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Abstract

This research proposed to create the next generation of versatile electrochemical-based
biosensors capable of monitoring target capture and release as dictated by molecular binding or
unbinding. The biosensor integrates cellular machines (i.e., microtubules, structural elements of
cells and kinesins, molecular motors involved in cellular transport) as functional units; its
assembly is based on molecular self-assembly and self-recognition. Our results demonstrate that
the designed biosensor was capable of allowing detection of binding and unbinding events based
on redox reactions at user-controlled electrode interfaces. The analysis also showed that the
sensitivity of the designed biosensor or its ability to record such events could be user-controlled
at any given time by adjusting the energy source that “fuels” the system.
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Introduction

Biological sensors have been widely used for disease diagnosis, environmental analysis '
2, electronic devices * 4, fermentation processes > ¢ and biodefense applications 7 3. Relying on
molecular interactions ? or directed interactions of alternative patterns '© or arrays !' of molecules,
biological sensors allow for a faster 1> 13 and lower cost !4 13 detection while revolutionizing the
sensitivity limits '% 17 Further, by permitting downscaling, biological principles based on self-
assembly and self-recognition could be used to biosensor’s benefit for detection at nanometer
scales '® or manipulation of nanovolumes of samples with minimum pretreatment °. Specifically,
II-HoonCho et al., ?* designed an in-situ immuno-gold nanoparticle network protein-based
biosensor to realize rapid detection of pathogens with a limit of detection of 3 cell/mL. Zhao et
al., 2! reported on an ultra-sensitive biosensensor for direct detection of DNA with a limit of
detection of 10.9 aM; in such a set up, no interference from unmatched, double-base mismatched
or single-base mismatched targets was recorded. Nasirizadeh et al., *> showed that single
mismatched and non-complementary ssDNA generate much smaller electrochemical signals than
complementary ssDNA targets. Further, an acetylcholinesterase biosensor based on the prussian
blue modified electrode enabled rapid detection of organophosphorous pesticides within only 10
min of exposure and with detection limits in ng/L 23. Lastly, a reduced graphene oxide modified
smart conducting paper based biosensor provided a low cost, disposable system to evaluate the
concentrations of carcino-embryonic antigens biomarkers 24, However, even with such a realm of
applications, biosensors pose implementation drawbacks either resulted from non-specific cross-
binding/cross-contamination and false positives 2°, their inability to discriminate between viable
and non-viable systems 2% 27 limited stability or the inhomogeneity of the sensing elements
themselves 28,

Benefiting from the biological recognition and molecular assembly, cellular machines
such as microtubules (MT) and kinesin I (simply called kinesin) 2° have been proposed as
components for the next generation of biosensors capable of simplifying and increasing the
sensitivity of detection, all under environmental conditions and controlled chemical energy. MTs
are cellular cytoskeletal filaments of tubular structure and diameters of 25 nm 3° with roles in
cellular division and transport 3!, while kinesin is a MT-associated motor protein responsible of
cargo trafficking 32. Smart dust biosensor powered by the kinesin-MT system was used to
directly detect glutathione-S-transferase 33, a phase II enzyme that catalyzes the conjugation of
the reduced form of glutathione to xenobiotic substrates and is used for detoxification 34. Other
kinesin-MT mobile immunobiosensors were used for the ultra-sensitive detection of the
biowarfare Staphylococcal enterotoxin B at a 0.5 ng/mL resolution 33 or to concentrate bovine
serum albumin (BSA) protein from a nearby environment, at sensitivities reaching 0.5 nM 33.
Lastly, Carroll-Portillo et al., designed a nano-harvester based on kinesin-MT system to measure
tumor necrosis factor alpha (TNF-a) 3¢, a cell signaling protein used for assessing systemic
inflammation 37. In such proof-of-principle examples, the kinesin-MT system was not only able
to concentrate the target and provide a lower limit of detection for the envisioned biosensor, but
further, it permitted a selective transport of the target to designated places to thus simplify the
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detection process itself. However, even it such real of demonstrations, before a kinesin-MT
biosensor becomes a viable implementation option, full control of the system under user-specific
conditions and user-friendly environments need to be demonstrated, all while downscaling
sample volumes to allow for single molecule detection 3°.

Herein we designed the next generation of sensitive biosensors based on a kinesin-MT
system capable of detecting binding and unbinding events of target molecules. Our strategy is
based on creating user-functionalized, sensitive electrodes able to evaluate and detect molecular
assembly formation as defined by self-assembly and self-recognition events, all under controlled
chemical energy of adenosine triphosphate (ATP) . Our analysis demonstrates not only that the
proposed kinesin-MT biosensor is easy to create, fast, convenient and economic in its design and
implementation, but further, that it is capable of discriminating between target binding and
dissociation events. It is envisioned that further lab-on-chip integration of such biosensor could
possibly be assembled using sensitive and exquisite nanoswitches to allow storage or release of
single target molecules for applications ranging from molecular diagnosis to signal transduction.
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Materials and Methods
Expression of fluorescently labeled kinesin 1 molecular motor (dmKHC-EGFP) simply
called kinesin

Plasmid pPF_dmKHC-EGFP encoding for the dmKHC-EGFP protein (molecular weight

91.7 kDa) consisting of the Drosophila melanogaster kinesin delta tail (dmKHC) linked to the C-
terminal end of the EGFP (enhanced green fluorescent protein) his-tagged on the protein’s C-
terminus was obtained at West Virginia University. The specific protocol was previously
published 38. Briefly, the coding sequence of the protein was copied by polymerase chain
reaction (PCR) from the pPK 124 plasmid, a kind gift of Prof. Jonathan Howard, Yale University.
A set of known primers were used while a pTriEx-4 plasmid (Novagen, MA, USA) linearized by
treatment with the Ncol endonuclease (New England Biolabs, USA) carried out the coding
sequence for the C-terminal his-tagged EGFP protein. Both the linearized pPF_EGFP plasmid
and the pPK124 PCR amplicon were gel purified and assembled using a Gibson assembly kit
(New England Biolabs, USA), with the assembled DNA sequences being subsequently
introduced into E. Coli strain Stbl4 (Invitrogen, Fisher Scientific, USA). The pPF_dmKHC-
EGFP plasmid was transformed into the E. coli strain BL21(DE3) pLysS (Stratagene, Agilent
Technologies, USA) and protein expression was induced using standard protocols 3. Expressed
protein was purified using two Bio-scale mini IMAC cartridges (Bio-Rad Laboratories Inc., USA)
in series installed in a BioLogic DuoFlow chromatography system (Bio-Rad Laboratories Inc.,
CA, USA) by running two buffers, i.e., the wash buffer (50 mM sodium phosphate (Na;PO,), 0.3
M NaCl, 1 mM MgCl,, 10 uM ATP, 5 mM B-mercaptoethanol, 10% glycerol, pH 8.0) and the
elution buffer (wash buffer with 0.5 M imidazole, reagents from Biotool.com, USA) respectively.
The protein was then eluted by imidazole gradient and concentrated into 1 mL volume. A second
chromatographic step was applied for further purification; specifically, a Superdex 200 10/300
GL gel-filtration column (GE Healthcare Life Sciences, USA) equilibrated with storage buffer
(100 mM imidazole, 300 mM NaCl, 1 mM MgCl,, 10 uM ATP, 1.0 mM 1,4-dithiothreitol (DTT),
10% sucrose, pH 7.0; reagents from Biotool.com, USA) was used. Lastly, the protein
concentration was estimated using the Coomassie protein assay and bovine gamma globulin
standard (reagents from Fisher Scientific, USA).

Electrode cleaning

A gold electrode (CH Instrument Inc., USA, diameter 2 mm) was treated with Piranha
solution (containing 96.4% sulfuric acid, H,SO,, and 30% hydrogen peroxide, H,O,, Fisher
Scientific, USA in a 3:1 (v:v)) for 10 min to remove any organic contaminant as previously
described . The electrode was subsequently rinsed with deionized water (DI water) and then
successively polished with 1.0 um, 0.3 pm and 0.05 pm a-alumina (a-Al,Os; CH Instrument Inc.,
USA) powders. To remove impurities resulted from polishing, the electrode was also rinsed with
DI water, 10 mL ethanol (90%, Fisher Scientific, USA), acetone (99.7%, Fisher Scientific, USA)
and again DI water, all under water bath sonication conditions. The electrode was subjected to
cleaning by cyclic voltammetry in 50 mM H,SO, with cycles being ran until a stable scan was
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obtained *°. Lastly, the cleaned electrode was again rinsed thoroughly with DI water and used for
the experiments listed below.
Electrochemically functionalized kinesin

Ferrocene monocarboxylic acid-kinesin (FCA-kinesin) conjugates were prepared by
dissolving 4 mg FCA (Fisher Scientific, USA) in 800 pL of BRB8O0 buffer (formed from a
mixture of 80 mM piperazine-N,N’-bis(2-ethanesulfonic acid buffer, 1 mM MgCl, and 1 mM
ethylene glycol tetraacetic acid (EGTA), pH 6.8; all reagents were purchased from Fisher
Scientific, USA) which contained 5 mM biotin-sulfo-N-Hydroxy succinimide (biotin-sulfo-NHS,
Sigma, USA ), 2 mM 1-Ethyl-3-(3’-dimethylaminopropyl) carbodiimide (EDC, Fisher Scientific,
USA) and 10 uM taxol (Fisher Scientific, USA). The mixture was subsequently incubated for 15
min at room temperature. Upon incubation, 90 puL of 2.8 mg/mL kinesin (expressed as previously
described) was mixed with the FCA solution and incubated for 4 h at 4 °C; the reaction was
terminated by adding B-mercaptoethanol (Fisher Scientific, USA, 20 mM final concentration) 4°.

FCA loading was estimated by subtracting the amount of the free FCA in the supernatant
of the span down FCA-kinesin conjugates from the initial amount of FCA offered in the binding
reaction. Specifically, the FCA-kinesin conjugates were span at 30,000 rpm for 10 min on an
Allegra 64R centrifuge (Beckman Coulter, USA) and the supernatant and washes of the different
span down steps were recorded and evaluated using using a fluorescent microscope (Nikon, USA)
and a 100 x objective (NA=1.4) under a GFP filter and under an exposure time of 8.3 s. The
concentration of the free FCA in the supernatant was also measured using an electrochemical
workstation 4! (VersaSTAT 3 potentiostat/galvonostat, Princeton Applied Research, USA) by
recording the peak currents at a scan rate of 50 mV/s.

Microtubule synthesis

Microtubules (MTs) were synthesized from free tubulin suspended in a polymerization
solution according to established protocols 4> 43. Briefly, the polymerization solution was
obtained by vortexing 5 pL 100 mM MgCl,, with 6 pL dimethyl sulfoxide (DMSO, 99.7%,
Fisher Scientific, USA), 5 uL 25 mM guanosine-5'-triphosphate (GTP, Sigma, USA) and 9 uL
BRB80 buffer. Then 2.5 pL of this polymerization solution was mixed with 10 pL. of 4 mg/mL
tubulin (Cytoskeleton Inc, USA), with the resulting mixture being incubated at 37 °C for 30 min.
Such formed MTs were stabilized in 1 mL. BRB80 buffer containing 10 uM taxol and kept at
room temperature until further experimental use; fresh solutions were prepared if the initial MT
solution was older than 3 days.

FCA-kinesin binding to MTs

FCA-kinesin conjugates were incubated with MTs in the presence of adenylyl-
imidodiphosphate (AMP-PNP, Sigma, USA) to form FCA-kinesin-MT assemblies. Specifically,
FCA-kinesin conjugates (different concentrations in BRB80 buffer were tested, namely 13.2-330
nM) were mixed with 2 uL. of 20 mM AMP-PNP and incubated for 1 h at 4 °C. Subsequently,
the mixture was mixed with 20 uL. MT solution and incubated for another 30 min, again at room
temperature. Any free FCA-kinesin was removed by spinning the assemblies at 30,000 rpm for
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10 min and washing of the resulting pellet with BRB80 buffer. The supernatant was evaluated
using fluorescence microscopy (100 x objective (NA=1.4), GFP filter, exposure time of 8.3 s) to
trace the amount of unbound FCA-kinesin; the procedure was repeated until no free FCA-kinesin
was observed. The pellet (FCA-kinesin-MT assemblies) was re-dissolved in 20 uL. BRB8O0
buffer with 10 mM taxol and used immediately.

Functionalization of the electrode

Eleven-mercaptoundecanoic acid (Fisher Scientific, USA) was used to form a self-
assembled monolayer (SAM) on the cleaned electrode (see above). SAM was prepared by
immersing the electrode overnight into a 100 mM 11-mercaptoundecanoic acid solution in
ethanol. Subsequently, 50 pg/mL anti-tubulin antibody (Sigma, USA) was attached to the
electrode  using the  1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide =~ (EDC)/  N-
Hydroxysuccinimide (NHS) zero chemistry #*. For this, 50 pL EDC/NHS (0.4 mM/0.1 mM)
solution was dropped onto the electrode and incubated at room temperature for 15 min. The
electrode was subsequently washed with buffer; 50 pL solution of 20 pg/mL anti-tubulin
antibody was then dropped onto the electrode and incubated at room temperature for 4 h. The
electrode was subsequently washed with BRB80 and exposed to 50 uL FCA-kinesin-MT
assemblies for 1 h incubation, all at room temperature. Lastly, the electrode was rinsed with
BRBS80 buffer containing taxol and then exposed to 50 pL of 100 mM bovine serum albumin
(BSA, Fisher Scientific, USA) for 30 min, at the room temperature; excess protein was removed
by rinsing with BRB80 containing 10 mM taxol.

Electrochemical measurement

A three-electrode system was used to run the cyclic voltammetry experiments. The
working electrode was the bare or functionalized gold electrode (FCA-kinesin-MT/11-
mercaptoundecanoid acid/Au), the silver/silver chloride (Ag/AgCl, 1.0 M KCI) was the reference
electrode, while the platinum electrode served as the counter-electrode (all electrodes were
purchased from CH Instruments, USA). The reference electrode and the counter-electrode were
rinsed with DI water and blown dry before use. Cyclic voltammetry (CV, VersaSTAT 3
potentiostat/galvonostat, Princeton Applied Research, USA) was carried out in BRB80 buffer
(pH 6.8) containing 10 mM taxol. The scan rate varied from 6 mV/s to 300 mV/s (6 mV/s, 8
mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s, 50 mV/s, 60 mV/s, 70 mV/s, 80 mV/s, 90 mV/s,
100 mV/s, 200 mV/s 300 mV/s.). Electrochemical impedance spectroscopy (EIS) was carried out
on the same instrument in BRB80 buffer containing 50 mM potassium ferricyanide (K;Fe(CN)g,
Fisher Scientific, USA) and 10 mM taxol, and in a frequency range from 0.1Hz to 100kHz.

Statistics

For each concentration of FCA-kinesin conjugates, 6 modified electrodes were used to
obtain 6 different CV graphs which were subsequently statistically assessed. The total length of
the MTs on the electrode was estimated using the area of the electrode (3.14 mm?) divided by the
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diameter of an individual MT (i.e., 25 nm) and assuming that all of the electrode’s surface was
covered by a MT monolayer. The FCA covalent binding to the amino groups of the kinesin
allowed determination of the theoretical loading, with the kinesin structure being imported from
previous research 4 (and included in Supporting Information S1).
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Results and Discussion

The recognition process between kinesin and microtubule (MT) as well as kinesin’s
movement along a MT track have been mimicked in synthetic environment for transport-oriented
tasks, all under the chemical energy of adenosine triphosphate (ATP) 4% 43. Viable and remote 46
kinesin-MT biosensors capable of specific capturing 47 or transport of antigens “® have been
proposed for biomedical and biodefense research #°, or for smart dust biosensors generation .
However, in such applications the reality of implementation of a kinesin-MT system was
hindered by the biosensor’s reduced specificity and overall analyte-related selectivity !. Herein
we proposed to design the next generation of kinesin-MT biosensor that allows autonomous and
controlled detection of molecular analytes binding and unbinding events, on cheap and easy to
manufacture electrochemical platforms. It is envisioned that by controlling the recognition of
kinesin-MT binding events with high sensitivity and accuracy one could allow the integration of
the system’s transport function into a scalable chip-based platform that permits detection at low
power of consumption and under low fabrication cost 523 .

To demonstrate the feasibility of the proposed design, we first labeled lab-expressed kinesin
with a pseudo-reference agent capable of producing an electrochemical signal, namely ferrocene
monocarboxylic acid (FCA; Figure 1a) 3. Published reports showed that FCA could be bound to
proteins either through electrostatic interactions or direct insertions °* at their terminal amine
sites or reactive amino acid side chains respectively 3°. Further, previous reports showed that
FCA has two known pair of reversible redox peaks between 0.2 V~0.8 V 36,

Kinesin’s successful FCA labeling was demonstrated using cyclic voltammetry (CV);
specifically, a pair of peaks were recorded for the FCA-kinesin conjugates, all relative to
unlabeled kinesin (Figure 1b; concentration of kinesin in both FCA-kinesin conjugates as well as
in unlabeled kinesin was 1.5 uM). The observed pair of redox peaks was presumably due to the
redox reaction of the FCA in the conjugates which had the reduction peak at about 0.25 V and
the oxidation peak at about 0.32 V. A reduction peak current was also observed at 4.93 pA with
the corresponding oxidation peak current at 7.75 pA.

Theoretical estimate of the FCA molecules bound at the available amino groups on the
kinesin was 192 FCA per one kinesin molecule . However, the experimental value, i.e., FCA
loading, estimated by subtracting the amount of the free FCA in the supernatant obtained by
washing the FCA-kinesin conjugates (Supporting Information S2 and Figure S1) and evaluated
using CV was about 1245 FCA molecules per individual kinesin molecule. The difference is
presumably due to the non-specific physical binding of the FCA 57 to the kinesin molecules.
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Figure 1: a) Schematic illustration of kinesin functionalization with ferrocene monocarboxylic

acid (FCA). b) The cyclic voltammetry (CV) of unlabeled kinesin (simply called kinesin), FCA-
kinesin conjugates and free FCA respectively.
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FCA-kinesin conjugates were subsequently interfaced with user-synthesized MTs in the
presence of adenylyl-imidodiphosphate (AMP-PNP; Figure 2a) to form FCA-kinesin-MT
assemblies. MTs were obtained from precursor tubulin polymerized under the chemical energy
of guanosine triphosphate (GTP) as previously described*>. AMP-PNP is a non-hydrolyzed form
of adenosine triphosphate (ATP) that allows for high-affinity binding of kinesin to a MT % with
previous studies showing that both heads of an individual kinesin bind at about 8 nm apart onto a
single MT profilament either in the presence of AMP-PNP or its ATP counterpart > 0. Free
FCA-kinesin was removed by centrifugation. The FCA-kinesin-MT assembly was subsequently
immobilized onto anti-tubulin antibodies covalently immobilized onto the gold electrode
functionalized with a self-assembled monolayer (SAM) (Figure 2b) ¢!. Herein SAM was used to
create a “soft” spacer © between the bare gold electrode surface and the FCA-kinesin-MT
assembly, with such a spacer also expected to ensure a more controlled and localized
immobilization © while reducing non-specific binding and denaturation of the individual
proteins forming the assembly ®*. A range of different concentrations of FCA-kinesin were
initially tested to identify any changes in the redox potential and how they were related to the
number of FCA-based conjugates immobilized at the MT interface (Figure 2c¢). A direct
dependence of the peak currents on the FCA-kinesin conjugates concentrations was observed;
specifically, the reduction peak currents decreased from 1.78 pA to 0.49 pA while the oxidation
peak currents decreased from 2.14 pA to 0.58 pA when the FCA-kinesin conjugates
concentrations used were varied from 13.2 to 84.3 nM.

Electrode surface functionalization was confirmed using electrochemical impedance
spectrum (EIS) with analyses being shown in Figure 2d. Specifically, the Nyquist plot that plots
the relationship between the real parts of the impedance (Zg) and the imaginary parts of the
impedance (Z;) % of the bare gold electrode (Au; black) was a straight line, representative of the
clean and flat surface of the electrode %. Upon SAM functionalization however, the Nyquist plot
changed to display a semicircle-like shape (charge-transfer resistance R, <10 Q, where R the
current flow produced by redox reactants at the interface) % reflective of the increase in
impedance as resulted from the 11-mercaptoundecanoid Acid (MUA)/Au electrode coverage .
Additional functionalization with anti-tubulin antibody changed the shape even further, with the
R, value reaching about 80 Q for the anti-tubulin antibody/MUA/Au . Lastly, the R, increased
to about 100 Q after the bovine serum albumin (BSA) functionalization. The impedance
decreased to about 50 Q after immobilization of the FCA-kinesin-MT assembly onto the
electrode surface (to form FCA-kinesin-MT/Anti-tubulin Antibody (BSA)/MUA/Au)
presumably due to the redox reactions associated with FCA. Herein the chosen concentration of
FCA-kinesin-MT was 84.3 nM (see Figure 2c).
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Figure 2: a) Schematic illustration of FCA-kinesin conjugate binding to a microtubule (MT) to
form the FCA-kinesin-MT assembly in the presence of adenylyl-imidodiphosphate (AMP-PNP).
b) The assembly was immobilized onto an anti-tubulin antibody functionalized electrode. Prior
to the immobilization, surface functionalization of the electrode with self-assembled monolayers
of 11-mercaptoundecanoic acid (MUA) and bovine serum albumin (BSA) aimed to reduce non-
specific binding, was used. ¢) The CV analysis of different concentrations of FCA-kinesin-MT
assembly immobilized at the modified electrode interface. d) Electrochemical impedance
spectrum (EIS) at the functionalized electrode interface. Black: bare gold electrode (Au). Pink:
MUA/Au. Red: Anti-tubulin Antibody/MUA/Au. Blue: Anti-tubulin Antibody (BSA)/MUA/Au.
Green: FCA-kinesin-MT/Anti-tubulin Antibody (BSA)/MUA/Au. e) CV of background (black;
obtained at the modified electrode (Anti-tubulin Antibody (BSA)/MUA/Au) interface), FCA-
kinesin-MT (red) at the modified electrode interface, free FCA (blue) at the anti-tubulin antibody
functionalized electrode interface and free FCA-kinesin control (pink) at the anti-tubulin
(Anti-tubulin  Antibody (BSA)/MUA/Au) interface

antibody functionalized electrode

respectively.
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The detection ability is shown in Figure 2e; for this, the voltammetric waves of the
modified electrode interface (black curve), the FCA-kinesin-MT assembly (red curve), free
FCA-kinesin conjugate (pink curve) and free FCA (blue curve) were studied under a fixed scan
rate of 50 mV/s. The chosen scan rate was based on previous studies which showed that such
value allows for a smooth profile of most redox reactions to be recorded *°. As showed, well-
defined pairs of redox peaks were identified for each sample except for the background; the
reduction potentials of about 0.25 V and oxidation potentials of about 0.32 V were identified for
the free FCA and FCA-kinesin conjugate respectively. Although FCA-kinesin conjugates had
similar redox potential as free FCA, the reduction current decreased from 6.64 to 4.89 uA while
the oxidation current decreased from 10.1 to 7.83 pA. The reduction potential of the FCA-
kinesin-MT assembly was about 0.08 V, while its oxidation potential was about 0.51 V. Our
analysis confirm previous reports that showed that ferrocene (Fc) derivatives have redox peaks at
about 0.15 V and 0.26 V (for Fc-CH,OH) or 0.25 V and 0.6 V for Fc-CHO"? respectively. The
observed oxidation peak current of the FCA-kinesin-MT assembly was about 1.86 pA while its
reduction peak current was about 2.56 pA. These results are similar to previous reports that
showed that the FCA has redox peaks between 0.2~0.4 V at a bis(4-pyridyl) disulphide
(PySSPy)/glucose oxidase-modified gold electrode 7. The control black curve appeared smooth
with no obvious peaks in the voltage range of FCA thus confirming that there was no redox
reaction happening at such interface 2.

Our analysis also showed that the separation of the redox peaks (AEp; 0.468 V) for the
FCA-kinesin-MT assembly was much larger than that of the free FCA or the FCA-kinesin
conjugates respectively, all as recorded at the modified gold electrode (0.059 V). The recorded
peak separation possibly indicates a decrease of the reversibility of the redox reaction and/or a
faster electron transfer kinetics at the electrode interface. For the first, the non-specific binding
the FCA onto the kinesin could possibly lead to changes of its electrochemical activity and active
site coverage as resulted from the overall kinesin hindrance effects. These are supported by
previous analysis by Wu et al., 7* that showed that the electrochemical signal of the alizarin red S
(ARS) decreased rapidly after its binding to BSA, with such bound molecule getting buried/
entrapped into the protein. ARS is an organic dye also previously used as an electrochemical
probe 74; the electrochemical signal of the ARS was however fully recovered when the molecule
was exposed upon unfolding BSA through the addition of urea. For the second, the increased
peak separation could be attributed to the electrode modification >. In particular, Chen et al., 6
found that chemical derivation of the carbonyl groups on the electrode would decrease the
electron transfer rate of the Fe'/?" pair by 2~3 orders of magnitude. Further, when compared
with the free FCA, the redox peaks of the conjugates and also the assembly appeared to be
broader with the broadening possibly indicating that the electrochemical process became less
reversible, and the electrochemical reversibility factor f; approaches a zero value 77. Such
behavior is presumably due to the electrochemical activity sites in the FCA being concealed after
FCA binding to kinesin 73.
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Upon demonstrating that both conjugates and assemblies as well as their association in
the AMP-PNP state could be detected at functionalized gold electrodes, we evaluated the
sensitivity of the created biosensor. Herein sensitivity is defined as the ability of the
functionalized electrode to discriminate between different concentrations of FCA-based
conjugates immobilized onto similar concentrations of MTs 8. The relationship between the
anodic peak currents and the concentrations of the FCA-kinesin conjugates immobilized onto the
MT- functionalized electrode is shown in Figure 3a. To record the sensitivity, we extended the
range of concentrations of FCA-kinesin conjugates from 13.2 to 330 nM. It was observed that in
these concentration ranges, the anodic peak currents increased from 0.45 to 1.79 pA presumably
due to the increase in the number of FCA-kinesin conjugates present at specific MT binding
sites. This was further confirmed by the fact that in the lower concentration ranges the cathodic
peak currents also increased rapidly, i.e., from 0.579 to 1.92 pA. Our analysis also showed that in
the higher concentration range (from 84.3 nM to 330 nM), the anodic peak currents did not
change with the increase in the FCA-kinesin conjugates concentration. This was presumably due
to all the available binding sites on the MT being fully covered by the conjugates. Indeed,
theoretical calculation of the maximum number of FCA-kinesin to be bound onto a monolayer of
MTs at the electrode interface led to about 1.58 x 10'> FCA-kinesin conjugates. Herein the
monolayer was considered to be formed from the total length of a MT covering the overall
electrode area divided by an individual MT diameter (i.e., 25 nm) 7 as well as considering that
kinesin molecules binding area is about 8 nm at a MT individual binding site 3 respectively
(Supporting Information S3). The number of FCA-kinesin conjugates in 13.2 nM concentration
was about 5.66 x 10!, in 84.3 nM was about 3.62 x 1012, while at the 330 nM was about 1.45 x
10" respectively. For such calculations we considered the molecular weight of kinesin as being
188 kDa ?° and the Avogadro number 6.0221409 X 10%. In addition, as showed in Figure 3a
inset, there was a linear relationship between the reduction peak currents and the FCA-kinesin
concentrations in the concentration range of 13.2 nM to 39.5 nM. Based on these above and
considering that the signal to noise ratio needs to equals 3 8! to allow for limit of detection
calculation (i.e., 6.26 nM where the limit of detection is defined as the lowest concentration of
analyte that can be detected and that yields a signal higher than three times the noise value 8?) the
sensitivity was 0.38 nM as demonstrated by the herein linear fitting.

Figure 3b shows the dependence of the charge (Q) at the electrode surface on the
different concentrations of the FCA-kinesin being used. Herein the charge was calculated based
on Faraday’s law 3 using:

Q=1Ixt (1)

where, I is the current and t is the time necessary for a redox reaction to occur. Analyses revealed
that Q increased from 0.71 puC to 1.87 pC with increasing the immobilized FCA-kinesin
conjugates concentrations at the MT interfaces, with such an increase being visually divided into
two separate regions. Specifically, within 13.2 nM to 84.3 nM FCA-kinesin concentrations, Q
increased rapidly. However, upon reaching the saturated concentration of 84.3 nM for the FCA-
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kinesin conjugates, Q values seemed to have reached a plateau and subsequently only change
slightly presumably due to the saturation levels (Qs,) associated with full coverage of the MT
monolayer 7 or non-specific binding at the electrode itself to hinder the FCA signal. In
particular, previous research has showed that the possible generation of reactive oxygen species
via Haber—Weiss and/or Fenton reactions 3* could lead to FCA signal hindrance 73 or kinesin
denaturation %,
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Figure 3: a) The relationship between the anodic peak currents and the concentrations of
the FCA-kinesin-MT assemblies immobilized onto the functionalized electrode. Inset: The linear
relationship between the peak currents and the concentrations of the FCA-kinesin-MT
assemblies immobilized onto the electrode. b) The relationship of the charge involved in the
redox reaction (Q) at the modified electrode and the concentrations of the FCA-kinesin-MT
assemblies. Inset: The linear relationship between the ¢/Q and the concentrations of FCA-kinesin
conjugates. All experiments were performed at a scan rate of 50 mV/s.

Based on the obtained charge listed in Figure 3b, the number of available reactants (i.e.,
FCA) that could undertake a redox reaction at the electrode interface can also be calculated from
the Faraday’s law % by using:
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Q = nFAly, (2)

where Q is the charge involved in the reaction or the accumulated charge on the electrode
surface, n is the number of the electron transferred per molecule that undergoes the redox
reaction (1 in this study) %7, F is the Faraday constant (9.648 70 x 10* C x mol!), and A is the
area of the interface and I' is the surface coverage of the reactant (i.e., FCA in this study)
respectively. Specifically, the surface coverage of the kinesin (I'yinesin) Was calculated as:

N,

— DVkinesin
kinesin NFCA I FCA4 (3)
where Nyinesin/Nrca represented the binding ratio between kinesin and FCA in the FCA-kinesin
conjugates respectively. Lastly, considering that surface coverage of the FCA on the electrode
was 3.90 x 10'® molecules/m? (1.22 x 10!3 molecules on the electrode in total if all the electrode
area was covered by a MT monolayer) at the saturated concentration (Figure 3b), and
considering that modification of kinesin with FCA would not considerably increase its surface
area, the surface coverage of the FCA-kinesin was about 3.13 x 10'3 molecules/m? (9.82 x 10°
molecules on the electrode in total) at the saturated concentration compared with 5.09 x 1013
molecules/m? (1.57 x 10'> molecules) of the theoretical full coverage value of the electrode.

We further evaluated whether the binding affinity (i.e., recognition reaction between kinesin
and microtubule) changes upon kinesin labeling with FCA. For this, we used the Langmuir
model 88,

c c 1

e ©
0 0. KO,

where ¢ was the concentration of the redox cation (the concentration of the FCA-kinesin
conjugate in this study), K is the binding constant and Qs is the charge involved in the redox
reaction at the saturated FCA-kinesin conjugates coverage respectively. Previous research has
showed that this model can be used to study the binding process between (Ru(NH3)¢*") and DNA
molecules on the electrode surface3® for instance. Our analysis showed that there was a linear
relationship between the ¢/Q and the concentration of the immobilized FCA-kinesin conjugates
that allowed calculation of the Qg and K respectively. Specifically, Figure 3b inset showed the
linear relationship between the ¢/Q and the kinesin concentration and allow calculation of the
saturated charge as being 1.96 nQ.

Electron transfer kinetics or the influence of the scan rate on the CV waves was also
investigated. Previous research has showed that electron transfer kinetics provides a quantitative
description of electrochemical reversibility 77 to unveil the nature of a donor-acceptor interaction
89, Specifically, Marcus theory % specifies that the electron transfer allows for quantitative
comparison of homogeneous and heterogeneous processes °! and the theory assuming that after
the reaction reactants are weakly coupled and stay individually rather than form a complex. Such
described processes could potentially help identify whether the binding affinity of the kinesin-
FCA to the MT was changed due to the kinesin labeling with FCA, since previous analysis
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(Randles-Sevcik Equation) °2 has showed that the adsorption-controlled redox process reveals a
linear relationship between the peak current and the scan rate while the diffusion-controlled
redox process showed a linear relationship between the peak current and the square root scan
rate. Kinesin-FCA conjugate with a concentration smaller than the saturated concentration (42.2
nM) was used to form kinesin-FCA-MT assembly on the electrode surface in order to reduce any
embedment.

As shown in Figure 4a, a pair of well-defined redox peak appeared when the scan rate
was lower than 300 mV/s, i.e., from 6 to 300 mV/s. However, when the scan rate was bigger than
300 mV/s, the redox peaks were hardly defined, as the change in current was too large to be
recorded. Complementary, when the scan rate decreased to 6 mV, both the currents of anodic and
cathodic peaks (I, and I,c) increased. Further, the anodic potential (E,,) shifted to became more
negative while the cathodic potential (E,.) became more positive when the AE,, increased from
39 to 363 mV. Our experiments are supported by the Laviron’s Equation ?> which showed the
dependence of the anodic/cathodic potential on the scan rate for such a quasi-reversible reaction.
Herein the reaction is being considered quasi-reversible since the peak separation is large than 59
mV even though only slightly. Briefly, for the quasi-reversible reaction, the anodic and cathodic
potentials become larger (anodic) or smaller (cathodic) with the increasing of the scan rate.

Considering that the electrochemical probes are the immobilized FCA-kinesin-MT
assembly and considering that the redox reaction is an adsorption-controlled electrochemical
process, a direct relationship between the peak currents and the scan rates was also obtained
(Figure 4b). Analysis showed that the peak current (I;) is proportional to the scan rates
confirming that the absorbed species or the material at the surface of the electrode are the ones
mainly contributing to the observed reaction ®*. Our analysis are supported by previous studies
that showed that the adsorbed bromothymol blue for instance had an adsorption-control redox
process onto a carbon paste electrode °.

The peak separation at the highest scan rate (300 mV/s) was further used to estimate the
heterogeneous electron transfer rate constant. Such rate constant allows depicting the rate at
which an electron can move or jump from the electron donor to the electron acceptor %. For this,
the electron transfer coefficient k and transfer coefficient a were calculated from the Laviron’s
equation by using:

. RT anFv
E =E° — In 5
e o "RTE) ) of
E - o RT ln((l—a)nFV) 6)
P (1-a)nF RTk

where E,,; and E,, are the cathodic and anodic peak potentials and the E° is the formal potential
respectively. The E° was calculated from the E, vs. v plot by extrapolating the line to v=0 °7 and
considering that n is the number of electrons being transferred at the conductive surface, a is the
transfer coefficient for the catholic process, R is the gas constant and T is the temperature
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respectively. The Laviron’s equation assumes that the adsorption and electron-transfer processes
involving solution-resident species will not affect measured currents °%.
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Figure 4: a) CV of FCA-kinesin at the modified electrode under different scan rates (6-300
mV/s). The concentration of the FCA-kinesin was kept constant (i.e., 42.2 nM). b) The linear
relationship between the scan rates and the peak currents of the FCA-kinesin conjugates. c)
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Laviron’s plots. All experiments were carried at modified electrode (Au/MUA/Anti-tubulin
Antibody (BSA)/MT) in BRB80 buffer (pH 7.1) with 10 uM taxol.

Figure 4c shows the Laviron’s plots and allowed the electron transfer rate constant k to
be calculated as being 0.23 s™!. Our result is supported by previous research that showed the
electron transfer rate constant was 11.80 s! between FCA and cysteamine modified gold
electrode and 0.27 s'! between FCA and cysteamine/single wall carbon nanotube modified gold
electrode ?° respectively. Our result reflected a slow heterogeneous electron transfer at the
interface (since the value is small) that could be caused by the conformational changes in FCA-
kinesin-MT assembly or the embedment of the FCA molecules at such interfaces 1% 191, Briefly,
if the FCA was embedded upon binding, then the hindered electron transfer between the FCA
and the electrode surface will limit transfer at its interface 4. Such embedment could be a result
of kinesin assuming different conformation onto the MT since previous studies showed that
kinesin could assume either a stand up or a lay down geometry 92,

Upon confirming the electron transfer at the electrode interface, we further evaluated the
ability for detection of FCA-kinesin conjugates dissociation. It is hypothesized that if the ability
for detection of the dissociation of FCA-kinesin conjugates from MT could be recorded, such
strategy will help define and characterize the proposed biosensor’s sensitivity of kinesin-FCA
unbinding. Association and dissociation processes of kinesin-MTs are known to occur naturally
in the cell and were shown to be responsible for functionally modulating cellular activities from
DNA repair to kinesin-MT binding events involved in the cell division process 193 104,
Impediment of such processes was shown to lead to several diseases such as amyotrophic lateral
sclerosis (ALS) ' and Alzheimer %, Further, impeded association or dissociation was also
shown to affect cellular activity or cell division 7. When mimicked in synthetic environment,
impeded association or dissociation of kinesin-MT conjugates led to failure of a synthetic
biosensor %, The sensitivity of dissociation was evaluated considering the performance and
functionality of the kinesin molecules. Specifically, in the cells kinesin 1 performs processive
steps of 8 nm % under the chemical energy of ATP. Previous research has shown that kinesin-
MT motion is influenced by the ATP concentration, with analysis showing that the velocity of a
molecule moving along the MT is obeying the Michaelis-Menten kinetics '°. Previous research
has also showed that using the chemical energy of ATP and transforming it into mechanical
cycle > will lead to kinesin releasing the MT binding site in a bipedal stepping-like manner and
at a controlled velocity ',

The schematic of FCA-kinesin conjugates dissociation as triggered by the addition of
ATP (constant concentration of 250 uM) is shown in Figure 5a, with specific analysis reflected
in Figure 5b. As shown, the electrochemical signal at the electrode interface decreased upon
addition of ATP presumably as a result of kinesin molecules stepping out the immobilized MT
and thus releasing their binding sites to thus decrease the number of conjugates bound at one
time onto the modified electrode. In order to record the maximum dissociation sensitivity we
used the kinesin at the saturated concentration as identified in Figure 3a, i.e., 84.3 nM. Analysis
performed for 20 CV cycles with scanning being stopped for 20 sec after finishing each such
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cycle, showed that the peak currents decreased '!'2, with the redox peak current of the FCA-
kinesin being about 1.33 and -1.72 pA respectively at the first CV cycle, and 0.687 and - 0.948
pA after the last cycle respectively. Control experiments performed with no ATP showed that the
peak currents (about 1.38 and -1.81 pA) did not change from the first cycle to the last one thus
indicating that almost no FCA-kinesin conjugates detached or hindered the FCA electrochemical
signal once immobilized (Supporting Information S4 and Figure S2). Based on these
observations and the theoretical concentration of FCA-kinesin conjugates used and known to
lead to full MT coverage, the numbers of FCA-kinesin conjugates dissociating during the cyclic
processes was estimated to be about 1.2x10'® FCA-kinesin conjugates in cycle 1 and 7.0x10'5 in
cycle 20 respectively thus leading to a total of about 3x10'> FCA-kinesin dissociated during the
20 cycles considered.
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Figure 5: a) Schematic illustration of the FCA-kinesin conjugates stepping of the MT
immobilized at the electrode interface upon addition of ATP. b) CV of FCA-kinesin conjugate at
the modified electrode (Au/MUA /Anti-tubulin Antibody/MT) after adding 250 uM ATP.
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Figure 5 ¢ shows the relationship between the number of FCA-kinesin conjugates left at a
given time onto the MT immobilized at the electrode interface and time. As shown, the number
of the FCA-kinesin conjugates associated with the MT decreased rapidly at the beginning of the
scanning (i.e., during the 0 to the 150 s time interval), to subsequently become stable (i.e., during
the 150 to 800 s time interval). Also according to Figure 5c, about 2.6x10!2 FCA-kinesin
conjugates dissociated from the MT per second !> 13, The resulting sensitivity of dissociation
was thus 2.04 X 10> molecules (3.39 X 10712 mol considering that kinesin molecular weight is
188 kDa 2° and the Avogadro number is 6.0221409 X 10? ). Control experiments performed with

different concentrations of ATP, i.e., 2.5 uM, 250 uM and 2.5 mM respectively, and for a total
10 CV cycles, with the scanning being stopped for 20 sec after finishing each such cycle showed
that binding and unbinding could also be controlled by changes in the chemical energy provided
(Supporting Information S5 and Figure S3). This is also supported by previous analysis ''# that
has showed that controlling ATP concentrations could lead to differences in the kinesin speed
(from 10 nm/s for 1 pM to 550 nm/s for 1000 uM for instance) and thus its subsequent
dissociation when encountering the end of a microtubule track. In our experiments, the currents
did not drop dramatically since the release led to free kinesins present in solution to bind again to
the immobilized microtubule. Such rebound kinesins are capable of using any free ATP energy
source with a loop to be created until all ATP would be hydrolyzed.

To our knowledge, this is the first demonstration of dissociation events being recorded
electrochemically using the recognition between kinesin and MT, with such demonstration
allowing characterization of the event under chemical (energetical) transformation associated
with kinesin processive stepping onto the MT. By precisely controlling of the amount of ATP
used in the system, we foresee control of the number of the FCA-kinesin conjugates left on the
MT to provide an electrochemical sensing platform. Further, by integration such biosensor on a
lab-on-chip device, we envision the formation of a “nanoswitch” (“on” to be provided by the
ATP while the “off” trigger is to be provided by AMP-PNP counterpart). Lastly, considering
user-controlled ability to genetically modify kinesin molecules to allow functionalization with
his !5 or biotin !¢ tags for instance, one could foresee the realization of storage and controlled
release capabilities based on kinesin carried binding and unbinding of different cargo with
complementary binding affinity to such tags (namely anti-his antibodies or streptavidin molecule
respectively) to be applicable to diverse technologies from drug delivery '!7 to biosensing >° and
bioimaging '8,
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Conclusions

Herein we demonstrated successful design and fabrication of a biosensor based on a
kinesin-MT system; the designed biosensor was capable of detecting association and dissociation
events based on redox reactions at user-designed electrode interfaces. Our biosensor
functionality is inspired by cellular processes driven by molecular motors and could be
implemented as a versatile nanoswitch under different energy sources. By integrating such a
biosensor into a lab-on-chip platform, applications in biomedical, forensic and environmental
analysis are foreseen.
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