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ABSTRACT

This paper describes a molecular transport system in molecular
communication that uses the machinery in living cells. The
molecular transport system requires: 1) loading of the specified
cargo molecules at a loading site (at a sender); 2) transport of the
loaded cargoes to an unloading site (to a receiver); and 3)
unloading of the transported cargoes at the unloading site, all
without using external stimuli.  Through the DNA strand
exchange at a loading site and at an unloading site, and through
motility of a biological motor system (kinesins and microtubules),
the authors of this paper constructed a molecular transport system
and demonstrated that kinesin-driven microtubules autonomously
load, transport and unload cargoes to which a specified DNA
strand is attached.
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1. INTRODUCTION

Molecular communication uses molecules (i.e., chemical signals)
as an information medium and allows biological and artificially-
created nano- or cell-scale devices to communicate over a short
distance [1]. It is a new communication paradigm and is different
from the existing communication paradigm that uses
electromagnetic waves (i.e., electronic and optical signals) as an
information medium. In the existing communication, a sender
encodes digital information (such as voice, text, and video) onto
electromagnetic waves and transmits them to a receiver. The
receiver receives the electromagnetic waves and interprets the
encoded information. On the other hand, in the molecular
communication, a sender encodes biochemical information (such
as phenomena and chemical status) onto molecules and transmits
them to a receiver. The receiver receives the information encoded
molecules and biochemically reacts to the received molecules
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(this biochemical reaction represents decoding of the information).
The communication speed of molecular communication is slower
than that of existing communication, and molecular
communication is a stochastic communication. However,
molecular communication may carry the information that is not
feasible to carry with existing communication (such as the
biochemical status of a living organism) between the entities that
the existing communication does not apply (such as biological
entities). Molecular communication has unique features that are
not seen in the existing communication and is not competitive but
complementary to the existing communication.

Key research challenges in molecular communication include 1)
design of a sender that generates and emits molecules, 2) design
of a molecular transport system [2] that directionally transports
the emitted molecules from a sender to a receiver, 3) design of a
receiver [3] that receives the transported molecules and
biochemically reacts to the received molecules, 4) design of a
communication interface [4] between a sender and a transport
system and also between a transport system and a receiver to
allow a generic transport of molecules independent of their
characteristics. Molecular communication is inspired by the
biological communication mechanisms (e.g., cell-cell
communication using hormones) and artificially creates a
controllable communication system. This paper focuses on a
molecular transport system that uses the machinery in living cells.

In living cells such as eukaryotic cells, biological motors (e.g.,
kinesins) load/unload particular types of cargo molecules (e.g.,
vesicles) without using external stimuli and transport them along
cytoskeletal filaments (e.g., microtubules (MTs)) using the energy
of adenosine triphosphate (ATP) hydrolysis (in vivo) [5].
Because of these biological capabilities of autonomous
loading/unloading and transport of specified cargoes that
biological motors have, there is considerable interest in
incorporating kinesins and MTs into artificially-created (in vitro)
transporters and actuators in nano- or cell-scale systems and
applications [2], [6]-[11].

Since a reverse geometry of MT motility on kinesins (in vitro
gliding assay) was successfully demonstrated [12], reconstituted
MT motility has been receiving increasing attention. Using MT
motility in a molecular transport system allows loading of
specified cargoes onto gliding MTs at a given loading site (at a
given sender), directionally transporting the loaded cargoes
toward a given unloading site (to a given receiver), and then
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Figure 1. Schematic diagram of a proposed molecular transport system.

unloading the transported cargoes from the MTs at the unloading
site, all without using external stimuli. Such autonomous
loading/unloading of and directional transport of specified
cargoes may help create highly miniaturized on-chip-systems
such as molecular sorters and molecular sensors as well as
molecular communication systems.

In achieving directional transport of cargoes in a molecular
transport system, existing techniques using preconfigured
microlithographic tracks [6]-[7] may apply to control the transport
direction of cargoes loaded onto gliding MTs. However, in
achieving autonomous loading/unloading of cargoes, a new
approach is required because existing systems require external
stimuli such as UV-light exposure [8]-[9], ligand supplementation
[10], restriction enzyme digestion or temperature fluctuation [11]
to unload cargoes from gliding MTs; thus making those systems
non-autonomous.

This paper describes design and empirically study of a molecular
transport system that autonomously loads/unloads specified
cargoes using DNA strand exchange and that transports the
loaded cargoes using the reverse geometry of MT motility on
kinesins. Our empirical results show that kinesin-driven MTs
autonomously load and unload, as well as transport, cargoes
specified by particular base sequences of DNA.

2. SYSTEM DESIGN

The molecular transport system described in this paper achieves
autonomous loading/unloading of specified cargoes using DNA
strand exchange and transport of the loaded cargoes using the
reverse geometry of MT motility on kinesins (Figure 1). In order
to use the DNA hybridization and strand exchange, each gliding

MT, cargo, loading site (sender) and unloading site (receiver) is
labeled with a single-stranded DNA (ssDNA). Note that the
length of an ssDNA attached to an MT is designed to be longer
than that of the loading site, and is also designed to be shorter
than that of the cargo. Note that the length of an ssDNA attached
to a cargo is designed to be as long as that of the unloading site.

Each cargo is weakly trapped at a loading site through DNA
hybridization between an ssDNA attached to the cargo (a red or a
blue strand) and an ssDNA immobilized onto a substrate (a green
or a gray strand) (Figure la). The ssDNA for the cargo is
designed to be either complementary (a blue strand) or non-
complementary (red strands) to that of the MT (a black strand).
When an MT labeled with an ssDNA passes through a given
loading site (a given sender), a cargo labeled with an ssDNA
complementary to that of the MT (cargo B) is selectively loaded
onto the gliding MT through DNA strand exchange without using
external stimuli (Figure 1b), while cargoes labeled with a non-
complementary ssSDNA remain at the loading site. This loading
process through DNA strand exchange may be initiated by the
energy state transition from an unstable and high-energy state (i.e.,
DNA hybridization between ssDNAs attached to the loading site
and to the cargo) to a stable and low-energy state (i.c., DNA
hybridization between ssDNAs attached to the MT and to the
cargo) that takes place naturally.

The cargo loaded onto the MT (i.e., an MT-cargo complex) is
transported by MT motility on kinesins toward given unloading
sites (given receivers) (Figure 1c).

To achieve autonomous unloading at a given unloading site, the
ssDNA attached to each unloading site is designed to be either
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Figure 2. Schematic diagram of an ssDNA-labeled MT and
configuration of the in vitro gliding assay.

complementary (orange strands) or non-complementary (purple
strands) to that attached to the cargo. When the MT-cargo
complex passes through an unloading site, the cargo labeled with
an ssDNA complementary to that attached to the unloading site
(unloading site B) is selectively unloaded from the gliding MT
through DNA strand exchange without using external stimuli
(Figure 1d). This unloading process through DNA strand
exchange may be initiated by the energy state transition from an
unstable and high-energy state (i.e., DNA hybridization between
ssDNAs attached to the MT and to the cargo) to a stable and low-
energy state (i.e., DNA hybridization between ssDNAs attached
to the unloading site and to the cargo) that takes place naturally.
Note that ssDNA-labeled MTs which unloaded cargoes continue
to glide over immobilized kinesins and may load new cargoes.

3. EXPERIMENTAL RESULTS

To construct an autonomous molecular transport system shown in
Figure 1, the authors of this paper first examined various chemical
linkages to label MTs with ssDNAs and found that Sulfo-GMBS
that cross-links thiolated ssDNAs and amino groups of MTs, as
schematically shown in Figure 2, was suitable for dense labeling
of MTs with ssDNAs (to maximize the probability of successfully
loading of a cargo), while maintaining smooth gliding of labeled
MTs on kinesins. The in vitro gliding assay for densely labeled
MTs and for unlabeled MTs showed that the densely labeled MTs
glided smoothly without pausing or detaching from a surface
covered with kinesins, although their average gliding speed (0.34
um/s) decreased by half compared to that of unlabeled MTs (0.66
pum/s).

Cargoes (polystyrene microbeads with 1 pm-diameter) were
weakly trapped at a loading site through DNA hybridization
between 23-mer ssDNAs (labeled with fluorescence dyes)
attached to the cargo and 7-mer ssDNAs immobilized onto a glass
substrate. It was observed through fluorescence microscopy that
the trapped cargoes were selectively loaded onto gliding MTs
labeled with complementary 15-mer ssDNAs, and the resulting
MT-cargo complexes glided on the surface covered with kinesins
and transported the loaded cargoes (Figure 3). A very limited
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Figure 3. Time-lapsed fluorescence images of
cargo transport by a single MT. The black
and white arrows point to the gliding MT and
the cargo-bead, respectively. The scale bars
correspond to 3 pm.

number of cargoes labeled with non-complementary ssDNAs
were loaded onto the gliding MTs, confirming that loading of
cargoes onto gliding MTs is done through the DNA strand
exchange.

It was also observed through fluorescence microscopy that loaded
cargoes were selectively unloaded from the gliding MTs at an
unloading site where complementary 23-mer ssDNAs with high
concentration were immobilized onto a glass substrate, while a
very limited number of cargoes were unloaded from gliding MTs
at an unloading site of non-complementary 23-mer ssDNAs.
These results indicate that unloading of cargoes from the gliding
MT is done through the DNA strand exchange.

4. CONCLUSIONS

This paper describes a design and the first implementation of
autonomous loading/unloading of and transport of specified cargo
molecules using the DNA strand exchange and the MT motility
on kinesins. The authors of this paper demonstrated that kinesin-
driven MTs autonomously load, transport and unload cargoes to
which a specified DNA strand was attached. Such autonomous
and selective loading/transport/unloading mechanisms may help
create highly miniaturized on-chip bio-hybrid communication
systems that transport information encoded molecules from a
sender to a receiver. Incorporating the molecular transport system
into a microfluidic channel will be the focus of our next
experiments.
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