Imager 600 (GE Healthcare, Chicago, IL).

were obtained from Bio-Rad (Hercules, CA). All chemicals were used
as received without further puriﬁcation.
Sample Preparation. A buﬀer solution consisting of 10 mM Tris
(pH 7.5) with 150 mM NaCl was prepared using deionized water
ﬁltered through a Milli-Q water puriﬁcation system (18.2 MΩ cm
resistivity at 24 °C), followed by titration with 1 M HCl. A stock
solution of BSA protein was prepared by dissolving the lyophilized
protein in Tris−HCl buﬀer solution at a nominal protein
concentration of 100 μM. The protein concentration was veriﬁed
by UV−vis spectroscopy (S-220, Boeco, Germany) at 280 nm
wavelength. Where applicable, thermal denaturation was performed
by heating 100 μM BSA in a water bath at 70 °C for 30 min. Lower
bulk concentrations of protein were prepared by diluting the 100 μM
protein solution with Tris−HCl buﬀer solution as appropriate.
Circular Dichroism (CD) Spectroscopy. The secondary
structures of native and thermally denatured BSA were investigated
by employing CD spectroscopy. CD spectra of the protein solutions
(25 μM concentration) were measured with an AVIV model 420
spectrometer (AVIV Biomedical, Lakewood, NJ) using a quartz
cuvette of 1 mm path length. The spectra were recorded in triplicate
from 190 to 260 nm in 0.5 nm intervals with a 4 s averaging time and
1.0 nm bandwidth. More details on data analysis are provided in the
Supporting Information.
Dynamic Light Scattering (DLS). A NanoBrook 90Plus particle
size analyzer (Brookhaven Instruments, Holtsville, NY) was employed
to measure the average hydrodynamic diameter and polydispersity of
BSA protein molecules in solution. All measurements were performed
with a 658.0 nm monochromatic laser and recorded at a scattering
angle of 90°. Analysis of the intensity autocorrelation function was
done by the BIC Particle Sizing software package to obtain the
intensity-weighted Gaussian size distribution, and the average
hydrodynamic diameter is reported from n = 5 technical replicates.
All measurements were performed at 25 °C in a temperaturecontrolled measurement chamber.
Nanoparticle Tracking Analysis (NTA). Nanoparticle tracking
analysis (NTA) of BSA protein molecules diﬀusing under Brownian
motion in bulk solution was performed using a NanoSight LM10
instrument (Malvern Instruments, Malvern, U.K.), as previously
described.36 Brieﬂy, protein samples were ﬁrst diluted and manually
introduced into the sample chamber by using a sterile disposable
syringe. A 405 nm laser was then used to illuminate the sample. The
light undergoes Rayleigh scattering by the diﬀusing protein molecules
in bulk solution, and the scattered light was observed by an optical
microscope (20× magniﬁcation) and recorded by a built-in sCMOS
camera at a rate of 25 frames s−1 for a 3 min duration. The recorded
data were then analyzed using the NTA 3.1 Build 3.1.46 software
package. The Brownian motion of individual protein molecules in
bulk solution was tracked in real time, and the Stokes−Einstein
equation was used to calculate the hydrodynamic diameter of protein
molecules. All measurements were conducted at room temperature.
Quartz Crystal Microbalance-Dissipation (QCM-D) Measurements. Protein adsorption onto silica surfaces was investigated by
employing a Q-Sense E4 instrument (Biolin Scientiﬁc AB, Stockholm,
Sweden), as previously described.37 AT-cut quartz crystals with a 5
MHz fundamental frequency were used for all experiments, and were
coated with a 50 nm thick layer of silica (QSX 303, Biolin Scientiﬁc
AB). Immediately before experiment, each sensor chip was
sequentially rinsed with Milli-Q water and ethanol and dried under
a gentle stream of nitrogen gas. The sensor chips were then treated
with oxygen plasma (PDC-002, Harrick Plasma, Ithaca, NY) at
maximum radiofrequency power for 2 min. The treated sensor chips
were enclosed within the measurement chambers, and liquid samples
were introduced via a peristaltic pump (ISM833C, Ismatec SA,
Switzerland) at a ﬂow rate of 100 μL min−1. Changes in resonance
frequency (Δf) and energy dissipation (ΔD) of the sensor chips were
recorded at multiple odd overtones, and all measurements were
conducted at 25 °C. The normalized data at the ﬁfth overtone (25
MHz) are reported. The QCM-D measurement data were analyzed by
the Voigt−Voinova model38 to extract the eﬀective ﬁlm thickness. For
modeling analysis, the adsorbed protein layer was assumed to form a

■

RESULTS AND DISCUSSION
Heat Denaturation of BSA Protein. Heat denaturation of
BSA protein molecules in bulk solution is a well-studied
phenomenon and was utilized here to prepare denatured BSA
with altered conformational properties. With increasing
temperature, BSA molecules undergo a series of reversible
and/or irreversible conformational changes, whereby individual molecules transition from α-helical to β-sheet motifs before
partially unfolding to yield random coil structures that can
oligomerize.42−46 We ﬁrst characterized how heat treatment
processing aﬀects the secondary structure and size of protein
molecules in bulk solution. Circular dichroism (CD)
spectroscopic measurements showed that BSA molecules at
25 °C had 66% fractional helicity, while the helicity of BSA
molecules at 70 °C decreased to 53% (Figure 2). The decrease
in helicity is consistent with BSA molecules undergoing partial
unfolding, and the corresponding magnitude is comparable to
the results obtained in previous reports.43−45 The heated
protein solution was then cooled to room temperature, and
subsequent measurements at 25 °C indicated that the
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phobic regions. Taken together, the DLS and NTA ﬁndings are
consistent with the CD spectroscopic measurements and
indicated that heat pretreatment of BSA protein molecules at
70 °C resulted in the irreversible formation of denatured BSA
oligomers with altered size and conformational properties.
QCM-D Measurements on Native and Denatured BSA
Adsorption. QCM-D experiments were next conducted to
compare the room-temperature adsorption kinetics of native
and denatured BSA on silica surfaces (Figure 4). Silica is a
hydrophilic material, and protein adsorption onto silica
surfaces is driven by a combination of long-range electrostatic
forces and shorter-range hydrogen bonding and van der Waals
interactions.3,50,51
QCM-D resonance frequency (Δf) and energy dissipation
(ΔD) shifts were tracked as a function of time to characterize
the mass and the viscoelastic properties of the adsorbed
protein layer, respectively. A measurement baseline was ﬁrst
established in aqueous buﬀer solution, and then 100 μM of
native or denatured BSA was injected at t = 8 min. The tested
protein concentration is within the typical range of blocking
protocols,17,52 while the ionic strength condition (150 mM
NaCl) is also representative of conventional blocking buﬀers.
For both proteins, a monotonic decrease in the Δf signal was
observed. At saturation, a Δf shift of around −37 Hz was
observed for native BSA monomers, while a larger Δf shift of
−44 Hz occurred for denatured BSA oligomers (Figure 4a).
The corresponding ΔD shifts were around 4 × 10−6 and 5 ×
10−6 for native BSA and denatured BSA, respectively (Figure
4b). The combination of Δf and ΔD shifts is indicative of
greater mass uptake of denatured BSA. After saturation, a
buﬀer washing step was performed and caused a decrease in
the magnitude of the Δf shifts until reaching stable values of
−26 and −38 Hz for native and denatured BSA, respectively.
The corresponding ΔD shifts were around 2 × 10−6 and 2.5 ×
10−6 for native and denatured BSA, respectively. Hence, the
ﬁndings support that there is a larger adsorption uptake of
denatured BSA oligomers than native BSA monomers.
Of particular note, it was observed that the adsorption time
scale to reach saturation (initial uptake) was signiﬁcantly
shorter for denatured BSA oligomers compared to native BSA
monomers, implying that denatured BSA might require shorter
coating times for eﬀectiveness. This trend was noteworthy
because BSA protein adsorption is a diﬀusion-limited process53
and larger denatured BSA oligomers would have a smaller
diﬀusion coeﬃcient in bulk solution than native BSA
monomers. As such, one might initially expect that the

Figure 2. Eﬀect of heat treatment on BSA protein secondary structure
in bulk solution. Circular dichroism spectra of BSA protein in native
state at 25 °C (red), denatured state at 70 °C (blue), and denatured
state at 25 °C after heating and cooling (green). The data are
expressed as mean residue ellipticity units (θ).

fractional helicity remained at 53%. This ﬁnding veriﬁed that
thermal denaturation induces irreversible conformational
changes in the BSA protein structure and conﬁrmed the
presence of denatured BSA in bulk solution at room
temperature.
The change in secondary structure of denatured BSA
molecules in bulk solution was accompanied by a change in
the size distribution of the protein molecules, as corroborated
by dynamic light scattering (DLS) and nanoparticle tracking
analysis (NTA) measurements to investigate the corresponding changes in protein size distribution (Figure 3). Roomtemperature DLS measurements indicated that the hydrodynamic diameter of native and heat-pretreated BSA protein
molecules in solution were 8.2 ± 0.1 and 43.8 ± 4.7 nm,
respectively (Figure 3a). The measured sizes are consistent
with native BSA protein molecules existing in the monomeric
state, while denatured BSA proteins assume an oligomeric
state. This ﬁnding agrees well with literature reports, indicating
that heat-induced irreversible conformational changes in BSA
molecules are accompanied by oligomerization as a means to
stabilize newly exposed hydrophobic regions.22,46−49 To
conﬁrm the presence of BSA oligomers, the size distribution
of heat-pretreated, denatured BSA was measured by NTA and
it was determined that denatured BSA oligomers have
diameters of around 50−150 nm (Figure 3b).36 The denatured
BSA oligomers remained stable in size over time, supporting
that the oligomeric state minimizes the exposure of hydro-

Figure 3. DLS and NTA measurements of BSA protein size distribution. (a) Intensity-weighted size distribution of native and denatured BSA is
reported from DLS measurements. (b) Number-weighted size distribution of denatured BSA is reported from NTA measurements.
32050
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Figure 4. QCM-D measurements of native and denatured BSA protein adsorption onto silica surfaces. Changes in (a) resonance frequency and (b)
energy dissipation were recorded as a function of time. A baseline was established in buﬀer solution before 100 μM BSA was injected under
continuous ﬂow conditions at around t = 8 min. After the adsorption process reached saturation, a buﬀer washing step was performed (see arrows).

Figure 5. QCM-D measurements of concentration-dependent native and denatured BSA protein adsorption onto silica surfaces. Changes in (a)
resonance frequency and (b) energy dissipation were recorded as a function of time for native BSA at diﬀerent protein concentrations. (c, d)
Corresponding measurement responses for denatured BSA. A baseline was established in buﬀer solution before BSA was injected under continuous
ﬂow conditions at around t = 8 min. After the adsorption process reached saturation, a buﬀer washing step was performed (see arrows).

greater contacting surface area per adsorbing species, resulting
in a stronger net interaction. Second, the two-dimensional
Brownian motion exerted on larger BSA oligomers is also
lower, and hence the likelihood of desorption promoted by
lateral forces is lower as well. The two points are supported by
the work of Schwartz and colleagues,55 in which the adsorption
of monomeric and oligomeric ﬁbrinogen was studied. The
authors proposed that favorable orientations for protein
adsorption were more likely to occur for oligomers on account
of their larger size, and slower diﬀusion at the surface would
lead to less desorption. In comparison to native BSA
monomers, attenuated total reﬂectance Fourier transform
infrared (ATR-FTIR) spectroscopic experiments also revealed
that the heat-pretreated, denatured BSA oligomers undergo a
relatively low degree of additional, surface-induced conforma-

diﬀusion-limited adsorption rate of denatured BSA would be
slower than that of native BSA. To explain our experimental
observation that the apparent adsorption rate of denatured
BSA is in fact greater, it should be noted that native BSA
monomers weakly attach to silica surfaces,15 and hence the
ensemble-average measurement response tracked by QCM-D
measurements reﬂects the net rate of adsorption and
desorption of BSA protein molecules.54 Previously, Kwok et
al. reported that 99.3% of attaching (native) BSA monomers
desorb from the silica surface.15 As such, the greater rate of
change in the QCM-D measurement responses for denatured
BSA oligomers indicates that the rate of desorption is lower for
denatured BSA oligomers than for native BSA monomers.
This ﬁnding is supported by several related factors. First, the
larger oligomers of predenatured BSA molecules would have a
32051
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track native and denatured BSA adsorption onto silica-coated
gold nanodisk arrays (Figure S3). While QCM-D measurements are sensitive to bound protein mass and hydrodynamiccoupled solvent, LSPR measurements are sensitive only to
bound protein and hence provide a more direct evaluation of
protein adsorption.61−63 LSPR measurements are also highly
surface-sensitive with a small probing volume that is suitable
for detecting conformational changes in adsorbed protein
molecules.64,65 In particular, there is a sharp decay in the
evanescent electromagnetic ﬁeld intensity emanating from the
sensor surface and this high measurement sensitivity can be
used to detect changes in structural conﬁguration of adsorbed
molecules.36,61,66,67
The LSPR measurement trends for both native and
denatured BSA adsorption showed excellent agreement with
the QCM-D measurements. For native BSA monomers, the
recorded ﬁnal peak shifts were 0.76, 0.61, and 0.49 nm for 100,
50, and 25 μM protein concentrations, respectively (Figure
6a). The magnitude of the peak shift for 100 μM native BSA
agreed well with previous measurements,28 while the
concentration-dependent trend in measurement responses is
consistent with diﬀusion-limited adsorption kinetics. On the
other hand, denatured BSA oligomers exhibited rapid
adsorption kinetics for all tested concentrations, reaching
saturation on similar time scales and the ﬁnal peak shifts were
between 0.9 and 1.0 nm (Figure 6b). Comparatively, the
results further support that there is a greater uptake of bound
protein for denatured BSA and the corresponding adsorption
kinetics are quicker. These ﬁndings are consistent with a
thicker and/or denser layer of denatured BSA on the sensor
surface.
Upon a buﬀer washing step, there was a transient increase in
the LSPR peak shift for denatured BSA, followed by a gradual
decrease in peak shift until reaching a stabilized value. The
magnitude of the transient spike correlated with the bulk
protein concentration that was used for coating, and is likely
due to a structural rearrangement among bound BSA
molecules in the adlayer, whereby some molecules become
closer to the silica surface while other protein molecules
desorb.68,69 Of note, the ﬁnal peak shifts after washing were
nearly identical for all native BSA samples and likewise for all
denatured BSA samples. Hence, the LSPR measurements
provided conﬁrmatory evidence that a larger amount of
denatured BSA oligomers adsorbs on silica and the adsorption
process is quicker, compared to native BSA monomers. Also,
similar results were obtained across tested protein concentrations, supporting that denatured BSA oligomers provide a
robust and versatile option for surface passivation.
Evaluation of Blocking Eﬃciency against Serum
Biofouling. On the basis of the improved adsorption
properties of denatured BSA, we next tested the blocking
eﬃciency of native and denatured BSA surface coatings to
inhibit biofouling of silica surfaces upon contact with whole
fetal bovine serum (FBS) (Figure 7a). The degree of blocking
eﬃciency was assessed by QCM-D experiments, whereby the
extent to which BSA coatings inhibited fouling by serum
components was determined relative to control experiments
conducted with bare silica surfaces (Figure 7b).36 Brieﬂy, a
measurement baseline was established in Tris buﬀer solution,
followed by the addition of either 100 μM native or denatured
BSA for 3 min, 30 min, or 3 h incubation periods before a
buﬀer washing step. Weakly adsorbed protein molecules were
removed during the washing step, while the remaining

tional changes in the adsorbed state (Figure S1 and Table S1).
Taken together, the ﬁndings support that denatured BSA
oligomers adhere more strongly onto silica surfaces than native
BSA monomers because denatured BSA oligomers have altered
conformational properties and greater surface contact area per
adsorbing species. This combination of features results in
greater adsorption uptake and a shorter time required for
coating denatured BSA on silica surfaces.
Eﬀect of BSA Concentration on QCM-D Adsorption
Kinetics. We next tested whether native and denatured BSA
exhibited similar patterns of adsorption across a broader range
of bulk protein concentrations (Figure 5). For native BSA, the
adsorption kinetics and corresponding uptake depended on the
protein concentration (Figure 5a,b). For 25 μM BSA, it took
nearly 1 h to reach saturation. The observed trends are
consistent with past observations,22,56−58 and reinforce that
high protein concentrations and long incubation times are
required to coat silica surfaces with native BSA. In marked
contrast, for denatured BSA, the adsorption kinetics and the
corresponding uptakes were largely independent of protein
concentration (Figure 5c,d). Importantly, rapid uptake was
observed for denatured BSA oligomers at all tested
concentrations, demonstrating that the coating approach is
versatile and superior to using native BSA monomers.
The thickness of the BSA protein adlayers was also
estimated by applying the Voigt−Voinova model to analyze
the QCM-D measurement data (Table 1).59 In general, the
Table 1. Eﬀective Mass and Thickness of Adsorbed Native
and Denatured BSA Layersa
BSA
concentration
and type

acoustic
mass
(ng cm−2)

thickness at
Saturation
(nm)

acoustic
mass
(ng cm−2)

thickness
after rinsing
(nm)

25 μM native
50 μM native
100 μM native
25 μM
denatured
50 μM
denatured
100 μM
denatured

663
754
897
1053

5.1
5.8
6.9
8.1

494
507
546
832

3.8
3.9
4.2
6.4

1079

8.3

754

5.8

1495

11.5

806

6.2

a
Voigt−Voinova modeling was performed on QCM-D measurement
data from Figure 5.

modeling results support that denatured BSA oligomers
formed thicker adlayers than native BSA monomers, and this
trend was consistent across the tested protein concentrations.
Of note, for each type of BSA protein, the estimated thickness
of the protein adlayers at saturation was greatest for the highest
bulk protein concentration (100 μM). This concentrationdependent eﬀect can be attributed to rapid uptake before the
adsorbed protein molecules assume an optimal packing state.60
Indeed, upon buﬀer washing, the adsorbed molecules
reorganized such that the adlayer thicknesses were similar
across the tested protein concentrations and resulted in stable
protein coatings. Overall, the observed trends were also
supported by atomic force microscopy (AFM) experiments,
indicating that denatured BSA oligomers formed denser,
thicker adlayers than native BSA monomers (Figure S2).
LSPR Measurements on Native and Denatured BSA
Adsorption. To verify the trend in adsorption kinetics,
ensemble-average LSPR measurements were performed to
32052
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Figure 6. LSPR measurements of concentration-dependent native and denatured BSA protein adsorption onto silica-coated gold nanodisk arrays.
Wavelength-shift LSPR measurements were recorded for (a) native and (b) denatured BSA protein adsorption onto silica-coated gold nanodisk
arrays. The LSPR peak shift was recorded as a function of time. A baseline was established in buﬀer solution before BSA was injected under
continuous ﬂow conditions at around t = 5 min. After the adsorption process reached saturation, a buﬀer washing step was performed (see arrows).
The curves in the insets are superimposed such that the washing step occurs at the same time point for direct comparison.

Figure 7. Blocking eﬃciency of adsorbed native and denatured BSA protein layers in response to biofouling. (a) Schematic illustration of proteinbased passivation coatings composed of native or denatured BSA molecules. (b) Change in QCM-D Δf shifts as a function of time to determine
blocking eﬃciency of native and denatured BSA coatings. The measurement baselines were recorded in Tris buﬀer solution and then (1) 100 μM
BSA was added to Tris buﬀer, (2) rinsed with Tris buﬀer, (3) injected with 100% FBS, and (4) rinsed with Tris buﬀer. A control experiment
without BSA coating was run on a bare silica surface. The ﬁnal Δf shift relative to the protein coating step was assigned as a measure of biofouling,
and the percentage of blocking eﬃciency was calculated in comparison to biofouling on the bare silica control. (c) Blocking eﬃciency of native and
denatured BSA protein layers as a function of incubation time during coating process. The red and blue columns refer to native and denatured BSA,
respectively. Data are expressed as mean ± standard deviation for n = 3 measurements.

adsorbed protein molecules were strongly bound, thus
minimizing possible Vroman eﬀects.70−72 Then, 100% FBS
was incubated in the measurement chamber, followed by a
buﬀer washing step. The blocking eﬃciency was determined by
comparing the ﬁnal Δf shifts in buﬀer solution after FBS
incubation to those of a control experiment in which BSA was
not injected. While BSA passivation typically involves a 1 h or
longer incubation step, the diﬀerent incubation times were
tested to determine if denatured BSA could streamline the
coating time while improving blocking eﬃciency as well.
After a conventional 3 h incubation time, the blocking
eﬃciency of denatured BSA was 72.9 ± 0.5%, while the
blocking eﬃciency of native BSA was only 37.8 ± 4.6% (Figure
7c). For 30 min incubation, the diﬀerence in blocking

eﬃciencies was even larger, and the values for denatured and
native BSA were 62.2 ± 3.1 and 14.9 ± 5.1%, respectively.
When the incubation time was reduced to 3 min, denatured
BSA still had a high blocking eﬃciency of 58.9 ± 0.5%,
whereas the eﬃciency of native BSA was reduced to 5.5 ±
2.1%greater than 10-fold diﬀerence in blocking eﬃciencies.
Of particular note, the blocking eﬃciency of denatured BSA
with 3 min incubation was superior to native BSA even after 3
h incubation. This ﬁnding is consistent with the aforementioned characterization results, indicating that denatured BSA
oligomers form a denser and thicker adlayer. Taken together,
our results demonstrate how purposefully modulating the
structural and conformational properties of BSA protein in
32053
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Figure 8. SDS-PAGE/Western blot analysis for performance comparison of native BSA monomers and predenatured BSA oligomers as blocking
agents. (a) Schematic illustration of step-by-step protocol using either native BSA monomers or predenatured BSA oligomers as a blocking agent.
Each gel was loaded with silica nanoparticle-treated serum (lanes 1−4), untreated serum (lane 5), and a blank with buﬀer only (lane 6). The gels
were blocked with (b) native BSA monomers or (c) predenatured BSA oligomers prior to antibody incubation. The bands corresponding to
protein biomarkers and nonspeciﬁc bands are indicated by the red and blue arrows, respectively. The boxes show diﬀerences in band intensity,
indicating the superior performance of denatured BSA oligomers.

∼42 kDa) (see red arrows).73 Nonspeciﬁc antibody binding
was detected at other bands as well. Importantly, the number
and intensity of nonspeciﬁc bands were reduced signiﬁcantly
when using predenatured BSA oligomers, in marked contrast
to native BSA monomers (see blue arrows). Indeed,
predenatured BSA oligomers also minimized nonspeciﬁc
iC3b band intensity in the untreated serum control to a
greater extent than native BSA monomers. Hence, predenatured BSA oligomers demonstrated superior performance as a
blocking agent for Western blot applications.

bulk solution can lead to improved protein coatings for surface
passivation applications.
Western Blot Application. We further investigated the
application performance of using denatured BSA oligomers
instead of native BSA monomers as a blocking agent in
Western blot analysis, which is a widely used immunochemical
assay for semiquantitative detection of proteins. As presented
in Figure 8a, the procedure consists of a gel electrophoresis
step to separate individual proteins by molecular size, followed
by electrophoretic transfer of the proteins to a nitrocellulose
membrane. The target protein(s) is detected by immunostaining with primary and secondary antibodies; the primary
antibody recognizes and binds selectively to the target protein
while the secondary antibody binds selectively to the primary
antibody and provides some type of chemical or ﬂuorescent
readout. Prior to immunostaining, a blocking step is required
to minimize nonspeciﬁc attachment of antibodies to the
membrane or other biological materials. These nonspeciﬁc
events can yield false signals and hence milk (which contains
proteins) or 3−5% native BSA monomers are commonly used
as a blocking agent. In short, the blocking agent is incubated
with the membrane prior to antibody addition.
On the basis of this approach, we investigated the immune
reaction of human blood serum exposed to bare silica
nanoparticles and measured the levels of C3b and iC3b
protein biomarkers, which indicate activation of the complement system. Brieﬂy, 1% normal human serum samples were
incubated with or without silica nanoparticles for 30 min at 37
°C and the supernatants were loaded for analysis in the
following order: nanoparticle-treated serum (lanes 1−4),
untreated serum (lane 5), and buﬀer blank (lane 6). The
membranes were blocked for an hour with a buﬀer solution
containing either 3% native BSA monomers or 3%
predenatured BSA oligomers (Figure 8b,c). After immunostaining, it was possible to detect bands corresponding to C3b
protein (∼175 and ∼104 kDa) and iC3b protein (∼63 and

■

CONCLUSIONS
In this work, we have established a simple and versatile method
to increase the stickiness of BSA adsorption onto silica
surfaces, which led to improved surface passivation and shorter
coating times. The underlying concept is based on utilizing
thermal denaturation to purposefully modulate the structural
and conformational properties of BSA molecules in bulk
solution to promote greater adsorption uptake and more
irreversible adsorption. These ﬁndings build on growing
fundamental knowledge about how the structural and
conformational properties of a protein in bulk solution
inﬂuence protein adsorption, while presenting the ﬁrst example
of how this fundamental knowledge can be translated into a
functional application with high performance. Given the wide
usage of BSA as a surface-passivating agent and simple method
to convert native BSA monomers into denatured BSA
oligomers, there are broad possibilities for utilizing denatured
BSA in various application settings and for preparing improved
protein-based coatings.
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