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The potential of myosin and actin in nanobiotechnology
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ABSTRACT
Since the late 1990s, efforts have been made to utilize cytoskeletal
filaments, propelled by molecular motors, for nanobiotechnological
applications, for example, in biosensing and parallel computation.
This work has led to in-depth insights into the advantages and
challenges of such motor-based systems, and has yielded small-
scale, proof-of-principle applications but, to date, no commercially
viable devices. Additionally, these studies have also elucidated
fundamental motor and filament properties, as well as providing other
insights obtained from biophysical assays in which molecular motors
and other proteins are immobilized on artificial surfaces. In this
Perspective, I discuss the progress towards practically viable
applications achieved so far using the myosin II–actin motor–
filament system. I also highlight several fundamental pieces of
insights derived from the studies. Finally, I consider what may be
required to achieve real devices in the future or at least to allow future
studies with a satisfactory cost–benefit ratio.

KEY WORDS: Molecular motor, Myosin, Actin, Nanotechnology,
Lab-on-a chip, Parallel computing

Introduction
Biological molecular motors produce cellular motion and forces
leading to muscle contraction, non-muscle cell motility (e.g. cell
division and immune cell activity) and intracellular transport of
organelles. Molecular motor function also plays roles in diseases,
making them interesting drug targets (Trivedi et al., 2020) in
conditions such as hypertrophic cardiomyopathy, the leading cause
of sudden cardiac death in young people (Maron, 2018; Usaj et al.,
2022; Yotti et al., 2019), cancer (Picariello et al., 2019) and diseases
caused by apicomplexan parasites such as malaria (Mueller et al.,
2017; Trivedi et al., 2020; Vahokoski et al., 2022). Molecular
motors are distinguished from other enzymes by being able to utilize
the changes in enzyme shape during the turnover of ATP for
production of force and motion. For so called linear molecular
motors, this is achieved by cyclic affinity changes of the motor to its
biological track (a cytoskeletal filament or nucleic acid) coordinated
with swings of an integral protein structure acting as a lever arm.
The latter amplifies the Ångström-scale structural changes around
the active site during the motor-catalyzed turnover of ATP to
displacements on a nanometer scale.
The linear molecular motor systems that have primarily been

exploited for applications in nanotechnology are actin-basedmyosin
II motors from skeletal muscle and microtubule-based kinesin-1
motors (Reuther et al., 2021a; Saper and Hess, 2020). The efforts
towards applications began in the 1990s (Nicolau et al., 1999;
Suzuki et al., 1997), stimulated by introduction of the in vitro
gliding motility assay where cytoskeletal filaments are propelled by

surface-immobilized motors (Howard et al., 1989; Kron and
Spudich, 1986). Various goals have been pursued, but primarily
focusing on (1) lab-on-a chip variants for nanoseparation and
biosensing, (2) nano and micro characterization of the topography
or materials, and (3) biocomputation. The development in these
different areas over time are reviewed in a range of papers covering
different time periods (Agarwal and Hess, 2010; Hess, 2011; Korten
et al., 2010; Månsson, 2012; Reuther et al., 2021a; Saper and Hess,
2020; van den Heuvel and Dekker, 2007).

Biased by my own work and general research interests, I focus on
actin and myosin, using the proteolytic motor fragment heavy
meromyosin (HMM) from fast skeletal muscle myosin II family
proteins. However, the key prerequisites for exploitation are similar
for other motor systems; these include (i) faithful unidirectional
guidance of motor propelled filaments along nano and
microfabricated paths, (ii) attachment of molecular cargoes, such as
antibodies to the filaments, and (iii) extended motility longevity and
shelf-life during storage.

Below, I will discuss the basic developments that have enabled
the application of myosin motor fragments and consider their
contribution to further our understanding of the motor and
cytoskeletal filament structure and function. I will also present
details for key applications, as well as highlight the remaining
challenges that need to be overcome for development of
commercially viable devices.

Surface chemistry and spatial selectivity of motor function
For many nanotechnological applications of myosin and actin,
limitation of myosin motor functionality to dedicated paths is
crucial, for example, to allow the filaments to reliably search a maze
of tracks or transport cargoes between well-defined locations. To
achieve this can be challenging because, in order to guide actin
filaments unidirectionally (without U-turns), it is important to use
paths that are narrower than 700 nm and preferentially <300 nm
(Sundberg et al., 2006b). This rules out the use of conventional
substrates for adsorption of myosin motor fragments, such as
nitrocellulose, that is not readily nano-patterned.

Gold tracks for motility, surrounded by protein-repellent
polyethyleneglycol (PEG)-silane, have been used for immobilization
of kinesin in 1 µm wide channels (van den Heuvel et al., 2005),
However, in my experience it is challenging to reproducibly
perform all the required nanofabrication steps to achieve
nanostructured tracks for high-quality myosin-driven motility this
way. Another, somewhat simpler, strategy for selective motility
relies on the finding that the actin filament motility quality (the
fraction of motile filaments and velocity of the motile filaments)
using HMM as the myosin motor fragment is high on moderately
hydrophobic surfaces but poor or absent on negatively
charged hydrophilic surfaces (Albet-Torres et al., 2007; Balaz
et al., 2007; Hanson et al., 2017; Lindberg et al., 2018; Månsson
et al., 1989; Nicolau et al., 2007; Persson et al., 2010; Sundberg
et al., 2006a, 2003; Suzuki et al., 1997; van Zalinge et al., 2012,
2015). In early studies, we tested a range of flat (not nanopatterned)
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monochlorosilane-derivatized glass and SiO2 surfaces (Albet-
Torres et al., 2007; Sundberg et al., 2003). In a systematic study
(Albet-Torres et al., 2007), we estimated both hydrophobicity and
surface charge, by measuring the contact angle of water droplets
(Fig. 1A) and the surface z-potential, respectively. We found that
motility improved with increased hydrophobicity and becameworse
with increased negative surface charge; the surface charge and
hydrophobicity are inversely related. Nevertheless, studies using
positively charged surfaces suggest that the combination of negative
charge and moderate hydrophobicity are important because myosin-
driven actin filament motility on positively charged surfaces
generally exhibits lower velocity (Albet-Torres et al., 2010;
Harada et al., 1990; Manandhar et al., 2005).
In our initial study, we performed in vitro motility assays using

methylcellulose in the solution, which allowsmotility at a low density
of functional motors (Albet-Torres et al., 2007). Using this approach,
we found that the velocity increased linearly with the contact angle of
the surface starting at a contact angle of∼30° with nomotility at lower
contact angles (e.g. as seen on pure SiO2 and glass) (Fig. 1B). Based
on these studies, we arrived at trimethylchlorosilane (TMCS)-
derivatized surfaces as optimal for motility, with a contact angle in

the range 70–85°. Conversely, negatively charged hydrophilic surfaces
(e.g. pure SiO2/glass or polymers subjected to plasma ashing (e.g.
PMMA and CSAR)] are suitable substrates for motility suppressing
surfaces. This combination is also readily compatible with standard
nanofabrication approaches (Lindberg et al., 2018; Sundberg et al.,
2006b) to produce channels with profiles such as those indicated
schematically in Fig. 1C. Interestingly, ‘standard’ nitrocellulose-coated
surfaces have a contact angle of 67–76° (Hanson et al., 2017; Nicolau
et al., 2007; Sundberg et al., 2003; van Zalinge et al., 2012), which is
similar to that of TMCS-derivatized glass or TMCS-derivatized SiO2.
However, as mentioned above, nitrocellulose cannot be nanopatterned.

After establishing TMCS and negatively charged hydrophilic
surfaces as optimal for motility-supporting and motility-
suppressing areas on nanostructured chips, this strategy (Fig. 1C)
has been used in a range of studies (e.g. Lard et al., 2013; Nicolau
et al., 2016; Surendiran et al., 2022; Zhu et al., 2022). Further
investigations using a range of methods, such as total internal
reflection fluorescence (TIRF), fluorescence interference contrast
(FLIC) microscopy, quartz crystal microbalance (QCM) and
ATPase assays, elucidated the underlying mechanistic basis for
the differences in motility quality. These studies (Albet-Torres et al.,
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Fig. 1. Adsorption of HMM on differently modified SiO2 or glass surfaces – foundations for selective motility in nano-channels. (A) Method to
assess surface hydrophobicity using contact angle (θ) at the triple point between the gas phase, water droplet and surface. The contact angle is related to
surface–liquid (γSL), surface–vapor (γSV) and liquid–vapor (γLV) tensions as: γSV=γSL+γLV cos(θ). (B) Mean±s.e.m. velocity (from three surface batches) of
HMM-propelled actin filaments in an assay solution with 1 mM MgATP, 130 mM ionic strength and 0.6% methylcellulose, normalized to that on TMCS-
derivatized surface. Other surfaces tested in addition to fused silica and glass were derivatized with the monochlorosilanes: triethylchlorosilane (TECS),
tripropylchlorosilane (TPCS), tributylchlorosilane (TBCS), phenyldimethylchlorosilane (PDMCS) and diphenylmethylchlorosilane (DPMCS). (C) Schematic of
nanoscale channel with TMCS-derivatized SiO2 floor and with walls and surrounding areas made up of hydrophilic negatively charged polymer. The
expansions on the right show models (Persson et al., 2010) for major HMM configuration on TMCS-derivatized and negatively charged hydrophilic surfaces
based on results in Albet-Torres et al. (2007), Balaz et al. (2007), Månsson et al., (2008), Persson et al. (2010) and Sundberg et al. (2006a). Panel A
modified from Månsson, 2012 where it was published under a CC-BY 2.0 licence. Panel B reprinted with permission from Albet-Torres et al. (2007) and
insets in panel C reprinted with permission from Persson et al. (2010). Copyright 2007 and 2010, American Chemical Society.
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2007; Balaz et al., 2007; Persson et al., 2010; Sundberg et al.,
2006a) led to models for the adsorption of HMM to TMCS, on the
one hand, and a negatively charged hydrophilic surface, on the other
hand (insets in Fig. 1C). An interesting finding was a consistently
higher amplitude of a slow phase of ATP turnover (10–100-fold
lower than basal myosin ATPase in solution) for HMM molecules
adsorbed to a negatively charge surfaces (Persson et al., 2010). Most
likely, this low ATP turnover rate is associated with the slowing of
essential inter-domain movements in the surface-immobilized
myosin head during ATP turnover, consistent with similar
slowing when myosin heads are ‘parked’ on the thick filament
backbone in muscle in the so called inter-acting head motif, which
corresponds to the super-relaxed state (McNamara et al., 2015; Nag
and Trivedi, 2021; Stewart et al., 2010; Toepfer et al., 2020).

Guiding along channels
As noted above, selective motility on the floors of TMCS-derivatized
nanochannels, without any motility on the surrounding negatively
charged polymer layers, is one important prerequisite for guiding
motor-propelled actin filaments with minimal risk for filament
escape. However, this is not sufficient to confine the filaments to the
tracks. Addition of topographical barriers, to form nano-channels
(Fig. 1C), is also essential, particularly to prevent filament escape at
corners and junctions owing to the rather high actin filament bending
stiffness (flexural rigidity) with a persistence length of 10–20 µm
(Gittes et al., 1993; Isambert et al., 1995; Vikhorev et al., 2008). The
filament persistence length (LP) is directly proportional to the flexural
rigidity, EI where E is the Young’s modulus and I is the second
moment of inertia of the filament cross-section. Thus, LP=EI/kBT,
relates the flexural rigidity to thermal energy (kBT; Bolzmann
constant multiplied by absolute temperature), consistent with LP
representing a correlation distance along a filament under thermal
fluctuations, over which ‘memory’ of the tangent angle a given
distance from the starting point is lost.
The persistence length also governs the maximum allowed

channel width that ensures unidirectional transport of filaments
without U-turns. Owing to the ∼10-fold lower persistence length of
individual actin filaments compared to microtubules propelled by
kinesin-1 (Nitta et al., 2008), narrower channel widths are critical.
Specifically, a channel width of <300 nm is required for 100%
unidirectional transport, with a width below 900 nm yielding a
satisfactory level (1 mm gliding with only 10% U-turns) with
HMM-propelled actin filaments. In contrast, a channel width of up
to 19 µm is sufficient for satisfactory unidirectional transport in case
of kinesin-1-propelled microtubules. The lower persistence length
of actin filaments also makes these more prone to turn 90° at channel
junctions compared to kinesin-propelled microtubules. This is
reflected in larger error rates when these different motor–filament
systems are compared when used in network-based biocomputation
(Nicolau et al., 2016; Surendiran et al., 2022). The importance of the
filament persistence length for such applications has prompted
detailed studies (Bengtsson et al., 2016; Ishigure and Nitta, 2015;
Lard et al., 2013; Månsson et al., 2012; Nitta and Hess, 2005; Nitta
et al., 2008; Vikhorev et al., 2008). These have demonstrated, as
predicted from theoretical work (Duke et al., 1995), that the
persistence length of actin filaments can be approximately estimated
from the statistics of the sliding paths in in vitromotility assays, albeit
with some complexities. It is of interest to note that increased
persistence length can be achieved for HMM-propelled bundles of
actin filaments that are cross-linked by fascin (Takatsuki et al., 2014).
Another functional characteristic that is important for filament

guiding along nanochannels is the degree of motor processivity.

Processivity refers to the tendency for an individual motor to take
several steps along its track before detaching. Highly processive
motors such as myosin V can move more than 1 µm along an actin
filament, corresponding to >27 steps of the two-headed motor
(Sakamoto et al., 2003), before diffusing away from the filament. In
contrast, non-processive motors such as fast skeletal muscle myosin
II just takes one step before detaching. Therefore, myosin II motors
must work in teams to effectively propel actin filaments.

In applications where motor-driven filaments are guided along
nanochannels, high processivity increases the tendency for the
motor-propelled filaments to climb up the wall and escape into
solution. With high processivity, the risk also increases that
filaments can enter directly into a channel from solution rather
than being transported with the desired directionality into the
channels from a dedicated filament loading zone (Fig. 2). The
reason is that as little as a single unblocked processive motor
(outside dedicated tracks) is sufficient to capture a filament and
propel it. Moreover, filaments propelled by motors with a low
degree of processivity might risk detachment from the track if the
motor density is low somewhere in the channel, because there might
not be a sufficient number of motors for them to remain attached to
the filament at all times.

Cargo transportation
Cargoes (e.g. organelles, vesicles) that are transported in cells are
typically attached to processive molecular motors while they
move along cytoskeletal filaments (Ross et al., 2008). Cargo
transportation in nanotechnological applications do not directly
mimic the cellular strategy. Instead, the cargo is normally attached to
the filaments that are then propelled by surface adsorbed motors.
The reason is that it is somewhat more straightforward to generate
predetermined cargo transportation routes on a chip by selective
motor adsorption in nanoscale channels than laying down well-
controlled cytoskeletal networks in vitro, although attempts have
been made at the latter (e.g. Huang et al., 2006).

A range of approaches exist, from various forms of covalent
functionalization of actin filaments with different cargoes, via lysine
residues or Cys374, to the use of natural actin-binding peptides, such
as phalloidin, as ‘handles’ for cargo attachment. The underlying
chemistry and the avoidance of issues such as actin filament cross-
linking are reviewed elsewhere (Kumar and Månsson, 2017).
However, there are also important considerations with regard to
motor–filament biology. First, any chemical modification must not
destabilize the filaments or compromise the ability of actin to
polymerize, which might occur when some (but not all) types of
molecular cargo are immobilized to actin via Cys374, as this could
interferewith a hydrophobic cleft in subdomain 1 of actin (Kumar and
Månsson, 2017; Murakami et al., 2010), which is important for the
longitudinal strength of the filament. Generally, cargo attachment to
actin via lysine residues appears to have less functional consequences.
A second aspect to consider is to avoid inhibition ofmyosin-propelled
motility owing to cargo presence, an effect that is reduced with
reduced cargo size (Persson et al., 2013). Indeed, several small
molecular cargo molecules (e.g. biotin) can be attached to each actin
subunit (>1000 per µm) without any appreciable motility inhibition,
whereas for protein cargoes (antibody–antigen complexes or
streptavidin), only a maximum of ∼20% of the actin subunits
(<70 per µm of the filament) can be loaded with cargo before there
is an appreciable reduction in velocity and even greater reduction in
the fraction of motile filaments (Persson et al., 2013)

Motility inhibition becomes more severe with further increase in
cargo size as demonstrated for 20 nm nanoparticles and lipid
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vesicles of >50 nm diameter (Persson et al., 2013). Further studies
are required to fully understand the mechanisms underlying motility
inhibition, but likely factors include interactions between the
cargoes and the underlying surface, as well as the cargo-blocking
myosin-binding sites on actin. This would inhibit the sequential
action of the two heads of each HMM molecule, or slippage of
myosin heads between neighboring actin sites as has been suggested
in some models (Caremani et al., 2013; Esaki et al., 2007; Marcucci
and Yanagida, 2012).
Inhibition of motility owing to blockage of myosin-binding sites

along the actin filament is consistent with an increased cargo-
carrying capacity (per bundle length but not per number of actin
subunits) when the cargoes are attached to actin filaments bundled
via fascin (Kumar et al., 2016). Such bundles might thus be useful to
expand the cargo capacity of actin filaments. In addition, other
developments including methods for programmed cargo pick-up
and release at predetermined positions would be of value. Of
particular interest here is the transport of oligonucleotides attached
to actin filaments, as these are readily programmable handles for a
range of secondary cargoes as recently demonstrated for the
microtubule–kinesin system (Keya et al., 2018). However, myosin-
driven transport of actin filaments with oligonucleotide cargoes is
yet to be demonstrated.

Longevity and shelf-life
For possible real-world applications, for instance in medical
diagnostics (see below), the shelf-life of the entire device and its
protein components are important, as the devices need to be stored

under easily achievable conditions between their manufacturing and
use. It is therefore important that it has been shown that in vitro
motility assay flow cells, with HMM adsorbed to TMCS surfaces,
can be stored in appropriate salt solutions at 4°C for up to 2 weeks
with only limited deterioration of function (Albet-Torres and
Månsson, 2011; Sundberg et al., 2003) and for more than a month
(in assay solution) at −20°C, such as in an ordinary household
freezer (Albet-Torres and Månsson, 2011). Moreover, the isolated
proteins (HMM and F-actin) can be stored at −80°C for years,
before being incorporated into a device (Balaz and Månsson, 2005;
Salhotra et al., 2021).

In addition, the operation duration of the actual nanodevice is of
importance for some applications. For instance, diagnostics
applications are likely to require some time for capturing and
transporting analytes to a detector surface and, in order to ensure
robustness of the system, the life-time of the device should be longer
than required for the analysis itself. Moreover, in biocomputation,
this would be especially valuable with hours to days of
experimentation required in order to increase the effective total
number of filaments, thereby allowing researchers to overcome
computational errors. Prolonged experimentation would actually
contribute to achieving this through the recycling of filaments,
something that has already been implemented in biocomputation
networks (Nicolau et al., 2016; Zhu et al., 2022) (van Delft et al.,
2022).

Several factors are important for a prolonged function of surface-
immobilized motors, both in a typical in vitro motility assay, and in
motor-driven nanodevices. In addition to the obvious importance of
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Fig. 2. Proof-of-principle concentration and detection device. (A) Design with loading zones (LZ) where filaments land from solution and where any
analyte to be detected is intended to be captured on the filaments. The filaments are then intended to be propelled by HMM (active on blue areas only;
compare with Fig. 1) to a trapping zone (TZ) corresponding to a detector area in a biosensing device where the filaments (and any captured cargo or analyte)
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principle device. (B) Operation principle of device illustrated by HMM propulsion of Rhodamine–phalloidin-labelled filaments without analytes. An overlay
(z-projection of the standard deviation) of the first 600 frames (120 s) illustrates how the filaments are propelled from the loading zones into the trapping zone
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Con-LZ and Ctrl-LZ. Note, appreciably higher intensity in trapping zone than in the loading zones as evidence for the concentration of filaments. Arrow, ATP
infusion. Note, there is a further smaller decrease in fluorescence intensity in Ctrl-LZ (due to photobleaching) compared to that in Con-LZ (due to
photobleaching and transport of filaments into TZ). AU, arbitrary units. Figure modified from Lard et al. (2013) with permission from Elsevier.
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avoiding any toxic components during the production of flow cells
or nanostructured surfaces, other factors to consider include
prevention of (1) oxygen access to the flow cell (of particular
importance), (2) drying out of the flow cell, (3) HMM surface
denaturation, (4) HMM surface desorption, (5) actin filament
detachment, and (6) accumulation of products of ATP turnover, as
discussed in detail elsewhere (Reuther et al., 2021a; Salhotra et al.,
2021).

Types of myosin–actin-based devices and associated
challenges
The development of molecular motor-based devices was partly
motivated by the cellular tasks performed by themotors. Of particular
interest here is the transport of cargoes that has the potential to
produce lab-on-a-chip applications with a greater degree of
miniaturization and other potential advantages compared to
traditional systems. For instance, systems that rely on microfluidics
for transport depend on accessory infrastructure such as pumps that
can have substantial complexity and bulkiness (Jokerst et al., 2010;
Whitesides, 2006). Moreover, if nanofluidics is to be used for
transport of molecules in solution, strong driving forces are required
(Månsson et al., 2005). These challenges can be overcome by using
molecular-motor-driven filaments to transport cargoes or particles.
The movement of motor-driven filaments with attached cargoes
requires only low energy input, achieved by supplying an ATP-
containing solution. Proof-of-principle motor-driven lab-on-a-chip
devices include biosensing chips for diagnostics and nanoseparation,
in which recognition elements, for example, antibodies, are
immobilized on the actin filaments (Kumar et al., 2016, 2012,
2013; Lard et al., 2013). Such devices can be used to capture analyte
molecules from a large fluid volume by searching over large surface
areas (Katira and Hess, 2010; Lard et al., 2013) as exemplified by the
loading zones shown in Fig. 2. Most simplistically, the analyte
molecule can then be detected by observing its movement together

with the filaments (e.g. via fluorescent antibodies in sandwich
configuration) or an aggregation of motile filaments owing to
antibody–analyte crosslinks (Reuther et al., 2021a).

After they have captured analytes, the filaments can be
concentrated on a nanoscale detector area (Lard et al., 2013) (see
Fig. 2 for such a device). Here, an increased fluorescence intensity
is detected in a central circular area into which filaments are
transported from larger surrounding loading zones. In the same
work, a more realistic (but less visually clear) concentration of
molecules into a central detector area could be demonstrated
for fluorescence-labelled streptavidin captured by biotinylated
filaments (Lard et al., 2013).

In subsequent studies, we achieved a higher capacity (per length)
to transport antibodies and their captured antigen by immobilizing
antigens on actin filament bundles generated by fascin crosslinking,
which allowed us to demonstrate two modes of detection, that is,
transport of the fluorescent antigen attached to the bundles or
formation of bundle aggregates (Fig. 3).

To summarize the above, we have demonstrated that we can
achieve getting an effective concentration of analyte (e.g. antigen)
into a detector area and are able to overcome issues related to shelf-
life (months at −20°C; years at −80°C) and operational longevity
(hours up to a day). However, a key remaining challenge is the
inhibition of myosin-driven actin filament motility (as well as
kinesin-driven microtubule motility) in body fluids such as blood
plasma (Korten et al., 2013).

Another application that has been recently addressed by using
myosin-driven actin filaments moving in nano-networks is the
solution of so called non-deterministic polynomial (NP) complete
combinatorial problems. These problems explode in computation
time (and associated energy requirements) using conventional
electronic (serial) computers when the problem size increases.
Examples of problems of this type are prediction of protein folding
and network routing (selecting paths that are optimal in several

A

B

Bundle of actin filaments 
cross-linked via fascin and 
with anti-CD45 antibodies 
immobilized on surface

Microvesicles with 
CD45 antigen on 
surface

Fig. 3. Transportation of leukaemia-specific
microvesicles attached to specific monoclonal anti-
CD45 antibodies immobilized on the surface of
fascin-bundled actin filaments. (A) Schematic
illustration of three microvesicles (green) attached to,
and aggregating, four different actin filament bundles,
via specific antibodies on the bundles. (B) Time series
of fluorescence micrographs illustrating HMM-driven
transport of fascin–actin bundles aggregated via
microvesicle(s) (arrow) as illustrated schematically in
A. The actin filament bundle was labelled by
Rhodamine–phalloidin (red) and the microvesicle(s) by
the cytoplasmic dye CFSE (green fluorescence). The
microvesicle(s) were attached to the bundles via
specific antibodies as in A. In time frames 0–4 s, the
fluorescence microscope filter set was set to allow
visualization of actin fluorescence whereas in time
frames 6–12 s the filter set was changed to observe the
microvesicle fluorescence. Figure modified from Kumar
et al. (2016) with permission from the Royal Society of
Chemistry.
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respects through complex networks). It is therefore of interest to
explore alternative approaches, and one of those is the so-called
network-based biocomputation (NBC). Here, a large number of
biological agents, for example, actin filaments propelled by myosin
motor fragments, explore networks of nanofabricated channels,
whereby the network geometry encodes the problem (depicted in
Fig. 4). Thus far, we have demonstrated in proof-of-principle
experiments that motor-propelled filaments can solve a wide range
of such problems albeit of rather small size (e.g. Nicolau et al., 2016;
van Delft et al., 2022). Up-scaling efforts are currently ongoing by
using strategies that include expansion of network size, increased
filament number, more efficient encoding algorithms and tagging of
the filaments for posterior identification of their path through the
network. Tags in this context could be an array of fluorescent
objects where the combination of colours produce a barcode, or
DNA oligonucleotides where different DNA sequences would be
unique barcodes. Despite having only been researched for 10 years
and with funding several-fold lower than for instance for quantum
computation, notable progress has been made (van Delft et al.,
2022). However, there are a number of remaining key challenges
that include the effective capturing, transport and read-out of a large
number of tagging elements (e.g. DNA) on each filament, as well as
minimization of traffic rule errors, for example, filaments taking
non-allowed turns at network junctions. The latter problem can be
appreciably reduced by using an optimized network geometry as
well as increasing persistence length of the filaments. This could be
achieved with the use of fascin-bundled filaments instead of
individual actin filaments. Moreover, traffic rule errors could be
completely overcome with the use of crossings in the 3D plane, as

has been demonstrated in proof-of-principle experiments for
kinesin-propelled microtubules (Reuther et al., 2021b).

In addition to lab-on-a-chip applications and NBC, a range
of other applications have been considered, including material
characterization, such as demonstration of light-guiding of
semiconductor nanowires (Ten Siethoff et al., 2014), a
phenomenon that, together with other findings formed the basis
for a patent and a company in diagnostics (https://alignedbio.com/).
Moreover, myosin-driven actin filaments might also be used for
surface chemistry characterization on the nanoscale, based on their
sensitivity to small changes in the surface contact angle on
negatively charged surfaces. For more details on these and other
specialized applications, see recent reviews (Reuther et al., 2021a;
Saper and Hess, 2020).

Perspectives and conclusions
The field exploring biological molecular motors in technology has,
as was predicted in a review more than 15 years ago (van den
Heuvel and Dekker, 2007), continued to be an interdisciplinary
playground leading to new fundamental insights into protein
biophysics, materials properties and protein–surface interactions
as well as leading to conceptually new solutions in biosensing,
diagnostics and parallel computation. However, the developments
thus far have been largely on the small scale and exploratory, and
although some patents have been filed (e.g. Månsson and Tågerud,
2014), there are not any large scale industrial or health-care
applications to date.

The field is likely to continue as an interdisciplinary endeavour
that will contribute new knowledge to different disciplines.
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Fig. 4. Solving a small instance of a 3-SAT NP
complete problem using network-based
biocomputation. (A) (1) Schematic device layout.
3-SAT, satisfiability. Filaments enter the network via
the loading zones at two entrances on the top and exit
the network at the bottom. They are then recycled via
the recirculation path and guided back to loading zones
re-use in the computation. (2) Scanning electron
microscopy (SEM) image of an important architectural
element in the device, a so-called split junction. (3)
SEM image of a pass junction. (4) SEM image of a
reset-FALSE junction. (5) SEM image of a reset-TRUE
junction. (6) SEM image of a split top junction. (7) SEM
image of the overall network. (B) Experimental read-out
for the problem instance encoded by network in A. (1)
Standard deviation of intensity values among 1000
typical fluorescence micrographs (400 s) of actin
filaments moving through the device, indicating the
most used paths. (2) Experimental results obtained
from manually counted actin filaments passing the
exits at the bottom. Total counted events (n) given with
error bars representing counting errors,

ffiffiffi

n
p

. For the
target column corresponding to satisfiability for the
specific problem, (15 in red boxes in 1), values above
the magenta bar are significantly correct (P<0.01,
corresponding to 99% confidence level whereas values
below the green bar are significantly incorrect
(P<0.01). For details see Zhu et al., (2022), where the
figure was published under a CC-BY 4.0 license.
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However, future developments towards commercially viable
devices will rely on gaining credibility in the biosensing,
diagnostics and computation communities to open them to motor-
driven devices. This, in turn, requires the demonstration of features
that cannot readily be achieved using the conventional systems in
use today. In this context, the potential advantages of motor-driven
devices are their cheap components with their prolonged shelf-life
and longevity, as well as recycling possibilities (Rahman et al.,
2019). Moreover, a systemwith self-propulsion without the need for
pumps to drive liquid flow has important advantages, including low
energy consumption. The latter is particularly important if other
obstacles to the realization of large-scale computation systems can
be overcome. However, in order to achieve that, it will be important
to not only solve the specific challenges but also to enable
industrially standardized production of all device components, from
nanofabrication over tagging elements (e.g. DNA) to the motor
proteins (details in Reuther et al., 2021a). In contrast, all
developments achieved thus far have relied on work in small-
scale research groups without any industrialized standardization.
This is probably the major ‘catch 22’ of the field. In order to attract
appreciable investments to make it possible to demonstrate the
reliable use of motor-driven devices with clear benefits,
considerable investments beyond small-scale research projects are
required.
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