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ABSTRACT: The development of highly surface-sensitive measurement approaches to monitor protein adsorption across diﬀerent
temperatures would advance understanding of how thermally activated
processes contribute to the denaturation of adsorbed proteins. Herein,
we established an indirect nanoplasmonic sensing approach to monitor
the temperature-dependent adsorption and denaturation of bovine
serum albumin (BSA) protein onto a silica-coated array of plasmonic
gold nanodisks. A theoretical model was developed to explain how the
denaturation of an individual, adsorbed protein molecule inﬂuences the
localized surface plasmon resonance (LSPR) measurement response
and provided an analytical framework to estimate the eﬀect of
temperature-dependent protein denaturation on the corresponding
adsorption kinetics. The sensing performance of this measurement
platform was also characterized across the tested range of temperatures. With increasing temperature (up to 50 °C), it was
observed that adsorbed proteins undergo greater denaturation. Circular dichroism spectroscopy and dynamic light scattering
experiments veriﬁed that individual BSA monomers in bulk solution had increasingly lower conformational stability at higher
temperatures within this range, which correlated with the extent of denaturation in the adsorbed state. At higher temperatures,
distinct kinetic proﬁles arising from multilayer/aggregate formation on the sensor surface were also detected. Taken together, our
ﬁndings identify that the high surface sensitivity and temperature stability of LSPR sensors make them broadly useful analytical
tools for monitoring thermally activated biomacromolecular interaction processes.

P

Spectroscopic ellipsometry has been utilized in this context,6,7
although the technique’s potential to detect conformational
changes is limited8 and requires knowing the protein refractive
index increment value, which varies depending on the protein’s
size, amino acid composition, and conformation.9 Similarly, the
quartz crystal microbalance-dissipation (QCM-D) technique
has been utilized to study protein adsorption at moderately
high temperatures (up to ∼40 °C), but data interpretation is
challenging due to the dependence of input parameters on
temperature.10 In some cases, electrochemical methods to
monitor protein adsorption have also been utilized on suitable
surfaces (e.g., platinum).11 A broadly useful experimental
approach to monitor protein adsorption across a range of
temperatures is still needed, especially one that is sensitive to
the conformation of adsorbed proteins.

rotein adsorption at solid−liquid interfaces is widely
studied because it generates knowledge about protein
structure and function and is relevant to numerous applications
such as materials biocompatibility (e.g., surface fouling by
adsorbed proteins) and food processing (e.g., surface
contamination and promoting bioﬁlm formation).1−3 Within
this scope, one particularly important topic involves understanding how thermal unfolding of proteins inﬂuences protein
adsorption and such insights provide information about the
thermodynamics of protein adsorption and surface-induced
denaturation. In general, it is appreciated that proteins in bulk
solution undergo reversible and/or irreversible conformational
changes above certain temperatures, which typically increase
the amount of adsorbed protein as well as the adsorption rate.3
Experimentally, protein adsorption at high temperatures is
often measured under equilibrium conditions by reﬂectometry
methods4 or by determination of the residual protein
concentration in bulk solution when using particulate systems.5
While these methods provide information about the amount of
bound protein and its structural conﬁguration, it is also
desirable to measure the corresponding adsorption kinetics.
© 2017 American Chemical Society
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(e.g., viscosity) as well as inducing conformational changes in
protein structure in the bulk solution. Within this scope, we
sought to explore the particularly unique advantages of indirect
nanoplasmonic sensing measurements for tracking protein
adsorption and denaturation (see ref 3 and references therein)
and chose silica as the model substrate because it is a widely
used hydrophilic surface to study protein adsorption in general
(concerning the hydrophilicity of this surface, see, e.g., ref 33)
and also a popular dielectric material for coating gold-based
nanoplasmonic sensors.34 Of particular relevance to the present
study, BSA is known to be a “soft” protein that undergoes
substrate-induced conformational changes upon adsorption,35−38 resulting in denaturation (unfolding) that is expected
to inﬂuence the net spatial proximity of amino acids to the
sensor surface and hence the LSPR measurement response.
Such measurement capabilities would be useful for improving
our knowledge of how temperature aﬀects BSA adsorption,
especially on silica for which there has only been one previous
report39 that focused on the residence time of individual
protein molecules at low surface coverage.
Indeed, from a broader perspective, while a large number of
experimental studies have investigated the eﬀect of temperature
on BSA adsorption on various surfaces and shown that the
adsorption rate generally increases with temperature,40−46
understanding the interplay of temperature-dependent eﬀects
on protein structure in solution, the adsorption rate, and
denaturation of adsorbed protein remains to be clariﬁed. This
question is particularly signiﬁcant to consider in the range of
moderately high temperatures (30−60 °C) where BSA
molecules undergo reversible conformational changes in the
bulk solution,47 and correlating this thermal behavior in
solution with BSA protein adsorption and substrate-induced
denaturation is an outstanding goal. To address this question,
we build on previous eﬀorts to understand the LSPR-related
physics behind the adsorption of biological nanoparticles
(vesicles)48−50 and analyze how substrate-induced denaturation
would inﬂuence the LSPR measurement response for an
individual, adsorbed protein molecule. This theoretical analysis
provides the basis for interpreting the LSPR experimental data.

In this regard, nanoplasmonic sensors based on the localized
surface plasmon resonance (LSPR) phenomenon are a
promising surface-sensitive measurement approach to investigate protein adsorption across a wide range of temperatures.12
LSPR generation occurs when incident light interacts with
discrete metallic nanoparticles and induces the collective
oscillation of free electrons in the conduction band, which in
turn ampliﬁes the electromagnetic ﬁeld near the nanoparticle’s
surface and results in a maximum intensity of optical extinction
at the plasmon resonance frequency or the corresponding
wavelength (λmax).13,14 The value of λmax is highly sensitive to
the local dielectric environment, and protein adsorption onto
the sensor surface causes a positive Δλmax shift because organic
molecules typically have a higher refractive index than aqueous
solution.15,16 Importantly, as the decay length of the electromagnetic ﬁeld enhancement is short (5−20 nm) and
comparable to the length scale of proteins, LSPR-based
nanoplasmonic sensors are also sensitive to the conformation
of adsorbed proteins.17,18
Depending on the application, it is possible to measure
protein adsorption on plasmonic nanoparticles in bulk
solution19 or onto arrays of nanoparticles on a solid support.20
The latter approach is particularly useful for quantitative
evaluation of protein adsorption and is compatible with a
variety of experimental conﬁgurations. Protein adsorption onto
metal nanoparticles can be directly measured, or a thin layer of
a dielectric material can be deposited on top of the sensor
surface in order to study protein adsorption onto dielectric
coatings, in which case the underlying nanoparticles serve as
indirect nanoplasmonic transducers.21−24 In such sensors, the
substrate surface is corrugated on a length scale that is
comparable to the nanoparticle size. In a few cases, topographically ﬂat nanoplasmonic substrates based on embedding
the nanoparticle transducers in a dielectric matrix have also
been reported.25,26 In order to monitor Δλmax shifts, the optical
extinction spectrum is typically acquired by ultraviolet−visible
spectroscopic measurements in transmission mode, and the
measurement readout is ensemble-averaged across a large
number of nanoparticles within the spot of incident light.
Compared to conventional optical sensor techniques (e.g., SPR,
ellipsometry, reﬂectometry), LSPR-based nanoplasmonic sensors are technically simple to operate and have smaller probing
volumes that confer lower sensitivity to bulk refractive index
changes such as minor temperature variations.27 The latter
feature would be particularly advantageous for monitoring
protein adsorption at diﬀerent temperatures. Such experiments
have not yet been attempted although there are a few LSPR
reports describing the eﬀect of temperature on glucose
detection in serum samples,28 the optical response of
polymer-functionalized gold nanoprisms,29 vesicle adsorption
and deformation,30 and heterogeneous catalytic reactions.31
Herein, the main objective was to investigate the temperature-dependent adsorption of bovine serum albumin (BSA)
protein onto silica-coated gold nanodisk arrays by indirect
nanoplasmonic sensing measurements, thereby establishing an
analytical framework to interpret LSPR measurement data
collected in protein adsorption studies. BSA is a 66 kDa protein
that was selected for the experimental work because it is widely
studied as a model of serum albumins and utilized in various
biochemical applications.32 The range of experimental temperatures was incrementally varied between 25 and 70 °C in order
to systematically investigate how temperature inﬂuences
protein adsorption with respect to changing solution properties

■

MATERIALS AND METHODS
Circular Dichroism (CD) Spectroscopy. The secondary
structure of 25 μM BSA at diﬀerent temperatures was
investigated by temperature-controlled CD spectroscopy. The
helicity (f H) of BSA protein was calculated on the basis of the
change of molar ellipticity at 222 nm, [θ]222, based on the
following equation:51
fH = ([θ ]222 − 3000)/( −36000 − 3000)

More details are provided in the Supporting Information.
LSPR Measurement Operation. An Insplorion XNano
instrument (Insplorion AB, Gothenburg, Sweden) was
employed to perform ensemble-averaged LSPR measurements
on silica-coated gold nanodisk arrays in optical transmission
mode, as previously described.48 The recorded spectra were
analyzed using the Insplorer software (Insplorion AB) across
the 450 to 900 nm region of the extinction spectrum, and the
centroid (peak) position in the extinction spectrum was
determined by high-order polynomial ﬁtting.52 More details
are provided in the Supporting Information.
Physical Background of the LSPR Response. We deﬁne
Δλmax as the adsorption-related wavelength shift at the
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Figure 1. Theoretically calculated eﬀect of protein deformation on LSPR measurement response. (a) Shapes of an adsorbed protein. In solution, the
protein is assumed to be spherical with radius r. The adsorbed protein is represented as a nondeformed sphere (black) or a truncated sphere with ρ∗
= r (blue) or ρ∗ = 2r (red). (b) Normalized LSPR response as a function of the radius of the protein−substrate contact area (normalized to r). The
blue and red lines correspond to exponential and power-law (dipole) evanescent ﬁeld descriptions [eqs 2 and 3], respectively.

temperature of measurement and show here theoretically how
protein denaturation can inﬂuence Δλmax. The analysis is
focused on protein adsorption limited to one layer, and the
model predictions are intended to provide a theoretical basis
for interpreting the experimental data in applicable cases. In
analogy with conventional SPR spectroscopy,53 the LSPR
wavelength shift measured during protein adsorption can be
represented as
Δλmax ∝ CF

F=

∫0

h

πρ2 (z)exp( −2z /ld)dz

h

πρ2 (z)dz
(R ∗ + z)6

(3)

According to this equation, the length scale of the region
contributing to F is Δz ≅ R∗/5. Concerning the factor 1/(R∗ +
z)6 used in the equation, we may add that, in ref 48, it was
partly validated by referring to the results obtained in ref 56
where LSPR sensors were not discussed explicitly. In the
context of LSPR sensors, the factor 1/(R∗ + z)6 was employed,
e.g., in the ﬁrst part of ref 57 assuming z ≪ R and replacing 1/
(R∗ + z)6 by 1/R∗6 [with this approximation, the authors
obtained their eq (6)].
To show the eﬀect of denaturation of adsorbed proteins on
the LSPR signal, we consider that a protein is shaped
approximately as a sphere of radius r in the nondeformed
state and a truncated sphere in the deformed state when
denaturation occurs (Figure 1a). For the model calculations, we
assume that the protein volume is conserved across the
nondeformed and deformed states. For a truncated sphere of
radius r∗, this condition yields

(1)

where C is the protein surface concentration and F is the
function describing the contribution of a single protein
molecule to the signal. Extending this analogy to the calculation
of F (see, e.g., refs 13, 14, and 54), one has
F=

∫0

(2)

where z is the coordinate perpendicular to the sensor surface (z
= 0 corresponds to this surface), h is the protein size in this
direction, πρ2(z)dz is an element of the protein volume (the
protein cross-section along the sensor surface and is assumed to
be circular; ρ(z) is the corresponding radius), and ld is the
decay length of the evanescent electromagnetic ﬁeld (the LSPR
experiments with ﬁlms55 indicate that ld/2 ≅ 5 nm).
Concerning eq 2, one should bear in mind that, in the case
of conventional SPR spectroscopy, the exponential weight,
exp(−2z/ld), in the expression for the measurement signal is
validated by the general equations describing the light
propagation (in particular, ld can be expressed via the optical
constants), while for LSPR this is just the simplest function
used for ﬁtting (see, e.g., numerical calculations55).
Physically, a more reasonable approach48 is based on the
dipole approximation for describing the electromagnetic ﬁeld
around plasmonic nanoparticles. The corresponding equations
are well-known to be exact in the case of spherical
nanoparticles. For the LSPR case, the use of the dipole
approximation was validated by the fact that, by analogy with
spherical nanoparticles, the ﬁeld around plasmonic nanodisks is
dominated by the dipole term. Following this line, one can
replace the exponential function employed in eq 2 by 1/(R∗ +
z)6, where R∗ is the eﬀective radius corresponding to the
regions making the main contribution to the LSPR signal (R∗ is
comparable to the average length scale of a metal nanoparticle)
or, more speciﬁcally, to the corrugated surface regions near the
plasmonic nanoparticles. The contribution of the adsorbate
located on the ﬂat surface regions not contacting the plasmonic
nanoparticles can be neglected. Then, eq 2 can be rewritten as

4πr∗3
πχ 3
4πr 3
− πr∗χ 2 +
=
3
3
3

(4)

where χ is the height of the truncated region. In this case, the
radius of the protein−substrate contact area is given by ρ∗ =
[r∗2 − (r∗ − χ)2]1/2.
Using eq 4, r∗ can be expressed as a function of r and χ (or
ρ∗), and F can then be calculated for the cases with and without
deformation of an adsorbed protein. The ratio of the
corresponding values, designated as P, is a measure of the
eﬀect of protein denaturation on Δλmax at the level of a single
protein. For a given protein surface concentration, P can be
identiﬁed with the ratio Δλmax/Δλomax where Δλomax is the
response corresponding to adsorbed, nondeformed protein
molecules.
Using BSA as an example, we consider that the shape of a
nondeformed protein is spherical with r = 3 nm. To describe
the power-law evanescent ﬁeld [eq 3], we use R∗ = 75 nm (this
value was validated in ref 49) or R∗ = 50 nm (for comparison).
In this case, the shape of a deformed protein is determined by
the dimensionless ratio ρ∗/r, and accordingly, P depends on ρ∗/
r and also on the dimensionless ratio r/R∗ = 3/75 = 0.04
(Figure 1b, red lines). For the exponential evanescent ﬁeld of
eq 2, P depends on ρ∗/r and also on the dimensionless ratio 2r/
ld. Employing r = 3 nm and ld/2 ≅ 5 nm (cf. ref 54), we have
2r/ld ≅ 0.6. The latter value was used in calculations (Figure 1b,
blue line).
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Figure 2. Evaluation of nanoplasmonic sensor performance in aqueous environments at diﬀerent temperatures. (a) Characteristic extinction
spectrum of a silica-coated gold nanodisk array in an aqueous environment at diﬀerent experimental temperatures: 30 °C (black); 50 °C (blue); 70
°C (red). Inset shows the magniﬁed view of the extinction maximum. (b) Comparison of spectral noise at diﬀerent experimental temperatures. The
noise level is deﬁned as the standard deviation of repeated measurements on a blank sample over a 3 min time period.

Figure 3. LSPR measurements of temperature-dependent BSA protein adsorption onto silicon oxide. (a) LSPR peak shift as a function of time for
100 μM BSA adsorption onto silica-coated gold nanodisk arrays. A measurement baseline was ﬁrst established, and then, protein was injected under
continuous ﬂow conditions starting at t = 5 min. (b) Comparison of the normalized maximum rate of change in the LSPR signal arising from BSA
protein adsorption and deformation (∂Δλmax/∂t) based on data from panel (a) and the normalized rate of diﬀusion-limited adsorption alone
calculated according to eq 6 for the experimental conditions at diﬀerent temperatures (see Supporting Information). The rates are normalized on the
basis of the values obtained for the 25 °C case.

tion on the corresponding adsorption kinetics. We also provide
additional justiﬁcation to support our theoretical approach.

The two sets of model predictions, based on the diﬀerent
descriptions of the evanescent ﬁeld decay, show similar trends.
Quantitatively, the eﬀect predicted is stronger for the
exponential ﬁeld, because it drops faster with increasing z.
With increasing denaturation of a single protein, its
contribution to the LSPR signal increases because, on average,
the protein’s molecular density is expected to be closer to the
sensor surface. As protein denaturation is an activated
process,58 the extent of denaturation for an adsorbed protein
is greater at higher temperatures. In this context, it should be
emphasized that the model predictions are based on the
assumption that protein volume is conserved. This assumption
leads to a minimum estimate of the deformation eﬀect. For soft
proteins like BSA, protein volume is usually not exactly
conserved59 and surface-induced denaturation can lead to
protein spreading.60 In addition, surface-induced denaturation
often involves dehydration of adsorbed protein molecules,
which can increase the protein’s refractive index increment
value.61 Both additional factors would further increase the eﬀect
of protein denaturation on the LSPR signal for an adsorbed
protein molecule.
In summary, the theoretical model shows that the
denaturation of an adsorbed protein molecule on the sensor
surface causes an increase in the corresponding Δλmax shift. In
the Supporting Information, our theoretical analysis is further
extended to estimate how temperature aﬀects the rate of
protein adsorption and to provide an analytical framework to
estimate the eﬀect of temperature-dependent protein denatura-

■

RESULTS AND DISCUSSION
The LSPR measurement platform consists of well-separated,
noninteracting gold nanodisks that were fabricated on a glass
substrate by hole-mask colloidal lithography,62 and the entire
substrate was then sputter-coated with a thin (∼10 nm) layer of
silicon dioxide afterward. The sensor substrates were next
assembled in a temperature-controlled microﬂuidic chamber,
and the experiments were conducted in a ﬂow-through
conﬁguration, with the ﬂow rate controlled by a peristaltic
pump. For the LSPR measurements, the optical extinction
spectra were collected in transmission mode and the speciﬁc
λmax position was determined by the centroid method of
analysis. The λmax position was around 711 nm in aqueous
buﬀer solution (10 mM Tris [pH 7.5] with 150 mM NaCl) at
ambient room temperature (25 °C), and a slight decrease in the
λmax position was observed with increasing temperature. In the
representative spectra collected at 30, 50, and 70 °C, the λmax
position decreases from 711.6 to 710.8 nm upon heating from
30 to 70 °C (Figure 2a). This λmax shift is attributed to the
temperature-related decrease of the refractive index (n) of the
bulk solution,63 which corresponds to Δn = −0.007 RIU. As the
bulk refractive index sensitivity of the silicon oxide-coated gold
nanodisks used in these experiments is 100 nm/RIU, the
theoretical Δλmax shift is 100 nm/RIU × −0.007 RIU = −0.7
nm, which agrees well with the measurement result. It also
12979
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Figure 4. Eﬀect of temperature on BSA protein secondary structure in solution. (a) Circular dichroism spectra of BSA protein in solution at diﬀerent
temperatures and expressed as mean residue ellipciticity [θ]. (b) Fractional helicity of BSA protein in solution based on measured [θ] values at 222
nm.

monolayers form and scrutinized the experimentally measured
rate of change in the LSPR signal during the initial stage of
protein adsorption. In this stage, the surface coverage of
adsorbed proteins is low and the rate of change in the LSPR
signal is nearly constant because the adsorption rate is
controlled by the bulk diﬀusion of BSA monomers in
solution.66 This allowed us to determine the rate of change
in the LSPR signal (expressed in nm/min units) by calculating
time derivative plots from the data presented in Figure 3a and
identifying the maximum rate of change in the LSPR signal as a
function of temperature.67 At 25 °C, the rate was 0.06 nm/min
and increased to 0.07, 0.09, and 0.15 nm/min at 30, 40, and 50
°C, respectively. Hence, on a normalized scale, the
experimentally measured rate of change in the LSPR signal
increased by 2.5 times from 25 to 50 °C (Figure 3b, red
circles). It should be emphasized that the measured rate is
aﬀected by not only diﬀusion-limited adsorption but also the
extent of substrate-induced protein deformation. Hence, while
the diﬀusion-limited adsorption rate is constant when the
surface coverage of adsorbed proteins is low, the magnitude of
the rate will also depend on the deformation of adsorbed
protein molecules. In particular, greater protein deformation
would lead to increased contact with the sensor surface, in turn
increasing the net Δλmax contribution per BSA molecule as well
as the corresponding rate of change in the LSPR signal because
a larger portion of the molecular mass would be in a region of
higher evanescent ﬁeld intensity.
To clarify the origin of the temperature-dependent increase
in the measured rate, we calculated how the rate of diﬀusionlimited protein adsorption scales according to temperature [see
eq 6 in the Supporting Information and take into account that
the protein diﬀusion coeﬃcient depends on the solution
viscosity; for the dependence of the viscosity on temperature,
see ref 68]. It is important to note that the theoretical
calculations [based on eq 6 in the Supporting Information]
predict only how temperature aﬀects the rate of diﬀusionlimited adsorption and do not take into account the eﬀect of
temperature on substrate-induced protein deformation. As
such, the trend in the experimentally observed rate (related to
protein adsorption and denaturation) as a function of
temperature can be compared to the trend in diﬀusion-limited
adsorption as a function of temperature, and deviations
between the two rate trends can be assigned to temperaturedependent eﬀects on the deformation of adsorbed proteins.
Following this approach, it is noted that, with increasing
temperature, the diﬀusion-limited adsorption rate increases by
1.4 times across the temperature range of 25 to 50 °C (Figure
3b, blue squares). Hence, the experimentally measured rate of

supports that the eﬀect of temperature on the plasmonic
properties of the gold nanodisks themselves (due to the Aulattice expansion) is less important.64,65
While the LSPR spectral signature is known to be only
weakly sensitive to the experimental temperature,64 the
dependence of the spectral noise on temperature is not widely
reported for measurement operation in liquid environments.
Therefore, we estimated the spectral noise by determining the
standard deviation (σ) of the λmax position over 3 min for the
nanodisk array immersed in aqueous buﬀer solution. In the
present experiments, 300 spectral frames with an integration
time of 3 ms per frame were collected for each averaged data
point, representing a temporal resolution of 0.9 s and hence the
spectral noise was determined over a total of 200 data points.
As presented in Figure 2b, there was a moderate increase in σ
from 5.9 × 10−3 to 9.9 × 10−3 nm as the temperature rose from
25 to 70 °C. On the basis of the bulk refractive index sensitivity
of 100 nm/RIU, this noise translates into a minimum refractive
index resolution of between 5.9 × 10−5 and 9.9 × 10−5 RIU
depending on the temperature. Hence, the spectral noise and
corresponding detection performance slightly decrease with
increasing temperature but remain comparable.
We next investigated the eﬀect of temperature on 100 μM
BSA adsorption onto the silica-coated sensor surface (Figure
3a). The BSA samples were preincubated at the experimental
temperature for 30 min before injection into the temperaturecontrolled measurement chamber. In all cases, monotonic
adsorption until saturation was observed, yielding characteristic
Δλmax shifts. At 25 °C, the ﬁnal Δλmax shift was 0.6 nm. With
increasing temperature, a slight increase in the Δλmax shift was
observed up to 40 °C, with recorded Δλmax shifts of 0.7 and 0.8
nm at 30 and 40 °C, respectively. A more appreciable yet still
moderate increase in the ﬁnal Δλmax shift to 1.1 nm was
observed at 50 °C. In contrast, at 60 °C, BSA adsorption led to
a ﬁnal Δλmax shift of 1.8 nm, and the shift further increased to
2.1 nm at 70 °C. This abrupt increase in the ﬁnal Δλmax shift
along with the diﬀerence in kinetic proﬁles is consistent with a
change in the adsorption pathway from a protein monolayer at
lower temperatures4 (≤50 °C) to protein aggregates and/or a
multilayer at higher temperatures5 (≥60 °C). There was also a
distinct dependence of the ﬁnal Δλmax shift on temperature for
protein monolayers, suggesting that temperature inﬂuences not
only the adsorption rate but also the extent of substrateinduced conformational changes (i.e., deformation) of adsorbed
protein and its surface concentration at saturation.
To understand how deformation of adsorbed proteins
inﬂuences the LSPR measurement response, we focused on
the temperature range of 25 to 50 °C wherein protein
12980
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monomers at room temperature was determined to be 8.2 ±
1.7 nm, which agrees well with literature reports.75,76 When the
temperature was gradually raised from room temperature to 65
°C in 5 °C intervals, there was no change in the measured size,
verifying that BSA remained in the monomeric state despite
signiﬁcant changes in secondary structure. In marked contrast,
when the temperature was further raised to 70 °C, the
hydrodynamic diameter increased to 23.2 ± 5.4 nm, indicating
BSA aggregation and oligomer formation. The onset of
aggregation at this temperature agrees well with a previous
report, which showed that an increase in hydrodynamic
diameter occurred above ∼63 °C.77 The ﬁndings are also
consistent with the CD spectroscopic data and support that, up
to a certain temperature, BSA proteins can undergo partial,
reversible unfolding (decreased helicity) while the eﬀective size
of protein molecules in solution remains unchanged. These
results establish that, in the temperature range of 25 to 50 °C,
there is a correlation between partial unfolding of BSA protein
in solution and the extent of protein denaturation on the silica
surface.
To explain this observation, there are two possible ways that
temperature aﬀects the rate of change in the LSPR signal. As
described above, the ﬁrst way is that the denaturation of
adsorbed proteins results in greater protein spreading such that
the molecular density of an adsorbed protein is, on average,
nearer to the sensor surface. In turn, the net Δλmax contribution
per BSA molecule increases because a larger portion of the
molecular mass is in a region of higher evanescent ﬁeld
intensity. Second, it is known that most BSA molecules attach
weakly to silica surfaces78 and the ensemble-averaged measurement response describes the net rate of adsorbing and
desorbing BSA molecules. While the theoretical analysis [cf.
eq (6) in the Supporting Information] accounts for the eﬀect of
temperature on the adsorption rate, it does not account for its
eﬀect on the desorption rate. If protein attachment at higher
temperatures is stronger, then the rate of desorption would be
smaller, hence contributing to a larger net rate of change in the
LSPR signal. Indeed, it is known that protein adsorption
becomes more irreversible with greater denaturation of bound
protein.79 The two eﬀects of temperature, increased spreading
and reduced desorption, are self-consistent, and both support
that there is greater deformation of adsorbed proteins with
increasing temperature, as detected by the LSPR measurements. These ﬁndings are further supported by the CD results
that indicate BSA molecules in solution become partially
denatured at higher temperatures. Greater denaturation of
protein molecules in solution in turn decreases conformational
stability, which is deﬁned as the change in free energy between
the existing conformational state and the completely unfolded
state.80 With decreasing conformational stability, an adsorbed
protein will undergo a greater rate of conformational changes
until reaching an optimal number of contact points between the
protein molecule and silica surface.81,82 Hence, a protein with
lower conformational stability in solution will become more
denatured upon adsorption, and hence, the adsorption will
become more irreversible. These trends agree well with work by
Karlsson et al., which described how engineered variants of
human carbonic anhydrase II protein with lower conformational stability adsorb more irreversibly onto solid supports,
largely independent of the support properties (negatively
charged, positively charged, hydrophilic, hydrophobic).83 Indeed, as noted above, our ﬁnding revealed a correspondence

change in the LSPR signal increased more appreciably than the
predicted increase arising from the temperature-dependent rate
of diﬀusion-limited adsorption alone. This ﬁnding supports that
temperature inﬂuences the extent of deformation of adsorbed
proteins on the sensor surface, namely, that there is increased
deformation of adsorbed proteins at higher temperatures. In
particular, the additional increase of the rate, namely, ∂Δλmax/
∂t, is greater with increasing temperature, and its scale is
comparable to that predicted by the model taking protein
deformation into account and assuming that protein spreading
is nearly negligible (ρ∗/r < 0.5) at 25 °C and appreciable (ρ∗/r
≥ 2) at 50 °C (cf. Figure 1). This conclusion further supports
that the extent of protein deformation is greater when BSA
molecules have lower conformational stability in solution.
In order to corroborate the LSPR data with the conformational stability of BSA in solution, circular dichroism (CD)
spectroscopic measurements were conducted on solution-phase
BSA as a function of temperature (Figure 4a). As thermal
denaturation of BSA occurs through a series of conformational
transitions from α-helix to β-sheet structures, followed by
partial unfolding to a random coil, the degree of change in the
BSA secondary structure in bulk solution can be inferred from
the overall loss in fractional helicity. Indeed, the probability of
stabilization of protein folding increases with greater helicity,
and therefore, the fractional helicity provides an indication of
conformational stability.69 At 25 °C, the fractional helicity was
calculated to be 59%, as expected for native BSA (Figure 4b).
An incremental decrease down to 53% helicity was observed at
60 °C or lower, supporting that the conformational stability of
BSA in solution decreases at higher temperatures within this
temperature range. In contrast, there was a sharper decrease to
48% at 70 °C. The measured loss in fractional helicity agrees
well with previous CD studies, which have demonstrated that
heating BSA in solution at temperatures at or below 60 °C
resulted in mainly reversible transformation from α-helix to βsheet structures, while heating above 60 °C results in
irreversible loss of structure due to partial unfolding and
aggregation of BSA molecules.47,70−75
As the molecular size of proteins aﬀects the diﬀusion ﬂux of
proteins in bulk solution, dynamic light scattering (DLS)
measurements were also performed in order to determine the
hydrodynamic diameter of BSA molecules as a function of
temperature (Figure 5). The hydrodynamic diameter of BSA

Figure 5. Eﬀect of temperature on BSA protein size in solution. DLS
experiments were performed on BSA protein in solution, and the
temperature in the measurement chamber was controlled. The
hydrodynamic diameter is represented as the mean ± standard
deviation from ﬁve measurements.
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between the extent of loss of protein helicity and the apparent
rate of change in the LSPR signal.
Furthermore, the LSPR measurements indicate that the
incremental, reversible thermal denaturation of BSA in solution
up to 50 °C is correlated with a moderate increase in the ﬁnal
Δλmax shift at saturation as well. At saturation, the net
measurement response depends on both the extent of protein
denaturation/spreading and the total number of adsorbed
protein molecules. Indeed, greater protein spreading correlates
with a larger area occupied per molecule, which would
eﬀectively lower the total number of adsorbed molecules at
saturation.84 The observed opposed trend indicates that, in the
high coverage regime, newly arriving proteins can adsorb at
remaining small spots between earlier adsorbed spread
proteins; i.e., the adsorbed protein molecules can be in
diﬀerent states at high coverage, and this becomes more
favorable with increasing temperature. In this context, we may
notice that the change of the BSA state (orientation) with
increasing coverage was earlier implied in ref 85.
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CONCLUSION
In this work, we have presented an indirect nanoplasmonic
sensing approach that is capable of tracking the adsorption and
denaturation of BSA protein onto a silica-coated array of
plasmonic gold nanodisks. On the basis of a theoretical model,
it was shown that the LSPR measurement response for a single,
adsorbed protein is expected to increase with its greater
denaturation on the sensor surface. This model was applied to
interpret experimental data, and it was observed that, with
increasing temperature (up to 50 °C), adsorbed proteins
undergo greater denaturation on account of lower conformational stability in bulk solution. These ﬁndings have important
implications for the protein adsorption ﬁeld as a whole. In high
temperature conditions, proteins in bulk solution undergo
irreversible conformational changes that cause protein
oligomerization and it is known that protein adsorption is
particularly high under such conditions. On the other hand, at
moderate temperatures, it is less understood how reversible
conformational changes in protein structure inﬂuence adsorption kinetics. By utilizing the nanoplasmonic sensing approach,
it was discovered herein that the denaturation of adsorbed
proteins increases with a greater extent of reversible conformational changes in the protein structure in bulk solution, and this
trend can be explained by the relationship between conformational stability and the propensity to denature in the adsorbed
state. To our knowledge, these ﬁndings oﬀer the ﬁrst
experimental evidence directly correlating the conformational
stability of a protein in bulk solution with the extent of
denaturation in the adsorbed state. Looking forward, the
methodology we used (LSPR in combination with bulk
measurements) can be applied across a wide range of proteins
in diﬀerent solution conditions and opens the door to
understanding how thermally activated processes contribute
to the denaturation of adsorbed proteins and other classes of
biomacromolecules and soft-matter nanoparticles.

■

Additional details on the physical background of the
LSPR response, analytical framework for LSPR data
interpretation, and experimental methods (PDF)

■

REFERENCES

(1) Nakanishi, K.; Sakiyama, T.; Imamura, K. J. Biosci. Bioeng. 2001,
91, 233−244.
(2) Gray, J. J. Curr. Opin. Struct. Biol. 2004, 14, 110−115.
(3) Rabe, M.; Verdes, D.; Seeger, S. Adv. Colloid Interface Sci. 2011,
162, 87−106.
(4) Kiesel, I.; Paulus, M.; Nase, J.; Tiemeyer, S.; Sternemann, C.;
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