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Conformational flexibility of fatty acid-free bovine
serum albumin proteins enables superior
antifouling coatings

Gamaliel Junren Ma® !, Abdul Rahim Ferhan', Joshua A. Jackman® 2% & Nam-Joon Cho® ™

Bovine serum albumin (BSA) protein is widely used to fabricate antifouling coatings for
nanobiotechnology applications. Numerous BSA protein options are commercially available
and obtained through different purification methods, however, there is no guidance on which
ones are preferable for antifouling coatings. Herein, we investigate the real-time fabrication of
antifouling coatings composed of BSA proteins obtained through different purification
methods, and report significant differences in ultrathin film coating properties and ability to
mitigate serum biofouling and to prevent nanoparticle-induced immune reactions. Mechan-
istic studies unravel the source of these performance variations, which are related to some
BSA proteins containing fatty acid stabilizers while other BSA proteins are fatty acid-free
depending on the purification method. Fatty acid-free BSA proteins exhibit greater con-
formational flexibility and less charge repulsion, which allow them to form more rigidly
attached and tightly packed coatings on flat surfaces and nanoparticles that result in superior
application performance.
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nanostructured, and nanoparticle surfaces in order to

confer advantageous properties, such as antifouling or
stealth immune profile features!2. Many types of coating mate-
rials, ranging from natural proteins to synthetic nanomaterials
such as polymers with finely tuned architectures, have been
explored3~> and one of the most popular options for antifouling
applications is bovine serum albumin (BSA) protein®. BSA has
advantageous properties such as natural abundance, simple
coating procedure, low cost, well-established purification meth-
ods, and broad availability. Indeed, BSA coatings—often in the
form of a single protein monolayer—have long been used in
numerous biological assays, including enzyme-linked immuno-
sorbent assays (ELISA)’, blots®, immunohistochemistry?, and
polymerase chain reaction!?, in order to minimize nonspecific
binding events and thus enhance assay performance. In recent
years, BSA has also found extensive usage as an antifouling
coating material in biosensing!! and nanomedicine!? applica-
tions. For example, the simplicity of forming BSA-based
coatings has inspired the development of advanced antifouling
coatings that enable high-performance electrochemical biosensing
in complex biological fluids!3. In addition, BSA coatings are
used to improve nanoparticle stability and biocompatibility!%1>,
and to passivate surfaces to inhibit nonspecific adsorption of
bioanalytes?.

An often-overlooked aspect of BSA is that there are many
commercially available versions which differ in how they were
isolated from bovine plasmal®, even for those from the same
company!”. Guidelines to predict which BSA version would be
most suitable for antifouling applications are lacking despite
broad interest in developing a nanodescriptor index to predict
protein adsorption at nano-bio interfaces!8. To date, most related
studies have only evaluated a single BSA version and compared
BSA adsorption and surface-induced conformational changes on
different surfaces®!? or investigated the effects of isolated para-
meters such as ionic strength?® or heating?!. However, the
comparison of BSA proteins obtained through different pur-
ification methods remains unexplored despite being the greatest
source of variability. As such, the selection of BSA protein type is
largely a matter of trial-and-error and laboratory precedent, and
there is oftentimes limited reporting on which particular BSA was
used in scientific publications.

Herein, we scrutinize the fabrication of BSA-based antifouling
coatings from BSA proteins obtained through different purifica-
tion methods, and comprehensively investigate BSA conforma-
tional and adsorption properties on flat and nanoparticle surfaces
in order to identify key mechanistic factors that drive the for-
mation of high-performance ultrathin film coatings with superior
antifouling properties.

l 'ltrathin film coatings are widely used to coat flat,

Results
Evaluation strategy. BSA is widely used to form surface passi-
vation coatings on bulk (e.g., glass coverslip) and nanostructured
(e.g., inorganic nanoparticles) surfaces. In practice, the surface is
incubated with an aqueous BSA solution, whereby protein
molecules noncovalently adsorb and undergo a conformational
change (“denature”) on the surface to form an ultrathin protein
monolayer coating (Fig. 1a). Coating performance is sensitive to
various material parameters such as atomic composition®?, sur-
face roughness?, and nano-curvature effects?®, along with
environmental parameters such as solution pH2° and ionic
strength20,

Our evaluation strategy focused on characterizing the con-
formational, adsorption, and antifouling properties of six BSA
proteins purified through different methods (Fig. 1b). The six

BSA types were purified through three different fractionation
routes, without or with a fatty acid removal step (Fig. 1c and
Supplementary Table 1). The fractionation step is necessary to
separate BSA from other serum components and there are two
main options: cold ethanol fractionation and heat-shock
fractionation. Briefly, cold ethanol fractionation involves reducing
the sample temperature to approximately —5 °C followed by the
addition of ethanol and adjusting the solution pH and ionic
strength to isolate BSA protein?6. Conversely, heat-shock
fractionation involves heating the sample (typically to ~60 °C)
to isolate BSA protein and is conducted in the presence of a fatty
acid stabilizer (caprylic acid)!®27-2%, These two fractionation
processes can be completed alone or sequentially (cold ethanol,
then heat-shock).

Notably, after the fractionation step(s) is completed, the
purified BSA proteins still contain fatty acids that were either
naturally bound or were added as a stabilizer’0. We tested fatty
acid-containing (“fatted”) BSA proteins prepared by (1) cold
ethanol fractionation, (2) heat-shock fractionation, and (3) cold
ethanol fractionation followed by heat-shock fractionation and
these proteins were designated as BSA 1, 2, 3, respectively. To
remove fatty acids, an extra processing step is required, which
involves the addition of activated charcoal followed by adjusting
solution pH and temperature3!. We also tested the fatty acid-free
(“defatted”) versions of BSA 1, 2, 3, designated as BSA 4, 5, 6,
respectively. Infrared spectroscopic characterization—through the
analysis of relevant spectral features—confirmed the removal of
fatty acids from defatted BSA proteins, which is in line with gas
chromatography results (Supplementary Fig. 1 and Supplemen-
tary Note 1).

Conformational stability of fatted and defatted BSA proteins.
Like other globular proteins, BSA folds in aqueous solution to
minimize its conformational free energy32. The folded structure
imparts conformational stability and we first investigated the
relative degree of conformational stability of the different BSA
proteins by dynamic light scattering (DLS) and circular dichroism
(CD) spectroscopy (Fig. 2a). The experiments were initially
conducted at 25°C and then repeated at higher temperatures in
5°C increments. DLS detected temperature-induced loss of con-
formational stability when protein molecules irreversibly unfold
and begin to aggregate33 and a higher onset temperature indicates
greater conformational and/or colloidal stability. CD spectro-
scopy further evaluated corresponding changes in the secondary
structure of protein molecules.

Across the temperature range of 25 to 55°C, the DLS data
showed that all six BSA proteins have ~8 nm diameter, which
agrees well with the expected size of BSA monomers?%2! (Fig. 2b
and Supplementary Fig. 2). At 60 °C, a marked increase in the
sizes of defatted BSA proteins (4-6) was detected, with average
diameters around 20 nm that indicated the onset of protein
aggregation. By contrast, the sizes of fatted BSA proteins (1-3)
remained stable at 60 °C. At 65 °C, BSA 4-6 increased in size to
around 45nm diameter and the onset of protein aggregation
occurred for BSA 1, with an average diameter of around 35 nm.
By contrast, the onset temperatures for BSA 2 and 3 were 70 °C
and 75 °C, respectively. Kinetic experiments further verified that
defatted BSA proteins underwent more rapid and extensive
aggregation, which points to fatty acid molecules conferring BSA
proteins with greater conformational stability and/or colloidal
stability (Supplementary Fig. 3).

In addition, the CD spectroscopy data showed that all six BSA
proteins exhibited around 60-63% a-helicity at 25 °C, followed by
a progressive decrease in a-helicity with increasing temperature
(Fig. 2c and Supplementary Figs. 4, 5). Both reversible (below the
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Fig. 1 Evaluation of BSA proteins to fabricate antifouling coatings. a Overview of basic steps in BSA coating protocols. (i) A target surface is identified to
coat with BSA for surface passivation. (ii) BSA proteins in aqueous solution are incubated with the target surface. (iii) BSA proteins adsorb and denature on
the target surface. (iv) A washing step is performed to remove weakly bound BSA protein molecules. (v) A firmly attached monolayer of adsorbed BSA
protein molecules is formed on the surface. b Overall experimental strategy to analyze fabrication of BSA-based ultrathin film coatings in terms of solution-
phase protein structure and adsorbed protein layer properties. € Outline of purification routes to isolate BSA protein molecules from bovine plasma. Fatty
acid-containing BSA proteins are designated as BSA 1, 2, or 3 depending on the purification method. Fatty acid-free versions of BSA 1, 2, and 3 were also

prepared and are designated as BSA 4, 5, and 6, respectively.

onset temperature of aggregation) and irreversible (at and above
the onset temperature) conformational changes contribute to
protein unfolding so we compared the helicity data at 65 °C. All
three defatted BSA proteins had helical percentages below 50% on
average, while all three fatted BSA proteins had helical
percentages above 51% on average (Supplementary Table 2).
More pronounced differences in helicity were observed at 70 °C,
and the findings support that, among the fatted BSA proteins,
BSA 1 had the lowest a-helicity and hence, lowest conformational
stability. The relatively low conformational stability of BSA 1 is
consistent with cold ethanol fractionation, whereby only natural
fatty acids remain bound (i.e., no additional fatty acid stabilizer).
Collectively, the DLS and CD spectroscopy data support that
fatted BSA proteins had greater conformational stability than
defatted BSA proteins.

Adsorption behavior of fatted and defatted BSA proteins. We
then investigated the adsorption behavior of BSA proteins on silica
surfaces (Fig. 3a). The experiments were conducted using a BSA
protein concentration of 100 uM (~6.6 mgmL~!) in an aqueous
buffer (10mM Tris [pH 7.5] with 150 mM NaCl) which is
representative of the typical solution conditions used in BSA
coating protocols®1934. When a protein with lower conforma-
tional stability adsorbs onto a solid surface, it undergoes greater
unfolding and spreading on the surface due to entropic gains
and other factors such as protein-surface and protein-protein
interactions can also affect the outcome3>3¢. We conducted
quartz crystal microbalance-dissipation (QCM-D) measurements

to track the adsorption kinetics and corresponding mass and
viscoelastic properties of adsorbed BSA protein molecules. The
QCM-D technique measures real-time changes in the resonance
frequency (AF) and energy dissipation (AD) signals of an oscil-
lating, silica-coated sensor surface, providing insight into the
hydrodynamically-coupled mass and viscoelastic properties of
adsorbed BSA protein molecules on the silica surface, respectively.

All six BSA proteins adsorbed onto the silica surface and the
QCM-D AF shifts indicated monotonic adsorption kinetics
(Fig. 3b). The buffer washing step revealed that most adsorbed
protein molecules were bound irreversibly. Generally, larger
| AFax| shifts around 35 to 45 Hz were observed for defatted BSA
proteins (4-6), indicating greater adsorption, compared to 15 to
35 Hz for fatted BSA proteins (1-3) (Fig. 3c). The corresponding
QCM-D energy dissipation signals indicated some degree of
viscoelastic character within the protein adlayers (Fig. 3d).
Further analysis of |AF,.x/AD ., ratios and time-independent
frequency-energy dissipation (F-D) curves revealed that
adsorbed, defatted BSA proteins underwent more surface-
induced denaturation, as indicated by lower energy dissipation
shifts relative to the frequency shift, which is consistent with
lower solution-phase conformational stability (Fig. 3e and
Supplementary Fig. 6). Conversely, fatted BSA proteins exhibited
greater viscoelasticity, indicating less surface-induced denatura-
tion in the adsorbed state.

To corroborate the QCM-D results and extend the results to
nanostructured surfaces’’, we performed localized surface
plasmon resonance (LSPR) experiments to measure BSA protein
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Fig. 2 Temperature profiling of BSA conformational stability in solution. a Schematic illustration of DLS and CD spectroscopy measurement strategies.
b Hydrodynamic diameter of BSA protein molecules as a function of temperature, as measured in DLS experiments. Data are reported as mean * standard
deviation (s.d.), where s.d. is defined as the full-width-at-half-maximum (FWHM)/2.355 [n =5 technical replicates, one-way analysis of variance

(ANOVA) with Dunnett’'s multiple comparisons test (versus data at 25 °C)]. Dots represent individual data points. ¢ Fractional percentage of a-helicity in
BSA protein molecules as a function of temperature, as measured in CD spectroscopy experiments. Mean values are presented on top of each column.
Values were computed from molar residue ellipticity data and data are reported as mean £ s.d. (n = 3 technical replicates). Dots represent individual data

points. The grey horizontal line in each graph corresponds to 50% helicity.

adsorption onto silica-coated gold nanodisk array surfaces. The
LSPR technique detects the wavelength shift (AA) that is
associated with changes in local refractive index near the sensor
surface and the measurement signal is sensitive to the adsorbed
protein mass and degree of adsorption-related protein spread-
ing?8. For all six BSA proteins, a positive monotonic Al shift
occurred upon adsorption and most protein molecules remained
bound irreversibly after buffer washing (Fig. 3f). Importantly, the
Ao shifts showed that defatted BSA proteins exhibited greater
adsorption uptake than fatted BSA proteins (~1.2 £ 0.2 nm versus

~0.6 £ 0.2 nm), which supports the QCM-D data (Fig. 3g). Thus,
defatted BSA proteins exhibited higher adsorption uptake and
tighter adlayer packing compared to their fatted counterparts.

Adsorption-related protein conformational changes. To com-
pare the extent of surface-induced protein denaturation for each
BSA protein, we further analyzed the LSPR-tracked initial rate of
adsorption uptake, denoted as (dAA/dt). A larger initial rate is
indicative of greater denaturation38-40, The LSPR measurements
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conducted to measure wavelength shifts (A1) related to BSA adsorption. f Time-resolved LSPR A4 shifts and (g), corresponding AAmay shifts at saturation. Data in
(c, e, &) are reported as mean + s.d. (n = 3 biological replicates, one-way ANOVA with Tukey's multiple comparisons test). P values are reported for defatted BSA
proteins (versus fatted BSA proteins from the same fractionation method). Dots represent individual data points.
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Fig. 4 Evaluation of adsorption-related conformational changes in BSA protein structure. a Maximum rate of change in the LSPR wavelength shift
(dAA/dt)max during the initial adsorption stage. Values are computed from data in Fig. 3f. Data are reported as mean * s.d. (n = 3 biological replicates, one-
way ANOVA with Tukey's multiple comparisons test). b Fractional percentage of a-helicity in BSA protein molecules in solution and in the adsorbed state,
as determined in ATR-FTIR spectroscopy experiments. Data are reported as mean £ s.d. (n = 3 biological replicates, two-way ANOVA with Tukey's
multiple comparisons test). P values are reported for defatted BSA proteins (versus fatted BSA proteins from the same fractionation method) in (a), and
are separately reported for defatted BSA proteins in solution (versus fatted BSA proteins in solution from the same fractionation method) and for defatted
BSA proteins in the adsorbed state (versus fatted BSA proteins in the adsorbed state from the same fractionation method) in (b). Dots represent individual
data points.

yielded (dAM/dt)y., values of around 0.6-0.7nmmin~! for In addition, changes in BSA protein structure due to
defatted BSA proteins, compared to around 0.2-0.3 nm min~—! for ~ adsorption-related conformational changes were measured by
fatted BSA proteins which indicates more extensive surface- attenuated total reflection-Fourier transform infrared (ATR-
induced denaturation for defatted BSA proteins (Fig. 4a and FTIR) spectroscopy. Generally, in the solution phase, the a-
Supplementary Fig. 7). helicities of fatted and defatted BSA proteins were around 63%
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Fig. 5 Application performance of BSA-based antifouling coatings on surfaces and nanoparticles. a Schematic illustration of serum biofouling assay.
Pristine and BSA-coated silica surfaces were incubated in 100% fetal bovine serum (FBS) followed by a buffer washing step, and the amount of serum
biofouling was measured. The passivation efficiency of the BSA coatings was calculated relative to the uncoated surface. b Passivation efficiencies of BSA
coatings to inhibit serum biofouling (n = 3 biological replicates). € Schematic illustration of nanoparticle-triggered complement activation assay. Pristine
and BSA-coated silica nanoparticles were incubated in 100% normal human serum (NHS), followed by ELISA measurements to determine the extent of
nanoparticle-triggered complement activation. The degree of protection for BSA-coated nanoparticles was calculated relative to uncoated nanoparticles.
d Protection efficiencies of BSA coatings to inhibit nanoparticle-induced complement activation (n =5 biological replicates). Data in (b) and (d) are
reported as mean + standard error of the mean (s.e.m.) (one-way ANOVA with Tukey's multiple comparisons test). P values are reported for defatted BSA
proteins (versus fatted BSA proteins from the same fractionation method). Dots represent individual data points.

and 60%, respectively, agreeing with literature values?? (Fig. 4b,
Supplementary Fig. 8, and Supplementary Table 3). Upon
adsorption, fatted BSA proteins underwent surface-induced
denaturation and the fractional helicities decreased to around
53% (i.e., a net helical loss of ~10%). By contrast, defatted BSA
proteins underwent greater surface-induced denaturation, result-
ing in fractional helicities around 45%, (i.e., a net helical loss of
~15%). The adsorption-related decrease in a-helicity was related
to protein unfolding, as indicated by a corresponding increase in
the random coil fraction?>4142, Specifically, fatted and defatted
BSA proteins experienced an increase in random coil fraction by
~9% and ~12%, respectively, supporting that fatty acids partially
stabilize BSA proteins against surface-induced denaturation by
reducing the extent of the helix-to-random coil secondary
structure transition (Supplementary Note 2). Thus, multiple lines
of experimental data support that defatted BSA proteins exhibit
greater surface-induced denaturation than fatted BSA proteins.
This finding is consistent with the lower solution-phase
conformational stability of defatted BSA proteins, and supports
that decreased solution-phase conformational stability translates
into more pronounced adsorption-related denaturation on both
flat and nanostructured surfaces.

Antifouling coating performance. We next investigated the
application performance of the six BSA proteins in surface-based
and nanoparticle-based assays related to antifouling properties.

We first measured the surface passivation efficiency of adsorbed
BSA coatings to inhibit serum biofouling on silica surfaces
(Fig. 5a and Supplementary Fig. 9). A bare silica surface was first
coated with BSA protein molecules before incubation in 100%
fetal bovine serum (FBS) for 80 min, followed by a washing step.
The resulting amount of serum biofouling on the BSA-coated
silica surface was evaluated by the QCM-D technique. The pas-
sivation efficiency of the BSA coating was determined from their
ability to inhibit serum biofouling. We found that defatted BSA
proteins outperformed fatted BSA proteins, with defatted BSA 5
and 6 exhibiting ~90% passivation efficiency (Fig. 5b). By con-
trast, fatted BSA 1 and 3 demonstrated less than 40% passivation
efficiency. These findings are consistent with greater adsorption
uptake and higher packing density of adsorbed, defatted BSA
protein molecules.

In addition, we tested the surface passivation (“blocking”)
performance of fatted and defatted BSA proteins in Western blot
experiments involving a hydrophobic nitrocellulose membrane
surface (Supplementary Figs. 10-12 and Supplementary Note 3).
We first exposed the membrane surface to human serum by
electrophoretic transfer, “blocked” the remaining unexposed
surface with BSA proteins, and then incubated the membranes
with a primary C3 monoclonal antibody followed by a relevant
secondary antibody before the intensities of specific and
nonspecific bands—produced by enhanced chemiluminescence—
were quantified. We found that the membranes “blocked” by
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defatted BSA proteins produced lower intensity nonspecific bands,
supporting that the higher packing density of adsorbed defatted
BSA proteins more effectively prevented nonspecific interactions
between the primary and/or secondary antibodies and the
membrane surface. Together, these data support that defatted
BSA proteins exhibit superior surface passivation performance on
hydrophilic and hydrophobic surfaces.

We also tested the antifouling coating performance of BSA
coatings on silica nanoparticles to inhibit nanoparticle-induced
complement activation, which is an innate immune reaction*3-4°
(Fig. 5¢). Using ELISA, we measured the degree of protection BSA
coatings conferred against nanoparticle-induced complement
activation in human serum, as assessed by the amount of SC5b-
9 protein biomarker in solution (Fig. 5d and Supplementary
Fig. 13). We found that defatted BSA coatings inhibited more
than 60% of SC5b-9 generation, whereas the fatted BSA coatings
inhibited ~40% or less. This finding supports that defatted BSA
coatings are superior to fatted BSA coatings in protecting against
nanoparticle-induced complement activation.

Discussion

Our findings demonstrate that defatted BSA proteins exhibit
distinct conformational and adsorption properties compared to
fatted BSA proteins, and these differences lead to significant
variations in antifouling coating performance. Overall, the data
highlight the central role of fatty acid molecules in affecting BSA
structure and function in the adsorbed monolayer state. To verify
the effect of fatty acids, we doped defatted BSA with caprylic acid,
thereby converting the defatted protein into a fatted protein.
Caprylic acid addition led to markedly enhanced conformational
stability, as well as decreased adsorption uptake and surface-
induced denaturation (Supplementary Figs. 14-24, Supplemen-
tary Tables 4-5, and Supplementary Note 4). Mechanistically, the
enhanced conformational stability of fatted BSA proteins can be
understood through the insertion of fatty acid molecules (via
hydrophobic tails) into hydrophobic pockets on the molecular
surface of BSA proteins, conferring a net stabilizing effect on the
protein structure?®47 (Fig. 6a).

A less obvious but critically important effect of fatty acids on
BSA relates to the protein adsorption process itself (Fig. 6b).
Generally, a protein undergoes surface-induced denaturation
upon adsorption, the extent of which depends on the protein’s
conformational stability and strength of protein-surface interac-
tions>>. More denaturation causes greater surface spreading and
consequently, a larger protein adsorption footprint. Therefore,
greater surface spreading—whether due to conformational sta-
bility*® or protein-surface interactions (e.g., as mediated by ionic
strength effects?0:4%)—typically results in a smaller total number
of adsorbed protein molecules on a target surface.

This scenario holds true for comparing defatted and fatted BSA
proteins, however, the difference between the two BSA types is
even more pronounced because the fatty acid molecules bound to
BSA not only enhance conformational stability but also increase
the negative surface charge of BSA protein molecules due to the
exposed carboxylic acid headgroups. Thus, while fatted BSA
proteins already have a smaller adsorption footprint due to
greater conformational stability, the maximum surface density of
adsorbed protein molecules in the fatted BSA case is further
limited by more repulsive electrostatic interactions between
nearest-neighbor protein molecules. These findings support that
bound fatty acids enhance not only BSA conformational stability
but also charge repulsion between protein molecules in the
adsorbed state. As such, defatted BSA proteins are better suited to
form passivation coatings since they have lower conformational
stability, permitting greater denaturation and spreading in the

adsorbed state, and the absence of fatty acids also permits more
favorable protein-protein interactions that support the formation
of tightly packed, adsorbed protein adlayers.

Taken together, our findings support that it is preferable to use
fatty acid-free BSA proteins to form antifouling coatings on flat
and nanostructured surfaces. In general, fatty acid-free BSA
proteins outperformed fatty acid-stabilized BSA proteins
regardless of the fractionation route used in the purification stage.
Mechanistically, we show that defatted BSA proteins are superior
because they have lower solution-phase conformational stability
and reduced charge repulsion in the adsorbed state, which
translates into greater surface-induced denaturation and adsorp-
tion uptake, resulting in tighter adlayer packing that yields
superior passivation coatings.

Looking forward, these findings will be relevant for studying
other fatty acid-binding proteins such as human serum albumin
across various applications, including protein corona formation,
and can also be further explored in the context of nanoparticle
properties (i.e., surface chemistry, shape, and size)2242°0°1 We
anticipate that the rational selection of BSA protein options
without or with fatty acid stabilizers can enable the fabrication of
superior antifouling coatings for a wide range of applications,
which can be readily implemented by researchers across different
fields of materials science and nanobiotechnology.

Methods

Bovine serum albumin proteins. The six types of bovine serum albumin (BSA)
proteins used in this study were selected based on three different fractionation
methods without or with a fatty acid removal step, and were procured from Sigma-
Aldrich (St. Louis, MO, USA). Lyophilized powders of fatty acid-containing BSA
proteins purified by cold ethanol fractionation, heat-shock fractionation, and cold
ethanol followed by heat-shock fractionation were selected and have catalog nos.
A2153, A3059, and A7638, respectively. These three fatted BSA proteins were
labeled BSA 1, 2, 3, respectively. The corresponding fatty acid-free versions were
also obtained and have catalog nos. A6003, A7030 and A0281, respectively. These
three defatted BSA proteins were labeled BSA 4, 5, 6, respectively. All six BSA
proteins were used as provided and the fatty acid-free versions were confirmed to
have <0.01% fatty acid residues by gas chromatography experiments according to
the manufacturer (Supplementary Table 1).

Reagents. Sodium dodecyl sulfate (SDS, catalog no. L4390), sodium chloride
(NaCl, catalog no. 746398), sodium hydroxide (catalog no. S5881) and octanoic acid
(caprylic acid, catalog no. C2875) were also purchased from Sigma-Aldrich while
Tris(hydroxymethyl)aminomethane (Tris, catalog no. 0497) was purchased from
Amresco (Solon, OH, USA). Ethanol (95%) was purchased from Aik Moh (Sin-
gapore), hydrochloric acid (HCI, catalog no. 100317) was purchased from Merck
(Burlington, MA, USA) and fetal bovine serum (FBS, catalog no. SV30160.03, lot
no. RC35960) was purchased from HyClone Laboratories (Logan, UT, USA) and
stored at —20 °C until experiment. Normal human serum (catalog no. NHS, lot no.
38) was obtained from Complement Technology (Tyler, TX, USA) and stored at
—80 °C until experiment. 30% Acrylamide/Bis Solution 29:1 (catalog no. 1610156),
ammonium persulfate (catalog no. 1610700), tetramethylethylenediamine (TEMED,
catalog no. 1610800), 4x Laemmli sample buffer (catalog no. 1610747), 2-
mercaptoethanol (catalog no. 1610710), 10x Tris buffered saline (TBS, catalog no.
1706435), 10x Tris/glycine buffer (catalog no. 1610734), 10x Tris/glycine/SDS
buffer (catalog no. 1610732), Tween 20 (catalog no. 1706531), nitrocellulose
membranes (catalog no. 1620112), Precision Plus Protein Standards (catalog no.
1610375), Clarity Max Western enhanced chemiluminescent (ECL) substrate (cat-
alog no. 1705062), and horseradish peroxidase (HRP)-conjugated goat anti-mouse
immunoglobulin G (IgG) antibody (catalog no. 1721011, batch no. 64109318) were
all purchased from Bio-Rad Laboratories (Hercules, CA, USA). Complement C3b
monoclonal antibody (catalog no. MA1-40155, lot no. SH2428445) was purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Methanol (catalog no. M/
4000/17) was obtained from Fisher Scientific (Loughborough, UK) and 100-nm
diameter silica nanoparticles (catalog no. SISN100) were obtained from nano-
Composix (San Diego, CA, USA).

Sample preparation. An aqueous buffer solution of 10 mM Tris, 150 mM NacCl,
and pH 7.5 was prepared with Milli-Q-treated water (resistivity of >18.2 MQ.cm at
25°C) and filtered through a 0.2 um polyethersulfone (PES) membrane filter

(Thermo Fisher Scientific, catalog no. 595-4520). BSA solutions were prepared by
dissolving lyophilized BSA powder in this Tris buffer and then filtering through a
0.2 pm syringe filter (catalog no. PN-4612; Pall Corporation, Port Washington, NY,
USA). The molar concentrations of BSA proteins in aqueous buffer solution were
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Fig. 6 Effect of fatty acid stabilizers on BSA conformational and adsorption properties and implications for antifouling coatings. a Schematic
illustration of fatted and defatted BSA protein molecules in solution. b Schematic illustration of fatted and defatted BSA protein molecules in the adsorbed
state. Higher conformational stability and charge repulsion of fatted BSA leads to less adsorption-induced denaturation, greater protein-protein repulsion,
and thus less tightly packed protein coatings. Conversely, the lower conformational stability and charge repulsion of defatted BSA leads to greater
adsorption-induced denaturation, less protein-protein repulsion, and thus more tightly packed protein coatings. As a result, defatted BSA proteins form

superior antifouling coatings.

determined by ultraviolet (UV) light absorption measurements at 280 nm and with
a molar extinction coefficient value of 43,824 M~! cm~1. Where applicable, the
addition of caprylic acid to BSA samples was conducted by first dissolving caprylic
acid and sodium hydroxide into the Tris buffer in order to make a 50 mM caprylic
acid solution at pH 7.5. The caprylic acid solution was then added to appropriate
amounts of BSA solution in order to yield caprylic acid-doped BSA sample with a
molar ratio of 10:1 caprylic acid:BSA. In addition, the Western blot running buffer
was prepared by diluting 10x Tris/glycine/SDS buffer with water to 1x con-
centration, and the transfer buffer was prepared by diluting the 10x Tris/glycine
buffer with water and methanol to 1x concentration and 20% (vol/vol) of
methanol. The BSA-containing surface passivation (“blocking”) solutions for
Western blot experiments were prepared by first diluting 10x TBS with water,
followed by the addition of Tween 20 to make a 1x TBS solution with 0.1%
(vol/vol) Tween 20 (TBST). BSA was then dissolved in TBST to make a 3% (wt/vol)
BSA blocking solution.

Dynamic light scattering. Dynamic light scattering (DLS) was employed to
measure the average hydrodynamic diameter and polydispersity of 451 uM

(~30 mg mL~1) BSA protein molecules in solution using a particle size analyzer
(ZetaPALS, Brookhaven Instruments, Holtsville, NY, USA) that is equipped with a
658.0 nm monochromatic laser. Measurements were taken at a 90° scattering angle
and the BIC Particle Sizing software (v5.27; Brookhaven Instruments) was used to
analyze the intensity autocorrelation function in order to obtain the intensity-
weighted Gaussian size distribution. The temperature in the measurement chamber
was controlled with a feedback loop and measurements of a protein sample were
first recorded at 25 °C, followed by heating and increasing the temperature from
50°C to 75°C in 5 °C increments. After each temperature step increase, the
measurement chamber was equilibrated for 5 min before the DLS measurement
was performed. In select time-dependent measurements, the temperature in the
measurement chamber was first raised from 50 °C to 55 °C before maintaining a
constant temperature at 60 °C and measuring protein size every 10 min for

200 min. All reported values were obtained from 5 technical replicates.

Circular dichroism spectroscopy. Circular dichroism (CD) spectroscopy experi-
ments were conducted using an AVIV Model 420 CD spectrometer with the AVIV
CDS software package (v3.36 MX) (AVIV Biomedical, Lakewood, NJ, USA). CD
spectroscopy measurements were conducted using 400 pL solutions of 2.5 uM BSA
samples in a 1 mm path length cuvette with a PTFE stopper (catalog no. 110-QS;
Hellma, Miillheim, Germany). The measurements were recorded with a 1 nm

spectral bandwidth, 0.5 nm step size, and an averaging time of 0.1 s. Elevated
temperature experiments were conducted by increasing the temperature in the
measurement chamber in 5 °C increments from 50 °C to 75 °C and recording the
spectra at every temperature point after a 5min equilibration time. All resulting
spectra were processed by subtracting a background spectra of equivalent solution
conditions without BSA protein and the data were presented in mean residue
molar ellipticity ([6]) units based on the following equation:
2 1 millidegrees

(6] (degreee cm® dmol ') = XX 1x10 (1)
where n is the number of amino acid residues, c is the protein molar concentration,
and [ is the cuvette path length in cm. All CD spectra were smoothed by using the
Savitzky-Golay>? smoothing function with a smoothing window of 20 points and a
polynomial order of 2 in the OriginPro 2019b (v9.6.5.169) software package
(OriginLab, Northampton, MA, USA). The a-helical percentage of each BSA
protein was calculated from the [0] data at 222 nm ([6],,,) based on the following
equation®3:

(8,5, — 3000)

Helieity(%) = 35000 — 3000)

x 100% (2)

Quartz crystal microbalance-dissipation monitoring. Quartz crystal
microbalance-dissipation (QCM-D) measurements were conducted using a QSense
E4 instrument (Biolin Scientific AB, Stockholm, Sweden). A silica-coated AT-cut
quartz crystal sensor chip with a fundamental frequency of 5 MHz (QSX 303,
Biolin Scientific) was used to characterize protein adsorption onto silica surfaces.
The temperature was set to 25 °C for all experiments, and the measurement
operation was controlled by the QSoft 401 (v2.5.13.664) (Biolin Scientific) software
package. Prior to each experiment, the sensor chips were sequentially rinsed with
1% (wt/vol) aqueous SDS solution, water, and ethanol, and then dried under a
gentle stream of nitrogen gas, followed by treatment with oxygen plasma (PDC-
002, Harrick Plasma, Ithaca, NY, USA) for 3 min. A peristaltic pump was used to
inject liquid samples into the measurement chamber at a volumetric flow rate of
100 uL min~—L. A stable baseline signal was first established in Tris buffer solution
before a 100 uM BSA protein was introduced into the measurement chamber for
30 min, followed by a buffer washing step. The resonance frequency (AF) and
energy dissipation (AD) shifts were recorded in real-time at multiple odd over-
tones, as previously described®, and the normalized data at the fifth overtone are
reported.

8 COMMUNICATIONS MATERIALS | (2020)1:45 | https://doi.org/10.1038/543246-020-0047-9 | www.nature.com/commsmat


www.nature.com/commsmat

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-020-0047-9

ARTICLE

The QCM-D technique was also employed to determine the passivation
efficiency of BSA coatings against serum biofouling. For these experiments, 100 uM
BSA solution was first added to a bare silica surface under continuous flow for 60
min, followed by a 40 min buffer washing step. Undiluted fetal bovine serum (FBS)
was then introduced under continuous flow for 80 min, followed by a final buffer
washing step for 30 min. The passivation efficiency percentage was calculated by
comparing the absolute difference between the frequency shift due to BSA
adsorption alone (after first buffer washing step) and the subsequent frequency
shift due to FBS biofouling (after second buffer washing step), which is denoted as
AFrps.psa- A control experiment without BSA coating was also conducted in order
to measure the absolute frequency shift due to FBS biofouling alone (after buffer
washing step), which is denoted as AFcontrol. For each BSA coating, the passivation
efficiency percentage was calculated by the following equation:

AF .
Passivation efficiency(%) = <1 — M) x 100% (3)
A Control

Localized surface plasmon resonance. Ensemble-averaged localized surface
plasmon resonance (LSPR) measurements were conducted in optical transmission
mode using an Insplorion XNano instrument (Insplorion AB, Gothenburg, Swe-
den), as previously described®. A white light beam illuminating a circular area of
~4 mm? is transmitted through a silica-coated sensor chip (Insplorion) consisting of
well-separated gold nanodisk arrays (~8% surface coverage) deposited by hole-mask
colloidal lithography®® on a transparent glass substrate. The nanodisks had an
average height and diameter of 20 nm and 120 nm, respectively and the surface of
the sensor chip was conformally coated with a silica film (~10 nm thick). The light
was then passed through a quartz glass window and collected by a spectro-
photometer. Prior to each experiment, the sensor chip was sequentially rinsed with
1% (wt/vol) aqueous SDS solution, water and ethanol, then dried under a gentle
stream of nitrogen gas. The chip was then treated with oxygen plasma for 2.5 min.
The sensor chip was then loaded into the measurement chamber and liquid samples
were introduced by a peristaltic pump at a volumetric flow rate of 100 pL min~—1.
A stable baseline signal was established in Tris buffer solution before 100 uM BSA
was introduced into the measurement chamber under continuous flow for 30 min,
followed by a buffer washing step. The Insplorer software package (Insplorion AB)
was used to record the LSPR extinction spectra with a time resolution of 1 Hz and
the centroid (peak) position (1) in the extinction spectrum at each time point was
calculated by using a high-order polynomial fitting®”. Thus, it was possible to
determine the time-resolved AA shift due to protein adsorption and the time-
derivative plot of the AA shift was also calculated using the OriginPro 2019b soft-
ware package.

ATR-FTIR spectroscopy. Attenuated total reflection-Fourier transform infrared
(ATR-FTIR) spectroscopy experiments were conducted using a Bruker Vertex 70
FTIR spectrometer with a liquid-nitrogen-cooled mercury cadmium telluride
(MCT) photodetector (Bruker, Baden-Wiirttemberg, Germany) that was equipped
with a MIRacle ATR accessory containing a three-reflection ZnSe ATR crystal
(PIKE Technologies, Fitchburg, WI, USA). A 30 uL aliquot of 100 uM BSA solution
was pipetted onto the ATR crystal to form a droplet, and an absorbance spectrum
was immediately recorded to characterize the secondary structure of solution-phase
BSA proteins. The BSA was then incubated with the ATR crystal surface at room
temperature for 30 min, followed by a series of ten buffer washing steps to remove
weakly adsorbed proteins. During each washing step, 30 uL of extra buffer solution
(without protein) was added to the sample droplet, followed by aspiration of a
30 pL total volume from the droplet. After the washing steps were completed, then
a second absorbance spectrum was recorded to characterize the secondary structure
of BSA proteins in the adsorbed state. During measurements, the sample com-
partment was purged continuously with nitrogen gas to minimize ambient
moisture. The OPUS 6.5 software package (Bruker) was used to collect the ATR-
FTIR absorbance spectra at a 4 cm~! resolution and averaged over 128 scans. All
recorded spectra were normalized by subtracting background spectra from buffer
and water vapor alone in order to remove water and ambient water vapor absor-
bance artefacts, respectively.

The relative contribution of different secondary structure elements was
determined for all samples by curve fitting the amide I bands of the absorbance
spectra (1720—1580 cm~!) to Gaussian components based on the peaks identified
in the second derivative plot of the absorbance spectra and from literature
references?>%8. All curve fitting analyses were conducted using the Peak Analyzer
function in the OriginPro 2019b software package. The absorbance spectrum
obtained from experiment was assumed to be a linear combination of multiple
constituent Gaussian peaks, each centered around a given wavenumber value and
representing a protein secondary structure element. The secondary structure
percentage values were determined by calculating the area under the curve-fitted
peaks that had been assigned to each secondary structure element as a fraction of
the total area under the fitted curve. Peaks centered at 1682-1678 cm™—! were
assigned to B-turn structures, 1656-1654 cm~! to a-helix, 1649-1648 cm~! to
random coil, 1639-1624 cm~! to extended chains, and 1618-1612 cm™! to
intermolecular B-sheets.

SDS-PAGE and western blot. 10% polyacrylamide resolving gels at pH 8.8 and 5%
stacking gels at pH 6.8 with fifteen sample loading wells per gel were prepared
before experiments. For sample preparation, normal human serum (NHS) was
thawed and then immediately diluted to 1% (vol/vol) in Tris buffer, followed by
incubation at 37 °C for 30 min. A 180 uL aliquot of diluted NHS was then mixed
with 54 pL of 4x Laemmli buffer and 6 uL of 2-mercaptoethanol. The sample
mixture was then heated to 95 °C for 5 min for complete denaturation of serum
proteins, before cooling back to room temperature. A 10 pL aliquot of protein
standards was loaded into the first lane of the polyacrylamide gel and the next two
lanes were each loaded with 10 pL of the sample mixture; this sequence was
repeated five times in total to fill all lanes within the gel. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was then conducted at 50 V for
15 min, followed by 100 V for 90 min in running buffer.

The protein bands in the gel were then transferred to a nitrocellulose membrane
at 300 mA for 2 h in transfer buffer, and ice packs were used to keep the transfer
buffer cool during the transfer process. After the transfer step, the membranes were
cut into strips, each one containing the three lanes of protein standards (lane 1)
and serum samples (lanes 2-3). Surface passivation (“blocking”) solutions were
prepared using fatted or defatted BSA [3% (wt/vol) BSA in TBST; BSA 1 or 5] and
each strip was incubated with 5 mL of the appropriate BSA blocking solution at
room temperature for 1 h. The membranes were then incubated with complement
C3b monoclonal antibody as the primary antibody (1:500 dilution in blocking
solution) overnight. Each membrane was then washed with TBST for 10 min. After
three washing steps, the membranes were incubated with HRP-conjugated goat
anti-mouse IgG secondary antibody (1:2000 dilution in blocking solution) for 1h,
followed by four subsequent washing steps with TBST.

The membranes were then incubated with Clarity Max Western ECL
substrate for 5 min in order to enhance chemiluminescence properties. All
incubation and washing steps were conducted on a rocking platform. The
protein bands were subsequently imaged using an Amersham Imager 600
instrument and its accompanying software (v0.9.8) (GE Healthcare, Chicago, IL,
USA) with a 1s exposure time. The Fiji/Image] software package® was then
used to quantify the intensity of the noise bands that were located near the 250,
75, and 50 kDa molecular weight markers. The digital image of the blots was first
set to 8-bit greyscale, and then an intensity profile from each selected lane was
plotted using the Analyze Gels function. The peaks from non-specific bands of
interest were identified and a baseline was created by drawing a straight line
between the two minima points on either side of each peak of interest. The
Wand tool was then used to determine the area bounded by the peak and the
baseline. These values were defined as the intensity values for each selected non-
specific band.

Enzyme-linked immunosorbent assay. The MicroVue SC5b-9 Plus Enzyme
Immunoassay kit (catalog no. A020; Quidel, San Diego, CA, USA) was used for
enzyme-linked immunosorbent assay (ELISA) experiments. BSA-coated silica
nanoparticle samples were prepared by mixing equal volumes of the appropriate
1 mgmL~! BSA solution with 2 mg mL~! silica nanoparticles in Tris buffer. The
mixtures were then incubated at 37 °C for 2 h, followed by centrifugation at
16,000 x g for 30 min. The supernatants were removed and the nanoparticles were
resuspended with fresh Tris buffer. Another round of centrifugation and resus-
pension was conducted to yield 1 mg mL~! BSA-coated silica nanoparticle samples.
A 10 pL aliquot of each BSA-coated silica nanoparticle sample was then mixed with
a 40 pL aliquot of freshly thawed normal human serum (NHS). A 50 pL aliquot of
NHS by itself was used as the negative control (lowest level of complement acti-
vation) and 10 L of 1 mg mL~! uncoated silica nanoparticles plus 40 pL. NHS was
used as the positive control (highest level of complement activation). All test
samples were incubated at 37 °C for 30 min.

The assay was then performed using the 96-well plates that were provided in the
ELISA kit according to the manufacturer’s instructions. All serum samples,
including controls, were diluted 40-times by using the provided sample diluent
solution before addition to the wells. Standard solutions were added without
dilution. The absorbance values from each well were determined by an Infinite Pro
200 plate reader (Tecan, Mdnnedorf, Switzerland). Standard curves were calculated
by correlating the known concentrations of the standard solutions to the respective
absorbance values. The SC5b-9 protein concentration in each sample was then
computed. The degree of protection afforded by each BSA coating was calculated
by treating the SC5b-9 protein concentrations from the negative and positive
control samples as 100% and 0% protection, respectively.

Statistical analysis. Statistical analyses were conducted using the GraphPad Prism
(v8.0.1) software package from GraphPad Software (La Jolla, CA, USA). One-way
or two-way analysis of variance (ANOVA) with the appropriate multiple com-
parisons test and the unpaired t-test were used to compute the statistical sig-
nificance of experimental data as appropriate. All statistical analysis involved two-
tailed tests. Unpaired t-tests results are reported as P values while multiple com-
parisons test results are reported as multiplicity-adjusted P values. P <0.05, P <
0.01, P<0.001 and P <0.0001 indicate the levels of statistical significance. Addi-
tional information can be found in Supplementary Tables 6-14.
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