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Biomolecular motor-powered active transport represents an alternate means for analyte processing in
nanoscale biosensors and bioanalytical devices. For example, a prototype “smart dust” biosensor has
recently been reported in which the motor protein kinesin processes antibody-functionalized
microtubules (MTs) to capture and separate optically tagged protein analytes. A potential limitation of
this technology, however, involves the inhibition of transport function by interfering compounds that
may be present in raw samples. Here we characterized the response of kinesin—-MT transport to a range
of potential interferents including solvents, acids, oxidizers, and environmental contaminants. The
results of kinesin motility assays suggest that, among the tested interferents, only acetic acid and
sodium hypochlorite adversely affected MT transport, primarily due to depolymerization of MT
filaments. While negative effects were not observed for the remaining compounds tested, enhancement
in motility was observed in the presence of acetone, antifreeze, and organic matter. Overall, the data
suggest that kinesin—-MT transport is resilient against a variety of common interferents, but primarily
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susceptible to failure due to significant changes in pH or the presence of an oxidizer.

1. Introduction

The miniaturization of sensors capable of handling micro- and
nanoliter fluids has given rise to the concept of sensors capable of
autonomous sample processing and detection. A key aspect to
such “smart dust” devices is the ability to actively separate and
transport analytes to a defined location in which they can be
detected. Traditional approaches rely on fluid flow via pressure-
driven or electrokinetic mechanisms that require power sources
(e.g., batteries), which significantly increase device size and
weight.! To address this limitation, biomolecular motor-driven
transport has been studied as an alternative means of separating
and transporting analytes within sensor-based architectures. The
uniqueness of this approach lies in materials transport in the
absence of fluid flow. While the medium remains relatively static,
the conversion of chemical energy into work (i.e., nanofluidic
transport) actively separates target from non-target analytes,
enabling downstream detection and quantification.

A biomolecular motor-powered sensor for biological analytes
can be envisioned as a basic linear process in which the kinesin
motors and microtubule filaments (MTs) play three key roles: (i)
analyte capture, (ii) analyte tagging, and (iii) analyte separation
(Fig. 1). With respect to analyte capture, a number of approaches
have been developed to selectively capture a range of bioanalytes
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using MT shuttles functionalized with either DNA?** or anti-
bodies.> The efficacy of capture is bounded by the time required
for the analyte to diffuse to the functionalized MT, and the time
required for the MT to move from the capture area to the tagging
area. A key aspect of this transition is the separation of non-
target analytes through kinesin active transport of MTs with
captured analytes. Selective tagging represents the next critical
phase in the process, and may be accomplished by forming
a traditional immunological “sandwich.”®® Signal production in
these sandwiches has been achieved using fluorescent spheres,®
quantum dots,*'® engineered virus particles,'** and fluorescent
nucleic acid probes.'* Following tagging, motor protein-trans-
port separates the analytes from unbound tags, and moves the
tagged analytes into a region in which detection can be achieved
via optical spectroscopy or other means. The entire process, from
capture to detection, can be achieved within minutes based on the
velocity of the kinesin motors and a device size less than 1
millimeter.*

The application of kinesin-powered MT shuttles for detecting
bioanalytes in environmental and clinical studies still faces
a number of common challenges for new diagnostic platforms.
For example, proteins such as kinesin and microtubules have
limited lifetimes' and thermal stability.'**® Previous work also
suggests that the lifetime of kinesin and microtubules may be
significantly affected by the polymers used for device fabrica-
tion.™ More critically, all of the aforementioned studies have
used defined solutions of analytes in laboratory-prepared
buffers, whereas field samples may contain interfering or inhib-
itory compounds. In this respect, the effects of potentially
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Fig. 1 Schematic representation of a nanoscale sensor capable of capturing, separating, and tagging biological analytes using kinesin biomolecular
motor and antibody-functionalized microtubule shuttles to achieve nanofluidic transport.

confounding materials on antibody-antigen interactions have
been widely studied,’”® and provide useful insight on how
solvents, pH, and other factors may affect analyte capture/
tagging in kinesin-based sensors. For example, the ionic strength
of the solution strongly impacts the ionic interactions in anti-
body—antigen bonds, potentially giving false positive reactions.'®
Inhibition or deactivation of kinesin transport by interfering
compounds, has not been reported, but represents a key technical
issue as enzymatic function is commonly inhibited by contami-
nants such as humic acid.?** Thus, the goal of this study was to
determine the sensitivity of kinesin-driven molecular shuttles
against a variety of potential interferents including common
laboratory and environmental contaminants.

2. [Experimental section
2.1 Kinesin and MT preparation

MTs were polymerized at 37 °C for 20-25 minutes using rhoda-
mine tubulin (Cytoskeleton, Inc.) diluted in BRB80 buffer
(80 mM PIPES pH 6.9, 1| mM MgCl,, ] mM EGTA) with | mM
GTP and 10% glycerol. MTs were then stabilized by diluting 100-
fold into BRBSOT (BRB80 with 10 uM paclitaxel). MTs stabilized
with 25 or 50 uM paclitaxel, or by 0.05% glutaraldehyde (GA)
crosslinking®?® were also prepared and used to evaluate potential
enhancement in MT stability in the presence of interferents. A
histidine-tagged kinesin heavy chain motor was expressed from
the pPK 113 plasmid in Escherichia coli BL21 (DE3) pLysS, and
purified on a Ni-NTA column as previously described.?**s

2.2 Interferent assays

Three general categories of interferents were investigated: acids/
oxidizers, solvents, and environmental contaminants. Glacial
acetic acid and sodium hypochlorite (i.e., Chlorox® bleach) were
selected as representative acids and oxidizers, respectively.
Acetone, ethanol, methanol, and toluene were selected as
solvents. Representative environmental contaminates included
locally collected sandy soil, organic soil (Premier Pro-Mix®),
gasoline (unleaded, 87 octane), and antifreeze (Prestone®). All
interferents were diluted in motility buffer (BRB80 containing
0.2 mg mL~" casein, 10 pM paclitaxel, | mM ATP, 20 mM
dextrose, 0.02 mg mL~"' glucose oxidase, 0.008 mg mL ! catalase,
and 0.5% B-mercaptoethanol) to achieve 0.01%, 0.1%, or 1%
concentrations.

Flow cells were constructed using a microscope slide, double-
sided tape and a #1 glass coverslip. Casein (0.5 mg mL™" in
BRB80) was incubated in the flow cell for 5 minutes, followed by
a solution of kinesin (~5 nM in BRB80 with 0.2 mg mL~' casein
and 1 mM ATP). MTs were flowed into the cell in motility
solution and allowed to bind to kinesin for 10 minutes. The flow
cell was then washed with fresh motility buffer to remove
unbound MTs. Solutions containing the various concentration
of interferents diluted in motility buffer were then added to the
flow cells.

The effect of the interferents was characterized by epifluor-
escence using an Olympus IX71 microscope and 100x oil-
immersion lens. Time-lapse and still frame images were collected
using a Hamamatsu ORCA CCD camera. Data were collected
within 30 min post-addition of motility solution containing the
interferents; this timeframe is consistent with expected applica-
tions as previously discussed.! MT velocity was estimated by
measuring the distance traveled between time-lapse images, and
analyzed by one-way Analysis of Variance (ANOVA) to discern
significant differences within the interferent treatments. If
significant differences were present, comparisons among control
and different concentrations of interferent treatments were
analyzed with the Holm-Sidak method for multiple
comparisons.

3. Results and discussion

Both acetic acid and sodium hypochlorite had substantial
negative effects on the kinesin-transport of MT shuttles. Gliding
MT velocity was significantly impacted by the presence of acetic
acid in the motility solution (Fig. 2; P < 0.001). The 0.01 and
0.1% concentrations of acetic acid decreased the MT gliding
velocity by ~13% and 36%, respectively. No MT motility was
observed for the 1% concentration of acetic acid (Fig. 2). MT
gliding velocity was also significantly impacted based on the
concentration of sodium hypochlorite present in the motility
buffer (Fig. 2; P < 0.001). No significant difference in the gliding
velocity was observed between the negative control and 0.01%
sodium hypochlorite solutions (P = 0.796). Higher concentra-
tions of sodium hypochlorite (i.e., 0.1 and 1%), however, resulted
in the complete loss of MT transport. The lack of MT motility at
the higher concentrations of sodium hypochlorite was primarily
due to depolymerization of the MTs (Fig. 3). MT filaments are
quite unstable with respect to factors such as temperature and the

presence of divalent metal ions.?63° The observed MT
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Fig. 2 Velocity of gliding MTs in motility buffer containing 0 (white),
0.01 (light grey), 0.1 (medium grey), and 1% (dark grey) acetic acid or
sodium hypochlorite. Mean =+ standard deviation.

Fig. 3 Images of MT filaments exposed to 0 (A), 0.01 (B), 0.1 (C), and
1% (D) concentrations of sodium hypochlorite. Scale bar = 25 pm.

Fig. 4 Images of MT filaments exposed to 0 (A), 0.01 (B), 0.1 (C), and
1% (D) concentrations of acetic acid. Scale bar = 25 pm.

depolymerization in the presence of 0.1 and 1% sodium hypo-
chlorite was likely due to the susceptibility of amino acids to
oxidation.?"3 Thus, while the kinesin motors may have remained
active under these conditions, the depolymerization of MTs
equates to a loss in transport function with respect to a sensor-
based system. In contrast, MTs could be observed attached to the
kinesin surface across all concentrations of acetic acid (Fig. 4),
despite a complete lack of motility at the highest (ie., 1%)
concentration. The fluorescence of MTs in the 1% acetic acid
solution was quite punctate (Fig. 4D), suggesting that the MTs
are depolymerizing. While the fluorophore may be sensitive to
acidic pHs, a uniform decrease in photo-luminescence across the
MT, as opposed to the observed punctate fluorescence, would
have been expected in response to pH-related effects. The pH
values of motility solutions containing 0.01%, 0.1%, and 1%
acetic acid were 6.9, 6.6, and 4.5, respectively; the pH of all
solutions containing sodium hypochlorite remained at pH 6.9.
Based on these data, we conclude that the loss of MT transport is
due to pH-based inactivation of the kinesin motors. Similar
findings have been observed for kinesin-MT transport the
presence of strongly basic developers used in microfabrication
processes.?®* Moreover, the functional range of kinesin motor
activity have been reported within a pH range of 6.0-7.8.33

Increased concentrations of paclitaxel, as well as GA cross-
linking, were evaluated as potential mitigators of acetic acid and
sodium hypochlorite effects. MTs stabilized with 10, 25, and
50 uM paclitaxel or crosslinked with 0.05% GA were charac-
terized before and after exposure to motility solutions containing
either 1% acetic acid or 1% bleach. MT morphology and motility
were monitored at regular intervals for 45 minutes post-exposure
to evaluate time-dependent effects. Increased MT stability in
motility solution containing 1% acetic acid (pH 4.5) was
observed for MTs stabilized with 25 and 50 uM paclitaxel, as well
as MTs crosslinked with GA (Fig. 5). These observations are
consistent with paclitaxel-enhanced stability of MTs at alkaline
pHs that has been previously reported.** While MT morphology
was maintained up to 45 min after exposure to acetic acid,
kinesin-based transport of MTs was never observed, further
suggesting inactivation of motor function at acidic pH values.
MTs stabilized with 50 pM paclitaxel showed increased stability
against sodium hypochlorite (Fig. 5); whereas, the 10 and 25 uM
paclitaxel-stabilized, and GA crosslinked MTs experienced
complete MT depolymerization within 20 min post-introduction
(Fig. 5). Despite the maintenance of morphology, MTs stabilized
with 50 uM paclitaxel disassociated from the surface (kinesin)
over time, suggesting that sodium hypochlorite affected inter-
actions at the kinesin—-MT binding site. Moreover, motility of
these MTs was never observed, which may be attributed to
inactivation of the kinesin motor function due to amino acid
oxidation. In summary, increased MT stability against acetic
acid and sodium hypochlorite could be achieved with increased
concentrations of paclitaxel. Kinesin motor function, however,
was not maintained under these conditions, thus significantly
impacting the overall transport system.

MT transport was minimally affected by the presence of the
various solvents in the motility solution (Fig. 6). No significant
differences in gliding velocity were observed for ethanol, meth-
anol, and toluene (P > 0.05), regardless of concentration. The
MTs in these assays did not show visual signs of degradation
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Fig. 5 Images of MT filaments before and after exposure to 1% solu-
tions of acetic acid and sodium hypochlorite. MTs were stabilized with
10, 25, or 50 uM concentrations of paclitaxel, or crosslinked with 0.05%
glutaraldehyde (GA). ¢ = time post-introduction. Scale bar = 25 um.
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Fig. 6 Velocity of gliding MTs in motility buffer containing 0 (white),
0.01 (light grey), 0.1 (medium grey), and 1% (dark grey) acetone, ethanol,
methanol, or toluene. Mean =+ standard deviation.

and/or depolymerization, as compared with the negative control.
A significant difference in gliding velocity was observed,
however, for acetone (P < 0.003). In contrast to the negative
effect of sodium hypochlorite and acetic acid, kinesin-MT
transport displayed significant increases in velocity based on the
concentration of acetone (Fig. 6). More specifically, the gliding
velocity was significantly higher for the 1% concentration of
acetone when compared against the negative control and 0.01%
acetone samples (P < 0.05). No differences were observed among
the negative control, 0.01% and 0.1% acetone samples
(P> 0.200). The MTs did not visually differ in appearance across
all concentrations of acetone when compared with the control
sample. Such an effect on kinesin transport was not observed in
a related study in which MT gliding was characterized in the
presence of 20% acetone.”® The critical conclusion from these

findings, however, indicates that kinesin transport is not
adversely impacted by the presence of the tested solvents. Puta-
tive enhancement of motility by acetone remains unclear and
requires further investigation.

Two of the four environmental contaminants had significant
effects on kinesin—-MT transport (Fig. 7). Both antifreeze and
organic matter significantly affected (P < 0.001) the gliding
velocity of MT shuttles, whereas sandy soil and gasoline had no
effect (P > 0.1). Similar to the observations for acetone, the
gliding MT velocity displayed increased rates for both antifreeze
and organic matter. For the former, MT velocity increased by
~10% for the 0.01% concentration of antifreeze, but was not
significantly different from the control (P = 0.08). The velocity
significantly increased, as compared against the control, by
approximately 30 and 37% for the 0.1 and 1% concentrations of
antifreeze, respectively (P < 0.001). The primary components of
antifreeze include ethylene glycol and propylene glycol, which
serve as osmolytes. The role of protein solvation in enzyme
catalysis has been studied through the use of osmolytes such as
ethylene glycol and polyethylene glycol (PEG).33® For example,
increased activity was reported for hexokinase and glucose-6-
phosphate dehydrogenase in the presence of low molecular
weight PEG (i.e., PEG).3%* The effect was reversed in hexoki-
nase by higher molecular weight PEG (e.g., PEG1500 and
PEG4000) molecules, which reduced activity by up to 15% based
on induced unfolding and aggregation.*®* Enhanced catalysis
associated with ethylene glycol has been reported for myosin
motors,* suggesting that the ethylene glycol in antifreeze may be
responsible for the enhanced MT gliding velocities observed in
our experiments.

Similar increases in MT gliding velocities were observed as
a function of the different concentrations of organic matter
added to the motility buffer (Fig. 7). The gliding motility
velocities of the three treatments significantly differed from
velocity of the control (P < 0.001), and displayed increases of
approximately 25%, 34%, and 35% for the 0.01, 0.1, and 1%
concentrations of organic matter, respectively. Humic acids
found in organic matter are often inhibitory to enzyme func-
tion,?* but may also be stimulatory as in the case of certain
degradative enzymes.*>*' While our experiments suggest that
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Fig. 7 Velocity of gliding MTs in motility buffer containing 0 (white),
0.01 (light grey), 0.1 (medium grey), and 1% (dark grey) gasoline, anti-
freeze, sandy soil, or organic matter. Mean + standard deviation.
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kinesin activity is stimulated by a component in the organic
matter, the nature of this enhancement cannot be directly linked
with one or more components of the organic matter based on the
intrinsically complex mixture of organic and inorganic constit-
uents. Establishing cause—effect relationships would require
compositional analyses of various organic soils and subsequent
correlation analyses between compositional differences and/or
similarities with enhancement in gliding motility. The key
observation from our data, however, resides in a lack of inhibi-
tion that is commonly associated with environmental samples
containing organic matter.

4. Conclusions

We have characterized the effect of potential interferents on the
kinesin—-MT transport system that has been used in smart dust
biosensor applications. Kinesin transport was unaffected by
most of the interferents tested with the exception of acetic acid
and sodium hypochlorite, which induced MT depolymerization,
reduced MT gliding velocity, and inactivated motor function at
high concentrations. Overall these results suggest that the
application of kinesin transport in hybrid sensor-device should
be quite resilient with respect to processing more complex
samples than have previously been tested. Evaluation of addi-
tional interferents will be needed in the future to ensure unaf-
fected function in specific sample types and composition. In
addition, time-dependent effects of potential interferent will need
to be addressed for applications that may require >30 min of
transport duration. Lastly, the continued development of kine-
sin-based sensor architectures must anticipate and assess
potential interference by contaminating materials such as soil
particles that may ultimately affect performance.
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