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ABSTRACT We present a method providing synchronized measurements using the two techniques: quartz
crystal microbalance with dissipation (QCM-D) monitoring and localized surface plasmon resonance (LSPR). This
was achieved by letting a thin gold film perforated with short-ranged ordered plasmon-active nanoholes act as
one of the electrodes of a QCM-D crystal. This enabled transmission-mode optical spectroscopy to be used to
temporally resolve colorimetric changes of the LSPR active substrate induced upon biomolecular binding events.
The LSPR response could thus be compared with simultaneously obtained changes in resonance frequency, Af, and
energy dissipation, AD, of the QCM-D device. Since the LSPR technique is preferentially sensitive to changes
within the voids of the nanoholes, while the QCM-D technique is preferentially sensitive to reactions on the planar
region between the holes, a surface chemistry providing the same binding kinetics on both gold and silica was
used. This was achieved by coating the substrate with poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG), which
was shown to bind in the same manner on silica and gold modified with a carboxyl-terminated thiol. In this way,
the combined setup provided new information about structural changes upon PLL-g-PEG adsorption. We also
demonstrate subsequent binding of NeutrAvidin and an immunoreaction utilizing biotin-modified IgG. The
combined information from the synchronized measurements was also used in a new way to estimate the sensing
volume of the LSPR sensor.
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n 1959, Sauerbrey demonstrated that,

when a film is adsorbed on a quartz

crystal microbalance (QCM) surface,
there is a shift in resonance frequency (f)
proportional to the added mass. This as-
sumption is valid as long as the mass is
small compared to the weight of the crys-
tal, rigidly attached and evenly distributed
over the active area of the crystal." The
sensing principle of a QCM device is based
on the variation in the electromechanical
response of a shear-oscillating piezoelectric
quartz crystal, caused by, for example, bind-
ing events or structural transformations in
the adsorbed film. The technique was origi-
nally utilized almost exclusively in vacuum
or gas phase,? but the work in 1980 by No-
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mura and co-workers demonstrated that
the QCM could also be used for liquid-phase
applications.? This paved the way for nu-
merous new applications for the technique,
especially in electrochemistry and biotech-
nology, in the latter case primarily for vari-
ous biosensor applications (see the review
by Andreas Janshoff?).

It was soon realized that, in liquid-phase
studies, the mass obtained by QCM mea-
surements does not correspond to the mass
of adsorbed macromolecular entities since
there is also a contribution from water dy-
namically coupled to the film.® In addition,
when the damping in nonrigid adsorbed
films due to frictional (viscous) losses be-
comes sufficiently large, the simple linear
relation between Af and adsorbed mass is
no longer valid.® This leads to two new re-
quirements to improve the usefulness of
QCM as a quantitative sensor technique.
The first is technical solutions that in addi-
tion to changes in resonance frequency pro-
vide information about changes in energy
dissipation, AD, of the oscillating system.
The second requirement is suitable theo-
ries to make full use of this new informa-
tion. Information about changes in D can
be obtained via either impedance spectros-
copy’ or, alternatively, as done in previous
work by our group, by recording the oscilla-
tion decay of the freely oscillating crystal af-
ter rapid excitation at resonance.? In the lat-
ter case, the decay time constant is inversely
proportional to the energy dissipation, D.
Theoretically, the expressions for Afand AD
for a QCM crystal placed in an infinite vis-
cous fluid are®
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where t, is the thickness of the quartz crystal, p, the
density of quartz, p, the density of the fluid,  the vis-
cosity of the fluid, and o the angular frequency of the
oscillation. However, most biological films cannot be
described by egs 1 and 2, as they are not only viscous
but also elastic and since they cannot be treated as in-
finite. A pioneering step in describing these kinds of
situations was taken in the mid-1990s by Johannsmann
and co-workers, demonstrating a theoretical descrip-
tion capable of representing the QCM-D response for
viscoelastic films probed in either air or liquids.’® We"’
and others” have utilized the multiparameter informa-
tion contained in f and D measurements with analo-
gous viscoelastic representations, capable of providing
information not only about coupled mass but also
about changes in the viscoelastic components of ad-
sorbed films.> However, these models only estimate the
total coupled mass and still face the challenge of distin-
guishing the actual biomolecular mass from dynami-
cally coupled solvent.'?

In cases when the analyzed films are sufficiently
rigid (low D), the linear relation between changes in fre-
quency and coupled mass is a safe assumption even in
the case with coupled solvent and thus comparisons
between different systems analyzed with QCM alone
(i.e., without combined f and D measurements) is fea-
sible. However, important information, in particular
with respect to coupled solvent, is achieved by operat-
ing the QCM technique in parallel with complementary
methods such as (i) optical techniques like
ellipsometry,>'® optical waveguide lightmode spectros-
copy,® or surface plasmon resonance;'*'* (i) scanning
probe microscopy;'®'” and (iii) techniques engaging
external molecular labels such as fluorescence or radio
labeling."® For the optical techniques listed above, the
measured signal originates from the polarizability (re-
fractive indices) of the (bio)macromolecules under the
influence of an incident electric field that is often locally
amplified in the sensing region. Due to the close to lin-
ear relation (dn/dc) that exists between changes in the
(bio)macromolecule concentration and the effective re-
fractive index, this measurement principle has become
extremely popular for quantifications of the adsorbed
molecular mass.'® Still, with a multitechnique approach
based on different signal transduction mechanisms,
there is a potential to access more information about
the investigated interactions, such as binding pathways,
stoichiometric ratios, transition states, phase transi-
tions, and structural changes.
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With few exceptions,'?2%?" previous combinations

of different surface analytical tools have not attempted
simultaneous recording of binding kinetics but com-
parisons of saturated responses only. Johannsmann and
co-workers demonstrated how propagating surface
plasmons could be excited on a QCM sensor crystal
modified with an optical grating.”® Recently, the QCM-D
technique was also combined with optical reflectome-
try readout (Wang et al., Rev. Sci. Instrum., accepted). We
demonstrate in this work how the sensing electrode of
a QCM crystal can be made into a plasmonic nanostruc-
ture, thus enabling acquisition of simultaneous infor-
mation of changes in local refractive index, mechani-
cally coupled mass (via Af), and changes in the damping
(via AD) of a QCM crystal. This was achieved by modify-
ing one of the QCM gold electrodes with plasmonic na-
nometric apertures, the optical properties of which de-
pend strongly on the refractive index of the
surrounding medium within tens of nanometers of the
surface.>” While the vast majority of nanoplasmonic-
based sensors have utilized discrete nanoparticles,?®* 2
our group has put focus on thin gold films with short-
range ordered (randomly distributed on the long-
range) nanoscale apertures.?>?°~2? |n contrast to a sub-
strate with isolated nanoparticles, a gold film with ran-
domly distributed holes is electrically conductive while
the plasmonic properties are similar. In addition, the
high conductivity of such a substrate allows it to act as
one of the working electrodes of a QCM sensor. By let-
ting the backside electrode have a ring configuration,
we show in this work how conventional transmission-
mode optical spectroscopy of the temporal variation in
extinction peak position (color) of the surface can be
synchronized with Af and AD measurements from the
very same surface.

Guided by the QCM-D data, which through vis-
coelastic modeling provide a measure of the effective
film thickness, a new way to estimate the sensing depth
associated with the highly localized field surrounding
the plasmonically active apertures is proposed. As a
model system for these estimations, as well as to dem-
onstrate the sensing capability of the sensor design, we
investigated subsequent modification of the sensor
substrate with (i) a 1:1 mixture of biotinylated and un-
modified poly(L-lysine)-graft-poly(ethylene glycol)
(PLL-g-PEG),3° 32 (ii) NeutrAvidin, (iii) biotin-modified
immunoglobulin G (anti-IgG), and (iv) immunoglobulin
G (IgG).33

RESULTS AND DISCUSSION

The shifts in resonance frequency and dissipation
at the fundamental resonance and at odd harmonics
were measured by operating the crystal as described
previously,>* with the exception that the modified crys-
tal was mounted in a home-built flow cell enabling op-
tical access for transmission-mode spectroscopy. Mea-
surements of the optical spectrum of the LSPR-active
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Figure 1. lllustration of the design of the back (A) and ac-
tive (B) electrode in the synchronized QCM-D and LSPR
setup. The ring on the active side is in contact with one of
the electrodes on the backside by a thin metal layer on the
edge of the crystal. The plasmonic nanostructure (green
area) of the active electrode is compatible with transmission-
mode extinction spectroscopy via the hole in the backside
electrode (blue area). Also shown is a characteristic electron
microscope image of the sensor surface.

electrode were enabled as described previously?” by in-

troducing a hole in the backside electrode (Figure 1).
The frequency spectrum in water from the LSPR-

active crystals was compared to the corresponding

spectrum from a standard 5 MHz QCM crystal (Figure
2). While the difference in resonance frequency is attrib-
uted to differences in the thickness of the quartz plate
and the electrode, it is interesting to note that there was
only a slight reduction in the quality factor, Q, for the
modified crystal compared to the standard crystal, al-
though additional smaller peaks besides the strong
resonant peak are observed in the frequency spectrum
of the modified crystal. However, despite the rather
drastic changes in the electrode configuration, both
the frequency and dissipation are considered similar to
the values for a standard QCM crystal. It is also worth-
while to point out that the noise level, evaluated from
measurements in aqueous solution, was roughly 0.4 Hz
for the frequency and 0.04 X 10~ ° for the dissipation
at the third harmonic frequency, which is comparable
with state of the art QCM instruments. Altogether this
indicates that the modification of the electrode layout
to make a LSPR-active surface has only a small influence
on the basic behavior of the QCM crystals. The optical
spectrum of the LSPR-active electrode showed a hole
plasmon resonance at 565 £ 10 nm (Figure 2B) and was
not influenced by operating the crystal in
resonance.

To test the sensitivity of the modified crys-
tals, and whether they respond to a change in
the surrounding medium as expected from
theory (egs 1 and 2), a modified crystal was ex-
posed to increasing concentrations of glycerol in
water. At the same time, the hole plasmon reso-
nance peak position for the transmitted light
through the LSPR-active sample was deter-
mined.?” The results are shown in Figure 3, where
the QCM-D data are acquired at the 3rd har-
monic (15 MHz).

From Figure 3A, it is seen that both the fre-
quency and dissipation shifts for the various glyc-
erol concentrations are fairly well represented
by eqs 1 and 2. The deviations from the theoreti-
cal values are essentially within the experimen-
tal error, although the dissipation shift may be
considered slightly lower than expected. A pos-
sible interpretation of this result is that water en-
trapped in the nanoscale apertures couples to
the crystal as a rigid mass and will therefore not
contribute significantly to the damping of the
crystal. This also means that, for the volume in-
side the apertures, a change in density of the sol-
vent will alter the resonance frequency accord-
ing to the Sauerbrey relation and not according

Figure 2. (A) Acoustic resonance shown as amplitude versus frequency spectrum
around the first overtone (~15 MHz) for crystals with a continuous 200 nm gold
electrode (red) and the ring-electrode configuration (blue), where the active elec-
trode consists of a 55 = 2 nm thick gold film perforated with randomly distributed
~110 = 5 nm apertures. The shift in resonance frequency of the two crystals is at-
tributed to differences in the mass of the electrodes. (B) Plasmonic resonance
shown as extinction spectrum of the nanoholes. The resonance peak is superim-
posed on a background extinction from the nanostructure Au film.° All data were
obtained with the sensing side of the crystal immersed in aqueous solution.
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to eqs 1 and 2. Still, with 55 nm deep holes and a
hole coverage of ~10% of the surface area, a
change from pure water to 35% glycerol in the
void volume of the holes is expected to result in
a decrease in frequency of less than 10 Hz, which
is insignificant compared with the observed fre-
quency shift of around 1 kHz. Thus, upon changes
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in the properties of the bulk solution, a QCM crystal
with a nanostructured electrode is expected to behave
similarly to a standard QCM crystal in terms of both
changes in f and in D. For otherwise identical, but ap-
proximately two times thinner metal electrodes, both
Af and AD were observed to be ~10% lower than for
standard crystals (Jonsson et al., Anal. Chem., accepted),
tentatively attributed to an influence from increasing
glycerol concentrations on the bulk conductivity and,
as a consequence, the effective conductivity of the elec-
trode.®® In agreement with previous results for nano-
plasmonic sensors,?>?>~ 28 the resonance wavelength
changes linearly with small increments in bulk refrac-
tive index. The sensitivity, corresponding to the slope of
the linear fit, was typically ~50 nm/RI unit but varied
between 40 and 60 nm for different samples. This varia-
tion is attributed to variations in the fabrication process.
The nanostructure composed of two different mate-
rials on the sensor surface (SiO, in the bottom of the
holes surrounded by Au) has important implications on
the use of the combined QCM-D and LSPR sensor to
probe interfacial binding reactions. In contrast to QCM,
which primarily will be sensitive to binding on the pla-
nar regions of the substrate since this constitutes most
of the area, aperture-based nanoplasmonic sensing has
the sensitivity highly focused to the void of the
holes.?*2%2° Thus, binding to the SiO, regions in the
bottom of the holes will contribute significantly to the
observed LSPR signal. As a consequence, different sur-
face modifications of the hole bottom (SiO,) and the Au
regions may complicate a comparison of the QCM-D
and the LSPR responses. To make a proper comparison
between LSPR and QCM-D data, it is thus critical to en-
sure that that the binding is identical on SiO, and Au. To
meet this demand, Au was modified with a short
carboxyl-terminated alkanethiol, which renders also
the Au region negatively charged. Upon exposure of
SiO, and Au-coated standard QCM-D crystals to a 1:1
molar mixture of PLL-g-PEG:PLL-g-PEGbiotin, which
binds by electrostatic interaction,®' essentially identi-
cal binding reactions were observed (Figure 4). Further-
more, subsequent addition of NeutrAvidin displayed
the same binding behavior on the two materials. As
control experiment, NeutrAvidin was added together
with free biotin in solution, which resulted in no detect-
able binding to any of the surfaces, verifying the inert
background provided by the PEG chains (not shown).
Figure 5 shows changes in frequency, Af, and peak
position, AN ..., versus time upon addition of the same
mixtures as in Figure 4, but using the combined QCM-D
and LSPR sensor surface modified with thiols. Addition
of the PLL-g-PEG:PLL-g-PEGbiotin mixture (step 1 in Fig-
ure 5A) results in a rapid decease in frequency and a
red shift in peak position saturating at around —35 *
2 Hz and 0.5 = 0.01 nm, respectively. Despite a hole
coverage of 12%, and a corresponding increase in total
area of ~20% from the hole walls, the QCM response
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Figure 3. (A) Changes in frequency, Af (red circles), and dissipa-
tion, AD (blue circles), versus increasing concentrations of glyc-
erol in water relative to pure water. The solid lines are theoreti-
cal values from egs 2 and 3 at the 3rd harmonic (15 MHz), where
data on the density and the viscosity at 25 °C were obtained from
the specifications provided by The Dow Chemical Company (ht-
tp://www.dow.com/glycerine/resources/physicalprop.htm). The
density of quartz used was set to 2650 kg/m? and the shear wave
velocity to 3340m/s.*° (B) Changes in peak position, ANpeak
(circles), versus refractive index upon increasing glycerol concen-
tration as in previous work.?>2¢~28 The absolute peak position of
the sample in pure water is around 565 nm. The solid line is a lin-
ear fit to the data points yielding a typical sensitivity of ~50
nm/Rl unit (varying between 40 and 60 nm for different samples).

is in good agreement with the results on homoge-
neous SiO, crystals and on carboxyl-terminated homo-
geneous Au crystals (see Figure 4). This is consistent
with the fact that the QCM technique senses the water
in the voids of the holes as a rigid mass. As a conse-
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Figure 4. QCM-D data upon exposure (t ~ 3 min) to a 1:1 mix-
ture of PLL-g-PEG and PLL-g-PEGbiotin followed by addition of
NeutrAvidin (t ~ 16 min). The shifts in f (red) and D (blue) are
seen to be nearly identical on Au (circles) and SiO, (diamonds)
surfaces, both incubated with carboxylic acid thiols. The flow
cell was rinsed at t = 13 min and t = 76 min.
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Figure 5. (A) Changes in frequency (red) and peak position
(blue) versus time upon exchange of a buffer solution att = 4
min to a 1:1 mixture of PLL-g-PEG and PLL-g-PEGbiotin (0.1
mg/mL) followed by subsequent additions of NeutrAvidin (0.3
M) at t = 27 min. (B) AD and A\, versus Af for the se-
quence of additions shown in Figure 3.

quence, the fraction of the PLL-g-PEG that replaces
coupled water within the hole will, due to the small dif-
ference (~30%) in density between PLL-g-PEG and wa-
ter, not contribute significantly to changes in the fre-
quency. However, water coupled to the adsorbed
molecules at the upper edges of the nanoholes will be
sensed as an additional mass. It is reasonable to assume
that these effects balance each other, thus explaining
why essentially identical QCM responses were observed
for the nanostructured and planar surfaces.

At first sight, the kinetics of the LSPR and QCM re-
sponses appear very similar (Figure 5A). However, a de-
tailed inspection of the data reveals interesting differ-
ences that would not have been possible to resolve if
the QCM and LSPR responses were not synchronized. In
particular, by plotting the peak position shift, AN ,c,
versus Af, an essentially linear slope is observed upon
NeutrAvidin binding, while in the case of PLL-g-PEG
binding, at least two different slopes are clearly distin-
guishable. Strikingly, at low coverage (Af < —20 Hz and
ANpea < 0.05 nm), the slope is a factor of almost 10
lower than at high coverage (see the dashed black lines
in Figure 5B). To interpret this observation, it is impor-
tant to recall that the LSPR response is proportional to
the change in interfacial refractive index.*® Since there
is also a linear relation between the increment in refrac-
tive index and concentration of most biomolecules
and polymers, the LSPR response is proportional to the
number of bound entities as long as the binding occurs
without significant structural changes or multilayer for-
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mation and there is no preferential adsorption at LSPR-
sensitive regions. In contrast, the QCM technique senses
in addition to the mass of adsorbed entities also hydro-
dynamically coupled solvent. Since the amount of
coupled solvent may vary with coverage,'? the interpre-
tation of binding kinetics from QCM data is often com-
plicated. Note, however, that there is an essentially lin-
ear AN, versus Af slope upon binding of NeutrAvidin,
which signals that the amount of coupled solvent does
not change with coverage in this case. The much lower
value of the initial slope at low PLL-g-PEG coverage sug-
gests an initial formation of a film with a significant
amount of coupled solvent, whereas there is a struc-
tural change at a coverage of about 10% (A\ ., ~ 0.05
nm), after which the amount of coupled solvent is sig-
nificantly lower.

The much larger contrast observed in the transition
of the AN, versus Af slope than of the AD versus Af
slope can also be explained by structural changes of ad-
sorbed PLL-g-PEG, such as transformations from an ex-
tended to a more confined state, and thus into a region
with stronger electromagnetic field. Such structural
changes are expected to be visible as an acceleration
in the LSPR response, as we have shown for the case of
bilayer formation from lipid vesicles,”® and a weak ac-
celeration in AN, is in fact visible in the kinetics data
just after PLL-g-PEG addition (Figure 5). An alternative,
and probably more likely, interpretation is that differ-
ences in binding behavior of PLL-g-PEG at regions of
high and low LSPR sensitivity contribute to the ob-
served data. One possible scenario is that binding of
PLL-g-PEG initially occurs preferentially on the planar
Au film, where the LSPR and QCM sensitivities are low
and high, respectively, while the later phase primarily
corresponds to binding in the voids of the holes, where
the sensitivities are reversed (see above). This could po-
tentially be explained by the relatively deep (55 nm)
holes acting as a steric hindrance that reduces the prob-
ability of adsorption to the bottom of the holes.?® In so-
lution, a single PLL-g-PEG molecule is over 60 nm in
size, > which is comparable to the hole diameter of 110
nm. This type of effect on the binding kinetics, poten-
tially related to the nanostructure on the surface, will be
investigated using planar surfaces where QCM-D is
combined with reflectometry (Wang et al., Rev. Sci. In-
strum., accepted) or conventional SPR."?

Theories capable of translating peak-position
changes of these types of LSPR-active sensing tem-
plates into absolute numbers of adsorbed molecules
are yet to be developed, which means that it is not
straightforward to quantify the adsorbed molecular
mass from the LSPR response. However, as shown in a
parallel work (Jonsson et al., Anal. Chem., accepted),
combined QCM-D and LSPR data can indeed be used
to aid a quantitative interpretation of LSPR data. Here
we instead use previously published data? from con-
ventional SPR, with the same surface modification of Au
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TABLE 1. Summary of Data Obtained Using SPR, QCM-D,
and LSPR

SPR M- LSPR

response  Amgpg” Am¢ d ANpeak
layers ®Y) gy AT vt om) (om)
PLL-g-PEG 2130 1662 —347 655 69 05
NeutrAvidin 2370 158 —350 685 72 06

“The SPR mass was estimated using the well-established relation between changes
in resonance units (ARU) and mass uptake (1RU = 0.1 ng/cm?) divided by 1.5 to
take into account the fact that binding occurred on a planar surface, rather than an
extended dextran hydrogel.*" °This value was estimated by correcting the mass up-
take conversion of SPR data for the differences in refractive index increment be-
tween PLL-g-PEG and proteins. The values of the refractive index increment were dn/
Ayiotinpirpec = 0-158 cm?/g and dn/deyeupviin = 0.185 cm®/g as in previous
work.* These values are obtained from a Voigt-based analysis of the QCM-D data.

as described above to get the adsorbed molecular
mass (see Table 1 for a summary of the results). To-
gether with the LSPR data and a Voigt-based analysis®
of the QCM-D data to get the thickness of the film, the
mass uptake from the SPR measurements yields suffi-
cient information to estimate the sensing depth of the
LSPR substrate as shown below.

Starting from the bulk experiment (Figure 3), it is
clear that the LSPR peak shift is linearly related to the
surrounding refractive index for homogeneous changes
in the whole liquid volume. This is in agreement with
previous reports on LSPR sensors based on both
nanoholes®>?%2” and nanoparticles,?® even if the lin-
ear relation is not always true for substantial changes
in refractive index.?® We can thus, as a good approxima-
tion, relate AN,y to An ¢ as

pea

AN oac = kAN 4 (3)

peak
where k is the slope of the graph in Figure 3 (~50 nm/
RIU) and n_k is the effective surrounding refractive in-
dex, defined as the integral of the refractive index in the
entire liquid volume with a weighting function to com-
pensate for the spatial inhomogeneity of the sensitiv-
ity. In conventional SPR, it has been shown that the
square of the field distribution E(x,y,z) can be used as
weight to calculate n ' Using the same reasoning for
LSPR structures, n. can be defined as

fff VAN, y, 2) E(x, y, z)dxdydz

An ;= 4

fffVE (x, y, 2)dxdydz

where V denotes the entire (liquid) volume within which
a change in n (relative to the RI of the buffer) can occur.
For mathematical reasons, E is set to zero outside the lig-
uid volume where no changes in refractive index occur al-
though the plasmon field does extend also into other re-
gions, in this case the quartz substrate. The denominator
integral in eq 4 is introduced for normalization, so that
Ang¢ = An for changes in bulk RI.
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It is reasonable to assume a linear relation between
biomolecular concentration and changes in n(x,y,z)
within a thin film;*” that is, RI changes are assumed to
be homogeneous within the volume of the film and
zero outside that volume. For such a volume V;, we can
define a sensitivity fraction «; associated with the vol-
ume according to

fffvE X, ¥, z)dxdydz
fff (x, ¥, z)dxdydz

The sensitivity fraction thus represents how much
of the total sensitivity k that is associated with a cer-
tain liquid volume V.. For changes in Rl that occur ho-
mogenously inside V;, N, responds with a sensitivity
of k. A change in Rl within a biomolecular layer i can
furthermore be expressed as

©)

I',[dn / dc];
An[: T

1

(6)

where d, is the effective thickness of the layer, dn/dc; is
the refractive index dependence on the concentration,
and I'; is the surface coverage of molecules.

Finally, by using eqs 4—6, eq 3 can be rewritten to
express the peak shift as a sum of changes in n within
different volumes, multiplied with their respective sen-
sitivity fraction. This is under the assumption that local
changes in refractive index do not affect the field distri-
bution. The peak shift can then be written as

I, [dn/dc]

peak z (1 (7)

Equation 7 can then be applied to determine the frac-
tion of the total sensitivity k associated with the first two
molecular layers by help of the QCM-D data. As shown in
a previous work,*® NeutrAvidin binds within the PLL-PEG
film and causes a swelling of the adsorbed film. This is in
agreement with the observed increase in thickness by 7
nm, which is larger than the diameter of the protein (~5
nm). The film composed of PLL-PEG and NeutrAvidin is
thus treated as one homogeneous layer, with a total mass
of I' = 324 ng/cm? (Table 1). Since the total adsorbed
mass of PLL-PEG and NeutrAvidin is similar, it is reason-
able to use an average dn/dc value of 0.171 cm?/g.*
From a Voigt analysis, the thickness, d, of the total layer
was determined to 14 nm. Using the LSPR data, AN .., =
1.1 nm and k = 50 nm/RI unit, « becomes 0.56. Thus, ap-
proximately 56% of the sensitivity is localized within 14
nm of the surface. The primary error in the value of 56%
is most likely the assumption that the PLL-PEG/NeutrAvi-
din layer is homogeneous, while in reality the NeutrAvidin
molecules are probably on average further from the sur-
face and exposed to a lower field strength than the PLL-
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Figure 6. Changes in effective thickness (obtained via a Voigt-
based modeling of the QCM-D data) and A\, versus time
upon exchange of a buffer solution at t = 4 min to a 1:1 mix-
ture of PLL-g-PEG and PLL-g-PEGbiotin followed by subsequent
additions of NeutrAvidin (these steps are identical to those in
Figure 5A) followed by addition of biotin-IgG at t = 96 min and
anti-lgG at t = 238 min. Inset: AX ., versus Af for the same se-
quence of additions.

PEG. Still, the dn/dc values for these molecules differ by
only ~10%. It should also be noted that the thiol modifi-
cation of Au means that the sensing volume included in
this calculation extends a little longer than 14 nm from
the Au regions. The bulk refractive index sensitivity k de-
pends strongly on the nanostructure dimensions*2%2”
but is highly reproducible for a given sample. Finally, the
56% value is in agreement with parallel work (Jonsson et
al., Anal. Chem., accepted) and with our previous study of
supported lipid bilayer formation on silica-encapsulated
LSPR-active nanoholes in gold films®® and numerical
simulations of similar nanoholes.>®

The existence of a relatively extended LSPR sensing
depth was verified by subsequently exposing the

MATERIALS AND METHODS

Sensor Fabrication. Combined QCM-D/LSPR samples were fabri-
cated from ~300 wm thick blank AT-cut quartz crystals (MaxTec
Inc., USA) starting with cleaning in Piranha (3:1 by volume
H,S0,4(95%)/H,0,(30%); CAUTION: this mixture reacts spontane-
ously under generation of heat and is strongly corrosive and harm-
ful to skin and eyes) followed by thorough rinsing with milli-Q wa-
ter (Millipore, USA) and blow-drying with N,. The backside
electrode was defined by conventional UV lithography (MJB3 mask
aligner, Karl Suss, Germany) followed by thermal evaporation of 5
nm Cr and 150 nm Au (AVAC, Sweden) (see Figure 1). A homoge-
neous distribution of nanoscale apertures in a thin Au electrode
was created on the active side of the crystal by colloidal
lithography?®>2°~2°3 as follows: After an additional cleaning with
Piranha, the surface was modified with a polyelectrolyte triple
layer®® which renders the surface positively charged. Negatively
charged polystyrene colloids (110 nm, Interfacial Dynamics Corpo-
ration, USA) suspended in water were then self-assembled into a
saturated monolayer on the surface; 1 nm Cr and 54 nm Au were
deposited by thermal evaporation, and the apertures were finally
realized by lift-off of the polystyrene colloids using tape, leaving
110 nm apertures with a characteristic short-range order and aver-
age coverage of 12 holes/um?. Before further use, the crystals
were cleaned in acetone, isopropanol, and milli-Q water and dried
with N,. To improve electrical contact, a ring was fabricated on the
nanostructured active side of the crystal close to the edge using
the same procedure as for the backside electrode (see Figure 1).
Also, a small stripe of 5 nm Cr and 150 nm Au was deposited on

\\&) VOL.2 = NO. 10 = DAHLIN ET AL.

NeutrAvidin-coated PLL-g-PEG-modified QCM-D/LSPR
surface to anti-lgG and IgG. Figure 6 shows a compari-
son of the temporal variation in film thickness ob-
tained from a Voigt-based modeling of the QCM-D
data and the temporal variation in A\, upon these
injections.

Indeed, the formation of a multilayer film with a
thickness approaching 40 nm can still be probed using
the LSPR template, but the reduction in sensitivity is
clearly seen. Also note the almost linear relation be-
tween AN, and Af upon binding of IgG and anti-lgG,
signals that the amount of coupled solvent does not
vary significantly with coverage for these cases. This
means, in turn, that the QCM-D data can be used to ex-
tract proper information about binding kinetics, which
is not the case when there are significant structural
changes involved, as in the case of PLL-g-PEG binding,
indicated by the nonlinear relation between A\, and
Af and between AD and Af (see Figure 5 and the inset
in Figure 6).

In conclusion, the information contained in multipa-
rameter measurements of the type presented in this
work illustrates how the combination of the sensor prin-
ciples turns an apparent limitation with the QCM-D tech-
nique into an advantage and, vice versa, how the interpre-
tation of LSPR data is supported by the information
contained in QCM-D measurements. We believe this com-
bined technique will prove a valuable tool for studying
biomolecules on surfaces due to the fundamental differ-
ences between the QCM-D and LSPR techniques and the
increased amount of information gained.

the 300 wm edge of the crystal, allowing the front electrode to be
contacted from the back side of the crystal. The samples were then
cleaned with RCA1 (5:1:1 by volume milli-Q water/NH; (25%)/
H,0, (30%); CAUTION: this mixture is corrosive and harmful to the
eyes) at ~70 °C for 15 min followed by thorough rinsing with
milli-Q water and drying with N,. The quality of the nanostruc-
tures was confirmed using scanning electron microscopy (JEOL
JSM6400F).

QCM-D and LSPR Measurement Setup. The combined setup for
QCM-D and LSPR measurements on 1 in. crystals was made in
house. The fluid was in all experiments introduced into the flow
cell by gravity, through a metal beaker situated on top of the cell.
The samples were mounted between two O-rings to relieve
stress and electrically connected from the back side of the crys-
tal by two spring-loaded contact pins. Two plastic plugs, consist-
ing of a collimating lens and contact pins, provided optical and
electrical connection to the sample through the measurement
cell. A thermoelectric module, controlled by a temperature con-
troller (MPT-5000 Wavelength Electronics, USA), was mounted
on the side of the cell and stabilized the temperature to elimi-
nate thermal drift. The extinction spectrum of the nanoholes was
acquired by collecting light that was transmitted through the
nanostructure (front electrode) and the hole in the backside elec-
trode. Light from a tungsten—halogen lamp (OceanOptics HL-
2000) was guided via an optical fiber and a collimation lens to
the sample in the measurement cell. The spectrum of the trans-
mitted light was measured by a spectrometer (BTC611E,
B&WTek, USA). Spectral data were acquired with a frame rate of
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0.5 Hz and continuously analyzed in MatLab (Mathworks Inc.,
USA) as described in previous work from our group?” to yield
the peak position N, (corresponding to the wavelength at
maximum extinction of light) with a resolution of around 103
nm. The setup used for QCM measurements was based on a
QCM-D setup introduced by Rodahl and Kasemo.® In brief, a fre-
quency generator (Agilent 33250A) controlled by GPIB was used
to drive the oscillations, whereas a digital oscilloscope (Nicolet,
model 490) monitored the oscillation decay. The resonance fre-
quency and dissipation were calculated by a modified version of
the commercial program Q-Soft (Q-sense, Sweden) for each
overtone. All measurements were made at 25 °C. Solution ex-
change was rapid (<5 s), and kinetics data represent binding
from stagnant bulk.

Surface Modification and Biomolecular Sensing. Prior to each mea-
surement, samples were cleaned with RCA1, incubated in a solu-
tion containing T mM HS—(CH,),s—COOH (kindly provided by
the Dept. of Physics and Measurement Technology, Linkdping
University, Sweden) in ethanol (99.7%, Sigma) overnight, soni-
cated in ethanol, and dried with N,. Biosensing experiments
were done in HEPES buffer: 10 mM HEPES, 150 mM NadCl, pH ad-
justed to 7.4 with NaOH (chemicals from SigmaAldrich). PLL(20)-
gl3.5]-PEG(2) (SurfaceSolutions, Switzerland) was stored in buffer
at —6 °C. Antibody aniti-lgG and antigen IgG was provided by
the Department of Immunotechnology at Lund University for
these experiments.
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