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ABSTRACT: This contribution reports on the quantification of
the parameters of the motility assays for actomyosin system using a
quartz crystal microbalance (QCM). In particular, we report on
the difference in the observed resonance frequency and dissipation
of a quartz crystal when actin filaments are stationary as opposed
to when they are motile. The changes in QCM measurements
were studied for various polymer-coated surfaces functionalized
with heavy meromyosin (HMM). The results of the QCM
experiments show that the HMM:-induced sliding velocity of actin
filaments is modulated by a combination of the viscoelastic

properties of the polymer layer including the HMM motors.

1. INTRODUCTION

The mechanical work at the nanoscale in biological systems is
performed by a variety of force-generating biomolecules, among
which the linear protein molecular motors, comprising
myosins,l’2 kinesins,>™> and dyneins, are of extreme
importance, involved in critical biological processes as diverse
as cell division to neuronal transmission and cancer processes.
One of the examples of force generation is muscle contraction,
which is powered by the actin—myosin system through the
ATP-driven translocation of actin filaments by the myosin II
motors.*” The development of the in vitro motility assay in the
1980s allowed the visualization of actomyosin motility, either as
myosin-coated fluorescent beads moving over surface-bound
actin filaments'®'" or more commonly as fluorescently labeled
actin filaments moving over a layer of surface-bound myosin."*
The latter type of motility assay has since been used extensively
to study the fundamentals of molecular motor function.>~ ">
From an applications perspective, the ability of motor proteins
to transport nanoscale loads, at speeds that are several orders of
magnitude larger than those caused by molecular diffusion,
opens up a wide range of applications in engineered
nanodevices.'”'” Among the several possible uses of the
actomyosin system, an important application would be the
shortened response time of biosensing devices.'® For the
better-described kinesin—microtubules system, various uses of
molecular motors have also been demonstrated, from directed
transgport for molecular scale assembly,19 microfluidic pump-
ing,1 to the movement of microsized silicon chips.20

In a conventional in vitro motility assay, the motor protein is
adsorbed on a surface (typically nitrocellulose), and the
filaments are propelled by the surface-bound motor protein
upon the addition of ATP in the motility assay flow cell. The
demonstration of more advanced molecular motor-based
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devices will require the control of both the location and the
direction of the filament motion. Surface coatings used in these
studies, such as methacrylate polymers,>' > polyurethane,”*
plasma polymerized poly(ethylene oxide),*® polyelectrolytes,*®
commercial photoresists.,27_31 and silane functionalization,***
must be both suitable for micro/nanofabrication and allow the
preservation of the molecular motor activity.

Previous studies®®*® that used rigid and soft polymer
surfaces, respectively, focused on the surface hydrophobicity
the motor protein is immobilized on as the main modulator of
the functionality of myosin for motility assays. These studies
revealed a complex, at times contradictory, relationship
between the surface hydrophobicity and motility, suggesting
that other parameters modulate the motility as well, perhaps
stronger than hydrophobicity alone. To this end, we used
quartz crystal microbalance (QCM) methodology to study the
properties of the films supporting the molecular motors and
their impact on the motility characteristics, in particular the
sliding velocity of actin filaments.

2. EXPERIMENTAL DETAILS

All chemicals and solvents were purchased from Sigma Aldrich unless
stated.

2.1. Solutions and Functionalization of Quartz Resonators.
Solutions were prepared as follows: nitrocellulose (NC) 1% (w/v) in
amyl acetate; polystyrene (PS, average M, = 200 000) 2.5% (w/v) in
propylene glycol methyl ester acetate (PGMEA); trimethylchlorosilane
(TMCS) 5% in chloroform. For polymer functionalization, silicon
oxide coated QCM quartz crystals were sonicated in ethanol and dried
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under a nitrogen flow before they were spin coated with the polymer
solutions at 3600 rpm for 2 min. The crystals were subsequently baked
at 85 °C for 3 h. For TMCS functionalization, the crystals were soaked
in dry acetone and subsequently in chloroform for S min each and
then exposed to TMCS vapor at 85 °C for 1 h.

2.2. Buffers for Motility. B1S comprises 1 mM MgCl,, 10 mM
MOPS, and 0.1 mM K,EGTA at pH 7.4. B6S comprises B1S
containing 50 mM KCl and 10 mM DTT.

2.3. Solutions for Motility Experiments. The assay solution
comprises 1 mM MgATP, 10 mM DTT, 25 mM KCI, B1S with an
antibleach mixture containing 3 mg/mL glucose, 20 units/mL glucose
oxidase, and 870 units/mL catalase, and ATP regenerating system
containing 2.5 mM creatine phosphate and $6 units/mL creatine
kinase. The blocking solution comprises 1 mg/mL bovine serum
albumin (BSA) in B1S buffer. The labeled actin comprises 10 uL of
thodamine phalloidin labeled actin filaments (rhodamine phalloidin
was purchased from Invitrogen, and actin was labeled according to the
manufacturers protocol) and 990 uL of B6S. The blocking actin
comprises 14 uL of unlabeled actin filaments and 986 uL of B6S.

2.4. QCM Procedure. Heavy meromyosin (HMM; 600 uL of 120
pug/mL in B6S) was applied to a flow cell containing the functionalized
crystal and incubated for 600 s. At the end of this period, unreacted
binding sites on the crystal were blocked using BSA by applying 1 mL
of blocking solution to the flow cell. Following incubation for 300 s,
the blocking solution in the flow cell was replaced with 1 mL of
blocking actin (to block nonfunctioning HMM heads). After 120 s of
incubation, excess blocking actin was removed by flushing the flow cell
with 2 mL of B6S, and then 1 mL of labeled actin was applied for 600
s. At the end of this time, excess labeled actin was removed by flushing
the flow cell with 2 mL of B65, and 1 mL of assay solution was applied.
In general, the timings during the QCM experiments were adjusted
according to the stabilization time required for the QCM to acquire a
steady state. All experiments were performed at a constant
temperature of 25 °C.

2.5. Equipment. A Zeiss Axiolmager.M1 fitted with an Andor
iXon+ EMCCD camera was used to observe standard motility assays
using rhodamine phalloidin labeled actin filaments. The sliding
velocity of the filaments on the various surfaces was determined
using Image].

The QCM experiments were performed on a QCM-Z500 from
KSV Instruments Ltd. The QCM is able to measure up to the 11th
harmonic and able to determine the dissipation of energy in the
deposited film. The crystals have a standard resonance frequency of 5
MHz and have been coated with silicon oxide at the manufacturer,
Biolin Scientific/QSense. Before use in the QCM experiments, the
crystals were coated with the various substrate materials as described
previously. Each of the experiments was performed at least twice. The
interpretation of the QCM experiments was performed using the third
harmonic. During the QCM experiments, the temperature in the
resonator chamber was kept at a constant temperature, 25 °C.

3. RESULTS

3.1. Resonance Frequency and Dissipation Measured
by QCM before Motility State. Two sets of experiments
were run in parallel, that is, the traditional motility assay on
coated glass coverslips, and QCM experiments. For both
experiments, the methods have been kept identical with regard
to coating procedures, solutions, and protein immobilization.
The classical motility assays were used to measure the sliding
velocity of the actin filaments on various coatings. In the QCM
experiments, the resonance frequency and its harmonics, as well
as the dissipation of energy in the absorbed film, were
monitored during every step of the motility assay. Figure 1
presents an overview of a characteristic QCM result.

For QCM experiments involving rigid films, the relationship
between the frequency change (Af) and the amount of mass
deposited on the quartz electrode is given by the Sauerbrey
equation:
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Figure 1. Change in resonance frequency (third harmonic) during a
motility assay on nitrocellullose, and each separate step in the assay has
been indicated. Zero change is the situation where the crystal is coated
and in water. The inset shows the difference in resonance frequency
and dissipation between motile (red, frequency; magenta, dissipation);
0 s in inset is 3076 s in main figure and nonmotile filaments (blue,
frequency; cyan, dissipation); 0 s in inset is 2101 s in main figure. The
circles and arrows indicate the relevant axis.

—2f*Am
Af = “Hy Am
AR,

where f, is the fundamental frequency of the crystal (5 x 10°
Hz for this study), Am is the change in mass (g), A is the
electrode area (cm?), pq is the density of quartz (2.65 g cm™),
and g is the shear modulus of quartz (2.95 x 10" dyn cm™).
The Sauerbrey equation is only valid for rigid films, whose
change in resonance frequency directly scales with the number
of the harmonic. For the majority of layers used in this study,
this direct scaling does not apply, and as such, they have to be
treated as viscoelastic layers. Several studies have shown®” >’
that, for viscoelastic layers, the change in the resonant
frequency also depends on material properties.*>*' Moreover,
for protein layers, and even more for those on supporting
polymers, which are also nonrigid, the added protein layer
increases both the mass loading and the energy dissipation of
the QCM,** and this increased energy dissipation will result in
an additional change in frequency over that due to mass loading
alone.*

Under these qualifications, the first premotility steps of the
motility assay yields information about the estimated amount of
motors adsorbed on the crystal, as signified by the change in
resonance frequency during the HMM adsorption. The
adsorption of the HMM is expected to be affected by the
surface coating,** which will ultimately lead to variation in the
sliding velocity of the actin filaments. In this study, we did not
look at the adsorption process itself and just used this as a
given. Figure 1 presents the change in the resonance frequency
for the whole duration of the motility assay procedure. This
change of resonance frequency is in good agreement with
previously reported QCM experiments lookin% at the
conformation of the HMM molecule on the surface.”

3.2. Apparent Mass and Dissipation Measured by
QCM during the Motility State. The final, during motility
steps in the QCM experiments yield information about the
effects of motility on the resonance frequency and dissipation.
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At a molecular level, the process of HMM propelling the
filaments comprises two stages, which alternate according to
different conformations of the HMM molecule.*>**"* In a
QCM experiment, the viscoelastic properties of the adsorbed
layer on the crystal will be affected by its compactness, which is
in turn modulated by the conformation of the molecules
composing the layer. While during the nonmotile stage of the
motility assay all HMM molecules display “normal” viscoelastic
properties common to all protein layers, during the motile
stage, the HMM molecules will be alternating between the two,
more open confirmations. The various stages of this movement
of the HMM molecule correspond with the differences in the
amount of water that are associated with the molecule, and this
is likely to reflect in additional viscoelasticity compared with the
nonmotile state, as demonstrated by the evolution of
dissipation in the inset in Figure 1.

As can be seen in the inset of Figure 1 and in Table 1, a
significant difference in the resonance frequency of the

Table 1. Overview of the Used Surface Coatings and the
Experimental Results

difference between motile and

nonmotile
contact angle  sliding velocity resonance
coating (deg) (um/s) frequency (Hz)  dissipation
TMCS 71 06 212 £ 0.11 13.0 + 1.7 -3 +1
NC 70 + 0.6 233 + 0.12 —172 %+ 17 05 + 1
PS 77 £ 0.6 2.79 + 0.14 -19.7 + 1.7 7+1

adsorbed film can be observed for a NC-coated crystal. Figure
2 and Table 1 present the differences in the resonance
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Figure 2. Difference in resonance frequency (blue triangles) and
dissipation (red squares) between motile and nonmotile filaments as a
function of the contact angle. The error bars represent one standard
deviation. The arrows indicate the relevant axis.

frequency and dissipation between motile and nonmotile states
for the various surface coatings used (NC, TMCS, and PS) as a
function of the contact angle, which is regarded as a critical
parameter for the modulation of motility assay.>**” The values
for the resonance frequency and the dissipation were
determined by averaging the final points on the curves shown
for example in the inset of Figure 1 for nitrocellulose.
Interestingly, the difference in the resonance frequency, which
as alluded above includes the effects of the change of
viscoelasticity, is positive for rigid surfaces and negative for
softer polymeric surfaces.
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The results regarding the change of QCM-measured
resonance frequency are important for molecular-motor-based
diagnostic devices, as they open the possibility of detecting the
switch from motile to nonmotile states by means other than
optical microscopy. Optical microscopy is the standard method
for testing the impact of chemical species on the functioning of
molecular motors in motility assays, mostly for drug discovery
research.*** Optical microscopy also could be the best option
for other molecular-motor-based devices, where the movement
of individual nano-objects needs to be recorded, such as those
proposed for biosimulation.*® However, for other applications,
especially biosensing, where the overall change in motility
reports an overall change in the molecular state of detecting
biomolecules immobilized on surfaces, as proposed earlier,'®
optical microscopy is not the best choice as it would involve
elaborate, difficult to automate image analysis procedures and
as it would be difficult to implement for field applications.
Conversely, QCM has been successfully applied to a large
number of biosensing applications.>"*>

Indeed, regardless of the appropriate calculation of the actual
mass using complex models that account for the viscoelasticity
of the film on the QCM crystal, a change in a QCM parameter
following a change in the motility of the actomyosin system
represents a biosensing signal transducing a change in the
biomolecular state of a protein immobilized on the surface of
the biosensor. Further work, which is underway, will refine this
approach through factoring in the viscoelastic properties of the
film, which is expected to increase the sensitivity of sensing of
motility state.

3.3. Actomyosin Velocity Is Modulated by the
Viscoelasticity of the Film. Aside from the on—off detection
of the actin—myosin motility state, the correlation of a
continuous motility parameter, such as sliding velocity, with
the properties of the surface would progress the design of
appropriate surfaces for molecular-motor-based devices. The
sliding velocity as used in this paper has been determined on
glass coverslips covered with the same coating as the QCM
crystals; any variation in sliding velocities compared to those
reported elsewhere is due to the protein preparation.

Two, completely different types of materials, according to
their viscoelastic properties, have been used for the motility
experiments. A schematic representation of the viscoelastic
properties of the materials throughout the motility assay is
presented in Figure 3. First, the TMCS-coated substrate is rigid,
thus allowing for the precise analysis using the Sauerbrey
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Figure 3. Schematic representation of the evolution of the substrate
and protein layers prior and during motility assays processes.
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equation. On the other hand, the NC- and PS-coated substrates
are relatively rigid in the dry state, but once the substrate is
exposed to aqueous solutions, the polymers swell and become
more gel-like. The addition of the proteins (HMM and BSA)
will make both TMCS and polymer surfaces more comparable
in terms of their viscoelastic properties. The final step of the
process is the actual motility, where the two different states of
the protein motors will manifest themselves. The first is a static
state, when no motility occurs and the HMM protein is in a
relatively compact confirmation. The second state is dynamic,
when motility is occurring; the HMM molecules are constantly
switching between two conformations, and the response of the
system is given by the (time) average of all molecules.

The changes in both resonance frequency and dissipation do
not appear to be correlated strongly with the surface
hydrophobicity, estimated by the contact angle (Figure 2),
possibly because of the complex correlation between hydro-
phobicity and protein adsorption and the protein denaturation.
Also, in our present experiments, the sliding velocity does not
appear to be strongly correlated with the surface hydro-
phobicity (Figure 4) or with the change in resonance frequency
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Figure 4. Sliding velocity as a function of the contact angle. The error
bars represent one standard deviation.

(Figure S). However, the velocity, which is a measure of the
bioactivity of the protein motors, does appear to be linearly
modulated by the apparent dissipation of the film, which is a
measure of the gel-like feature of the film (Figure S). This
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Figure S. Difference in mass (blue triangles) and dissipation (red
squares) between motile and nonmotile filaments as a function of the
sliding velocity. Note that the line is a guide for the eye only. The error
bars represent one standard deviation. The arrows indicate the relevant
axis.

suggests that a host of factors, of which surface hydrophobicity
is just one, modulates the mechanical properties of the film,
expressed by the apparent dissipation, and this in turn
modulates the velocity and the “success” of a motility assay.

The hydrophobicity of the surface coatings, that is, TMCS,
NC, or PS, measured prior to the immobilization of the motor
proteins (Table 1) plays an essential but also complex role in
the adsorption and bioactivity of the surface-immobilized
proteins, as witnessed by our previous studies of motility on
rigid®>> and 3polymeric34 surfaces. However, our previous
contributions”™***3 that used QCM to study actomyosin
motility on surfaces revealed important differences between the
behavior of molecular motors on rigid and soft surfaces,
respectively, thus suggesting that the nanomechanical proper-
ties of the materials also have an important impact on the
process of motility on surfaces. In order to study the influence
of the rigidity of the film on the actomyosin motility, it is
essential that the hydrophobicity or contact angle are as close
together as possible.

The surfaces used in this study have initially very different
material properties, as TMCS is a molecularly thin film on a
rigid substrate that does not absorb water, while NC and PS are
polymers that absorb water, in various degrees, and as such start
the experiment in a “gel”-like state. However, the adsorption of
various proteins on the TMCS-coated surface makes it more
similar to a polymer, as can be inferred from the increase in the
dissipation on the TMCS-coated crystal due to a change in the
viscoelastic properties of the film.

The causality chain of the processes regarding motility on
surfaces can be formulated as follows. First, the hydrophobicity
of the material, only estimated by the contact angle on the
surface, coupled with the molecular rigidity of the material,
which is high for silicon oxide, and comparatively low for
polymers, determine together the water intake in the material
exposed to aqueous fluids. A high molecular flexibility and a low
hydrophobicity (both on the surface and in the bulk) will result
in higher levels of water uptake and consequently a more gel-
like structure of the material. Second, it is this gel-like material
that is subsequently exposed to the adsorption of the proteins,
which is a much slower process due to the much larger mass
and volume of the protein compared to the water molecule.
While a surface with a hi§h hydrophobicity will result in both
higher protein adsorption>* but also increased levels of protein
denaturation,®* a gel-like, hydrophilic material could induce
both higher levels of protein adsorption, due to the swelling-
induced increase in the specific surface, and at the same time
low levels of protein denaturation, due to the unhindered state
of the protein. The last factor is particularly relevant for
molecular motor proteins, as a less molecularly confined and/or
less crowded state will allow freer motions of different parts of
the molecular structure of the proteins.

4. CONCLUSION

The present contribution explored the relationship between the
material properties, as measured by QCM, and the motility
characteristics of the actin—myosin system. It has been shown
that it is possible to observe differences in the resonance
frequency between the motile and nonmotile states associated
with the actin filaments. Furthermore, the dissipation of the
film correlates well with a continuous parameter of motility,
such as sliding velocity. The present study highlights nano-
mechanical properties of the surface as key modulators of
actomyosin motility over a rather narrow range of surface
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hydrophobicity where motility is of good quality. These results
offer a better understanding of the impact of surfaces on
motility for a better design of molecular motors-based devices.
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