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Abstract: Nanoplasmonic sensors are a popular, surface-sensitive measurement tool to investigate
biomacromolecular interactions at solid-liquid interfaces, opening the door to a wide range of
applications. In addition to high surface sensitivity, nanoplasmonic sensors have versatile surface
chemistry options as plasmonic metal nanoparticles can be coated with thin dielectric layers.
Within this scope, nanoplasmonic sensors have demonstrated promise for tracking protein adsorption
and substrate-induced conformational changes on oxide film-coated arrays, although existing studies
have been limited to single substrates. Herein, we investigated human serum albumin (HSA)
adsorption onto silica- and titania-coated arrays of plasmonic gold nanodisks by localized surface
plasmon resonance (LSPR) measurements and established an analytical framework to compare
responses across multiple substrates with different sensitivities. While similar responses were
recorded on the two substrates for HSA adsorption under physiologically-relevant ionic strength
conditions, distinct substrate-specific behavior was observed at lower ionic strength conditions.
With decreasing ionic strength, larger measurement responses occurred for HSA adsorption onto
silica surfaces, whereas HSA adsorption onto titania surfaces occurred independently of ionic strength
condition. Complementary quartz crystal microbalance-dissipation (QCM-D) measurements were
also performed, and the trend in adsorption behavior was similar. Of note, the magnitudes of the
ionic strength-dependent LSPR and QCM-D measurement responses varied, and are discussed with
respect to the measurement principle and surface sensitivity of each technique. Taken together,
our findings demonstrate how the high surface sensitivity of nanoplasmonic sensors can be
applied to quantitatively characterize protein adsorption across multiple surfaces, and outline
broadly-applicable measurement strategies for biointerfacial science applications.

Keywords: nanoplasmonics; localized surface plasmon resonance; label-free biosensor; near field
decay; protein adsorption; human serum albumin

1. Introduction

Nanoplasmonic sensing is a popular surface-sensitive measurement technique for biomolecular
detection, and has several compelling features including simple instrumental requirements, label-free
format, and high detection sensitivity [1-3]. One of the most popular versions is based on the localized
surface plasmon resonance (LSPR) of metal nanoparticles. LSPR refers to the collective oscillation
of free electrons in the conduction band of noble metal nanoparticles that occurs upon interaction
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with light, leading to light extinction that is characterized by a wavelength position with maximum
extinction, Amax [1,4]. The evanescent electromagnetic field surrounding LSPR-active nanoparticles
is highly amplified in the near vicinity of the nanoparticle surface (~5-20 nm decay length [5,6]),
and the specific value of Anax is sensitive to the local dielectric environment within the probing
volume. The presence of a biomolecule near the sensor surface will typically cause an increase in
the local refractive index that is registered as a positive AAmax shift. As the decay length of the
LSPR-enhanced field is on the length scale of various classes of biomolecules, it is possible to not only
detect biomolecular binding events, but also characterize structural transformations that influence the
spatial proximity of adsorbed molecules to the sensor surface [7-9]. In turn, these capabilities have
proven useful for gaining novel insights into well-studied biomacromolecular interactions involving
lipid vesicles [10-14] and supported lipid bilayers [8,15-18].

Within this scope, proteins have become a popular subject of inquiry as protein adsorption onto a
solid support is often accompanied by substrate-induced denaturation and resulting conformational
changes. Indeed, while most nanoplasmonic sensing works involving proteins have focused on
end-point detection [19,20], there is a growing number of studies that have exploited the high
surface sensitivity of LSPR measurement strategies to investigate protein-protein interactions [21-25],
protein interactions with small molecules [26-29], sugars [30-32], and drugs [33,34], and protein
conformational changes triggered by an environmental stimuli [9]. In recent years, the utility of
LSPR sensors to study protein adsorption has become greatly expanded through the introduction of
indirect nanoplasmonic sensing (INPS), which involves coating plasmonic metal nanoparticles with
a dielectric material of interest [35]. In addition to tuning measurement sensitivity and increasing
platform stability [36], perhaps the greatest advantage of the dielectric coating is that it facilitates
nanoplasmonic sensing across a wide range of materials and surface chemistries.

In one prominent example, Langhammer and co-workers employed the INPS strategy to
characterize protein adsorption onto silica-coated gold nanodisks within the context of studying
protein corona formation [37,38]. In addition to coating the nanoplasmonic transducer with a conformal
dielectric layer, other materials can also be deposited on the sensor surface to study protein adsorption.
For example, Zen et al. investigated the adsorption of bovine serum albumin (BSA) and fibrinogen
onto amorphous carbon and hydrogenated amorphous carbon using nanoplasmonic sensors comprised
of gold nanodisks coated with the two types of carbon materials [39]. While the extent of protein
adsorption has been mainly characterized by directly relating the magnitude of the final LSPR peak
shift to the amount of adsorbed protein, the LSPR measurement response per individual protein
molecule can vary because the protein’s molecular mass is, on average, in a region of different
field intensity [40-42]. Recently, we investigated the effect of temperature on BSA adsorption and
denaturation onto silica-coated nanoplasmonic sensor arrays, and showed how denaturation of
individual, adsorbed protein molecules affects the LSPR measurement response [43]. To date, existing
LSPR studies for protein adsorption have been performed on individual substrates, and comparative
measurements of protein adsorption and denaturation across multiple substrates have yet to be
explored. From a measurement perspective, the challenge lies in taking into account the different surface
sensitivities of the substrates, along with the different conformations of adsorbed protein molecules
that occur when protein molecules interact with a particular surface of defined material composition.

Herein, we investigated human serum albumin (HSA) adsorption onto silica- and titania-coated
arrays of plasmonic gold nanodisks. Understanding protein adsorption behavior on silica and titania
surfaces is important considering their prevalence in biomedical applications [44,45]. HSA was
selected as the model protein because it is widely studied and known to denature (via conformational
changes) in the adsorbed state [46-50]. HSA is also a structural cognate of BSA [51,52], and this
similarity provided the basis for comparing LSPR measurement data with past findings as further
verification. While we previously focused on measuring the relative denaturation of individual,
BSA molecules on silica-coated surfaces at low surface coverage [43], we expand the scope of our
present investigation to comprehensively investigate HSA adsorption and denaturation across different
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surface coverage regimes and compare results obtained on dielectric-coated substrates with different
surface sensitivities. For the first time, protein adsorption behavior on different surfaces are compared
on the same nanoplasmonic sensing platform. In terms of their physicochemical properties, the silica
and titania coatings used in this work share some similarities in that they are both hydrophilic and
negatively-charged. This allowed us to highlight the effect of subtle differences in surface properties
on protein adsorption behavior. Furthermore, by varying the ionic strength condition, it was possible
to tune the protein-substrate interaction, especially via charge shielding of electrostatic forces [53-57].
In turn, this enabled us to establish an analytical framework to quantitatively compare responses across
multiple substrates with different sensitivities and demonstrate the capability of the nanoplasmonic
sensing technique to identify unique patterns of protein adsorption and denaturation on different
surfaces, paving the way for its utilization across various application settings.

2. Materials and Methods

2.1. HSA Preparation

Lyophilized human serum albumin (HSA) (A3782) was obtained from Sigma-Aldrich
(Singapore) and was stored at 4 °C prior to use. Buffer solutions were prepared using 10 mM
tris(hydroxymethyl)aminomethane (Tris) and varying concentrations of sodium chloride. All buffer
solutions were adjusted to pH 7.5 with 1 M hydrochloric acid, and filtered through a membrane filter
with 0.22 um diameter pores before use. All protein samples were freshly prepared on the day of
experiments by dissolving a weighed mass of lyophilized protein in the appropriate buffer solution.
The molar concentrations of protein samples were determined by measuring the sample absorbance
at 280 nm wavelength and taking into account the molar extinction coefficient of 36,500 M~! cm ™!
based on previous works [58,59]. The protein concentration was adjusted by dilution to 50 uM final
concentration for experiments.

2.2. LSPR Measurements

Ensemble-averaged LSPR measurements were performed on an Insporion XNano instrument
(Insplorion AB, Gothenburg, Sweden) that was operated in transmission mode. The highly uniform
sensor chips composed of silica- and titania-coated gold nanodisk arrays on glass surfaces were
purchased from Insplorion AB. The sensor chips were assembled within the measurement cell with an
effective circular sensing area ~2 mm in diameter and a flow depth of ~44 um (i.e., effective sensing
volume ~0.14 pL), as previously described [13]. The arrays are comprised of well-separated and
randomly distributed gold nanodisks (average height and diameter of 20 and 120 nm, respectively,
with a surface coverage of ~8%), which were fabricated by hole-mask lithography [60] and
sputter-coated with a thin dielectric layer (thickness ~10 nm). Prior to each experiment, the sensor
chips were thoroughly rinsed with 1 wt % sodium dodecyl sulfate (SDS) in water, water, and ethanol
and dried with a stream of nitrogen gas. The sensor chips were then treated with oxygen plasma
before being loaded into the measurement cell. For the silica-coated sensor chips, the base material is
silicon nitride and the oxygen plasma treatment results in the formation of a silica layer on the sensor
surface and hence the coatings are referred to as silica coatings [61]. A peristaltic pump was used to
introduce liquid sample into the measurement cell at a constant flow rate of 100 uL/min. All LSPR
data collection and analysis was performed using the Insplorer software package (Insplorion AB) with
a time resolution of 1 Hz. The spectral resolution of the plasmon resonance, as well as its centroid
position (denoted as Amax), was determined by high-order polynomial fitting [62].

2.3. QCM-D Measurements

QCM-D measurements were performed on a Q-Sense E4 instrument (Biolin Scientific AB,
Stockholm, Sweden) using AT-cut crystals with sputter-coated, 50 nm-thick silica (QSX 303, Biolin
Scientific AB) or titania (QSX 310, Biolin Scientific AB) layers. The crystals had a mass sensitivity
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constant of 17.7 ng/cm?Hz (Ref. [63]). Before measurement, the crystals were rinsed with 1 wt % SDS
in water, water, and ethanol, dried with a stream of nitrogen gas, and treated with oxygen plasma for
1 min. Samples were introduced at a constant flow rate of 100 pL./min, as regulated by a peristaltic
pump, and the temperature of the measurement cell was maintained at 25.0 & 0.5 °C. Data was
collected at the odd overtones (3rd, 5th, 7th, and 9th), and the normalized data at the 5th overtone
are reported.

3. Results and Discussion

3.1. Sensor Characterization

We employed the INPS strategy to monitor HSA adsorption and denaturation on dielectric-coated
sensor arrays, which were comprised of randomly-distributed gold nanodisks on glass surfaces
fabricated via hole-mask colloidal lithography and the entire surface was then conformally coated
with a 10-nm thick silica or titania overlayer (Figure 1A). Briefly, when HSA solution is introduced into
the microfluidic chamber, HSA molecules adsorb onto the sensor surface and accumulate to gradually
form a dense protein adlayer, as shown in Figure 1B. The entire process occurs under the illumination
of light, which passes through the sensor to reach the spectrophotometer. The adsorption of HSA
molecules onto the sensor surface leads to a AAmax shift, and our measurement approach is sensitive
to the dry mass of adsorbed HSA molecules.
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Figure 1. (A) Representative top-down SEM image of the gold nanodisk sensor array; and (B) a
schematic illustration of HSA adsorption onto silica- and titania-coated gold nanodisk arrays.

The optical extinction spectra corresponding to before and after HSA adsorption onto silica- and
titania-coated gold nanodisks are shown in Figure 2A. The presence of different dielectric coatings
leads to a significant variation in the initial Amax position (i.e., ~715 nm and ~767 nm for silica-
and titania-coated sensors, respectively), which arises from perturbations in the electromagnetic
field distribution around the gold nanodisks due to the presence of the dielectric coatings [64—66].
Consequently, the distinct plasmonic properties result in the sensor arrays exhibiting different bulk
refractive index sensitivities, which typically increase as the LSPR peak position moves to higher
wavelengths [67,68]. We determined the bulk refractive index sensitivities to be ~100 and ~140 nm/RIU
for bare silica- and titania-coated sensors, respectively (Figure 2B). While electromagnetic field
enhancement around the edges of bare plasmonic nanostructures is often amplified by up to several
orders of magnitude more than flat or smooth regions [69-71], past simulation results suggest a
relatively uniform electromagnetic field distribution around the contacting surface of dielectric-coated
gold nanodisks [11].

After HSA adsorption under physiologically-relevant ionic strength conditions (i.e., 150 mM
NaCl) for 20 min, a positive AAmax shift was observed on both surfaces. While the magnitude of
the AAmax shift (~1 nm) is relatively small, it is significantly larger than the sensing resolution by
several orders of magnitude. This was verified by directly characterizing the sensing resolution,
which was defined as the smallest change in the bulk refractive index that produced a detectable
change in the output [72]. The practical resolutions were determined to be 9.20 x 10~° RIU and
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1.12 x 10~* RIU, which translates to AAmax shifts of around 0.009 nm and 0.016 nm, for silica- and
titania-coated sensors, respectively (details in Supplementary Materials). Taken together, these findings
identify that the fabricated titania-coated arrays have ~1.4-times greater measurement sensitivity than
the silica-coated arrays, and establish that HSA protein molecules adsorb onto both sensor surfaces
producing detectable measurement responses.

A 0.6 — 8i0, Tio, — B y e Silica
- 54 = Titania
3 _—
s %8 E 4
c 04 E
g 03 &
S 3 2 100 nm/RIU
& 0.2 P
0.1
0.0 0
"~ 600 700 800 900 0.00 0.01 0.02 0.03 0.04
Wavelength (nm) Refractive Index Change (ARIU)

Figure 2. (A) LSPR spectra before and after HSA adsorption onto the two sensor surfaces; (B) Bulk
refractive index sensitivity measurements from water-glycerol titration measurements (0-30 wt %
glycerol). Data are reported as mean and standard deviation for n = 3 measurements.

3.2. Real-Time Monitoring of HSA Adsorption Kinetics

To resolve protein adsorption kinetics, we tracked the AAnax shift as a function of time.
As shown in Figure 3A, the time-resolved peak shifts indicated that HSA adsorption onto silica
and titania surfaces shows similar adsorption profiles under physiologically relevant ionic strength
conditions (i.e., 150 mM NaCl). In particular, there were similar adsorption rates in the initial and
equilibration stages, while one distinct difference was a significantly higher final peak shift for the
titania case. The final peak shifts were around 0.9 nm and 1.4 nm for HSA adsorption onto silica
and titania, respectively, and the range of these values agrees well with literature values for BSA
adsorption [37,38,43], validating our measurement approach. The LSPR signals can be normalized by
the bulk refractive index sensitivities to directly compare the measurement responses across different
substrates [11]. After normalizing the measurement responses by the bulk refractive index sensitivities,
it is noticeable that the extent of HSA adsorption was nearly identical on the two substrates (Figure 3B).
Specifically, the rates in the initial and equilibration stages were slightly higher for HSA adsorption
onto silica than titania surfaces, with the trend switching in the intermediate stage.

>

Peak Shift (nm)
Normalized A% (RIU) 0O

Time (min) Time (min)

Figure 3. (A) LSPR peak shift responses as a function of time for HSA adsorption onto silica- and
titania-coated sensors before normalization; and (B) the normalized LSPR peak shift responses as a
function of time for HSA adsorption from panel (A).
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It is known that the presence of salt can affect protein-protein and protein-substrate interactions
through electrostatic shielding effects [56,73]. In addition, protein conformation can also be stabilized
by the presence of salt [74-77]. Since a silica surface is more negatively charged than a titania surface
under the tested pH conditions [52], we proceeded to investigate HSA adsorption onto both surfaces
under different ionic strength conditions ranging from 0 mM to 250 mM NaCl to evaluate surface
charge effects. Interestingly, significant differences in adsorption behavior became apparent at different
ionic strengths. With increasing ionic strength, there was a decrease in the normalized peak shifts for
the case of HSA adsorption onto silica, indicating lower accumulation of protein molecules within the
immediate vicinity of the gold nanodisks (Figure 4A). In marked contrast to the silica case, minimal
variations in the measurement response were observed for the titania case (Figure 4B).
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Figure 4. Normalized LSPR peak shift responses as a function of time for HSA adsorption onto (A) silica
and (B) titania surfaces in 0, 50, 150, and 250 mM NaCl conditions.

In order to verify the observed measurement trends, we performed quartz crystal
microbalance-dissipation (QCM-D) experiments using silica- and titania-coated quartz crystals.
The QCM-D technique tracks changes in the resonance frequency and energy dissipation of an
oscillating quartz crystal that reflect the acoustic mass and viscoelastic properties of an adsorbate,
respectively. With increasing ionic strength, there was an overall decrease in the QCM-D frequency
shift for the case of HSA adsorption onto silica, indicating lower accumulation of protein molecules
on the surface (Figure 5A). Compared to the LSPR peak shifts, the QCM-D frequency and dissipation
shifts for HSA adsorption onto silica were less varied across the tested range of ionic strength
conditions. In contrast, frequency shifts closely overlapped for the case of HSA adsorption onto
titania, except for the case of 0 mM NaCl, which indicated the lowest amount of adsorbed HSA
(Figure 5B). The accompanying energy dissipation shifts showed similar values during the stabilization
stage for HSA adsorption onto silica, suggesting that protein molecules are closely packed to form a
compact film and the specific configuration likely depends on the particular ionic strength condition
(Figure 5C). Likewise, energy dissipation shifts for HSA adsorption onto titania at different ionic
strengths were also similar, although the values were much lower compared to the case of silica,
indicating that HSA molecules are more deformed and tightly bound on the titania surface (Figure 5D).
Overall, the trends observed via QCM-D measurements were in excellent agreement with those
observed via LSPR measurements.
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Figure 5. QCM-D frequency shifts for HSA adsorption onto (A) silica and (B) titania at 0, 50, 150,
and 250 mM NaCl. Accompanying dissipation shifts for adsorption onto (C) silica and (D) titania.

3.3. Data Analysis

A detailed analysis of the LSPR response requires some prior knowledge about the
biomacromolecular interaction under consideration. In general, a protein molecule initially adsorbs
onto a surface in its native conformation and then, depending on the protein-surface interaction, either
remains in its native conformation or unfolds and spreads on the surface [42,78-80]. Upon spreading,
the surface area covered by a protein molecule, as well as the binding strength between the surface
and protein molecule increases [81,82]. Depending on the extent of protein deformation, protein
molecules can either remain adsorbed or desorb from the surface. Over time, the protein adsorption
process will become less reversible and the extent of protein spreading will increase after multiple
adsorption-desorption cycles [82-86].

When interpreting LSPR measurement responses, it is often assumed that protein density remains
constant [87,88] leading to a direct correlation between LSPR peak shift and optical mass. However,
as mentioned above, both protein density and thickness of the protein film change. As described in
our previous works [11,13,14], the peak shift, AAmay, arising from a refractive index change in the
LSPR-probed sensing volume around the nanodisk is denoted by:

0o R5
A7\max = SB/ > -

. mAn(z)dz 1)

where Sp is the bulk refractive index sensitivity of the sensing arrays (i.e., 100 nm/RIU and 140 nm/RIU
for silica- and titania-coated surfaces, respectively), z is the coordinate perpendicular to the substrate
surface (z = 0 corresponds to the protein-substrate), R, is the length scale characterizing the distance
between the center of the nanodisk and the protein-substrate contact (i.e., 74 nm as previously
determined by simulation results [11]), and An(z)dz is the spatial distribution of the refractive index
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change along the z coordinate. Considering the formation of a protein layer directly on the sensor
surface, integration of Equation (1) yields:

Mmax = An |1 — R\
max — R*—‘FD

where AAmax is the normalized peak shift and An is the refractive index change arising from the
adsorption of protein molecules to form a protein layer with thickness D. We applied the above
correlation to approximate the thickness of the HSA layer based on typical values of local refractive
index changes due to HSA adsorption onto titania, which is in the range of 0.08 to 0.12 RIU after
30 mins [88]. Rearranging Equation (2), we obtain:

1
N\ —-17]°5
D= |R <1 - Mmax) R, 3)

7 (2)

An

Substituting the typical values of An, as well as AAmax from Figure 4A, B into Equation (3),
we obtain a protein film thickness of around 1.5 nm for adsorbed protein layers on both surfaces
at physiological ionic strength condition, which agrees well with previous works [38,39]. Based on
the above arguments, the LSPR measurement response (AAmax shift) can arise from either protein
adsorption (mass accumulation) on the surface and/or from substrate-induced conformational
changes [43,89]. Applying this framework to protein films requires a delicate approach because (1) the
majority of albumin molecules will desorb shortly after they initially adsorb on the surface, especially
when there is low surface coverage [90]. Over time, (2) HSA molecules that remain irreversibly
adsorbed reduce the available surface area for subsequent adsorption events and, as a consequence,
(3) there will gradually be a lower flux of newly adsorbing proteins [82,86].

Having established the framework for interpreting LSPR responses, let us first analyze the
data for HSA adsorption on silica and titania at physiological ionic strength. By comparing the
time-resolved peak shifts in Figure 3B, we can deduce that the initial rate of reversible adsorption was
higher on silica, while the tendency for protein spreading is lower. Consequently, protein spreading
on silica occurred more gradually over a longer time period. On the other hand, a quicker and
higher degree of HSA spreading occurred on titania. The evidence supports that, due to a higher
surface charge, the initial adsorption of HSA on silica is more strongly governed by long-range
electrostatic interactions [91,92], compared to that on titania where the adsorption process is less driven
by electrostatic forces (i.e., no dependence on ionic strength) [93,94]. Conversely, this supports that
HSA spreading on titania occurs due to stronger, short-range protein-surface interactions stemming
from non-electrostatic forces (e.g., van der Waals). Furthermore, the LSPR measurements also showed
a lower propensity for HSA desorption from titania upon rinsing with buffer (Figure S1). Of note,
Givens et al. recently showed that BSA adsorption onto oxide nanoparticles follows a similar trend,
whereby adsorbed BSA is more completely denatured on titania nanoparticle surfaces, while it is less
denatured on silica nanoparticle surfaces [95].

Furthermore, the decrease in initial rate and equilibration uptake with increasing ionic strength
on silica suggested lower rates of reversible adsorption and greater spreading. Interestingly, for 0 mM
and 50 mM NaCl conditions, the initial rates were closely matching before the rate decreased more
considerably for 50 mM NaCl during the intermediate stage. This result is reasonable since it is known
that proteins are destabilized in the absence of salt due to the lack of intramolecular charge shielding
resulting in greater intramolecular repulsions [74,75,77]. The observations also suggest that HSA
spreading and/or reorientation in the later stage was induced by further protein uptake, which did not
occur for 50 mM NaCl since the adsorbed HSA molecules were more stable and, therefore, had lesser
tendency to reorient to accommodate later arriving molecules [96]. In contrast, HSA adsorption onto
titania did not change significantly as compared to adsorption under physiological ionic strength,
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supporting that HSA adsorption onto titania is strongly governed by short-range interaction forces.
Compared to HSA desorption from silica, HSA desorption from titania was also lower at all tested
ionic strengths (Figure S2). In addition, stronger van der Waals forces on titania also promote the
formation of a thicker hydration layer [97], which may mediate the propensity for protein deformation
on the surface, resulting in similar rates of conformational change on the surface independent of
ionic strength.

Taken together, our results reveal that, while HSA adsorption onto two hydrophilic surfaces
appears to be very similar under physiologically relevant ionic strength conditions, significant
variations in adsorption behavior are observed under different ionic strength conditions and
can be detected by LSPR measurements. Comparison between experimentally-measured HSA
adsorption behaviors on silica and titania surfaces is briefly summarized in Table 1, and provides
insight into the role of different factors, as well as benefits of the INPS sensing approach for
measurement discrimination.

Table 1. Summary of the differences in surface properties between silica and titania and the resulting
differences in measurement responses obtained from QCM-D and LSPR measurement techniques.

Silica Titania
Surface charge (influenced by hydroxyl groups) Highly negative Slightly negative
Force governing protein-surface interaction Electrostatic Non-electrostatic/van der Waals
Degree of surface hydration Low High
Dependency of protein adsorption on ionic strength based on QCM-D responses Weak Weak
Dependency of protein adsorption on ionic strength based on LSPR responses Strong Negligible

4. Conclusions

In this work, we have employed a nanoplasmonic sensing technique to comparatively investigate
HSA adsorption onto silica and titania surfaces. This represents the first work comparing protein
adsorption behavior on different surfaces using the same nanoplasmonic sensing platform. We highlight
the capability of the technique to clearly resolve differences in HSA adsorption behavior on two surfaces
that share similar physicochemical properties in that they are both hydrophilic and negatively charged.
By comparing time-resolved LSPR peak shifts at different ionic strength conditions, we revealed that
the amount of adsorbed HSA and the degree of protein spreading on a silica surface was highly
dependent on the ionic strength condition, while HSA adsorption behavior on a titania surface was
largely unaffected by changes in ionic strength. Data analysis further underscored the particular
significance of the high surface sensitivity of the nanoplasmonic sensing approach to distinguish the
ionic strength-dependent trends. In general, our results suggest a higher degree of protein spreading on
titania. Based on these findings, we concluded that the HSA adsorption onto silica is mainly governed by
long-range electrostatic interactions and adsorbed HSA molecules would experience weaker short-range
interactions than on titania. In the latter case, it appears that non-electrostatic forces (e.g., van der Waals)
and surface hydration have more significant effects on influencing protein adsorption on titania than
electrostatic forces alone. Taken together, our findings demonstrate how nanoplasmonic sensors can be
applied to identify unique patterns of protein adsorption and denaturation on different sensor surfaces,
and offer unique measurement capabilities for characterizing protein adsorption and conformational
changes at solid-liquid interfaces.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1424-8220/18/4/1283/
s1, Information on the Approximation of Protein Layer Thickness, Determination of Practical Sensor Resolution,
and Supporting Figures S1-S2.

Acknowledgments: This work was supported by the National Research Foundation of Singapore through a
Proof-of-Concept grant (NRF2015NRF-POCO0001-19), as well as through the Center for Precision Biology at
Nanyang Technological University.

Author Contributions: A.R.F, J.A.J., and N.J.C. conceived and designed the experiments; A.R.F. and T.N.S.
performed the experiments; A.RF. and ].A]. analyzed the data; and A.R.E, J.A.]., and N.J.C. wrote the paper.


http://www.mdpi.com/1424-8220/18/4/1283/s1
http://www.mdpi.com/1424-8220/18/4/1283/s1

Sensors 2018, 18, 1283 10 of 14

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Anker, ].N,; Hall, W.P; Lyandres, O.; Shah, N.C.; Zhao, J.; Van Duyne, R.P. Biosensing with plasmonic
nanosensors. Nat. Mater. 2008, 7, 442-453. [CrossRef] [PubMed]

2. Jackman, J.A,; Rahim Ferhan, A.; Cho, N.-J. Nanoplasmonic sensors for biointerfacial science. Chem. Soc. Rev.
2017, 46, 3615-3660. [CrossRef] [PubMed]

3. Spackova, B.; Wrobel, P.; Bockova, M.; Homola, J. Optical biosensors based on plasmonic nanostructures: A
review. Proc. IEEE 2016, 104, 2380-2408. [CrossRef]

4. Willets, K.A.; Duyne, R.P.V. Localized surface plasmon resonance spectroscopy and sensing. Annu. Rev.
Phys. Chem. 2007, 58, 267-297. [CrossRef] [PubMed]

5. Haes, A],; Zou, S,; Schatz, G.C.; Van Duyne, R.P. A nanoscale optical biosensor: The long range distance
dependence of the localized surface plasmon resonance of noble metal nanoparticles. J. Phys. Chem. B 2004,
108, 109-116. [CrossRef]

6. Whitney, A.V.; Elam, ] W.; Zou, S.; Zinovev, A.V,; Stair, P.C.; Schatz, G.C.; Van Duyne, R.P. Localized surface
plasmon resonance nanosensor: A high-resolution distance-dependence study using atomic layer deposition.
J. Phys. Chem. B 2005, 109, 20522-20528. [CrossRef] [PubMed]

7. Chah, S.; Hammond, M.R.; Zare, R.N. Gold nanoparticles as a colorimetric sensor for protein conformational
changes. Chem. Biol. 2005, 12, 323-328. [CrossRef] [PubMed]

8.  Ferhan, AR, Jackman, J.A.; Cho, N.-J. Integration of quartz crystal microbalance-dissipation and
reflection-mode localized surface plasmon resonance sensors for biomacromolecular interaction analysis.
Anal. Chem. 2016, 88, 12524-12531. [CrossRef] [PubMed]

9.  Hall, W.P; Modica, J.; Anker, J.; Lin, Y.; Mrksich, M.; Van Duyne, R.P. A conformation- and ion-sensitive
plasmonic biosensor. Nano Lett. 2011, 11, 1098-1105. [CrossRef] [PubMed]

10. Ferhan, A.R; Jackman, J.A.; Cho, N.-J. Investigating how vesicle size influences vesicle adsorption on
titanium oxide: A competition between steric packing and shape deformation. Phys. Chem. Chem. Phys. 2017,
19, 2131-2139. [CrossRef] [PubMed]

11.  Jackman, J.A.; Spackova, B.; Linardy, E.; Kim, M.C.; Yoon, B.K.; Homola, J.; Cho, N.-J. Nanoplasmonic ruler
to measure lipid vesicle deformation. Chem. Commun. 2016, 52, 76-79. [CrossRef] [PubMed]

12. Jackman, J.A.; Yorulmaz Avsar, S.; Ferhan, A.R.; Li, D.; Park, J.H.; Zhdanov, V.P.,; Cho, N.-]. Quantitative
profiling of nanoscale liposome deformation by a localized surface plasmon resonance sensor. Anal. Chem.
2017, 89, 1102-1109. [CrossRef] [PubMed]

13. Jackman, J.A.; Zhdanov, V.P; Cho, N.-J. Nanoplasmonic biosensing for soft matter adsorption: Kinetics of
lipid vesicle attachment and shape deformation. Langmuir 2014, 30, 9494-9503. [CrossRef] [PubMed]

14. Oh, E,; Jackman, ].A.; Yorulmaz, S.; Zhdanov, V.P; Lee, H.; Cho, N.-J. Contribution of temperature to deformation
of adsorbed vesicles studied by nanoplasmonic biosensing. Langmuir 2015, 31, 771-781. [CrossRef] [PubMed]

15. Ferhan, A.R; Jackman, J.A.; Cho, N.-J. Probing spatial proximity of supported lipid bilayers to silica surfaces
by localized surface plasmon resonance sensing. Anal. Chem. 2017, 89, 4301-4308. [CrossRef] [PubMed]

16. Ferhan, A.; Ma, G.; Jackman, J.; Sut, T.; Park, J.; Cho, N.-J. Probing the interaction of dielectric nanoparticles with
supported lipid membrane coatings on nanoplasmonic arrays. Sensors 2017, 17, 1484. [CrossRef] [PubMed]

17.  Larsson, EM.; Edvardsson, M.E.M.; Langhammer, C.; Zori¢, I.; Kasemo, B. A combined nanoplasmonic and
electrodeless quartz crystal microbalance setup. Rev. Sci. Instrum. 2009, 80, 125105. [CrossRef] [PubMed]

18. Zan, G.H.; Jackman, J.A.; Kim, S.-O.; Cho, N.-]. Controlling lipid membrane architecture for tunable
nanoplasmonic biosensing. Small 2014, 10, 4828-4832. [CrossRef] [PubMed]

19. Guo, L.; Jackman, J.A.; Yang, H.-H.; Chen, P,; Cho, N.-J.; Kim, D.-H. Strategies for enhancing the sensitivity
of plasmonic nanosensors. Nano Today 2015, 10, 213-239. [CrossRef]

20. Unser, S.; Bruzas, I.; He, J.; Sagle, L. Localized surface plasmon resonance biosensing: Current challenges
and approaches. Sensors 2015, 15, 15684-15716. [CrossRef] [PubMed]

21. Bhagawati, M.; You, C; Piehler, J. Quantitative real-time imaging of protein-protein interactions by LSPR

detection with micropatterned gold nanoparticles. Anal. Chem. 2013, 85, 9564-9571. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nmat2162
http://www.ncbi.nlm.nih.gov/pubmed/18497851
http://dx.doi.org/10.1039/C6CS00494F
http://www.ncbi.nlm.nih.gov/pubmed/28383083
http://dx.doi.org/10.1109/JPROC.2016.2624340
http://dx.doi.org/10.1146/annurev.physchem.58.032806.104607
http://www.ncbi.nlm.nih.gov/pubmed/17067281
http://dx.doi.org/10.1021/jp0361327
http://dx.doi.org/10.1021/jp0540656
http://www.ncbi.nlm.nih.gov/pubmed/16853656
http://dx.doi.org/10.1016/j.chembiol.2005.01.013
http://www.ncbi.nlm.nih.gov/pubmed/15797216
http://dx.doi.org/10.1021/acs.analchem.6b04303
http://www.ncbi.nlm.nih.gov/pubmed/28193076
http://dx.doi.org/10.1021/nl103994w
http://www.ncbi.nlm.nih.gov/pubmed/21280643
http://dx.doi.org/10.1039/C6CP07930J
http://www.ncbi.nlm.nih.gov/pubmed/28045148
http://dx.doi.org/10.1039/C5CC06861D
http://www.ncbi.nlm.nih.gov/pubmed/26466086
http://dx.doi.org/10.1021/acs.analchem.6b02532
http://www.ncbi.nlm.nih.gov/pubmed/27983791
http://dx.doi.org/10.1021/la502431x
http://www.ncbi.nlm.nih.gov/pubmed/25035920
http://dx.doi.org/10.1021/la504267g
http://www.ncbi.nlm.nih.gov/pubmed/25531903
http://dx.doi.org/10.1021/acs.analchem.7b00370
http://www.ncbi.nlm.nih.gov/pubmed/28293950
http://dx.doi.org/10.3390/s17071484
http://www.ncbi.nlm.nih.gov/pubmed/28644423
http://dx.doi.org/10.1063/1.3265321
http://www.ncbi.nlm.nih.gov/pubmed/20059168
http://dx.doi.org/10.1002/smll.201400518
http://www.ncbi.nlm.nih.gov/pubmed/25079046
http://dx.doi.org/10.1016/j.nantod.2015.02.007
http://dx.doi.org/10.3390/s150715684
http://www.ncbi.nlm.nih.gov/pubmed/26147727
http://dx.doi.org/10.1021/ac401673e
http://www.ncbi.nlm.nih.gov/pubmed/24016060

Sensors 2018, 18, 1283 11 of 14

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ferreira, J.; Santos, M.J.L.; Rahman, M.M.; Brolo, A.G.; Gordon, R.; Sinton, D.; Girotto, E.M. Attomolar
protein detection using in-hole surface plasmon resonance. J. Am. Chem. Soc. 2009, 131, 436-437. [CrossRef]
[PubMed]

Haes, A.J.; Van Duyne, R.P. A nanoscale optical biosensor: Sensitivity and selectivity of an approach based
on the localized surface plasmon resonance spectroscopy of triangular silver nanoparticles. . Am. Chem. Soc.
2002, 124, 10596-10604. [CrossRef] [PubMed]

Hall, W.P,; Ngatia, S.N.; Van Duyne, R.P. LSPR biosensor signal enhancement using nanoparticle-antibody
conjugates. J. Phys. Chem. C 2011, 115, 1410-1414. [CrossRef] [PubMed]

Ruemmele, J.A.; Hall, W.P; Ruvuna, L.K.; Van Duyne, R.P. A localized surface plasmon resonance imaging
instrument for multiplexed biosensing. Anal. Chem. 2013, 85, 4560-4566. [CrossRef] [PubMed]

Cheng, X.R; Wallace, G.Q.; Lagugné-Labarthet, F; Kerman, K. Au nanostructured surfaces for
electrochemical and localized surface plasmon resonance-based monitoring of x-synuclein-small molecule
interactions. ACS Appl. Mater. Interfaces 2015, 7, 4081-4088. [CrossRef] [PubMed]

Guerreiro, J.R.L.; Bochenkov, V.E.; Runager, K.; Aslan, H.; Dong, M.; Enghild, J.J.; De Freitas, V.; Ferreira
Sales, M.G.; Sutherland, D.S. Molecular imprinting of complex matrices at localized surface plasmon
resonance biosensors for screening of global interactions of polyphenols and proteins. ACS Sens. 2016, 1,
258-264. [CrossRef]

Guerreiro, J.R.L.; Frederiksen, M.; Bochenkov, V.E.; De Freitas, V.; Ferreira Sales, M.G.; Sutherland, D.S.
Multifunctional biosensor based on localized surface plasmon resonance for monitoring small
molecule-protein interaction. ACS Nano 2014, 8, 7958-7967. [CrossRef] [PubMed]

Zhang, D.; Lu, Y.; Zhang, Q.; Yao, Y.; Li, S.; Li, H.,; Zhuang, S.; Jiang, J.; Liu, G.L.; Liu, Q. Nanoplasmonic
monitoring of odorants binding to olfactory proteins from honeybee as biosensor for chemical detection.
Sens. Actuators B 2015, 221, 341-349. [CrossRef]

Bellapadrona, G.; Tesler, A.B.; Griinstein, D.; Hossain, L.H.; Kikkeri, R.; Seeberger, PH.; Vaskevich, A,;
Rubinstein, I. Optimization of localized surface plasmon resonance transducers for studying carbohydrate-protein
interactions. Anal. Chem. 2012, 84, 232-240. [CrossRef] [PubMed]

Kitano, H.; Takahashi, Y.; Mizukami, K.; Matsuura, K. Kinetic study on the binding of lectin to mannose
residues in a polymer brush. Colloids Surf. B 2009, 70, 91-97. [CrossRef] [PubMed]

Nagatsuka, T.; Uzawa, H.; Sato, K.; Kondo, S.; Izumi, M.; Yokoyama, K.; Ohsawa, I.; Seto, Y.; Neri, P;
Mori, H.; et al. Localized surface plasmon resonance detection of biological toxins using cell surface
oligosaccharides on glyco chips. ACS Appl. Mater. Interfaces 2013, 5, 4173-4180. [CrossRef] [PubMed]
Couture, M.; Ray, K.K,; Poirier-Richard, H.-P.; Crofton, A.; Masson, J.-F. 96-well plasmonic sensing with
nanohole arrays. ACS Sens. 2016, 1, 287-294. [CrossRef]

Das, A.; Zhao, ].; Schatz, G.C,; Sligar, S.G.; Van Duyne, R.P. Screening of type I and II drug binding to human
cytochrome P450-3A4 in nanodiscs by localized surface plasmon resonance spectroscopy. Anal. Chem. 2009,
81, 3754-3759. [CrossRef] [PubMed]

Langhammer, C.; Larsson, E.M.; Kasemo, B.; Zori¢, I. Indirect nanoplasmonic sensing: Ultrasensitive
experimental platform for nanomaterials science and optical nanocalorimetry. Nano Lett. 2010, 10, 3529-3538.
[CrossRef] [PubMed]

Li, J.; Ye, J.; Chen, C.; Li, Y,; Verellen, N.; Moshchalkov, V.V,; Lagae, L.; Van Dorpe, P. Revisiting the surface
sensitivity of nanoplasmonic biosensors. ACS Photonics 2015, 2, 425-431. [CrossRef]

Frost, R.; Langhammer, C.; Cedervall, T. Real-time in situ analysis of biocorona formation and evolution on
silica nanoparticles in defined and complex biological environments. Nanoscale 2017, 9, 3620-3628. [CrossRef]
[PubMed]

Frost, R.; Wadell, C.; Hellman, A.; Molander, S.; Svedhem, S.; Persson, M.; Langhammer, C. Core-shell
nanoplasmonic sensing for characterization of biocorona formation and nanoparticle surface interactions.
ACS Sens. 2016, 1, 798-806. [CrossRef]

Zen, F; Karanikolas, V.D.; Behan, ].A.; Andersson, J.; Ciapetti, G.; Bradley, A.L.; Colavita, P.E. Nanoplasmonic
sensing at the carbon-bio interface: Study of protein adsorption at graphitic and hydrogenated carbon
surfaces. Langmuir 2017, 33, 4198-4206. [CrossRef] [PubMed]

Nakanishi, K.; Sakiyama, T.; Imamura, K. On the adsorption of proteins on solid surfaces, a common but
very complicated phenomenon. J. Biosci. Bioeng. 2001, 91, 233-244. [CrossRef]


http://dx.doi.org/10.1021/ja807704v
http://www.ncbi.nlm.nih.gov/pubmed/19140784
http://dx.doi.org/10.1021/ja020393x
http://www.ncbi.nlm.nih.gov/pubmed/12197762
http://dx.doi.org/10.1021/jp106912p
http://www.ncbi.nlm.nih.gov/pubmed/21660207
http://dx.doi.org/10.1021/ac400192f
http://www.ncbi.nlm.nih.gov/pubmed/23560643
http://dx.doi.org/10.1021/am507972b
http://www.ncbi.nlm.nih.gov/pubmed/25622115
http://dx.doi.org/10.1021/acssensors.5b00054
http://dx.doi.org/10.1021/nn501962y
http://www.ncbi.nlm.nih.gov/pubmed/25003494
http://dx.doi.org/10.1016/j.snb.2015.06.091
http://dx.doi.org/10.1021/ac202363t
http://www.ncbi.nlm.nih.gov/pubmed/22148421
http://dx.doi.org/10.1016/j.colsurfb.2008.12.016
http://www.ncbi.nlm.nih.gov/pubmed/19152782
http://dx.doi.org/10.1021/am4002937
http://www.ncbi.nlm.nih.gov/pubmed/23668627
http://dx.doi.org/10.1021/acssensors.5b00280
http://dx.doi.org/10.1021/ac802612z
http://www.ncbi.nlm.nih.gov/pubmed/19364136
http://dx.doi.org/10.1021/nl101727b
http://www.ncbi.nlm.nih.gov/pubmed/20718400
http://dx.doi.org/10.1021/ph5004779
http://dx.doi.org/10.1039/C6NR06399C
http://www.ncbi.nlm.nih.gov/pubmed/28247891
http://dx.doi.org/10.1021/acssensors.6b00156
http://dx.doi.org/10.1021/acs.langmuir.7b00612
http://www.ncbi.nlm.nih.gov/pubmed/28398737
http://dx.doi.org/10.1016/S1389-1723(01)80127-4

Sensors 2018, 18, 1283 12 of 14

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Rabe, M.; Verdes, D.; Seeger, S. Understanding protein adsorption phenomena at solid surfaces. Adv. Colloid
Interface Sci. 2011, 162, 87-106. [CrossRef] [PubMed]

Vogler, E.A. Protein adsorption in three dimensions. Biomaterials 2012, 33, 1201-1237. [CrossRef] [PubMed]
Jackman, J.A.; Ferhan, A.R;; Yoon, B.K,; Park, ].H.; Zhdanov, V.P.,; Cho, N.-J. Indirect nanoplasmonic sensing
platform for monitoring temperature-dependent protein adsorption. Anal. Chem. 2017, 89, 12976-12983.
[CrossRef] [PubMed]

Li, Z.; Barnes, ].C.; Bosoy, A.; Stoddart, J.E; Zink, J.I. Mesoporous silica nanoparticles in biomedical
applications. Chem. Soc. Rev. 2012, 41, 2590-2605. [CrossRef] [PubMed]

Yin, Z.F; Wu, L.; Yang, H.G.; Su, Y.H. Recent progress in biomedical applications of titanium dioxide.
Phys. Chem. Chem. Phys. 2013, 15, 4844-4858. [CrossRef] [PubMed]

Dabkowska, M.; Adamczyk, Z. Ionic strength effect in HSA adsorption on mica determined by streaming
potential measurements. J. Colloid Interface Sci. 2012, 366, 105-113. [CrossRef] [PubMed]

Hlady, V.; Fiiredi-Milhofer, H. Adsorption of human serum albumin on precipitated hydroxyapatite. J. Colloid
Interface Sci. 1979, 69, 460-468. [CrossRef]

Kempson, LM.; Martin, A.L.; Denman, J.A.; French, PW.,; Prestidge, C.A.; Barnes, T.J. Detecting the presence
of denatured human serum albumin in an adsorbed protein monolayer using TOF — SIMS. Langmuir 2010,
26,12075-12080. [CrossRef] [PubMed]

Mao, Y.; Wei, W.; Peng, H.; Zhang, J. Monitoring for adsorption of human serum albumin and bovine
serum albumin onto bare and polystyrene-modified silver electrodes by quartz crystal impedance analysis.
J. Biotechnol. 2001, 89, 1-10. [CrossRef]

Ramezani, F; Rafii-Tabar, H. An in-depth view of human serum albumin corona on gold nanoparticles.
Mol. BioSyst. 2015, 11, 454—462. [CrossRef] [PubMed]

Bujacz, A. Structures of bovine, equine and leporine serum albumin. Acta Crystallogr. Sect. D Biol. Crystallogr.
2012, 68, 1278-1289. [CrossRef] [PubMed]

Kurrat, R.; Prenosil, J.E.; Ramsden, J.J. Kinetics of human and bovine serum albumin adsorption at
silica—titania surfaces. J. Colloid Interface Sci. 1997, 185, 1-8. [CrossRef] [PubMed]

Hartvig, R.A.; van de Weert, M.; Ostergaard, J.; Jorgensen, L.; Jensen, H. Protein adsorption at charged
surfaces: The role of electrostatic interactions and interfacial charge regulation. Langmuir 2011, 27, 2634-2643.
[CrossRef] [PubMed]

Jackman, J.A; Tabaei, S.R.; Zhao, Z.; Yorulmaz, S.; Cho, N.-J. Self-assembly formation of lipid bilayer coatings
on bare aluminum oxide: Overcoming the force of interfacial water. ACS Appl. Mater. Interfaces 2015, 7,
959-968. [CrossRef] [PubMed]

McUmber, A.C.; Randolph, T.W.; Schwartz, D.K. Electrostatic interactions influence protein adsorption (but
not desorption) at the silica—aqueous interface. J. Phys. Chem. Lett. 2015, 6, 2583-2587. [CrossRef] [PubMed]
Mulheran, P.A.; Connell, D.J.; Kubiak-Ossowska, K. Steering protein adsorption at charged surfaces: Electric
fields and ionic screening. RSC Adv. 2016, 6, 73709-73716. [CrossRef]

Oleson, T.A.; Sahai, N. Interaction energies between oxide surfaces and multiple phosphatidylcholine
bilayers from extended-DLVO theory. J. Colloid Interface Sci. 2010, 352, 316-326. [CrossRef] [PubMed]
Sancataldo, G.; Vetri, V.; Fodera, V.; Di Cara, G.; Militello, V.; Leone, M. Oxidation enhances human serum
albumin thermal stability and changes the routes of amyloid fibril formation. PLoS ONE 2014, 9, e84552.
[CrossRef] [PubMed]

Sengupta, A.; Koninti, R.K.; Gavvala, K.; Ballav, N.; Hazra, P. An anticancer drug to probe non-specific
protein-DNA interactions. Phys. Chem. Chem. Phys. 2014, 16, 3914-3917. [CrossRef] [PubMed]
Fredriksson, H.; Alaverdyan, Y.; Dmitriev, A.; Langhammer, C.; Sutherland, D.S.; Zach, M.; Kasemo, B.
Hole-mask colloidal lithography. Adv. Mater. 2007, 19, 4297-4302. [CrossRef]

Jime'nez, C.; Perrie’re, J.; Vickridge, I; Enard, J.P,; Albella, ]. M. Transformation of silicon nitride in oxygen
plasma. Surf. Coat. Technol. 1991, 45, 147-154. [CrossRef]

Dahlin, A.B.; Tegenfeldt, ].O.; Ho6k, F. Improving the instrumental resolution of sensors based on localized
surface plasmon resonance. Anal. Chem. 2006, 78, 4416—4423. [CrossRef] [PubMed]

Cho, N.-J.; Jackman, J.A.; Liu, M.; Frank, C.W. pH-driven assembly of various supported lipid platforms: A
comparative study on silicon oxide and titanium oxide. Langmuir 2011, 27, 3739-3748. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cis.2010.12.007
http://www.ncbi.nlm.nih.gov/pubmed/21295764
http://dx.doi.org/10.1016/j.biomaterials.2011.10.059
http://www.ncbi.nlm.nih.gov/pubmed/22088888
http://dx.doi.org/10.1021/acs.analchem.7b03921
http://www.ncbi.nlm.nih.gov/pubmed/29111680
http://dx.doi.org/10.1039/c1cs15246g
http://www.ncbi.nlm.nih.gov/pubmed/22216418
http://dx.doi.org/10.1039/c3cp43938k
http://www.ncbi.nlm.nih.gov/pubmed/23450160
http://dx.doi.org/10.1016/j.jcis.2011.09.030
http://www.ncbi.nlm.nih.gov/pubmed/21999960
http://dx.doi.org/10.1016/0021-9797(79)90135-8
http://dx.doi.org/10.1021/la101253g
http://www.ncbi.nlm.nih.gov/pubmed/20527920
http://dx.doi.org/10.1016/S0168-1656(01)00286-3
http://dx.doi.org/10.1039/C4MB00591K
http://www.ncbi.nlm.nih.gov/pubmed/25409650
http://dx.doi.org/10.1107/S0907444912027047
http://www.ncbi.nlm.nih.gov/pubmed/22993082
http://dx.doi.org/10.1006/jcis.1996.4528
http://www.ncbi.nlm.nih.gov/pubmed/9056288
http://dx.doi.org/10.1021/la104720n
http://www.ncbi.nlm.nih.gov/pubmed/21322572
http://dx.doi.org/10.1021/am507651h
http://www.ncbi.nlm.nih.gov/pubmed/25513828
http://dx.doi.org/10.1021/acs.jpclett.5b00933
http://www.ncbi.nlm.nih.gov/pubmed/26266737
http://dx.doi.org/10.1039/C6RA16391B
http://dx.doi.org/10.1016/j.jcis.2010.08.056
http://www.ncbi.nlm.nih.gov/pubmed/20869066
http://dx.doi.org/10.1371/journal.pone.0084552
http://www.ncbi.nlm.nih.gov/pubmed/24416244
http://dx.doi.org/10.1039/c3cp54422b
http://www.ncbi.nlm.nih.gov/pubmed/24448495
http://dx.doi.org/10.1002/adma.200700680
http://dx.doi.org/10.1016/0257-8972(91)90217-K
http://dx.doi.org/10.1021/ac0601967
http://www.ncbi.nlm.nih.gov/pubmed/16808449
http://dx.doi.org/10.1021/la104348f
http://www.ncbi.nlm.nih.gov/pubmed/21366275

Sensors 2018, 18, 1283 13 of 14

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

Szunerits, S.; Das, M.R.; Boukherroub, R. Short- and long-range sensing on gold nanostructures, deposited
on glass, coated with silicon oxide films of different thicknesses. J. Phys. Chem. C 2008, 112, 8239-8243.
[CrossRef]

Galopin, E.; Noual, A.; Niedzidtka-Jonsson, J.; Jonsson-Niedziétka, M.; Akjouj, A.; Pennec, Y,;
Djafari-Rouhani, B.; Boukherroub, R.; Szunerits, S. Short- and long-range sensing using plasmonic
nanostructures: Experimental and theoretical studies. J. Phys. Chem. C 2009, 113, 15921-15927. [CrossRef]
Niedziétka-Jonsson, J.; Barka, E; Castel, X.; Pisarek, M.; Bezzi, N.; Boukherroub, R.; Szunerits, S. Development
of new localized surface plasmon resonance interfaces based on gold nanostructures sandwiched between
tin-doped indium oxide films. Langmuir 2010, 26, 4266—4273. [CrossRef] [PubMed]

Lee, K.-S.; El-Sayed, M.A. Gold and silver nanoparticles in sensing and imaging: sensitivity of plasmon
response to size, shape, and metal composition. J. Phys. Chem. B 2006, 110, 19220-19225. [CrossRef] [PubMed]
Miller, M.M.; Lazarides, A.A. Sensitivity of metal nanoparticle surface plasmon resonance to the dielectric
environment. J. Phys. Chem. B 2005, 109, 21556-21565. [CrossRef] [PubMed]

Joshi, G.K.; McClory, PJ.; Muhoberac, B.B.; Kumbhar, A.; Smith, K.A.; Sardar, R. Designing efficient localized
surface plasmon resonance-based sensing platforms: Optimization of sensor response by controlling the
edge length of gold nanoprisms. J. Phys. Chem. C 2012, 116, 20990-21000. [CrossRef]

Hao, E.; Schatz, G.C. Electromagnetic fields around silver nanoparticles and dimers. . Chem. Phys. 2004, 120,
357-366. [CrossRef] [PubMed]

Sherry, L.].; Jin, R.; Mirkin, C.A.; Schatz, G.C.; Van Duyne, R.P. Localized surface plasmon resonance
spectroscopy of single silver triangular nanoprisms. Nano Lett. 2006, 6, 2060-2065. [CrossRef] [PubMed]
Homola, J. Surface plasmon resonance sensors for detection of chemical and biological species. Chem. Rev.
2008, 108, 462-493. [CrossRef] [PubMed]

Nelson, N.; Schwartz, D.K. Specific ion (Hofmeister) effects on adsorption, desorption, and diffusion at the
solid—aqueous interface. J. Phys. Chem. Lett. 2013, 4, 4064-4068. [CrossRef]

Dias-Cabral, A.C.; Queiroz, J.A.; Pinto, N.G. Effect of salts and temperature on the adsorption of bovine
serum albumin on polypropylene glycol-sepharose under linear and overloaded chromatographic conditions.
J. Chromatogr. A 2003, 1018, 137-153. [CrossRef] [PubMed]

Hlady, V.V.; Buijs, J. Protein adsorption on solid surfaces. Curr. Opin. Biotechnol. 1996, 7, 72-77. [CrossRef]
Mizutani, T. Adsorption of proteins on silicone-coated glass surfaces. J. Colloid Interface Sci. 1981, 82, 162-166.
[CrossRef]

Pace, C.N. Conformational stability of globular proteins. Trends Biochem. Sci. 1990, 15, 14-17. [CrossRef]
Dee, K.C.; Puleo, D.A.; Bizios, R. (Eds.) Protein-surface interactions. In An Introduction to Tissue-Biomaterial
Interactions; Wiley: Hoboken, NJ, USA, 2002.

Norde, W. Driving forces for protein adsorption at solid surfaces. Macromol. Symp. 1996, 103, 5-18. [CrossRef]
Ouberai, M.M.; Xu, K.; Welland, M.E. Effect of the interplay between protein and surface on the properties
of adsorbed protein layers. Biomaterials 2014, 35, 6157-6163. [CrossRef] [PubMed]

Santore, M.M.; Wertz, C.F. Protein spreading kinetics at liquid—solid interfaces via an adsorption probe
method. Langmuir 2005, 21, 10172-10178. [CrossRef] [PubMed]

van der Veen, M.; Stuart, M.C.; Norde, W. Spreading of proteins and its effect on adsorption and desorption
kinetics. Colloids Surf. B 2007, 54, 136-142. [CrossRef] [PubMed]

Calonder, C.; Tie, Y.; Van Tassel, P.R. History dependence of protein adsorption kinetics. Proc. Natl. Acad.
Sci. USA 2001, 98, 10664-10669. [CrossRef] [PubMed]

Larsericsdotter, H.; Oscarsson, S.; Buijs, J. Structure, stability, and orientation of BSA adsorbed to silica.
J. Colloid Interface Sci. 2005, 289, 26-35. [CrossRef] [PubMed]

Norde, W.; Giacomelli, C.E. BSA structural changes during homomolecular exchange between the adsorbed
and the dissolved states. J. Biotechnol. 2000, 79, 259-268. [CrossRef]

Tassel, PR.V.; Viot, P; Tarjus, G. A kinetic model of partially reversible protein adsorption. J. Chem. Phys.
1997, 106, 761-770. [CrossRef]

Fischer, H.; Polikarpov, I.; Craievich, A.F. Average protein density is a molecular-weight-dependent function.
Protein Sci. 2004, 13, 2825-2828. [CrossRef] [PubMed]

Voros, J. The density and refractive index of adsorbing protein layers. Biophys. |. 2004, 87, 553-561. [CrossRef]
[PubMed]


http://dx.doi.org/10.1021/jp800478h
http://dx.doi.org/10.1021/jp905154z
http://dx.doi.org/10.1021/la903330d
http://www.ncbi.nlm.nih.gov/pubmed/20175513
http://dx.doi.org/10.1021/jp062536y
http://www.ncbi.nlm.nih.gov/pubmed/17004772
http://dx.doi.org/10.1021/jp054227y
http://www.ncbi.nlm.nih.gov/pubmed/16853799
http://dx.doi.org/10.1021/jp302674h
http://dx.doi.org/10.1063/1.1629280
http://www.ncbi.nlm.nih.gov/pubmed/15267296
http://dx.doi.org/10.1021/nl061286u
http://www.ncbi.nlm.nih.gov/pubmed/16968025
http://dx.doi.org/10.1021/cr068107d
http://www.ncbi.nlm.nih.gov/pubmed/18229953
http://dx.doi.org/10.1021/jz402265y
http://dx.doi.org/10.1016/j.chroma.2003.07.010
http://www.ncbi.nlm.nih.gov/pubmed/14620566
http://dx.doi.org/10.1016/S0958-1669(96)80098-X
http://dx.doi.org/10.1016/0021-9797(81)90135-1
http://dx.doi.org/10.1016/0968-0004(90)90124-T
http://dx.doi.org/10.1002/masy.19961030104
http://dx.doi.org/10.1016/j.biomaterials.2014.04.012
http://www.ncbi.nlm.nih.gov/pubmed/24780165
http://dx.doi.org/10.1021/la051059s
http://www.ncbi.nlm.nih.gov/pubmed/16229542
http://dx.doi.org/10.1016/j.colsurfb.2006.08.017
http://www.ncbi.nlm.nih.gov/pubmed/17046217
http://dx.doi.org/10.1073/pnas.181337298
http://www.ncbi.nlm.nih.gov/pubmed/11535805
http://dx.doi.org/10.1016/j.jcis.2005.03.064
http://www.ncbi.nlm.nih.gov/pubmed/16009213
http://dx.doi.org/10.1016/S0168-1656(00)00242-X
http://dx.doi.org/10.1063/1.473164
http://dx.doi.org/10.1110/ps.04688204
http://www.ncbi.nlm.nih.gov/pubmed/15388866
http://dx.doi.org/10.1529/biophysj.103.030072
http://www.ncbi.nlm.nih.gov/pubmed/15240488

Sensors 2018, 18, 1283 14 of 14

89.

90.

91.

92.

93.

94.

95.

96.

97.

Park, J.H; Sut, TN.; Jackman, ].A.; Ferhan, A.R.; Yoon, B.K.; Cho, N.-J. Controlling adsorption and passivation
properties of bovine serum albumin on silica surfaces by ionic strength modulation and cross-linking.
Phys. Chem. Chem. Phys. 2017, 19, 8854-8865. [CrossRef] [PubMed]

Kwok, K.C.; Yeung, KM.; Cheung, N.H. Adsorption kinetics of bovine serum albumin on fused silica:
population heterogeneities revealed by single-molecule fluorescence microscopy. Langmuir 2007, 23, 1948-1952.
[CrossRef] [PubMed]

Mathé, C.; Devineau, S.; Aude, J.-C.; Lagniel, G.; Chédin, S.; Legros, V.; Mathon, M.-H.; Renault, J.-P;
Pin, S.; Boulard, Y.; et al. Structural Determinants for Protein adsorption/non-adsorption to Silica Surface.
PLoS ONE 2013, 8, e81346. [CrossRef] [PubMed]

Kubiak-Ossowska, K.; Tokarczyk, K.; Jachimska, B.; Mulheran, P.A. Bovine Serum Albumin Adsorption at a
Silica Surface Explored by Simulation and Experiment. J. Phys. Chem. B 2017, 121, 3975-3986. [CrossRef]
[PubMed]

Kang, Y; Li, X.; Tu, Y.; Wang, Q.; Agren, H. On the Mechanism of Protein Adsorption onto Hydroxylated
and Nonhydroxylated TiO, Surfaces. J. Phys. Chem. C 2010, 114, 14496-14502. [CrossRef]

Brandt, E.G.; Lyubartsev, A.P. Molecular Dynamics Simulations of Adsorption of Amino Acid Side Chain
Analogues and a Titanium Binding Peptide on the TiO, (100) Surface. J. Phys. Chem. C 2015, 119, 18126-18139.
[CrossRef]

Givens, B.E.; Xu, Z.; Fiegel, ].; Grassian, V.H. Bovine serum albumin adsorption on SiO, and TiO, nanoparticle
surfaces at circumneutral and acidic pH: A tale of two nano-bio surface interactions. J. Colloid Interface Sci.
2017, 493, 334-341. [CrossRef] [PubMed]

Lassen, B.; Malmsten, M. Structure of protein layers during competitive adsorption. J. Colloid Interface Sci.
1996, 180, 339-349. [CrossRef]

Jackman, J.A.; Zan, G.H.; Zhao, Z.; Cho, N.-]. Contribution of the hydration force to vesicle adhesion on
titanium oxide. Langmuir 2014, 30, 5368-5372. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/C7CP01310H
http://www.ncbi.nlm.nih.gov/pubmed/28294278
http://dx.doi.org/10.1021/la061779e
http://www.ncbi.nlm.nih.gov/pubmed/17279679
http://dx.doi.org/10.1371/journal.pone.0081346
http://www.ncbi.nlm.nih.gov/pubmed/24282583
http://dx.doi.org/10.1021/acs.jpcb.7b01637
http://www.ncbi.nlm.nih.gov/pubmed/28350173
http://dx.doi.org/10.1021/jp1037156
http://dx.doi.org/10.1021/acs.jpcc.5b02670
http://dx.doi.org/10.1016/j.jcis.2017.01.011
http://www.ncbi.nlm.nih.gov/pubmed/28119244
http://dx.doi.org/10.1006/jcis.1996.0312
http://dx.doi.org/10.1021/la404581d
http://www.ncbi.nlm.nih.gov/pubmed/24796732
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	HSA Preparation 
	LSPR Measurements 
	QCM-D Measurements 

	Results and Discussion 
	Sensor Characterization 
	Real-Time Monitoring of HSA Adsorption Kinetics 
	Data Analysis 

	Conclusions 
	References

