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The signal enhancement properties of QCM sensors based on
dynamic, biotinylated poly(acrylic acid) brushes has been studied
in interaction studies with an anti-biotin F,, fragment. The poly
(acrylic acid) sensors showed a dramatic increase in signal
response with more than ten times higher signal than the car-
boxyl-terminated self-assembled monolayer surface.

Quartz Crystal Microbalance (QCM) sensors have been widely
employed in real-time, label-free biomolecular interaction
studies."™ There is a broad variety of assays; for example
immunoassays of various formats, assays targeting viruses and
bacteria, detection of cell adhesion, sensing of lipid inter-
actions to membranes, and assays of carbohydrate-protein
interactions.® > In these studies, the receptor of the system is
often immobilized on self-assembled monolayers (SAMs) of
carboxyl-terminated alkane thiols, bound to the gold electrode
of the QCM sensor. This generally results in adequate signal
levels, but in cases where the signal is low, amplification tech-
niques can be applied to produce an enhanced signal.>*** In
QCM affinity studies, a relatively new concept for signal
enhancement is for example to make use of nanoparticles as
signal amplifiers, due to their large masses.>* ! Another strat-
egy is to use enzyme-catalyzed reactions to produce precipi-
tates that attach to the QCM electrode.**** However, sensors
that make use of SAMs are conceptually restricted to the active
surface area of the sensor, whereas sensors exploiting an
additional height dimension are, hypothetically, capable of
binding more receptors. A three-dimensional surface can in
principle bind several monolayers of protein provided the
matrix is fully permeable. One methodology that is in line with
this approach is to make use of carboxymethyl-modified
dextran, where the carboxyl groups used for receptor binding
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are not restricted to a flat surface, but to a hydrogel that can
protrude up to 100 nm from the surface into the buffer solu-
tion.**> The latter surface has for a long time been success-
fully employed using for example the surface plasmon
resonance-technology.>® For QCM sensors, the use of polymer-
based sensor surfaces for signal amplification in biomolecular
interaction analysis has not been extensively studied. Biopoly-
meric dextran layers on QCM surfaces, although not compre-
hensively explored, have for example shown low signal
enhancement properties.®” Previously studied acrylamide/acry-
late-brushes on QCM substrates, however, have exhibited very
large dynamic signals in response to pH changes.*®*** This
methodology, where polymer brushes based on the photoini-
ferter technique were synthesized in situ at the sensor surface,
has the potential to yield highly functionalized sensor layers.
In the present study, we have explored the applicability of this
technique to create high density ligand surfaces based on poly
(acrylic acid) (pAAc) brushes. These polymer chains were sub-
sequently functionalized with a biotin derivative, and the inter-
action with an anti-biotin F,,-fragment was evaluated. For
comparison, the same interaction system was tested using
commercial sensor surfaces with carboxyl-terminated self-
assembled monolayers.

The fabrication of the polymer-based QCM sensors is out-
lined in Fig. 1. Gold-plated 10 MHz QCM crystals were first
spincoated with the photoreactive macroinitiator copolymer
poly(vinylbenzyl chloride-co-vinylbenzyl diethyl-
carbamodithioate) (PVBDsg;), containing 2 mol% iniferter
groups. Polymerization of acrylic acid under UV irradiation
subsequently yielded poly(acrylic acid) brushes, resulting in
sensor surfaces of three-dimensional character.

Functionalization with (+)-biotinyl 3,6,9-trioxaundecanedi-
amine was subsequently carried out in situ using the QCM
flow-through instrumentation where identical protocols were
used for both the pAAc-based sensors and the carboxyl-termi-
nated SAM surfaces. Thus, following equilibration of the
sensors in running buffer, a mixture of EDC and sulfo-NHS
was injected to activate the surfaces. Subsequent injection of
the biotin derivative resulted in derivatization of the carboxyl
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Fig. 1 Fabrication of biotin-functionalized pAAc sensor. Gold-plated
QCM crystals were first coated with the photoreactive copolymer
PVBDsgs, Which was subsequently subjected to poly(acrylic acid) brush
formation under UV irradiation. Final coupling of (+)-biotinyl 3,6,9-triox-
aundecanediamine to the carboxylic acid groups yielded functionalized
QCM sensor surfaces of three-dimensional character.

groups, and unreacted NHS-esters were deactivated by injec-
tion of excess ethanolamine. The process was monitored in
real time as displayed in Fig. 2. The frequency responses
proved slightly different for the pAAc sensors and the carboxyl-
terminated SAM sensors. For the carboxyl-terminated SAM
sensors, the frequency decreased during both injection of
EDC/sulfo-NHS and deactivation with ethanolamine, but
increased during injection of (+)-biotinyl 3,6,9-trioxaundecane-
diamine. As expected, a low residual frequency change after
the derivatization step was observed given the low molecular
weight of the biotin derivative. In the case of the pAAc surface
on the other hand, the frequency immediately increased upon
injection of EDC/sulfo-NHS, followed by a subsequent, close to
linear, drop in frequency during the remaining injection time.
Following replacement of the injected sample by running
buffer, the frequency stabilized at a higher frequency level. The
subsequent injection of the (+)-biotinyl 3,6,9-trioxaundecane-
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Fig. 2 Frequency responses of the surface derivatization process at the
pAAc surface (---), and the carboxyl-terminated SAM surface (—),
respectively. Injections for activation by EDC/sulfo-NHS (a); functionali-
zation with (+)-biotinyl 3,6,9-trioxaundecanediamine (b); and de-
activation by ethanolamine (c), are indicated in the graph.

3994 | Analyst, 2016, 141, 3993-3996

View Article Online

Analyst

diamine then resulted in a frequency increase, similar to the
carboxyl-terminated SAM surface, which stabilized at a higher
frequency level. Upon the final injection of ethanolamine,
however, the frequency dropped throughout the injection and
stabilized at a level lower than prior to injection. This behavior
is indicative of a dynamic effect of the polymer brushes, where
the composition and charge of the material result in frequency
shifts.*® Clearly, dynamic responses are particularly associated
with the activation- and deactivation steps, since the frequency
changes are unrelated to direct mass changes of the polymer
brushes. The shifts are thus in part likely to be attributed to
the residual charge and extension of the polymer brushes, and
in part changes in viscoelasticity of the pAAc layer. In addition,
transient bulk frequency responses arise from injection of
solutions of different pH, as further shown in Fig. S1,f and
show the expected behavior of frequency increase upon injec-
tion of solutions of lower pH than the neutral running buffer,
corresponding to loss of sensed water.

To assess the functionality of the pAAc surface in terms of
biological activity and ligand availability, the interaction
between the sensor surfaces and anti-biotin F,;, fragments was
studied. The F,, fragments were dissolved in running buffer
(25 pg mL™") and injected over the sensor surface at a flow rate
of 25 pL. min~" for 400 s. As can be seen in Fig. 3, the binding
of anti-biotin F,;, fragments to the sensor surfaces resulted in
a continuous decrease in resonance frequency during the full
association phase, indicating that equilibrium was not comple-
tely reached during this period. To ensure that the observed
frequency response was due to the specific interaction between
the biotin-functionalized sensors and the anti-biotin F,;, frag-
ments, two different controls were performed (Fig. 3). First, a
PAAc surface was prepared by the EDC/sulfo-NHS functionali-
zation method used for the biotin-presenting sensors, but
omitting the introduction of the biotin derivative. The result-
ing activated-deactivated sensor was subsequently exposed to
anti-biotin F,;, fragments, but did not display any significant
residual binding. This indicates that the anti-biotin F,;, frag-
ment does not bind non-specifically to the matrix after de-
activation. Secondly, a control protein, lysozyme, was used as
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Fig. 3 Frequency responses of protein binding to QCM sensors. Anti-
biotin F,, binding to biotin-derivatized pAAc surface (—); anti-biotin Fy
binding to biotin-derivatized carboxyl-terminated SAM surface (---);
anti-biotin F,, binding to deactivated pAAc surface (---); lysozyme
binding to biotin-derivatized pAAc surface («+). Sample concentrations:

25 pg mL™%; flow rate: 25 uL min~2.
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negative control because of its small size (M,, = 14.7 kDa) and
high isoelectric point (pI = 11.4), resulting in a net positive
charge at the conditions used (pH 7.4). For comparison, the
anti-biotin F,, fragment showed strong isoelectric focusing
bands at pH ~ 8 (Phast System, Pharmacia, data not shown).
Exposure of lysozyme to the biotinylated pAAc sensors resulted
in a minimal frequency response, showing that non-specific
binding to residual negatively charged moieties in the matrix
due to electrostatic attraction is limited. This confirms that the
observed frequency responses of the anti-biotin F,;, fragments
on the biotinylated pAAc sensors are the result of biospecific
interactions, and that the general level of non-specific binding
to the developed pAAc sensors is low. The ability to regenerate
the sensor surfaces, an important property for biosensors,
could be demonstrated by injecting glycine (10 mM, pH 1.5)
for 60 s over the sensor, which removed all bound anti-biotin
F.p and restored the frequency to the original base line
(Fig. 4). Successful regeneration was also confirmed by per-
forming repetitive binding cycles that resulted in similar
binding levels of anti-biotin F,p,.

To evaluate the signal amplification obtained using the
three-dimensional polymer structures of the QCM sensors, the
carboxyl-terminated SAM sensors functionalized with the
biotin derivative were assessed in the same way as the pAAc
sensors (Fig. 3). The maximum response of the anti-biotin Fyy,
fragments on the SAM sensors was 35 Hz, to be compared to
the 440 = 50 Hz response recorded for the pAAc sensors. Evi-
dently, the use of pAAc brushes results in a significant signal
increase with an 11 times higher response than for the car-
boxyl-terminated SAM surface. The three-dimensional nature
of the matrix, in combination with potential dynamic effects,
thus resulted in strong signal enhancement.

The QCM analyses also revealed additional characteristics
of the surfaces. The initial rate of binding appeared lower for
the pAAc sensors compared to the carboxyl-terminated SAM
sensors, as seen in Fig. 3. This behavior is most likely due to
mass-transport phenomena in the polymer-based matrices,
where, for example, the diffusion rate for a particle is expected
to be lower than for a free moving particle that adsorbs to a
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Fig. 4 Frequency responses of protein binding and sensor surface
regeneration. Anti-biotin F,, binding to biotin-derivatized pAAc surface
(—); anti-biotin F,, binding to biotin-derivatized carboxyl-terminated
SAM surface (---). Sample concentrations: 25 pug mL~%; flow rate: 25 L
min~%. Surfaces were regenerated with glycine (10 mM, pH 1.5).
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surface. The binding curves for the pAAc matrices were also
slightly sigmoidal in shape. This could stem from the fact that
the sensing capability, as given by the characteristic decay
length, is lowest at the top domains of the pAAc matrix. As
shown by Kanazawa and Gordon, the amplitude of lateral dis-
placement decays exponentially for a quartz crystal with one side
facing a liquid medium.*® This means that the same number of
molecules gives rise to a higher response if they are sensed closer
to the surface of the quartz crystal, and that changes in liquid
viscosity and density may affect the sensing performance of the
quartz crystal. Since the sensitivity is highest at the shortest dis-
tance to the surface of the QCM electrode, gradual response
shifts are expected over the matrix. The sigmoidal characteristic
of the binding can thus be interpreted such that the initial popu-
lation of protein molecules binds at the top domain, giving rise
to a smaller response, whereas subsequent penetration of the
matrix gives rise to a higher response.

Responses of QCM sensors with dynamic polymer surfaces
are complex and their interpretations are non-trivial, as
demonstrated by the functionalization procedure on the pAAc
sensors. For instance, sensor responses due to changes in
polymer viscosity and changes in coupling of water to the
polymer may occur, in addition to the commonly experienced
aspects of bulk responses and coupling of water to protein
adlayers.”’ In an effort to gain better understanding of the
viscoelastic aspects of the protein binding to the sensor sur-
faces, the motional resistance was measured together with the
frequency for the binding of the anti-biotin F,}, fragments. As
described by Lucklum et al., the change in resistance divided
by the change in frequency, AR/AF, can be used as measure of
the viscoelastic contribution to the observed frequency
change.”” The resulting AR/AF ratio for anti-biotin F,;, binding
to the carboxyl-terminated SAM surface was 3.7 mQ Hz ',
whereas a value of 10 mQ Hz ' was recorded for the pAAc
sensors. Thus, the pAAc sensors show approximately three
times higher viscoelastic contribution to the frequency
response than the carboxyl-terminated SAM sensors, which
confirms an expected behavior where proteins bound to the
PAAc polymer are less rigidly attached to the surface than
those bound to the SAM sensor surface.

Conclusions

This study has shown that highly functional polymer sensor
surfaces can be synthesized on QCM substrates by means of a
photoiniferter polymerization technique. The sensors were
functionalized with a biotin derivative in situ, and shown to
provide specific interaction data for a model system with anti-
biotin F,, fragments. The sensors could furthermore be
efficiently regenerated, and residual non-specific binding was
found to be low. In comparison to carboxyl-terminated SAM
sensors, the pAAc sensors displayed a dramatic increase in
signal response, where eleven times higher frequency shifts
could be recorded. Thus, it is clear that polymer-based sensors
can be successfully applied to amplify the response signals of
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QCM sensors, a feature potentially attractive for studies of inter-
actions between receptors and low molecular weight com-
pounds. Furthermore, these materials are in principle
amenable to ligand-induced dynamic responses, suitable for
applications where controlled signal enhancements are desired.
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