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ABSTRACT: Natural proteins such as bovine serum albumin (BSA) are
readily extracted from biological ﬂuids and widely used in various
applications such as drug delivery and surface coatings. It is standard
practice to dope BSA proteins with an amphipathic stabilizer, most
commonly fatty acids, during puriﬁcation steps to maintain BSA conformational properties. There have been extensive studies investigating how fatty
acids and related amphiphiles aﬀect solution-phase BSA conformational
properties, while it is far less understood how amphipathic stabilizers might
inﬂuence noncovalent BSA adsorption onto solid supports, which is
practically relevant to form surface coatings. Herein, we systematically
investigated the binding interactions between BSA proteins and diﬀerent molar ratios of caprylic acid (CA), monocaprylin (MC),
and methyl caprylate (ME) amphiphilesall of which have 8-carbon-long, saturated hydrocarbon chains with distinct headgroups
and resulting eﬀects on BSA adsorption behavior on silica surfaces. Our ﬁndings revealed that anionic CA had the greatest binding
aﬃnity to BSA, which translated into greater solution-phase conformational stability and reduced adsorption-related conformational
changes along with relatively low packing densities in fabricated BSA adlayers. On the other hand, nonionic MC had moderate
binding aﬃnity to BSA and could stabilize BSA conformational properties in the solution and adsorbed states while also enabling
BSA adlayers to form with higher packing densities. We discuss physicochemical factors that contribute to these performance
diﬀerences, and our ﬁndings demonstrate how rational selection of amphiphile type and amount can enable control over BSA adlayer
properties, which could lead to improved BSA protein-based surface coatings.

■

INTRODUCTION
The phenomenon of noncovalent protein adsorption at solid−
liquid interfaces is closely linked with a wide range of medical
and biotechnology applications, including implantable medical
devices, biosensors, and drug-delivery systems.1−5 Mechanistically, the protein adsorption process is governed by a
combination of protein−surface interactions and lateral
protein−protein interactions between adsorbed proteins.6−8
Importantly, both protein−surface and protein−protein
interactions can be modulated depending on key molecular
properties of the adsorbing protein, which opens the door to
controlling protein adsorption processes based on molecular
design strategies in line with the nanoarchitectonics concept.9,10
Toward this objective, a popular strategy involves tuning the
thermodynamic stability of the folded protein structure in bulk
solutiontermed conformational stabilityas a means to
modulate protein adsorption behavior. For example, Karlsson
et al. experimentally showed that certain synthetic mutants of
the carbonic anhydrase II protein, which were engineered (via
amino acid substitution) to have lower conformational
stability, underwent more extensive surface-induced denaturation and exhibited greater adsorption irreversibility on various
solid supports.11 The conformational stability of natural
proteins can also be modulated by adjusting environmental
© 2020 American Chemical Society

conditions, such as temperature, solution pH, and solvent
conditions, which in turn aﬀect protein adsorption behavior.
This latter approach has been applied to bovine serum albumin
(BSA), which is a widely studied protein that is isolated from
bovine plasma and commonly used as a reagent for blocking
and surface passivation applications.12−17 For example, Park et
al. reported that heat pretreatment converts BSA protein
monomers into oligomers, which adsorb onto solid surfaces to
a greater extent than monomers at room temperature due to
distinct conformational properties and consequently exhibit
superior surface passivation properties.13 It is also important to
consider how the interactions of BSA with other types of
molecules aﬀect protein structure and function.
As part of processing methods to isolate BSA proteins from
crude protein mixtures, fatty acids, most often caprylic acid
(CA), are widely used as dopants to endow BSA proteins with
greater stability during high-temperature extraction steps. Fatty
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Figure 1. Overview of experimental strategy. The binding interactions of BSA with diﬀerent amphipathic molecules, namely, CA, MC, and ME,
were quantitively characterized by ﬂuorescence spectroscopy along with dynamic light scattering (DLS) and circular dichroism (CD) spectroscopy
measurements to evaluate solution-phase conformational stability. Quartz crystal microbalance-dissipation (QCM-D), localized surface plasmon
resonance (LSPR), and attenuated total reﬂection-Fourier transform infrared (ATR-FTIR) spectroscopy experiments were conducted to determine
how binding interactions with the tested amphipathic molecules aﬀected BSA protein adsorption behavior in terms of adsorption uptake and
kinetics along with related conformational changes.

nonionic MC headgroup is formed from the conjugation of a
hydrophilic glycerol molecule to CA and the nonionic ME
headgroup is formed by the addition of a hydrophobic methyl
group to the carboxylic acid of CA. Particular attention was
focused on scrutinizing how CA, MC, and ME aﬀect solutionphase BSA conformational stability in the broader context of
tracking protein adsorption uptake and kinetics along with
related conformational changes in the adsorbed state.

acids and related amphipathic molecules with hydrophilic
headgroups and hydrophobic chains are known to bind to BSA
proteins through hydrophobic, electrostatic, and hydrogenbonding interactions.18−20 There have been extensive studies
investigating how factors such as amphiphile chain length21−23
and headgroup properties 24−28 aﬀect the binding of
amphipathic molecules to BSA proteins along with the extent
of solution-phase conformational stability in response to
chemical and thermal denaturants.29−31 On the other hand,
it was only recently observed that fatty acid doping also
signiﬁcantly aﬀects protein adsorption and resulting surface
passivation performance.32 In particular, fatty acid-doped BSA
proteins exhibit less adsorption uptake and adsorption-related
denaturation on silica surfaces as well as reduced surface
passivation performance, compared to fatty acid-free BSA
proteins. These eﬀects are related to (1) greater conformational stability and (2) more repulsive protein−protein
interactions of fatty acid-doped BSA molecules, the latter of
which originates from the anionic character of bound fatty
acids and results in a lower surface coverage of adsorbed
proteins. At the same time, there remains an outstanding need
to more broadly understand how diﬀerent molecular features
of amphipathic molecules, including fatty acids and related
compounds, aﬀect BSA adsorption behavior.
Herein, we investigated how the binding interactions of CA
fatty acid and its monoglyceride and methyl ester derivatives
termed monocaprylin (MC) and methyl caprylate (ME),
respectively, with BSA proteins aﬀect BSA adsorption behavior
on silica surfaces by utilizing a combination of biophysical and
surface-sensitive measurement techniques. The overall experimental strategy is presented in Figure 1. All three compounds
have an 8-carbon-long saturated hydrocarbon chain along with
distinct headgroup properties. The anionic CA headgroup
consists of a carboxylic acid functional group, while the

■

MATERIALS AND METHODS

Reagents. Fatty acid-free BSA (A7030, lot no. SLBT4132),
octanoic acid (caprylic acid, C2875), 1-monocapryloyl-rac-glycerol
(monocaprylin, M2265), methyl octanoate (methyl caprylate,
260673), sodium dodecyl sulfate (SDS, L4390), sodium chloride
(NaCl, 746398), and sodium hydroxide (S5881) were purchased
from Sigma-Aldrich. Tris(hydroxymethyl)aminomethane (Tris, 0497)
was purchased from Amresco. Ethanol (95%) was purchased from Aik
Moh (Singapore), and hydrochloric acid (HCl, 100317) was
purchased from Merck.
Sample Preparation. An aqueous buﬀer solution of 10 mM Tris,
150 mM NaCl, and pH 7.5 was prepared with Milli-Q-treated water
(resistivity of >18.2 MΩ·cm at 25 °C) and ﬁltered through a 0.2 μm
polyethersulfone (PES) membrane ﬁlter (Thermo Fisher Scientiﬁc,
595-4520). BSA solutions were prepared by dissolving lyophilized
BSA powder in the buﬀer solution and then ﬁltering the BSA
suspension through a syringe ﬁlter with 0.2 μm diameter pores (PN4612; Pall Corporation). The molar concentrations of the BSA
protein in aqueous buﬀer solution was determined by UV light
absorbance measurements at 280 nm, and the molar extinction
coeﬃcient value of BSA was taken to be 43 824 M−1 cm−1. To prepare
CA-doped BSA, CA was dissolved in protein-free Tris buﬀer, followed
by NaOH titration, to make a 50 mM CA solution at pH 7.5. The CA
solution was then added to appropriate amounts of BSA solution to
yield CA-doped BSA samples with a CA/BSA molar ratio of 10:1 (CA
10) or 100:1 (CA 100). MC and ME solutions were made by
dissolving appropriate amounts in equivalent buﬀer solution to make
20 mM MC or ME solutions, followed by heating to 70 °C for 30 min
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Figure 2. Evaluation of CA, MC, and ME binding interactions with BSA proteins. (A−C) Intrinsic ﬂuorescence emission spectra of 10 μM BSA in
the absence and presence of (A) CA, (B) MC, and (C) ME amphiphiles. (D) Stern−Volmer plots corresponding to the data in (A)−(C). Data are
presented as mean ± standard deviation (sd). Linear ﬁts and corresponding KSV values of CA, MC, and ME binding to BSA are presented for each
data set. (E) Plot of log((F0 − F)/F) versus log[S]. Linear ﬁts and the corresponding Kb values of CA and MC binding to BSA are presented for
each data set.
to aid dissolution. The samples were then cooled down to room
temperature before adding appropriate amounts of BSA solution to
yield MC- or ME-doped BSA samples with MC/BSA and ME/BSA
molar ratios of 10:1 (MC 10 and ME 10) and 100:1 (MC 100 and
ME 100).
Fluorescence Spectroscopy. The intrinsic ﬂuorescence of BSA
protein samples was characterized by ﬂuorescence spectroscopy
measurements using a Tecan Spark plate reader (Tecan, Switzerland)
with the temperature set to 25 °C, an excitation wavelength of 280
nm, and the emission spectra recorded from 325 to 450 nm. For each
sample, the BSA concentration was ﬁxed at 10 μM, while CA, MC,
and ME concentrations were varied. All spectra of the BSA samples
were recorded in triplicate and subtracted by the background spectra
of equivalent test compound concentrations without BSA protein to
remove any possible contribution from the CA, MC, or ME
background signal alone. The emission maxima for all BSA samples
was located at 340 nm, and ﬂuorescence intensity values at this
wavelength were used for Stern−Volmer (SV) and binding analyses.
Dynamic Light Scattering. The intensity-weighted size distributions of 150 μM BSA protein samples were determined by the DLS
technique using a particle size analyzer (ZetaPALS, Brookhaven
Instruments). The BIC Particle Sizing software package (v5.27;
Brookhaven Instruments) was used for data collection and analysis.
Measurements were ﬁrst recorded at 25 °C, followed by increasing the
temperature from 50 to 75 °C in 5 °C increments, as previously
described.32 Samples were equilibrated for 5 min after each
temperature adjustment before measurements were performed. For
time-dependent measurements, the samples were equilibrated at 50
°C and then at 55 °C for 10 min each before maintaining a constant
temperature of 60 °C and measuring protein size every 10 min for 200
min.
Circular Dichroism Spectroscopy. CD spectroscopy experiments were conducted using an AVIV Model 420 CD spectrometer
with the AVIV CDS software package (v3.36 MX) (AVIV Biomedical,
Lakewood, NJ). Temperature-dependent measurements were conducted in a similar format to the DLS experiments, as described
above. All spectra of the BSA samples were subtracted by background
spectra of equivalent conditions, including appropriate CA, MC, or
ME concentration, without BSA protein. More details are provided in
the Supporting Information.
Quartz Crystal Microbalance-Dissipation. The real-time
adsorption of BSA protein samples onto silica surfaces was

characterized by QCM-D measurements that were conducted using
a QSense E4 instrument (Biolin Scientiﬁc AB, Stockholm, Sweden)
with silica-coated AT-cut quartz crystal sensor chips with a
fundamental frequency of 5 MHz (QSX 303, Biolin Scientiﬁc,
Sweden). Before every 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
oxygen plasma treatment (PDC-002, Harrick Plasma) for 3 min. A
peristaltic pump was used to inject liquid samples into the
measurement chamber at a ﬂow rate of 100 μL/min. A stable
baseline signal was ﬁrst established in Tris buﬀer solution before 100
μM BSA protein was introduced into the measurement chamber for
30 min, followed by a buﬀer washing step. The resonance frequency
(ΔF) and energy dissipation (ΔD) shifts were recorded in real time at
multiple odd overtones, as previously described.33 All experiments
were conducted at 25 °C, and all measurement operations were
controlled by the QSoft 401 (v2.5.13.664) (Biolin Scientiﬁc) software
package. The normalized data at the ﬁfth overtone are reported.
Localized Surface Plasmon Resonance. BSA protein adsorption onto silica-coated gold nanodisk arrays was characterized by
ensemble-averaged localized surface plasmon resonance (LSPR)
measurements, which were conducted in optical transmission mode
using an Insplorion XNano instrument (Insplorion AB, Gothenburg,
Sweden), as previously described.34 The sensor chip preparation and
LSPR adsorption experiments were conducted in a similar format to
the QCM-D experiments described above. The Insplorer software
package (Insplorion AB, Sweden) was used to record the LSPR
extinction spectra with a time resolution of 1 Hz, and the centroid
(peak) position (Δλ) in the extinction spectrum at each time point
was recorded in real time. The rates of change of the Δλ shifts were
also determined by calculating the ﬁrst derivative with respect to time
(dΔλ/dt) (see ref 35) using the OriginPro 2019b software package.
Attenuated Total Reﬂection-Fourier Transform Infrared
Spectroscopy. ATR-FTIR spectroscopy experiments were conducted using a Bruker Vertex 70 FTIR spectrometer with a liquidnitrogen-cooled mercury cadmium telluride (MCT) photodetector
(Bruker, Germany) and equipped with a MIRacle ATR accessory
containing a three-reﬂection ZnSe ATR crystal (PIKE Technologies).
The secondary structures of 100 μM BSA proteins in solution and in
the adsorbed state were determined by ATR-FTIR spectroscopy
experiments, as previously described.32 More details are provided in
the Supporting Information.
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Statistical Analysis. The tests were conducted using the
GraphPad Prism (v8.0.1) software package from GraphPad Software.
One-way and two-way analyses of variance (ANOVA) with the
appropriate multiple comparisons test were conducted to compute
multiplicity-adjusted P values to determine the statistical signiﬁcance
of measurement data as appropriate. All statistical analyses involved
two-tailed tests. P < 0.05, P < 0.01, P < 0.001, and P < 0.0001 indicate
the levels of statistical signiﬁcance, and NS is “not signiﬁcant”.

the nonionic ME, with the least polar methanol ester
headgroup, had the lowest binding aﬃnity to BSA. The
calculated n value agrees well with previous works for CA
binding44 and indicates that both amphiphiles bind to a single
type of binding site, which consists of hydrophobic pockets on
the BSA protein surface. In other words, each amphiphile
displayed one mode of binding to BSA. Collectively, the data
support that the carboxylic acid headgroup of CA has stronger
interactions with BSA, likely through electrostatic interactions
and/or hydrogen bonding, while the glycerol ester headgroup
of MC forms more extensive hydrogen bonds with BSA
compared to the methanol ester headgroup of ME. As such,
these ﬁndings demonstrate that headgroup polarity strongly
inﬂuences the binding interaction of amphipathic molecules
with BSA proteins even when the diﬀerent amphiphiles have
identical hydrocarbon chains.
Solution-Phase Conformational Stability. We proceeded to compare the eﬀects of CA, MC, and ME doping
(10:1 and 100:1 molar ratios of amphiphile/BSA) on the
solution-phase conformational stability of BSA by conducting
temperature-dependent DLS and CD spectroscopy experiments. A defatted BSA sample without CA, MC, or ME was
also tested as a control.
In the DLS measurements, the onset temperature of
aggregation was determined by recording the lowest temperature at which a marked increase in the mean hydrodynamic
diameter of BSA protein samples occurred. BSA samples with
increased conformational stability tend to have a higher onset
temperature of aggregation.32 From 25 to 55 °C, all BSA
samples had similar mean hydrodynamic diameters of ∼9 nm
(Figures 3A and S1), which is around the expected size of BSA
monomers.12,13,45 At 60 °C, the diameters of defatted BSA and
ME samples increased to ∼11 nm, indicating the onset of
aggregation. MC 10 and MC 100 samples started aggregating
at 65 °C and reached ∼16 and ∼13 nm in diameter,
respectively, while CA 10 samples started aggregating at 70
°C and reached ∼15 nm in diameter. Interestingly, at 70 °C,
MC 100 aggregated to a larger size than defatted BSA, MC 10,
and both ME samples and was about twice the size of these
other samples at 75 °C. By contrast, the CA 100:1 sample did
not display any evidence of protein aggregation across the
tested temperature range. Together, these data indicate that
CA doping endows BSA proteins with the highest conformational and/or colloidal stability, followed by MC, whereas ME
was essentially ineﬀective and ME-doped samples behaved
almost equivalently to the defatted BSA control.
The data also revealed that CA and MC amphiphiles more
eﬀectively decreased the onset temperature of aggregation of
BSA proteins with higher bulk concentrations of amphiphile,
which would maximize binding site occupancy. Time-dependent size measurements at a constant temperature of 60 °C
further conﬁrmed these trends (Figure S2). Notably, MC 100
samples in time-dependent experiments did not aggregate as
extensively as in temperature-dependent experiments, indicating that this behavior is only triggered at higher temperatures
(>65 °C) upon more extensive thermal unfolding.
To corroborate the DLS data, CD spectroscopy measurements were conducted to monitor temperature-induced
unfolding of each BSA sample with respect to the loss of αhelical secondary structure at higher temperatures. At 25 °C,
all BSA samples had similar degrees of α-helicity with an
average of ∼62%, and the percentage value decreased with
increasing temperature due to thermally induced protein

■

RESULTS AND DISCUSSION
Binding Interaction Analysis. We ﬁrst measured the
binding aﬃnities of CA, MC, and ME to solution-phase BSA
proteins by steady-state ﬂuorescence spectroscopy (Figure 2
and Table S1). Like how fatty acids can insert into
hydrophobic pockets on the BSA protein surface, it is known
that monoglycerides36−38 and fatty acid methyl esters39,40 can
bind similarly to serum albumin proteins in some cases. We
evaluated the ﬂuorescence emission spectra corresponding to
the intrinsic ﬂuorescence of tryptophan residues in BSA alone
and in BSA together with varying amounts of CA, MC, or ME
(Figure 2A−C). The excitation wavelength was 280 nm, and
the maximum-intensity emission wavelength was 340 nm in all
cases. At higher CA and MC concentrations, there was greater
quenching, which resulted in a lower maximum intensity at the
340 nm wavelength, while ME had a negligible eﬀect on the
intensity value.
To analyze the measurement data, the Stern−Volmer (SV)
equation was used41
F0
= 1 + KSV[S] = 1 + kqτ0[S]
F

(1)

where F0 and F are the experimentally determined maximumintensity values of BSA alone and in the presence of CA, MC,
or ME at diﬀerent concentrations, KSV is the SV quenching
constant, [S] is the concentration of amphiphile in the bulk
solution, kq is the bimolecular quenching rate constant, and τ0
is the average ﬂuorescence lifetime of BSA alone. The SV data
are plotted as F0/F versus [S] for BSA complexes with CA,
MC, and ME and shown in Figure 2D. The KSV values were
466, 243, and 16 M−1 for CA, MC, and ME binding,
respectively, which indicate that CA had the strongest binding
interactions with BSA, followed by MC and then ME. Notably,
the low KSV value for ME indicates a nearly negligible binding
interaction with BSA and thus ME was excluded from further
binding analysis.
Taking into account that the value of τ0 for BSA is 6 × 10−9
27,42
s,
the resulting kq values for CA and MC are around 7.77 ×
1010 and 4.10 × 1010 M−1 s−1, respectively, which are indicative
of static quenching (see calculation details in the Supporting
Information). Next, we determined the eﬀective binding
constant (Kb) values for CA and MC according to the
following equation43,44
log

F0 − F
= log Kb + n log[S]
F

Article

(2)

where n is the number of diﬀerent binding site types, and the
corresponding log plot is presented in Figure 2E. The average
Kb values were determined to be 390 and 210 M−1 for the BSA
complexes with CA and MC, respectively, while n was
calculated to be 0.97 for both cases. The binding interaction
data are summarized in Table S1. The results indicate that
anionic CA has the strongest binding aﬃnity with BSA
proteins, followed by the polar and nonionic MC. By contrast,
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respectively, while the degree of α-helicity for MC 100 had
decreased to 42.1% and all other BSA samples had values
around ∼41%. Likewise, at 75 °C, the CA 100 sample had
49.8% α-helicity, while all other samples had similar degrees of
α-helicity around ∼37%. Together with the DLS data, these
results support that MC 100 has greater conformational
stability but lower colloidal stability than defatted BSA, as
indicated by its higher onset temperature of aggregation and
formation of larger protein aggregates upon suﬃciently
extensive thermal unfolding.
Additional ionic-strength-dependent DLS experiments further indicated that the amphiphile headgroup−BSA protein
interactions were dominated by polar interactions such as
hydrogen bonding rather than electrostatic forces (see the
Supporting Information and Figure S4). Collectively, the DLS
and CD spectroscopy measurements both showed that the
stabilizing eﬀectiveness of the amphiphiles was in the order of
CA > MC > ME and that the extent of amphiphile-induced
protein stability in the solution phase was greater at higher
bulk amphiphile concentrations in general.
Real-Time Adsorption Behavior. Next, we investigated
the eﬀect of CA, MC, and ME on BSA protein adsorption onto
a hydrophilic silica surface by conducting quartz crystal
microbalance-dissipation (QCM-D) experiments. The isoelectric point (IEP) of silica is around 3.9,46 while the IEP
of BSA protein is around 5.1.47 As such, in the pH 7.5 buﬀer
solution, both the silica surface and BSA protein surface are
expected to have net negative charges and hence possibly some
degree of electrostatic repulsion between them. Nevertheless,
BSA proteins can still adsorb onto the silica surface because
positively charged regions on the BSA molecular surface can
contact the silica surface, yielding attractive electrostatic
interactions while hydrogen-bonding and van der Waals
interactions can also inﬂuence BSA adsorption.48 The amount
and charge of bound amphiphiles are also expected to
inﬂuence the extent of protein adsorption.
Experimentally, the QCM-D frequency (ΔF) and energy
dissipation (ΔD) shifts correspond to the hydrodynamically
coupled mass and viscoelastic properties of adsorbed BSA
protein molecules, respectively,33,49,50 and were recorded as a
function of time. The time-resolved ΔF shift data indicated
monotonic adsorption of BSA proteins in all cases, and most
adsorbed proteins remained irreversibly attached, as indicated
by a subsequent buﬀer washing step without protein (Figure
4A). The ΔF shift at adsorption saturation (denoted as
|ΔFmax|) was analyzed for the diﬀerent BSA samples, and a
larger |ΔFmax| indicates greater adsorption uptake (Figure 4B).
The adsorption of defatted BSA proteins yielded an average
|ΔFmax| value of 45.5 Hz, while CA 10 and CA 100 samples
tended to have smaller average |ΔFmax| values of 44.1 and 39.9
Hz, respectively. By contrast, MC 10 and MC 100 had average
|ΔFmax| values around 45.5 and 47.1 Hz, respectively, whereas
the ME 10 and ME 100 samples had average |ΔFmax| values of
44.3 and 44.2 Hz, respectively. Together, these data support
that increasing amounts of CA doping tended to decrease BSA
adsorption uptake, while MC and ME doping had nearly
negligible eﬀects.
The time-resolved ΔD shift mirrored the kinetic proﬁles
observed in the ΔF shift data, and we further analyzed the
|ΔFmax/ΔDmax| ratio, whereby a larger ratio indicates a more
tightly coupled BSA adlayer and vice versa (Figure 4C,D).
Accordingly, it was observed that defatted BSA had an average
|ΔFmax/ΔDmax| value of 12.2 Hz × 106, while CA 10 and CA

Figure 3. Temperature-dependent DLS and CD spectroscopy
measurements to evaluate solution-phase conformational stability of
amphiphile-doped BSA proteins. (A) Hydrodynamic diameter of BSA
proteins alone and in the presence of CA, MC, and ME at
amphiphile/BSA molar ratios of 10:1 and 100:1 as a function of
temperature. Data are presented as mean ± standard deviation (sd),
where sd 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. (B) Degree of αhelical secondary structure, expressed in percentage values, for BSA
alone and in the presence of CA, MC, and ME at amphiphile/BSA
molar ratios of 10:1 and 100:1 as a function of temperature obtained
from CD spectroscopy experiments. Data were computed from molar
residue ellipticity values and are reported as mean ± sd (n = 3). Dots
represent individual data points. Mean values are presented on top of
each column.

unfolding (Figures 3B and S3).13,45 While reversible protein
unfolding occurs with relatively small temperature increases,
irreversible protein unfolding occurs above the onset temperature of aggregation in the range of 60 °C or higher depending
on the sample conditions. Thus, we focused on comparing the
degree of α-helicity at 65 °C to scrutinize diﬀerences in
conformational stabilities between the various amphiphiledoped BSA samples. At 65 °C, defatted BSA had the lowest
degree of α-helicity with a percentage value around 46.8%,
followed by the ME samples with ∼47.7%, and then MC 10
and MC 100 with around 47.9 and 48.9%, respectively. On the
other hand, the CA 10 and CA 100 samples maintained a
higher degree of α-helicity, with percentage values around 51.9
and 53.5%, respectively. This trend agrees with the DLS data
and supports that CA is most eﬀective at increasing BSA
conformational stability, followed by MC and then ME.
Upon further increasing the temperature to 70 °C, the CA
10 and CA 100 samples had α-helical values of 47.7 and 51.9%,
10610
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Figure 4. QCM-D and LSPR measurements for tracking real-time adsorption of amphiphile-doped BSA proteins onto silica surfaces. (A) QCM-D
frequency (ΔF) shifts as a function of time and (B) the corresponding |ΔFmax| shifts at adsorption saturation. (C) QCM-D energy dissipation (ΔD)
shifts as a function of time. (D) |ΔFmax/ΔDmax| values obtained from the data in (A) and (C) at adsorption saturation. (E) LSPR wavelength (Δλ)
shifts as a function of time and (F) the corresponding Δλmax shifts at adsorption saturation. Data in (B), (D), and (F) are presented as mean ± sd
[n = 3 biological replicates, one-way ANOVA with Dunnett’s multiple comparisons test (versus defatted BSA)]. Dots represent individual data
points.

100 samples had smaller average |ΔFmax/ΔDmax| values around
11.2 and 9.1 Hz × 106, respectively. On the other hand, MC 10
and MC 100 samples had average |ΔFmax/ΔDmax| values of 12.2
and 10.9 Hz × 106, respectively, and ME 10 and ME 100
samples had average |ΔFmax/ΔDmax| values of 13.6 and 14.8 Hz
× 106, respectively. Together, these results show that CA
addition tended to reduce BSA adsorption uptake. Notably, the
CA 100 sample had the lowest adsorption uptake and formed
the least rigid protein adlayer, which support that high levels of
CA doping endow the BSA proteins with greater conformational stability. By contrast, the defatted BSA and MC 10
samples had similar levels of adsorption uptake and adlayer
rigidity, while the MC 100 sample tended to result in greater
adsorption uptake and less adlayer rigidity. In addition, the ME
10 and ME 100 samples had similar adsorption properties to
the defatted BSA control sample. As such, the overall ﬁndings
indicate that both the type and amount of amphiphile
inﬂuence the BSA adlayer properties.
In addition to QCM-D measurements, we also conducted
localized surface plasmon resonance (LSPR) sensing experiments as a complementary approach to monitor the adsorption
of BSA proteins onto silica-coated gold nanodisk arrays. While
QCM-D measurements are sensitive to the mass of adsorbed
protein molecules and hydrodynamically coupled solvent
molecules, i.e., “wet mass”, LSPR measurements are sensitive
only to the “dry mass” corresponding to adsorbed protein
molecules.51 Furthermore, the LSPR measurement approach
has a shorter penetration depth of ∼20 nm or less compared to
100−300 nm for the QCM-D technique.51 Hence, protein
adsorption events would occur within a larger fraction of the
LSPR-tracked probing volume, which can potentially yield
higher surface sensitivity to subtle variations in adsorption
behavior and adsorption-related conformational properties. As
presented in Figure 4E, BSA protein adsorption was monitored
in real time by tracking wavelength shifts (Δλ) of the LSPR
extinction peak position, which arise due to the adsorption and
spreading of BSA proteins on the sensor surface.45 Larger Δλ

shifts correspond to greater adsorption uptake, and monotonic
Δλ shift increases were observed in all cases. Most attached
BSA molecules were irreversibly adsorbed, as indicated by a
buﬀer washing step.
To compare the diﬀerent BSA samples, the Δλ shifts
corresponding to adsorption at saturation (Δλmax) were
recorded (Figure 4F). For defatted BSA, the average Δλmax
shift was around 1.72 nm, while the CA 10 and CA 100
samples had average Δλmax shifts around 1.61 and 1.25 nm,
respectively. On the other hand, the MC 10 and MC 100
samples had average Δλmax shifts around 1.76 and 1.96 nm,
respectively, while the ME 10 and ME 100 samples had
average Δλmax shifts around 1.83 and 1.91 nm, respectively.
Collectively, the results agree well with the trends observed in
the QCM-D measurements, while the LSPR measurement
signal proved more sensitive to distinguish between the
adsorption proﬁles of diﬀerent BSA samples. Overall, the
data indicate that CA addition reduced BSA adsorption uptake,
MC addition increased adsorption uptake when added at high
concentrations, and ME addition tended to only slightly
increase adsorption uptake. Furthermore, taking into account
that there is negligible binding between the ME amphiphile
and BSA protein, the slight increase in adsorption uptake for
ME-doped BSA samples in the QCM-D and LSPR experiments suggests that free ME can adsorb onto the silica
surface.52
Adsorption-Related Protein Conformational
Changes. To further analyze the adsorption behavior of the
diﬀerent BSA samples, we evaluated the extent of adsorptionrelated protein conformational changes by calculating the
maximum rate of change in the LSPR Δλ shift during the
initial stage of adsorption (dΔλ/dt)max (Figures 5A and
S5).45,51,53 A larger (dΔλ/dt)max value indicates more extensive
adsorption-related conformational changes, especially protein
spreading, whereby the adsorbed protein mass is closer, on
average, to the sensor surface. The average (dΔλ/dt)max value
for defatted BSA samples was around 0.74 nm/min, while the
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Figure 5. Evaluation of adsorption-related protein conformational
changes for amphiphile-doped BSA proteins. (A) Maximum rate of
change in the Δλ shift during the initial stage of adsorption (dΔλ/
dt)max. (B) Fractional percentage of α-helical secondary structure for
BSA proteins in solution and in the adsorbed state, as measured by
ATR-FTIR spectroscopy experiments. Data in (A) and (B) are
presented as mean ± sd [n = 3 biological replicates, one-way ANOVA
with Dunnett’s multiple comparisons test (versus defatted BSA) in
(A) and two-way ANOVA with Dunnett’s multiple comparisons test
for all samples in solution (versus defatted BSA in solution) and
separately for all samples in the adsorbed state (versus defatted BSA
in the adsorbed state) in (B)]. Dots represent individual data points.
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Figure 6. Schematic illustration summarizing how the CA, MC, and
ME amphiphiles aﬀect the solution-phase conformational stability and
adsorption properties of BSA proteins. ME had low binding aﬃnity to
BSA proteins and hence largely negligible eﬀects. MC moderately
enhanced conformational stability, which reduced adsorption-related
denaturation, while the nonionic character of MC allowed MC-doped
BSA protein adlayers to have relatively higher packing densities.
Likewise, CA strongly enhanced conformational stability, which also
reduced adsorption-related denaturation. However, the anionic
character of CA created more repulsive interactions between CAdoped BSA proteins, which led to CA-doped BSA protein adlayers
with relatively lower packing densities.

CA 10 and CA 100 samples had average (dΔλ/dt)max values of
0.54 and 0.39 nm/min, respectively. Likewise, the MC 10 and
MC 100 samples had average (dΔλ/dt)max values of 0.66 and
0.52 nm/min, respectively, whereas the ME 10 and ME 100
samples had average (dΔλ/dt)max values around 0.75 and 0.90
nm/min, respectively. The ﬁndings indicate that both CA and
MC doping reduced the extent of adsorption-related BSA
conformational changes. In this respect, CA was more eﬀective
than MC in maintaining protein conformational stability. On
the other hand, the ME 10 and ME 100 samples underwent
protein spreading in the adsorbed state to similar extents to the
defatted BSA control.
Attenuated total reﬂection-Fourier transform infrared (ATRFTIR) spectroscopy experiments were also performed to
quantitatively determine the fractional percentage of α-helical
secondary structure for the BSA protein samples in solution
and in the adsorbed state (Figures 5B and S6). In solution, all
BSA samples had similar degrees of α-helicity, with values
around ∼62.8%. By contrast, in the adsorbed state, defatted
BSA samples underwent partial unfolding and the percentage
of α-helical character decreased to around 45.1%. In marked
contrast, the CA 10, CA 100, MC 10, and MC 100 samples
maintained α-helical character to a greater extent, and the
corresponding values in the adsorbed state were 52.4, 55.0,
48.6, and 52.7%. This trend agrees well with the LSPR
measurement data and provides additional evidence that both
CA and MC stabilize BSA to reduce the extent of adsorptionrelated protein conformational changes. Furthermore, the
ATR-FTIR spectroscopy results also show that CA confers
greater conformational stability on BSA proteins than MC. On
the other hand, adsorption of the ME 10 and ME 100 samples
caused similar losses in α-helicity that mirrored the defatted
BSA case, with average α-helicity values of 46.0 and 46.4%,
respectively, in the adsorbed state. As such, the data indicate
that ME doping does not endow BSA proteins with greater
conformational stability.
Schematic Overview of Amphiphile Eﬀects. Figure 6
presents a schematic illustration that summarizes the main
experimental ﬁndings and describes how CA, MC, and ME
amphiphiles aﬀect BSA protein adsorption behavior on a caseby-case basis. We begin our discussion with the ME case

because ME had the least eﬀect on BSA adsorption, which is
consistent with the ﬂuorescence spectroscopy data that
indicated a weak binding interaction between BSA and ME.
As such, ME-doped BSA samples had similar solution-phase
conformational stability and adsorption behavior to the
defatted BSA control sample. On the other hand, CA had
the highest binding aﬃnity to BSA, and CA-doped BSA
samples exhibited the greatest solution-phase conformational
stability. Moreover, while less surface-induced denaturation
typically leads to greater total adsorption uptake due to a
smaller contact area per molecule, CA-doped BSA proteins
also had the lowest total adsorption uptake and consequently
lowest packing density of adsorbed protein molecules.32 This
trend occurred because the carboxylic acid functional groups of
CA are negatively charged and thus CA-doped BSA proteins
have intermolecular repulsion, which limits the surface
coverage of adsorbed protein molecules.
Between these two cases, we also observed interesting results
with the MC amphiphile, whereby it moderately enhanced
solution-phase protein conformational stability and led to the
formation of well-packed protein adlayers. MC is nonionic, so
there was appreciably less intermolecular repulsion between
MC-doped BSA proteins, which enabled higher total
adsorption uptake due to greater packing density within the
BSA adlayer. While CA had notable eﬀects even at a 10:1 CA/
BSA molar ratio, the eﬀects of MC on BSA adsorption
properties were most clearly observed at a 100:1 MC/BSA
molar ratio because MC has lower binding aﬃnity to BSA than
CA. Together, these data support that amphiphile doping can
aﬀect BSA adsorption properties by two main eﬀects, including
enhancing conformational stability and modulating protein−
protein interactions in the adsorbed state. Rational selection of
the amphiphile type and amount used to stabilize BSA proteins
can therefore enable control over BSA adlayer properties in
terms of adsorption-related denaturation and packing density.
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Notes

CONCLUSIONS
In this study, we have employed a wide range of biophysical
and surface-sensitive measurement techniques to characterize
the eﬀects of CA, MC, and ME amphiphiles on BSA
conformational stability and adsorption behavior on silica
surfaces. While each amphiphile had an 8-carbon-long,
saturated hydrocarbon chain, we observed marked diﬀerences
in the binding aﬃnity of each amphiphile to BSA proteins,
which indicates that the amphiphile headgroup also plays an
important role in binding interactions. Both CA and MC
demonstrated binding to BSA proteins and improved solutionphase conformational stability along with reducing surfaceinduced denaturation in the adsorbed state. Due to diﬀerence
in binding aﬃnity, CA was generally eﬀective at both 10:1 and
100:1 amphiphile/BSA molar ratios, while MC was more
eﬀective at the 100:1 molar ratio. Notably, the anionic
character of CA fatty acids led to reduced packing densities
within CA-doped BSA protein adlayers, whereas the nonionic
character of MC monoglycerides enabled higher packing
densities within MC-doped BSA protein adlayers. These
ﬁndings also agree well with the temperature-dependent
protein aggregation data, indicating that CA modulates both
conformational and colloidal stabilities, whereas MC mainly
inﬂuences conformational stability. While CA is typically used
to dope BSA proteins as part of puriﬁcation processes, our
ﬁndings point to the potential signiﬁcance of doping BSA
proteins with MC to create puriﬁed BSA proteins with
improved properties for BSA adlayer-based surface passivation
applications.
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