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ABSTRACT: Protein adsorption onto nanomaterial surfaces is
important for various nanobiotechnology applications such as
biosensors and drug delivery. Within this scope, there is growing
interest to develop alumina- and silica-based nanomaterial vaccine
adjuvants and an outstanding need to compare protein adsorption
onto alumina- and silica-based nanomaterial surfaces. Herein, using
alumina- and silica-coated arrays of silver nanodisks with
plasmonic properties, we conducted localized surface plasmon
resonance (LSPR) experiments to evaluate real-time adsorption of
bovine serum albumin (BSA) protein onto alumina and silica
surfaces. BSA monomers and oligomers were prepared in different
water−ethanol mixtures and both adsorbing species consistently
showed quicker adsorption kinetics and more extensive adsorp-
tion-related spreading on alumina surfaces as compared to on silica surfaces. We rationalized these experimental observations in
terms of the electrostatic forces governing protein−surface interactions on the two nanomaterial surfaces and the results support that
more rigidly attached BSA protein-based coatings can be formed on alumina-based nanomaterial surfaces. Collectively, the findings
in this study provide fundamental insight into protein−surface interactions at nanomaterial interfaces and can help to guide the
development of protein-based coatings for medical and biotechnology applications such as vaccines.

■ INTRODUCTION

The noncovalent adsorption of protein monomers and
oligomers onto inorganic and organic surfaces is widely
relevant to various medical and biotechnology applications
such as biosensors,1−3 material biocompatibility,4,5 and
nanomaterial adjuvants.6−8 There is extensive interest in
understanding how various mechanistic factors affect protein
adsorption and adsorption-related conformational changes and
how controlling such factors can lead to precisely tuned
protein-based coatings.9−13 The fabrication of noncovalently
adsorbed, self-assembled protein coatings with user-defined
properties falls within the nanoarchitectonics concept14,15 and
the functional presentation of protein molecules such as
antigens on nanomaterial surfaces is also important for vaccine
adjuvant design.16,17

In general, solution-phase proteins have folded secondary
structures that impart conformational stability,18 while there
has been growing attention to how modulating solution-phase
conformational stability can influence protein adsorption
behavior on solid supports. An early example demonstrated
that engineered variants of a human enzyme with higher
degrees of solution-phase conformational stability exhibited
less irreversible binding to solid surfaces and vice versa.19

Among naturally occurring serum albumin proteins from
different animal species, similar trends have been reported,

whereby bovine serum albumin (BSA) had lower solution-
phase conformational stability and greater irreversible
adsorption to solid supports than human and rat analogues.20

Other experimental studies have further demonstrated that the
adsorption behavior of BSA proteins can be influenced by (1)
tuning solution-phase conformational properties via environ-
mental conditions and amphipathic stabilizers,21−24 (2)
changing substrate properties such as atomic composition,
surface topography, and charge,25−28 and (3) modulating
protein structure, including the extent of denaturation and self-
assembled structure (monomer vs oligomer).29,30 To date,
most related protein adsorption studies have been conducted
on silica surfaces because silica is one of the most widely used
substrates in medical and biotechnology applications, while
there remains interest in exploring other types of inorganic
surfaces, including nanostructured ones relevant to practical
applications.31,32
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One prominent example is the class of aluminum-based
materials such as alumina, which have distinct material
properties (e.g., isoelectric point) compared to silica and
hence are expected to elicit distinct protein adsorption
behaviors. So far, several studies have investigated BSA protein
adsorption onto alumina surfaces, however, the main focus has
been limited to measuring adsorption uptake as a function of
bulk protein concentration.33−35 There remains an outstanding
need to measure real-time BSA adsorption kinetics on alumina
surfaces along with the extent of adsorption-related conforma-
tional changes and adlayer properties, which can impact the
physical stability and functional presentation of adsorbed
protein molecules. Moreover, there has been growing interest
in utilizing alumina36,37 and silica38,39 nanomaterials as
immune adjuvants for vaccine development, especially since
the adsorption of protein antigens onto the nanomaterial
surface can promote antigen stability and enhance antibody
production.40,41

Herein, we conducted localized surface plasmon resonance
(LSPR) experiments to track the real-time adsorption of BSA
protein onto alumina- and silica-coated silver nanodisk arrays
in different water−ethanol mixtures. By varying the solvent
conditions, we were able to prepare BSA monomers and
oligomers with different conformational properties and
identified that both monomers and oligomers adsorb
preferentially onto alumina-coated nanomaterial surfaces with
quicker adsorption kinetics indicative of stronger protein−
surface interactions. The embedded nanodisk transducers were
highly sensitive to protein adsorption-related changes in the
local refractive index42,43 near the alumina and silica surface
coatings and the corresponding LSPR measurement readout
provided insight into real-time protein adsorption uptake and
adsorption-related protein conformational changes on nano-
material surfaces.44,45

Figure 1. Experimental strategy for tracking protein adsorption onto nanomaterial surfaces. (A) Schematic illustration of the experimental concept
to track BSA protein adsorption onto alumina- and silica-coated silver nanodisk arrays in different water−ethanol mixtures. The BSA structure was
rendered from Protein Data Bank (PDB) file 3V03. (B) Optical extinction spectra for alumina- and silica-coated silver nanodisk arrays in water. (C)
Bulk refractive index sensitivity characterization of alumina- and silica-coated silver nanodisk arrays. The Δλmax shifts are reported based on titration
measurements in water-glycerol mixtures with different refractive index unit (RIU) values. (D) Representative LSPR measurement run for
experimental protocol with 100 μM BSA adsorption onto an alumina-coated nanodisk array in 30% ethanol. The stages correspond to (i) baseline
signal in water, (ii) solvent exchange to the water−ethanol mixture with 30% ethanol, (iii) BSA protein addition in the equivalent water−ethanol
mixture, (iv) washing step with the equivalent water−ethanol mixture (without protein), and (v) washing step with water.
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■ MATERIALS AND METHODS
Protein Sample Preparation. Fatty acid-free BSA protein

(catalog no. A7030) was obtained from Sigma-Aldrich (St. Louis,
MO). Lyophilized BSA was solubilized at a mass concentration of 6.6
mg/mL (∼100 μM) in the appropriate water−ethanol mixture with 0,
10, 20, 30, or 40% (v/v) ethanol fraction. This protein concentration
was selected because it is within the typical range used for surface
passivation and coating applications.25,46,47 The water−ethanol
mixtures were prepared using ethanol and deionized water that was
obtained from a Milli-Q water purification system (MilliporeSigma,
Burlington, MA). The solution pH of the water−ethanol mixtures was
maintained around 7.2 ± 0.2 (ref 48). Before experiments, the protein
samples were loaded into a syringe and filtered through a poly(ether
sulfone) membrane with 200 nm diameter pores (catalog no. 595−
4520; Thermo Fisher Scientific, Waltham, MA).
Dynamic Light Scattering (DLS). The size distribution of

solution-phase BSA protein molecules in different water−ethanol
mixtures at 25 °C was measured by DLS experiments, which were
conducted using a 90Plus particle size analyzer (Brookhaven
Instruments, Holtsville, NY). The intensity-weighted, Gaussian-fitted
distribution of BSA hydrodynamic diameters was determined, as
previously described.2 The mean diameter and standard deviation
(SD) of the protein size distribution were reported from n = 5
technical replicates, where SD is defined as the full-width-at-half-
maximum (fwhm)/2.355.
Localized Surface Plasmon Resonance (LSPR) Sensing

Measurements. An Insplorion XNano instrument (Insplorion AB,
Gothenburg, Sweden) was employed to measure BSA protein
adsorption onto alumina- and silica-coated silver nanodisk arrays via
transmission-mode LSPR measurements, as previously described.21

The sensor chips were obtained from Insplorion AB and consisted of
noninteracting, nonperiodic arrangements of nanodisks, which had
been fabricated on top of a transparent glass substrate by hole-mask
colloidal lithography.49 The nanodisk arrays had ∼8% surface
coverage and the entire substrate surface was then conformally
coated with an ∼10 nm thick layer of sputtered alumina or silicon
nitride. Prior to each experiment, the sensor surfaces were sequentially
rinsed with water and ethanol, followed by drying with nitrogen gas
and then exposed to oxygen plasma at 50 W radiofrequency power for
1 min using a CUTE-1MPR machine (Femto Science Inc., Hwaseong,
Republic of Korea). The latter step removed any residual organic
contaminants from both types of sensor surfaces and also resulted in
the formation of a silica overlayer on the silicon nitride surface,50

which was the contacting surface for protein adsorption. After
cleaning, the alumina- and silica-coated sensor chips were loaded into
a microfluidic chamber for protein adsorption experiments.
In the experiments, the time-resolved optical extinction spectrum of

transmitted white light that passed through the sensor surface was
measured by UV−vis spectroscopy and collected at a frequency of 1
Hz. The LSPR peak wavelength (λmax) corresponding to the
maximum-intensity extinction wavelength in each spectrum was
identified based on centroid analysis.51 The Δλmax shift due to
changes in the local refractive index near the sensor surface was
tracked as a function of time. Instrumental operation, data collection,
and data analysis were conducted using the Insplorer software
package (Insplorion AB). Liquid samples were injected under
continuous flow conditions into the microfluidic chamber at a
volumetric flow rate of 50 μL/min by using a peristaltic pump.

■ RESULTS AND DISCUSSION

Experimental Strategy. Biosensing tools have proven
useful to characterize the structural and functional properties
of protein reagents and pharmaceuticals and motivated our
experimental strategy.52,53 We employed alumina- and silica-
coated silver nanodisk arrays with plasmonic properties to
comparatively investigate BSA protein adsorption onto the two
surfaces (Figure 1A). In addition to fundamental scientific
interest in comparing protein adsorption on different surfaces,

alumina- and silica-based nanomaterials have also received
growing interest as vaccine adjuvants, a role which is related to
protein adsorption and adsorption-induced conformational
changes. We further studied protein adsorption in different
water−ethanol mixtures with 0−40% ethanol fractions because
solution-phase BSA undergoes extensive conformational
changes across this range of solvent conditions, which can
also impact adsorption behavior.30

We initially characterized the LSPR extinction properties of
the alumina- and silica-coated silver nanodisk arrays in water
(Figure 1B). The nanodisk array consisted of ∼100 nm
diameter and ∼20 nm height silver nanodisks that were
fabricated on a glass substrate in a random, noninteracting
arrangement and the entire substrate was then coated
conformally with a ∼10 nm-thick alumina- or silica-function-
alized overlayer. A maximum-intensity peak wavelength (λmax)
was observed in the optical extinction spectrum for each array
and the corresponding λmax values were 641 and 617 nm for
the alumina- and silica-coated nanodisk arrays, respectively.
The experimental results agreed well with theoretical
calculations, which predicted λmax values of 627 and 622 nm
for alumina- and silica-coated silver nanodisks based on the
Drude-Lorentz model and an oblate spheroid approxima-
tion.54,55 The analytical calculations were performed for 100
nm diameter and 20 nm height oblate spheroids with a 10 nm
overlayer coating, which is consistent with the as-fabricated
nanostructure dimensions. The bulk refractive index sensitiv-
ities for both sensor chips were also evaluated by measuring
the magnitude of the Δλmax shift responses upon titration with
water-glycerol mixtures that had increasing bulk refractive
index values (Figure 1C). The bulk refractive index sensitivities
for alumina- and silica-coated nanodisk arrays were determined
to be 102 and 107 nm per refractive index unit (RIU),
respectively, indicating that both sensing platforms are
sensitive to refractometric shifts to similar extents.
We then proceeded to investigate the LSPR measurement

responses for 100 μM BSA protein adsorption onto the
alumina- and silica-coated sensor surfaces in different water−
ethanol mixtures. A representative LSPR measurement run for
the 30% ethanol case is shown in Figure 1D and outlines the
basic experimental stages, which consisted of (i) a baseline
signal in water, followed by (ii) solvent exchange to the
appropriate water−ethanol mixture, (iii) BSA protein addition
in the equivalent water−ethanol mixture, (iv) washing step
with the equivalent water−ethanol mixture (without protein),
and (v) washing step with water. Accordingly, three Δλmax
shifts related to the BSA adsorption process were analyzed per
experiment as follows: (1) total BSA adsorption uptake in the
water−ethanol mixture relative to the water−ethanol mixture
without protein (stages ii vs iii); (2) postwash BSA adsorption
uptake in the water−ethanol mixture relative to the water−
ethanol mixture without protein (stages ii vs iv); and (3)
postwash BSA adsorption uptake in water relative to initial
water baseline (stages i vs v). As such, the analyzed Δλmax shifts
across the different stages corresponded to changes in local
refractive index due to protein adsorption as opposed to
changes in the bulk refractive index due to the solution
environment. Control experiments were also performed using
the same protocol without BSA protein and the three analyzed
Δλmax shifts had negligible magnitudes, which confirmed that
the sensing strategy specifically detected the conformational
properties of adsorbed protein molecules.
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DLS Characterization. Prior to LSPR measurements, we
first characterized the size distribution of BSA proteins in
different water−ethanol mixtures by conducting dynamic light
scattering (DLS) experiments. The results support that
solution-phase BSA proteins exist as monomers at 0−20%
ethanol fractions while they tend to self-assemble into soluble
oligomers at 30% and higher ethanol fractions56 (Table 1).

More specifically, the BSA monomers in water−ethanol
mixtures with 0−20% ethanol fractions had hydrodynamic
diameters around 5−7 nm, whereas BSA oligomers in water−
ethanol mixtures with 30% and 40% ethanol fractions had
approximately 35 and 100 nm diameters, respectively. This
trend agrees well with past circular dichroism spectroscopy
experiments that showed the BSA secondary structure was
stable and exhibited a physiologically relevant degree of α-
helical character in 0−20% ethanol conditions, while a
progressive decrease in BSA α-helicity occurred in 30−40%
ethanol conditions.57 Hence, it was possible to prepare two
types of protein colloids in our experiments, BSA monomers
and oligomers, and to test their respective adsorption
properties.
LSPR Measurements. BSA Adsorption onto Alumina-

Coated Surfaces. We proceeded to conduct LSPR measure-
ments to track BSA protein adsorption kinetics onto alumina-
coated nanodisk arrays in different water−ethanol mixtures.
For each water−ethanol mixture series, a measurement
baseline was established in the appropriate mixture, and then
100 μM BSA protein in the same mixture was added under
continuous flow conditions (Figure 2A, first arrow). A washing
step in the same solvent mixture without protein was then
performed after BSA adsorption saturation was reached
(Figure 2A, second arrow).
There was rapid adsorption uptake in all cases while the

specific Δλmax shift response depended on the solvent
condition. In 0% ethanol (pure water), the Δλmax shift for
BSA protein adsorption at saturation was around 2.11 nm
(Figure 2A, pink circles). Similar levels of protein adsorption
were observed in 10% and 20% ethanol, with Δλmax shifts
around 2.33 and 2.35 nm, respectively (Figure 2A, blue up-
triangles and green down-triangles). On the other hand, larger
Δλmax shifts of 3.15 and 3.32 nm were observed in 30 and 40%
ethanol, respectively (Figure 2A, orange diamonds and purple
squares). The transition in Δλmax shift magnitudes appears to
be related to the adsorbing species since BSA monomers
adsorb in ≤20% ethanol conditions while BSA oligomers
adsorb in ≥30% ethanol conditions.
In addition to the ethanol-dependent trend observed with

BSA adsorption at saturation, distinct changes in the adsorbate
properties occurred upon a solvent washing step with the
equivalent water−ethanol mixtures. For direct comparison, the

Δλmax shift responses for the solvent washing step are
presented in Figure 2B, in which case the baseline signals
correspond to the BSA protein adlayers at saturation before
washing. While solvent washing for BSA protein adlayers in
high-salt aqueous conditions typically results in some protein
desorption,9 we observed that the BSA proteins were rigidly
attached in all tested cases and exhibited densification upon
washing, as indicated by positive Δλmax shifts in the
measurement responses.30 In 0% ethanol, there was a positive
Δλmax shift value of around 0.82 nm due to solvent washing,
which indicates densification of the protein adlayer as opposed
to protein desorption. By contrast, appreciably smaller Δλmax
shift values of around 0.15 nm or less occurred upon solvent
washing in the 10% and 20% ethanol cases. A modestly larger
Δλmax shift of around 0.23 nm occurred in 30% ethanol, while a
much larger Δλmax shift of around 0.45 nm occurred in 40%
ethanol. These data support that both BSA monomers and
oligomers adsorbed irreversibly on the alumina surface and can
undergo structural rearrangements upon washing the adsor-
bate.

BSA Adsorption onto Silica-Coated Surfaces. Similar
LSPR measurements were performed to track BSA protein
adsorption kinetics onto silica-coated nanodisk arrays in
different water−ethanol mixtures. For each water−ethanol
mixture series, a measurement baseline was established in the
appropriate mixture, and then 100 μM BSA protein in the
same mixture was added under continuous flow conditions
(Figure 3A, first arrow). A washing step in the same solvent
mixture without protein was then performed after BSA
adsorption saturation (Figure 3A, second arrow).
In 0−20% ethanol, BSA adsorption yielded similar Δλmax

shifts of around 3.05, 2.88, and 3.03 nm, respectively (Figure
3A, pink circles, blue up-triangles, and green down-triangles).
By contrast, BSA adsorption in 30% and 40% ethanol yielded
larger Δλmax shifts of around 3.51 and 3.54 nm, respectively
(Figure 3A, orange diamonds and purple squares). The
transition in Δλmax shift magnitudes for protein adsorption
onto silica surfaces mirrors the trend observed on alumina
surfaces and supports that the adsorption of BSA monomers
and oligomers yielded distinct measurement responses.

Table 1. DLS Measurements of BSA Protein Size in Water−
Ethanol Mixtures As a Function of Ethanol Fractiona

ethanol fraction (%) BSA hydrodynamic diameter (nm)

0 5.9 ± 2.7
10 5.7 ± 2.7
20 7.4 ± 3.6
30 34.8 ± 18.1
40 99.7 ± 49.7

aThe data are presented as mean ± standard deviation (SD) from n =
5 measurements.

Figure 2. Real-time adsorption kinetics of BSA protein on alumina-
coated plasmonic nanodisk arrays. (A) Time-resolved LSPR Δλmax
shift responses for 100 μM BSA protein adsorption onto alumina-
coated sensor surfaces in different water−ethanol mixtures. The
ethanol fraction in the water−ethanol mixtures is denoted by %
EtOH. The initial condition corresponds to the sensor surface in the
appropriate water−ethanol mixture, followed by addition of 100 μM
BSA protein in the equivalent water−ethanol mixture at around t = 5
min (see arrow 1) and then solvent washing with the equivalent
water−ethanol mixture at around t = 25 min (see arrow 2). (B)
Magnified view of the normalized LSPR Δλmax shift responses for the
solvent washing step corresponding to the data in panel (A).

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c03396
Langmuir XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03396?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03396?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03396?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03396?fig=fig2&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c03396?ref=pdf


A magnified view of the normalized Δλmax shift responses for
the solvent washing step is also presented in Figure 3B. In 0−
20% ethanol, there were nearly negligible Δλmax shifts of less
than 0.05 nm due to solvent washing while modestly larger
Δλmax shifts of around 0.07 nm occurred in 30−40% ethanol.
Hence, both BSA monomers and oligomers adsorbed stably to
the sensor surface and the overall trend in adsorption behavior
at saturation is also consistent with our past results on silica-
coated gold nanodisk arrays.30

Comparison of Protein Adsorption Uptake. To
compare the measurement data obtained with the two sensor
surfaces, we normalized the Δλmax shifts according to the
corresponding bulk refractive index sensitivities so that the
data are presented in universal refractive index units (RIU)
(Figure 4). The normalized data for BSA adsorption uptake at
saturation are presented in Figure 4A. In 0−20% ethanol, there
were larger peak shifts of around 0.025 RIU due to BSA
adsorption on silica while the corresponding peak shifts were
around 0.02 RIU on alumina. In 30−40% ethanol, the peak
shifts were around 0.03 RIU on both surfaces. These results
support that the adsorption of BSA oligomers yields larger
measurement responses than those of BSA monomers.
Furthermore, the adsorption-related unfolding of BSA
monomers appears to be more sensitive to the substrate

properties of the sensor surface while adsorption of BSA
oligomers involves larger adsorbing species with more complex
rearrangement processes in the adsorbed state. In the latter
case of oligomers, only the constituent monomers that come
into contact with the sensor surface undergo adsorption-
related unfolding.20,29

More specifically, BSA protein adsorption on alumina led to
smaller measurement responses than on silica. This effect was
most pronounced for monomer adsorption and is likely related
to stronger protein−surface interactions on alumina surfaces
by virtue of attractive electrostatic interactions. Indeed,
alumina has an isoelectric point around pH 8.7 (ref 58) and
is hence positively charged under the test conditions while BSA
is negatively charged with an isoelectric point around pH 5.4
(ref 59). On the other hand, silica has an isoelectric point
around pH 3.9 (ref 58) and is also negatively charged, which
results in more repulsive electrostatic interactions with
adsorbing BSA protein molecules. As such, adsorbed BSA
molecules on alumina surfaces undergo greater adsorption-
related unfolding and spreading due to stronger protein−
surface interactions, which results in fewer adsorbed BSA
molecules per surface area and consequently a smaller
measurement response. Of note, BSA oligomer adsorption
gave rise to more similar measurement responses on the two
sensor surfaces because, unlike free BSA monomers, BSA
oligomers were unable to fully undergo extensive adsorption-
related deformation of all constituent monomers within the
oligomeric species and hence were less affected by the distinct
protein−surface interactions on each surface.
In addition, the normalized data for BSA adsorption after

washing with the appropriate water−ethanol mixture are
presented in Figure 4B. A similar trend in RIU values to that
of the adsorption saturation data described above was found
for adsorbed BSA after solvent washing on the two surfaces,
supporting that the adsorbed monomers and oligomers
remained attached on both surfaces. Notably, one key
difference was that the solvent washing steps for adsorbed
BSA on alumina surfaces caused more appreciable peak shift
increases at all tested ethanol fractions while positive peak shift
increases were only observed for BSA adlayers on silica in 30−
40% ethanol fractions and were smaller in magnitude.
After solvent washing, an additional washing step was

conducted using deionized water and the corresponding
normalized data for BSA adsorption after this second washing
step are presented in Figure 4C. In this case, the reported data

Figure 3. Real-time adsorption kinetics of BSA protein on silica-
coated plasmonic nanodisk arrays. (A) Time-resolved LSPR Δλmax
shift responses for 100 μM BSA protein adsorption onto silica-coated
sensor surfaces in different water−ethanol mixtures. The ethanol
fraction in the water−ethanol mixtures is denoted by % EtOH. The
initial condition corresponds to the sensor surface in the appropriate
water−ethanol mixture, followed by addition of 100 μM BSA protein
in the equivalent water−ethanol mixture at around t = 5 min (see
arrow 1) and then solvent washing with the equivalent water−ethanol
mixture at around t = 30 min (see arrow 2). (B) Magnified view of the
normalized LSPR Δλmax shift responses for the solvent washing step
corresponding to the data in panel (A).

Figure 4. Comparison of LSPR measurement responses for BSA protein adsorption onto alumina and silica surfaces. (A) Normalized LSPR ΔRIU
shift responses for BSA adsorption saturation in different water−ethanol mixtures (relative to the water−ethanol mixture baseline without protein).
(B) Normalized LSPR ΔRIU shift responses for BSA adsorption upon washing in different water−ethanol mixtures (relative to the water−ethanol
mixture baseline without protein). (C) Normalized LSPR ΔRIU shift responses for BSA adsorption upon washing in water (relative to the water
baseline without protein). The data are presented as mean ± standard deviation (SD) from n = 3 measurements.
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were normalized to the initial water baseline and a similar
trend in RIU values was observed on the two surfaces, further
supporting that the BSA adlayers remained largely stable on
the sensor surfaces. One noteworthy aspect is that we used
deionized water for the final washing step in this study,
whereas a high-salt buffer solution was used during the final
washing step in a previous study which caused extensive
desorption of adsorbed BSA molecules on silica surfaces.30

This distinction between the use of different aqueous solutions
for the washing step reinforces the importance of electrostatic
forces in modulating adsorbed protein stability and this
approach can help to fabricate more well-packed protein
adlayers, especially in combination with subsequent cross-
linking strategies.23

Comparison of BSA Protein Adsorption Kinetics. In
addition to protein adsorption uptake, the corresponding
adsorption kinetics in different water−ethanol mixtures were
compared across the two surfaces, as presented in Figure 5.
Under equivalent solution conditions, BSA adsorption tended
to reach adsorption saturation more quickly on alumina
surfaces than on silica surfaces. Quantitatively, we further
analyzed the adsorption kinetics by calculating the initial slope
of the normalized LSPR measurement responses. Since protein
adsorption is a diffusion-limited process,60 the rate of
contacting protein molecules depends on the flow conditions
and protein specifics (e.g., hydrodynamics). As such, the rate of
contacting protein molecules was equivalent for the protein
adsorption experiments on both nanomaterial surfaces because

Figure 5. Comparison of BSA protein adsorption kinetics on alumina and silica surfaces. (A−E) Time-resolved LSPR ΔRIU shifts are presented for
BSA adsorption in different water−ethanol mixtures. The initial rates of change in the LSPR signal were determined by linear fits and the mean
values are reported in RIU/min units from n = 3 measurements.

Figure 6. Schematic illustration comparing the adsorption behavior of BSA proteins on alumina and silica surfaces. In general, BSA monomers and
oligomers underwent greater adsorption-induced deformation on the positively charged alumina surface compared to on the negatively charged
silica surface due to charge-enhanced protein−surface interactions.
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the relevant experimental conditions were standardized. On
the other hand, the rate of change in the LSPR measurement
response is influenced by the net adsorption and desorption of
attached BSA molecules on the sensor surface and varies
according to the nanomaterial surface properties. More
specifically, the extent of protein desorption process depends
inversely on the strength of protein−surface interactions
whereby a larger rate of change in the LSPR signal indicates
comparatively less desorption and vice versa.
For 0−20% ethanol fractions, the average initial slopes for

BSA adsorption onto the alumina and silica surfaces were
∼0.07 and ∼0.01 RIU/min, respectively (Figures 5A−C).
Moreover, for 30−40% ethanol fractions, the average initial
slopes for BSA adsorption onto the alumina and silica surfaces
were ∼0.09 and ∼0.03 RIU/min, respectively (Figures 5D,E).
The larger slope values for BSA adsorption onto the alumina
surface across all tested solvent conditions support that there
are stronger protein−surface interactions on alumina due to
attractive electrostatic interactions, which result in an
appreciably lower desorption rate compared to that on the
silica surface. Indeed, it was previously shown that >99% of
attached BSA protein molecules rapidly desorb from silica
surfaces due to a low sticking coefficient and short adsorption
lifetime.61

Interestingly, larger initial slope values were also observed
with BSA oligomers in 30−40% ethanol as opposed to BSA
monomers in 0−20% ethanol, especially on the silica surface.
Since the diffusion-limited adsorption rate for BSA monomers
is much greater than for BSA oligomers, these results support
that BSA oligomers have much stronger interactions with the
surface, likely due to more pinning sites.29 This effect is most
pronounced on the silica surface, in which case the protein−
surface interactions are relatively weaker overall, while the
effect is still prominent on the alumina surface as well.
Trends in BSA Adsorption Behavior. Figure 6 presents a

set of schematic illustrations comparing the adsorption
behavior of BSA proteins on alumina and silica surfaces. The
scenarios are divided into cases involving the adsorption of
BSA monomers and oligomers in water−ethanol mixtures with
low (0−20%) and high (30−40%) ethanol fractions,
respectively.
On positively charged alumina surfaces, negatively charged

BSA monomers and oligomers underwent more extensive
adsorption-related unfolding and spreading, which resulted in
relatively low total adsorption uptake due to a greater
adsorption footprint per attached monomer or oligomer.
Furthermore, upon solvent washing, protein adlayer densifica-
tion was observed across all tested ethanol fractions on the
alumina surface, as indicated by increases in the LSPR
measurement response. This densification arose from the
wash-induced desorption of BSA monomers or oligomers that
were weakly adsorbed on the initially formed adlayer, which in
turn enabled greater spreading of the remaining adlayer
molecules due to less steric confinement. More specifically, it is
likely that BSA proteins initially adsorbed onto the alumina
surface in a manner whereby protein regions with positive
surface charge character were oriented away from the sensor
surface due to electrostatic repulsion.33 Such conformational
restrictions tend to inhibit the degree of spreading and Rezwan
et al. have also discussed how BSA proteins could still adsorb
onto a preformed BSA monolayer on an alumina surface
through protein−protein interactions.34 Upon solvent washing,
weakly adsorbed protein molecules are removed from the

surface, which decreases steric hindrance within the adsorbate
and enables remaining, firmly attached protein molecules to
spread out to a greater extent, resulting in closer proximity of
adsorbed BSA molecules, on average, to the sensor surface that
yielded larger measurement responses.
On the other hand, on negatively charged silica surfaces,

adsorbing BSA proteins had relatively weaker protein−surface
interactions. At low ethanol fractions, there was irreversible
protein adsorption but no densification upon solvent washing.
At higher ethanol fractions, a modest degree of densification
was observed but to a lower extent than on alumina. Modest
densification of BSA adlayers on silica upon solvent washing
has been attributed to a combination of ethanol-induced
protein unfolding and lower conformational flexibility. Overall,
these findings demonstrate that BSA monomers and oligomers
have stronger interactions with alumina surfaces than with
silica surfaces, as indicated by quicker adsorption kinetics and
more rigidly attached adlayer coatings.

■ CONCLUSIONS

In this study, we utilized the LSPR sensing technique to
investigate the real-time adsorption of BSA monomers and
oligomers onto alumina- and silica-coated silver nanodisk
arrays in different water−ethanol mixtures. Across the range of
tested conditions, it was observed that both protein species,
BSA monomers and oligomers, had stronger protein−surface
interactions on alumina surfaces, as indicated by quicker
adsorption kinetics to reach saturation and more rigid adlayer
packing. In general, these findings are consistent with
electrostatic forces playing an important role in modulating
protein attachment since BSA had a net negative charge while
alumina and silica had net positive and negative charges,
respectively.
In addition to alumina, other classes of aluminum-based

materials such as aluminum hydroxide have also been widely
utilized as nanomaterial vaccine adjuvants.62 While alumina has
an isoelectric point around pH 8.7 (ref 58), the isoelectric
point of aluminum hydroxide is even higher at around pH 11
(ref 63) and, hence, aluminum hydroxide would also be
positively charged under our test conditions. Accordingly, a
similar trend in BSA adsorption behavior might be anticipated
on aluminum hydroxide as on alumina, and there has also been
past interest in comparing the adjuvant effects of aluminum
hydroxide and silica nanomaterials.64 While BSA is a model
protein, there are a wide range of other antigens with different
conformational and surface charge properties that can be used
together with nanomaterial adjuvants and the measurement
approach in this study is broadly applicable to study the
adsorption properties of protein antigens on various classes of
nanomaterial surfaces as well.
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